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SUMMARY

This paper presents a three-dimensional (3D) solution algorithm for solving the sequential co-injection
moulding process. The �ow of skin and core materials inside a rectangular cavity is investigated both
numerically and experimentally. A 3D �nite element �ow analysis code is used to solve the governing
equations of the non-isothermal sequential co-injection moulding. The predicted �ow front behaviour is
compared to the experimental observations for various skin=core volume ratio, injection speed, injection
temperature, and core injection delay. Simulation results are in good agreement with experimental data
and indicate correctly the trends in solution change when processing parameters are changing. Solutions
are also shown for the �lling of a spiral-�ow mould. The numerical approach is shown to predict
the core expansion phase during which the �ow front of core and skin materials advance together
without breakthrough. Breakthrough phenomena is also predicted and the numerical solution is in good
agreement with the experiment. Copyright ? 2005 Crown in the right of Canada. Published by John
Wiley & Sons, Ltd.
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1. INTRODUCTION

The co-injection process has been known for about twenty years, since Garner and Oxley [1]
�rst patented the process. Also known as sandwich moulding, it consists basically in injecting
in the mould cavity more than one plastic material to form a part with skin layers surrounding
a core layer. The skin and core materials generally have di�erent properties, but they must have
a good adhesion at the interface, be processable in a comparable range of melt temperatures
and present similar shrinkage characteristics. The �rst applications of the new process were
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to produce less expensive and lighter thick parts by using a foamed or recycled plastic for
the core and a virgin plastic for the skin. Various other applications are in use today: skin
or core made out of engineering resins to improve physical properties of the part such as
strength, heat de�ection or weather resistance, improvement of barrier properties of food
containers, speci�cally multi-layer preforms for plastic bottles, and in-mould painting. The
techniques of injecting the skin and core materials can be divided into two main methods:
the one-channel technique which has a control valve that lets the melts enter the cavity in a
sequential order [2], and the simultaneous injection which uses a two-channel nozzle [3]. The
shortcomings of the one-channel technique (pressure drop and stagnation at the switchover
point resulting in a ‘hesitation line’ having the shape of a dull ring) have been overcome
by the two-channel technique, but the simultaneous injection is more di�cult to control and
require time-consuming trial and error iterations.
Control of the �ow fronts can be achieved by varying the skin=core ratio, processing condi-

tions and rheological properties of the skin and core materials. Previous experimental studies
on this subject dealt mostly with the role of the viscosity ratio of the two materials [4, 5].
Few numerical simulations of the co-injection �lling process have been attempted in the past
decade [6–10]. All of them use the Hele–Shaw approximation (2.5D) to predict the interface
evolution between skin and core material during �lling for the sequential injection, with the
exception of Lee et al. [9] who also considered the simultaneous injection. All these studies
highlighted the importance of the viscosity ratio and the rate of injection. While for parts
with non-uniform thick sections the Hele–Shaw approximation is clearly inappropriate, it is
even more inaccurate in predicting the relative material distribution between the skin and core
section. As the core polymer penetration is a 3D phenomenon, it is important to provide not
only the depth of the core penetration, but also details on the core shape and polymer skin
thickness. The limitations of the 2.5D approach for the simulation of the co-injection process
and the advantages of the 3D simulation for the solution of such problems are discussed in
more detail in Reference [11].
The objective of this work is to present applications of a 3D solution algorithm for the

solution of the sequential co-injection moulding process. The numerical predictions are vali-
dated experimentally for various moulding conditions. The values of the skin=core ratio, injec-
tion speed, melt and mould temperatures are varied in order to gain further basic understanding
of the �ow behaviour of two polymers during the �lling of a mould. The present numerical
approach is based on the �nite element method. The solution of the 3D
equations modelling the momentum, mass and energy conservation is coupled with two front-
tracking equations, which are solved for the polymer=air and skin=core polymer interfaces.
The polymer melt is considered incompressible and behaving as a generalized Newtonian
�uid. Equations are solved using stabilized �nite element formulations. Momentum-continuity
equations are solved by the Galerkin least-squares (GLS) method [12, 13]. The energy equa-
tion is solved using a GLS=GGLS (Galerkin least-squares=Galerkin gradient least-squares)
method [12, 14, 15]. The front tracking equations are solved by a streamline upwind Petrov–
Galerkin (SUPG) method [12]. The 3D solution algorithm was previously used by the authors
to solve the �lling and post-�lling phases of the injection moulding process [16], the injection
of metal powders [17], and the gas-assisted injection moulding [18]. By solving for the true
3D mould �lling problem the solution approach will be able to provide accurate and detailed
information regarding the shape and size of the core polymer, as well as the thickness of the
skin. Those results will be especially useful in critical regions such as near corners, obstacles,
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or in regions presenting changes in part thickness. A robust and accurate solution algorithm
also provides the framework for detailed analysis of the role played by di�erent parameters
determining the �nal characteristics of the part. In such a way the optimal design of the
process is a realizable task.

2. NUMERICAL MODELLING

2.1. Assumptions

The constitutive equations are given to represent the thermal and mechanical behaviour of
isotropic amorphous polymers during the �lling stage of the injection moulding process. Here
are the main considerations behind the choice of model equations described in this section.
The maximum pressure drop encountered during the �lling of most plastic parts is about

106–107 Pa. Considering that the compressibility coe�cient of most polymer melts is of the or-
der of 10−9 Pa−1, one can conclude that compressibility e�ects can be neglected. The polymer
melt is thus considered incompressible.
Second, the mechanical behaviour of an amorphous polymer in shear dominated �ows (such

as in injection moulding and co-injection) can be described reasonably well by a generalized
Newtonian �uid model. This assumption has been validated numerically by Baaijens and
Douven [19, 20] who showed that �ow kinematics predicted by viscoelastic approach do not
signi�cantly di�er from the one obtained using a generalized Newtonian approach. This is
also in agreement with experimental observations of Wimberger-Friedl [21] and Janeschitz-
Kriegl [22].
Polymer melts have a surface tension � between 20 and 50 mN=m [23] and viscosities are

of the order of 103 Pa s. Velocities at the interface are of the order of 0:02 m=s leading to
a Capillary number Ca= �V =� of the order of O(103). Similar dimensional analysis leads to
Reynolds numbers in the range of 10−4–10−2. One can conclude that viscous forces dominate
and that both inertia and surface tensions can be neglected in the momentum equation. Mean-
while, given the small thermal conductivity of polymers, the Peclet number takes very large
values, in the range of 103–105, and the inertia has to be taken into account in the energy
equation.

2.2. Governing equations

The equations governing the incompressible melt �ow are the Stokes and continuity equations

0 = −∇p+∇ · [2��̇(u)] (1)

−∇ · u=0 (2)

where �̇(u)= (∇u+∇uT)=2 is the strain rate tensor. Heat transfer is modelled by the energy
equation

�cp

(
@T
@t
+ u · ∇T

)
=∇ · (k∇T ) + 2��̇2 (3)

In the above equations, t, u, p, T , �, �, cp and k denote time, velocity vector, pressure,
temperature, density, viscosity, speci�c heat and thermal conductivity, respectively.
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Table I. De�nition of �lled (skin=core) and empty regions.

F1¿Fc F1¡Fc

F2¿Fc Core polymer Core breakthrough skin material
F2¡Fc Skin polymer Empty (air)

2.3. Front tracking method

The position of the polymer=air and skin=core polymer interfaces is tracked using a pseudo-
concentration method [16]. The approach de�nes smooth functions Fi such that the critical
value Fc represents the position of the interface. We consider i=1 for the polymer=air in-
terface and i=2 for the skin=core interface. A front tracking value greater than Fc denotes
a region �lled by the respective polymer, while a smaller than Fc value corresponds to an
un�lled region. Because two interfaces are present, the various combinations are summarized
in Table I. The front tracking technique identi�es the skin, core and empty regions. Core
breakthrough is also predicted.
At each time step the pseudo-concentration functions tracking the polymer=air and skin=core

interfaces are obtained by solving pure advection equations using the velocity �eld provided
by the solution of the momentum-continuity equations

@Fi
@t
+ u · ∇Fi=0 (4)

2.4. Boundary conditions

Appropriate boundary conditions complete the statement of the problem. On the entry section
both velocity and temperature are imposed. Filling is performed at constant �ow rate as given
by the velocity of the screw. The injection is performed using di�erent barrel=screw plasti-
cizing units, therefore the injection speed and temperature may be di�erent for the skin and
core materials. A free boundary condition is imposed on the un�lled part of the cavity walls
allowing for the formation of the typical fountain �ow, whereas no-slip boundary conditions
are imposed on the �lled part of the boundary. When the cavity is completely �lled, the
simulation stops as the no-slip boundary condition cannot allow more material to enter the
cavity. The heat transfer between the cavity and the mould is given by

q= hc(T − Tmould) on �mould (5)

where hc is a surface heat transfer coe�cient and Tmould is the mould temperature. For the
front tracking function, homogeneous Neumann boundary conditions are considered on all
boundaries, except for the entry where Dirichlet conditions are imposed. Entry values change
in time and indicate whether skin or core polymers are injected.

2.5. Finite element solution procedure

Model equations are discretized in time using a �rst-order implicit Euler scheme. Linear
continuous shape functions are used for all variables. At each time step, the global system of
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equations is solved in a partly segregated manner. The solution algorithm solves separately
the systems of equations as follows:
For time smaller than the injection time:

1. Solve the incompressible momentum-continuity equations (u − p).
2. Solve the energy equation (T ).
3. Solve the front tracking equation F1 (polymer=air interface) if skin mate-

rial is injected, or equations (F1, F2) if core material is injected.
Check convergence. If converged goto the next time step, otherwise repeat
steps 1 to 3.

Steps 1–3 are solved using the last known values of the dependent variables and iterations
are made to obtain converged solutions of the coupled system of equations. The �nite element
formulations of the equations are discussed hereafter.

2.6. Momentum-continuity equations

The Stokes equations (1) and (2) are solved using a Galerkin least-squares (GLS) method [12].
This method contains an additional pressure stabilization term compared with the standard
Galerkin method. In such a way, the use of linear elements for both the velocity and
pressure is permitted. The GLS variational formulation of the momentum-continuity
equations is

∫
�
2��̇(u) : �̇(v) d�−

∫
�
p∇ · v d� +

∫
�

∇ · uq d�

+
∑
K

∫
�K

{∇p− ∇ · [2��̇(u)]} · �u∇q d�K =0 (6)

The stabilization parameter �u is de�ned as

�u=
mkh2K
4�

(7)

where hK is the size of the element K and mk is a coe�cient commonly considered 1=3 for
linear elements.

2.7. Energy equation

For polymers, the Prandtl number takes large values. Therefore, during the �lling, the energy
equation is dominated by the convection. However, cooling generated by the heat lost through
walls, coupled with a low material di�usivity, generates high temperature gradients in direc-
tion normal to the wall. The solution algorithm must correctly represent both advective and
di�usive mechanism. In this work a GLS=GGLS method is used to solve for the temperature.
The GLS [12] term stabilizes the convection, whereas the GGLS contribution [14] deals with
the presence of sharp boundary layers.
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The GLS=GGLS formulation of Equation (3) is

∫
�
�cp

(
T − T0
�t

+ u · ∇T
)
w d� +

∫
�
k∇T · ∇w d�−

∫
�
2��̇2w d�

+
∑
K

∫
�K

[
�cp

(
T − T0
�t

+ u · ∇T
)

− ∇ · (k∇T )− 2��̇2
]
�T�cpu · ∇w d�K

+
∑
K

∫
�K

∇
[
�cp

(
T − T0
�t

+ u · ∇T
)

− ∇ · (k∇T )− 2��̇2
]
�∇∇w d�K

=
∫
�mould

hc(T − Tmould)w d� (8)

Note that the stabilization terms are integrated only over the element interiors. The stabilization
parameter �T is de�ned as in References [13, 24]

�T =

[(
2�cp
�t

)2
+

(
2�cp|u|
hK

)2
+

(
4k
mkh2K

)2]−1=2
(9)

The de�nition of the stabilization parameter �∇, as from Reference [14], is

�∇=
h2K
6
	� (10)

where

	� =
cosh(

√
6�) + 2

cosh(
√
6�)− 1 − 1

�
(11)

� =
(�cp=�t)hK

2

6k
(12)

with hK the element size. The dimensionless parameter 	� tends towards unity for very large
values of � and to 1=2 for � much smaller than unity. The contribution of the transient term
to the stabilization acts as an arti�cial conductivity, given by

ka=
�cp
�t
�∇=

(�cp=�t)hK
2

6
	� (13)

2.8. Front tracking equations

The front tracking equations are discretized using an SUPG �nite element method. SUPG
provides smooth solutions when the convective part of the equation is dominant, as is in the
present case. The variational formulation is given by∫

�

(
@F
@t
+ u · ∇F

)
v d� +

∑
K

∫
�K

(
@F
@t
+ u · ∇F

)
�F(u · ∇v) d�K =0 (14)
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In the absence of di�usion the stabilization coe�cient �F is de�ned as

�F =
hK
2|u| (15)

The front tracking functions are discretized using linear elements. They are reinitialized after
each time step to insure mass conservation of the skin and core polymers.

3. APPLICATIONS

3.1. Co-injection of a rectangular plate

The mould cavity is a centrally gated rectangular plate with dimensions of 76× 164× 7mm as
shown in Figure 1. The sprue geometry has parallel sides with a slight taper and a constant
height. The experimental trials were carried out in a 150-ton Engel co-injection machine.
The horizontal and vertical barrel=screw plasticizing units are used to feed the skin and core
materials, respectively, to the co-injection head. The materials are injected sequentially in the
mould through a single nozzle equipped with a check valve, which controls the amount of
material entering the mould. A given percentage of the skin material is �rst injected in the
cavity, followed by the injection of the core material. The material used for both skin and core
is an injection grade polycarbonate Caliber 200-14 supplied by The Dow Chemical Company.
For visualization purposes, a red pigment is added to the core material. The polymer viscosity
is modelled with the Cross-WLF model

�(T; �̇; p) =
�0(T;p)

1 +
(
�0(T;p)|�̇|

�∗

)1−n (16)

�0(T;p) =D1 exp
[
− A1(T − T ∗)
A2 + (T − T ∗)

]
(17)

Figure 1. Geometry of the centre gated plate.
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where

T ∗(p)=D2 +D3p (18)

and

A2(p)= Ã2 +D3p (19)

The rate of deformation |�̇| is computed from the strain rate tensor as |�̇|=√
2�̇ : �̇. Model

constants used for the numerical simulation are summarized in Table II. Density, speci�c heat
and thermal conductivity were considered constant, equal to 1162 kg=m3, 2000 J=(kg ◦C), and
0:25W=(m ◦C), respectively.
Numerical solutions were obtained on a cluster of Pentium III processors running at 1GHz.

The mesh consists of 44 850 nodes and 199 440 tetrahedral elements. Given the segregated
nature of the solution algorithm, the maximum CFL number at the melt=air interface is limited
to unity, and a typical solution needs about 150 time steps for the �lling period. Convective
terms are dominant in the energy and front tracking equations and the algorithm solves them
using fractional time steps, thus increasing the accuracy but also the computational time.
Solutions are obtained in about 5 hours when using 8 processors. Computations were carried
out for di�erent skin=core ratio, skin=core injection temperatures and skin=core injection speeds
and the results were compared with the moulded parts. Process conditions and simulation
results are summarized in Table III. The temperature of the injected melt was set at either
300 or 250 ◦C, while the mould temperature was set at 90 ◦C. Screw speed was considered
either 20 or 50 mm=s. At the lower injection speed, �lling of the plate takes 3:5 s, while at
the faster speed it takes 1:4 s. The reference case has a skin=core ratio of 80=20 and the same
injection temperature (300 ◦C) and injection speed (20 mm=s) for both skin and core.
A typical series of experimental short shots using single material injection is shown in

Figure 2. Comparison is made with the numerical predictions for shots of 10–60 mm. The
part is completely �lled for a shot of about 72 mm. As can be seen the agreement between
experiment and simulation is excellent. Figure 3 illustrates the solution of the co-injection
process for the reference case. Front view and isometric view are shown. The skin polymer is
plotted in transparency in order to allow for the core to be visible. The core material advances
more rapidly in the direction corresponding to the plate length. Because the plate �lls �rst
in the width, the core penetrates less in this direction. The 3D solution of the co-injection
process is able to predict the core shape in all directions. Most important, the residual skin
thickness is computed and critical regions can be identi�ed. In this case thin polymer skin is
predicted in the region of the gate. The hot polymer is directed into the opposite wall and the
skin thickness is very small at this location. Far from the centre, the core polymer penetrates
by the mid-plane and the skin thickness is almost the same on top and bottom of the part.

Table II. Cross-WLF model constants for PC200.

Model constant Value

n; �∗ (Pa) 0.18; 5:766× 105
D1 (Pa s); D2(◦C); D3(◦C=Pa) 3:46× 106; 175.0; 0.0
A1; ˜A2(◦C) 11.59; 33.98
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Table III. Operating conditions and simulation results.

Skin=core Skin=core Skin=core melt Delay Core penetration
ratio injection speed temperature time length=width

Condition (vol.%) (mm=s) (◦C) (s) (mm)

Reference 80=20 20=20 300=300 0 47.2=30.0

A(1): 90=10 29.2=23.4
A A(2): 70=30 20=20 300=300 0 61.2=32.8

A(3): 60=40 72.9=30.0

B(1): 20=50 46.7=29.8
B 80=20 B(2): 50=20 300=300 0 45.0=29.6

B(3): 50=50 44.3=29.4

C(1): 300=250 44.8=30.4
C 80=20 20=20 C(2): 250=300 0 51.8=28.9

C(3): 250=250 48.4=29.7

D(1): 1 50.5=30.1
D 80=20 20=20 300=300 D(2): 2 52.3=30.3

D(3): 4 56.0=30.6

Figures 4 (experiment) and 5 (numerical simulation) illustrate the change in the solution
when the ratio skin=core polymer is varied. The skin=core ratio varies from 90=10 to 60=40.
As more core material is injected in the cavity the core penetrates deeper inside the skin.
Core penetration changes mostly in the length of the plate as the �lling during core injection
occurs mostly in this direction.
Experimental and numerical core penetration in length and width directions are compared

in Figures 6–9. The e�ect of changing the skin=core ratio (Figure 6), the injection speed
(Figure 7), the injection temperature (Figure 8), and the core injection delay (Figure 9) is
investigated. As expected, Figure 6 indicates that a deeper core penetration is observed for
a higher ratio core=skin materials. The e�ect of the injection speed is shown in Figure 7.
By increasing the injection speed the temperature of the polymer increases because of the
shear heating and also of the smaller cooling time. The net e�ect is that a faster �lling (i.e.
higher temperature) determines a higher core thickness and therefore a shorter core penetration
length. A similar e�ect is observed when the skin=core temperature is varied (Figure 8). The
mean injection temperature is computed by using 80% of the skin value and 20% of the core
value. A lower temperature determines a thinner core (thicker skin) and hence a deeper core
penetration. Note however that changes in skin and core temperature have opposite e�ects.
A lower core temperature determines a higher viscosity core. Therefore, the core is thicker
and the penetration length is shorter. Meanwhile, lower skin temperature determines a thicker
skin and therefore deeper core penetration. Changing the core injection delay (Figure 9) has
a similar e�ect on the solution. Increasing the delay is equivalent to a lower skin temperature
and hence deeper core penetration.
This results indicate a good agreement between experiment and simulation except for cases

C(2) and C(3) which present core instability in the experiment. Both numerical simulation
and experiment indicate that core penetration increases at longer �lling times (Figure 7), at
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Figure 2. Comparison of experimental and numerical short shots.

higher core temperature (reference case compared with C(1) and C(2) compared with C(3)),
at smaller skin temperature (reference case compared with C(2) and C(1) compared with
C(3)), and at larger core injection delay (Figure 9).
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Figure 3. (a) Experimental; and (b) simulated results for the co-injected plate in the reference case.

Figure 4. Co-injected parts for di�erent ratios skin=core polymers for 20=20mm=s injection
speed and 300=300 ◦C injection temperature.

3.2. Co-injection in a spiral-�ow mould

This application was the object of an experimental study by Watanabe et al. [25]. The mould
has a spiral-�ow cavity with 20mm width and 2mm thickness (see Figure 10). The moulding
material for both skin and core is PC (Panlite L-1225L). Material properties for the numerical
simulation were: density �=1200 kg=m3, speci�c heat cp=2000 J=(kg ◦C), and thermal con-
ductivity k=0:25 W=(m ◦C). The viscosity is modelled by the Cross-WLF model equations
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Figure 5. Numerical solutions of co-injected parts for di�erent ratios skin=core polymers
for 20=20 mm=s injection speed and 300=300 ◦C injection temperature.
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Figure 6. Core penetration at various skin=core ratios.

(16)–(19) with the constants as given in Table IV. The melt is injected at 300 ◦C and the
mould is kept at 80 ◦C. The core and skin materials were injected sequentially. The core
material is injected at 0:7 s when the �ow length of skin material is about 70 mm. The nu-
merical solution for the skin and core �ow length is compared with the experimental data
of Watanabe et al. [25] in Figure 11. The numerical model results in very accurate pre-
dictions and indicates correctly the core expansion phase between t=1:7 and 2:3 s. During
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Figure 7. Core penetration at various injection speeds.
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Figure 8. Core penetration at various injection temperatures.

this period the �ow front of core and skin materials advance together without breakthrough.
Breakthrough occurs at about t=2:3 s as observed in the experiment. The numerical solution
prior to breakthrough is shown in Figure 10 with the skin material plotted in transparency
(lighter colour).
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Figure 9. Core penetration at various core injection delays.

Figure 10. Spiral mould: core penetration prior to breakthrough occurrence (t=2:3 s).
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Table IV. Cross-WLF model constants for Panlite L-1225L.

Model constant Value

n; �∗(Pa) 0.12; 8:5× 105
D1(Pa s); D2( ◦C); D3( ◦C=Pa) 3:8× 109; 175.0; 0.0
A1; ˜A2( ◦C) 22.0; 44.0
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Figure 11. Skin and core position for spiral mould.

4. CONCLUSION

This work presents experimental and numerical results for the co-injection moulding process.
The numerical approach provides the evolution of the polymer=air and skin=core polymer
interfaces and the �nal shape and depth of the core polymer. Solutions were presented for a
centre-gated plate for di�erent skin=core injection speed and temperature and di�erent ratios
of the skin=core materials. The in�uence of the core injection delay was also investigated.
Core penetration is in�uenced by the viscosities of skin and core, which in turn depend
mostly on the temperature. Higher skin viscosity determines a thicker skin and hence deeper
core penetration. Inversely, higher core viscosity determines a thicker core and a shorter core
penetration.
The application to the case of the spiral-�ow mould indicated the ability of the numerical

approach to predict complex behaviour as the core expansion phase and the core material
breaking through the skin material. The proposed numerical procedure works in the same
manner for thin parts and for thick 3D parts, and provides all the needed information con-
cerning the thickness of the skin polymer and the shape of the core material. Therefore it can
be very useful in predicting the optimal moulding conditions for obtaining parts with speci�c
characteristics.
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