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Abstract

Rapid heat cycle molding (RHCM) that actively controls the mold temperature has attracted attention in plastic injection
molding (PIM) for improving product surface quality. In the RHCM, the mold temperature profile plays a crucial role for
producing products with high surface quality, but the profile as well as other process parameters is determined by the trial-
and-error method. In this paper, weldline, clamping force, and cycle time are simultaneously minimized for the high product
quality and the high productivity using the RHCM. The RHCM generally requires cycle time long, and then variable packing
pressure profile that the packing pressure varies during PIM process is adopted to shorten the cycle time. The numerical
simulation in the RHCM is computationally so expensive that sequential approximate optimization using radial basis func-
tion network is adopted to determine the optimal process parameters, and the pareto-frontier among weldline, clamping force
and cycle time is identified. It is found from the numerical result that the optimal pressure profiles start with the low packing
pressure and the high packing pressure is applied at the end of packing phase. The mold temperature increases due to the
high packing pressure, and the high mold temperature makes the flow of melt plastic smooth. Consequently, the weldline
reduction can be achieved. Based on the numerical result, the experiment using the PIM machine (MS100, Sodick) is carried
out. Compared to the conventional PIM, the weldline reduction can be achieved with smaller clamping force.

Keywords Rapid heat cycle molding - Plastic injection molding - Weldline - Clamping force - Sequential approximate
optimization

1 Introduction productivity, and cellular phone cover or decorative com-
ponents of automotive is produced by the PIM [1, 2]. The
Plastic injection molding (PIM) is an industrial manufactur-  conventional PIM consists of three phases: the filling phase

ing technology to produce plastic products. Plastic products  that the melt plastic is filled into the die cavity, the pack-
have several good properties such as lightweight, high gloss  ing phase that the melt plastic is packed with a high pack-
appearance, high corrosion resistance and low cost with high ~ ing pressure for the desirable shape, and the cooling phase
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that the melt plastic is cooled down for solidification. On
the other hand, there are several defects in plastic products
such as warpage, volume shrinkage, weldlines, short shot,
and flash. It is well known that the process parameters such
as mold temperature, melt temperature, injection pressure,
injection time, packing pressure, packing time, and cool-
ing time have an influence on these defects, and the pro-
cess parameters are then adjusted through the experiment
or engineering experience for high product quality and high
productivity. Recently, computer aided engineering (CAE)
coupled with design optimization has been recognized as
one of the effective tools available to determine the process
parameters. Numerical simulation in the PIM is computa-
tionally so expensive that response surface or sequential
approximate optimization (SAO) that the response surface
is repeatedly constructed and optimized is a major approach
for the process parameters optimization [3]. In this paper,
rapid heat cycle molding (RHCM) that actively controls the
mold temperature is adopted as the PIM, and variable pack-
ing pressure profile that the packing pressure varies dur-
ing the packing phase is used. Many papers for the process
parameters optimization in PIM have been published and it
is difficult to review all of them. Then, the related papers are
briefly reviewed below.

First, the papers on PIM using variable packing pressure
profile are reviewed. Gao and Wang adopted the Kriging in
order to determine the variable packing pressure profile [4],
in which warpage of a cellular phone cover was minimized.
Li et al. optimized the variable packing pressure profile for
achieving the shrinkage evenness of a rectangular slab [5], in
which radial basis function (RBF) was used to construct the
response surface of objective function, unlike Gao and Wang
[4]. These papers mainly focused on the variable packing
pressure profile, which were optimized. Kitayama et al.
adopted the variable packing pressure profile for warpage
reduction of a food tray [6], in which not only the variable
packing pressure profile but also other process parameters
such as the melt temperature, the mold temperature and the
injection time were optimized using sequential approximate
optimization with the RBF network [7]. In above papers, the

Fig.1 Schematic mold tempera-
ture profile in rapid heat cycle
molding
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validity of the variable packing pressure profile was exam-
ined through the numerical simulation using Moldflow or
Moldex3D, and a single objective (warpage reduction) was
considered. Unlike above papers, a multi-objective optimiza-
tion for minimizing warpage and cycle time has been per-
formed by Kitayama et al. [8], in which a box-type plastic
product was handled and the validity of the variable packing
pressure profile has been confirmed through the experiment
using the PIM machine. This paper clarified the variable
packing pressure profile was practicable PIM technology
for high product quality and high productivity. After that,
the PIM using variable packing pressure profile is recog-
nized as one of the effective approaches for high product
quality, and similar approach has been reported in Feng and
Zhou [9, 10], in which weldline, shrinkage, and warpage of
an air-conditioner vent were simultaneously minimized, or
warpage, shrinkage, and sink marks of a plastic gear were
minimized. It is found from the above brief review on vari-
able packing pressure that the approach is mainly used for
the high product quality such as warpage reduction.

Next, the RHCM is considered. Figure 1 shows a sche-
matic mold temperature profile, in which 7,, denote the glass
transition temperature of a material. 7, and 7, denote a heat
and cool temperature, respectively. Upstins Tps and 7, denote
the heating time, the injection, the packing, and the cooling
time, respectively. In the RHCM, the mold is heated rap-
idly above the glass transition temperature before the filling
phase, and the melt plastic is injected into the die cavity.
After that, the mold is rapidly cooled down, and the plastic
product is finally ejected. It is found from Fig. 1 that the
RHCM mainly consists of four phases unlike the conven-
tional PIM. Therefore, the heating phases are newly intro-
duced before the filling phase. By introducing the heating
phase, the melt plastic is smoothly filled into the die cavity
under high mold temperature. It is expected that weldlines
that are formed when two or more melt fronts meet will be
diminished and the high surface quality product will then
be produced.

Li et al. optimized the diameter and center coordinates of
heating channel for LCD TV panel using the RHCM [11], in
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which the average mold temperature was maximized for the
heating efficiency, whereas the mold temperature distribu-
tion was minimized for the uniform temperature distribution.
Therefore, the multi-objective optimization was formulated
to determine the optimal diameter and center coordinates
of heating channel. The multi-objective genetic algorithm
(MOGA) was used to identify the pareto-frontier. Wang
et al. optimized the layout of heating/cooling channels of a
mold in the RHCM [12], in which the heating time, the mold
temperature distribution and the von Mises stress of the
mold were considered. Like Li et al. [11], the diameter and
the center coordinates of channels were taken as the design
variables. The heating time was minimized for heating effi-
ciency under the design constraints of the mold temperature
and the von Mises stress. Wang et al. also optimized the
layout of cooling channels of a mold in the RHCM [13], in
which both the heating time and the mold temperature were
minimized for the heating efficiency and the uniform tem-
perature distribution. Second-order polynomial was used for
the response surface of objective functions, and the diameter
and the center coordinates of channels were then optimized.
The layout optimization of heating/cooling channels has also
been conducted in Xiao and Huang [14]. The basic idea of
RHCM was extended to glass molding process (GMP) and
was successfully applied [15]. It is found from the above
brief review that one of the major topics in the RHCM is
the layout optimization of heating/cooling channels, and the
process parameters including the mold temperature profile
are rarely discussed in the literature. However, the mold
temperature profile as well as the process parameters in the
RHCM has strongly an influence on the product quality and
the productivity, and it is then important to optimize the
mold temperature profile and other process parameters for
high product quality and high productivity.

Due to the advancement of 3D printing technology, it is
possible to fabricate conformal cooling channels that greatly
influence on the cooling performance. Xu et al. investigated
the mold temperature histories between the straight and the
conformal cooling channel [16], from which it was clarified
that the conformal cooling channel could quickly reach to
the steady state condition. This suggests that the conformal
cooling channel will be suitable to the RHCM that controls
the mold temperature quickly. Dimla et al. conducted the
finite element analysis (FEA) and the thermal heat transfer
analysis of conformal cooling channel [17], in which the
temperature behavior and the position of cooling channel
in the core and cavity were investigated and they suggested
that the cooling time would be reduced, compared to the
traditional straight line-drilled cooling channel. After that,
Au and Yu proposed a design method for conformal cooling
channel and applied it to blow molding [18], from which it
was clarified that the cooling time could be reduced, com-
pared to the traditional straight line-drilled cooling channel

through the numerical simulation. Kitayama et al. performed
the process parameters optimization for minimizing warpage
and cycle time [19], in which the superiority of conformal
cooling channel was numerically and experimentally clari-
fied, compared to the straight line-drilled cooling channel.
Zhang et al. optimized several process parameters so as
to minimize warpage and clamping force [20], in which a
conformal cooling channel was also adopted to improve the
temperature distribution. It was reported from the numerical
result that the clamping force as well as the warpage was
well improved, compared to a conventional cooling channel.
Kuo et al. and Kuo and Chen developed conformal cool-
ing channels for wax injection molding and hot embossing
stamping using additive manufacturing technology [21, 22].
Kuo et al. also investigated the optimal distance between
the wall of conformal cooling channel and the surface of
injection mold [23].

Shayfull et al. pointed out [24] that the cooling per-
formance would be drastically improved when conformal
cooling channel for uniform heating/cooling was used to the
RHCM. Kirchheim et al. fabricated the conformal cooling
channel by a metal 3D printer and the RHCM was experi-
mentally conducted [30], from which it was found that both
the cycle time and the product surface quality could be
improved. However, the process parameters in the RHCM
were not clearly described. Due to the high mold tempera-
ture during the heating phase, the long cooling time is gen-
erally required, which makes the productivity low. For high
productivity, it is important to shorten the cycle time in the
RHCM as much as possible.

Here, our objectives of this paper are summarized as
follows:

1. The RHCM is used for high product quality and high
productivity. In this paper, weldline is considered as
the product surface quality, and is minimized. Based on
Kitayama et al. [25], the mold temperature during the
heating phase is maximized for weldline reduction.

2. High mold temperature during the heating phase makes
the cycle time long. On the other hand, as described
above, the variable packing profile is valid to short
cycle time. Then, the variable packing pressure profile
is adopted to shorten the cycle time in the RHCM. How-
ever, it is difficult to determine the mold temperature
profile as well as the variable packing pressure profile.
To determine them, design optimization using numerical
simulation of RHCM is performed in this paper.

3. Clamping force plays an important role in the PIM for
energy consumption [26]. It is much preferable to pro-
duce plastic product with a small energy consumption for
green environment. Zhang et al. determined the optimal
process parameters so as to minimize the warpage and the
clamping of a plastic oil cooler cover of diesel engine [20],
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and Kitayama and Natsume also optimized the process
parameters so as to minimize the volume shrinkage and
the clamping force of a plastic cap [27]. Clamping force
has a direct influence on the scale of PIM machine. There-
fore, it is possible to produce plastic product with a small-
scale PIM machine when the clamping force is small. On
the other hand, a large-scale PIM machine is required to
produce plastic product with large clamping force. It is
important to minimize the clamping force as much as pos-
sible for high productivity as well as high product quality.

In this paper, a multi-objective process parameters optimi-
zation in the RHCM incorporating variable packing pressure
profile is performed, in which three objective functions (the
mold temperature, the clamping force and the cycle time)
are considered. Considering the suggestion by Shayfull et al.
[24], conformal cooling channel that is uniformly heated and
cooled is used. The numerical simulation in PIM is computa-
tionally so expensive that sequential approximate optimiza-
tion using radial basis function network is adopted to identity
the pareto-frontier among three objectives [7].

The rest of this paper is organized as follows: in Sect. 2,
the numerical simulation model with the conformal cool-
ing channel is described. In Sect. 3, the multi-objective
optimization is explained. The numerical result is shown in
Sect. 4. Based on the numerical result, the experiment using
PIM machine (MS100, Sodick) is carried out to examine the
validity of the proposed approach. Moldex3D-2020is used
for the PIM numerical simulation.

2 Numerical simulation model and RHCM
simulation

Figure 2 shows the target plastic product with the con-
formal cooling channel handled in this paper, in which
Fig. 2b shows the numerical simulation model with the
dimensions. The side wall thickness is 0.35 mm and the
width is 20.6 mm. The overview of conformal cooling
channel and the enlarged view enclosed by black circle are
shown in Fig. 2¢, where the diameter of cooling channel
is 8 mm. Acrylonitrile-butadiene—styrene (ABS) is used
as the material and the property taken from the database
of Moldex3D is listed in Table 1. Figure 3 shows the flow
process, in which the melt plastic is injected from the gate
and flows into the side wall (Fig. 3a). Then, the flow front
meets around the center of side wall (Fig. 3b) and the
weldline is generated (Fig. 3c).

Next, the RHCM simulation using Moldex3D is
explained. As described in Sect. 1, the RHCM consists of
four phases: the heating, the filling, the packing, and the
cooling phase. In this paper, water flowing into the confor-
mal cooling channel is used as the coolant, and the RHCM
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(b) Numerical simulation model

—> Coolant(Inlet)
—> Coolant(Outlet)

(¢) Conformal cooling channel

Fig.2 Thin-walled plastic product and conformal cooling channel

simulation is conducted by controlling the water tempera-
ture flowing into the channel. The water set above the glass
transition temperature is flowed into the cooling channel
in the heating phase. In the cooling phase, the water set
below the glass transition temperature is flowed into the
cooling channel and the mold temperature is cooled down.

3 Multi-objective process parameters
optimization in RHCM incorporating variable
packing pressure profile

3.1 Multi-objective optimization

A multi-objective optimization problem is generally formu-
lated as follows [28]:

(fl(x)’fZ(X)9 ’fK(x)) — min }

x€X ey

where f;(x) is the ith objective function to be minimized, K
represents the number of objective functions. When the jth
objective function f;(x) is to be maximized, it is equivalent
to minimize the function —f}(x). X = (x;, x, - ,x,)" denotes

Table 1 Material property of acrylonitrile-butadiene—styrene

Density (g/cm?) 1.04
Eject temperature (°C) 1.09
Elastic module [GPa] 2.45
Poisson ratio 0.4

Material characteristics Amorpous resin

Glass transition temperature (°C) 129
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Fig.3 Flow process and weldline of target product

the design variables, n represents the number of design vari-
ables, and X denotes the feasible region.

3.2 Design variables

As shown in Fig. 1, the mold temperature profile is com-
pletely determined by six process parameters (T, 17, t), 1),
ly and ¢.), which are taken as the design variables. Next, the
variable packing pressure profile in Fig. 4 is explained, in
which the solid line represents the variable packing pressure
profile and the dashed line represents the constant one. It is
assumed that the profile will linearly vary during the pack-
ing phase. Therefore, the profile consists of four process
parameters (P, P,, tpl, and tpz). Note that the packing time
(1,) is given as 7, = t; + IZ. In addition, the melt temperature
(T e1) affecting the flow of melt plastic is taken as the design
variables. Then, the design variables x is given by Eq. (2).

— 12 T
X = (TH, TLs th9 t[nj’ tps l[)’ tcs P17P23 ng[[) (2)

The lower and upper bounds of the design variables are
also given by Eq. (3).

220 < T,,,[°C] < 260 135 < T, [°C] < 170 40 < T,[°C] < 70
[s] < 1.0 5.0 <£[s] < 10 10 < 2[s] < 15 3)

10 < 1,[s1 <50 0.1 <1,
25 <t,[s] £40 50 < P;[MPa] <80 50 < P,[MPa] < 80

considering the experimental condition. The range of ¢,
and 7, are determined by considering the heat/cool tem-
perature controller in the experiment. The range of 7, is
determined by considering the gate seal time. The mold
will be damaged when the packing pressure of 80 MPa is
applied, and the upper bound of P, and P, is set to 80 MPa.
Finally, the recommended value in Moldex3D is used for
Ty, Ther and ;.

melt>

3.3 Objective functions

In this paper, three objective functions (weldline, clamping
force, and cycle time) are simultaneously minimized for high
product quality and high productivity. Based on Kitayama
et al. [25], the mold temperature during the heating phase in
RHCM is maximized for the weldline reduction.

Here, the relation among the three objectives is shown
in Fig. 5. First, the relation between weldline and cycle
time in the RHCM is considered. As reported in Refs [12,
14, 24, 25], the higher mold temperature is, the shorter
weldline is. However, the high mold temperature makes
the cooling time long, and consequently the long cycle
time is required. On the other hand, it is possible to pro-
duce the product with short cycle time when the mold
temperature is low. However, in this case, the weldline is
long. Therefore, the trade-off between them is observed.

Next, the relation between weldline and clamping
force is discussed. Kitayama et al. investigated the rela-
tion between the weldline and the clamping force [29], in
which it was reported through the numerical and experi-
mental result that the larger the clamping force was, the

The lower bound of T is set above the glass transi-
tion temperature, whereas the upper bound of T is set

Fig.4 Design variables for vari- Pressure?
able packing pressure profile t

shorter the weldline was. However, the relation between
them is rarely discussed in the literature.

P,

Conventional pressure profile
(Constant pressure is used)

@

Proposed variable pressure profile

»

»

t,! t? Time

P P
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(Mold temperature)
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: > Long
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Clamping force Cycle time

Fig.5 Relation among weldline, clamping force, and cycle time

Finally, the relation between clamping force and cycle
time is considered. As far as we survey, the relation between
the clamping force and the cycle time is not discussed in the
literature. As described in introduction, clamping force will
be so closely related to product quality as well as productiv-
ity. On the other hand, high productivity is always required
in the PIM. Therefore, it is important to discuss the relation
between the clamping force and the cycle time.

The first objective function f;(x) that is the mold tem-
perature T4 during the heating phase is maximized for
weldline reduction. Therefore, f(x) is given by Eq. (4).

fix) = =T,,,,4 — min 4

The clamping force is taken as the second objective func-
tion f,(x) to be minimized for high product quality and high
productivity. The cycle time is considered as the third objec-
tive function f;(x) to be minimized for high productivity. f5(x)
is given by Eq. (5) as the explicit form of the design variables.

1, .2 :
LX) =1, + 1, + t,+1,+1 — min 6))

Note that the mold temperature and the clamping force
are numerically evaluated through the computationally
expensive RHCM simulation.

3.4 Sequential approximate optimization

The numerical procedure to identify the pareto-frontier
using the SAO using RBF network is briefly described in
this section. See Kitayama et al. [7] for the detail of the

RBF network.

(Step 1) The Latin hypercube design (LHD) is used to
generate some initial sampling points (LHD). Therefore,

@ Springer

several combinations of the process parameters are deter-
mined.

(Step 2) The numerical simulation using Moldex3D is
carried out. Then, three objective functions are numeri-
cally evaluated.

(Step 3) All functions are approximated by the RBF net-
work. Here, the approximated objective functions are
denoted as f,(x)(k = 1,2,3).

(Step 4) The pareto-optimal solutions are determined by
using the weighted /p norm method formulated as fol-
lows:

- 1/
[Zzzl (akfk(x))p] ” . min ©)

xb<x <xVi=1,2,,n

where a;(k = 1,2,3) represents the weight of the k-th
objective function under the following condition.

a1+az+a3:1 (7)

p in Eq. (6) is the parameter. According to Kitayama et al.
[8, 19,25, 29], p is set to 4. In order to obtain a set of pareto-
optimal solutions, various weights are assigned.

(Step 5) If a terminal criterion is satisfied, the SAO algo-
rithm will terminate. Otherwise, the pareto-optimal solu-
tions in STEP4 are added as the new sampling points for
improving the accuracy of pareto-frontier. As the result, the
number of sampling points is updated. Then, return to Step
2.

The average error between the response surface and the
numerical simulation at the pareto-optimal solutions is taken
as the terminal criterion. The SAO algorithm will terminate
when the average error is within 5%. The algorithm is shown
in Fig. 6.

Initial sampling points are generated.

Numerical simulation using Moldex3D is carried out.
* Mold temperature during heating phase

* Clamping force

* Cycle time

l

’ Response surface is constructed. |

[

’ Pareto-optimal solutions are determined. |

Terminal criterio

—‘ To improve the pareto-frontier, new sampling points are added. |

Fig.6 Sequential approximate optimization algorithm to identify pareto-
frontier
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Fig. 7 Pareto-optimal solutions Mold temperature X (-1) [°C]
of RHCM using variable pack- =140
ing pressure profile. a Pareto-
frontier among three objectives. -145
b Pareto-frontier between cycle < e
time and mold temperature. ¢ oo P -130 :
Pareto-frontier between mold w3860 -
temperature and claxpping .. 04 . (;. . \. e
force. d Pareto-frontier between ' . RO ° 70 :
clamping force and cycle time P42 : : 75
Clamping force [ton] 'f Cycle time [s]
(a) Pareto-frontier among three objectives
-140
3
; Point A With the proposed RHCM ~ Without RHCM
< Ny (Conventional PIM)
X 145 Point A Point B
£ I Ly | — |
‘g | Weldline ||| Weldline Weldline
& J N .
2 -150 , . l | | | ‘
= areto-frontier
§ Point B 9.3 mm 7.1 mm 13.0 mm
15 Cycle time: 50.4 [s]
60 65 70 75
Cycle time [s]
(b) Pareto-frontier between cycle time and mold temperature
-140
With the proposed RHCM ~_ Without RHCM
. (Conventional PIM)
-145 Point C Point D

I

Mold temperature X (-1) [°C]

* || Weldline Weldline WeldljnJe
-150 l‘J } ‘
Pareto-frontier '\ 8 4 mm 7 6 mm 13.0 mm
Point D ’ . .

15 Clamping force: 4.9 [ton]
7738 40 42

Clamping force [ton]

(c) Pareto-frontier between mold temperature and clamping force

75
With the proposed RHCM ~ Without RHCM
. (Conventional PIM)
@ 70 Point E . . Point E Point F
g " rons ; —
B | Weldline | Weldline Weldline
o} .
3 J B .
> 65 . . | [
Pareto-frontier ’\ . 8.6 mm 7.2 mm 13.0 mm
Point F Cycle time: 50.4 [s]
60: . ;
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(d) Pareto-frontier between clamping force and cycle time
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Fig.8 Optimal variable packing pressure profile and mold temperature profile at points A and B. a Optimal variable packing pressure profile. b

Mold temperature profile

4 Numerical and experimental result
4.1 Numerical result

Twenty-five initial sampling points are generated by the
LHD, and the pareto-frontier among the three objective
functions is identified. Note that there is no clear criterion
about the number of initial sampling points using the LHD.
Considering the number of design variables, the number
of initial sampling points is determined by our engineering
experience. Figure 7a shows the pareto-optimal solutions
with the black dots. To identify the pareto-frontier, 89 simu-
lations are required. The relation between the cycle time and
the mold temperature, between the mold temperature and
the clamping force, and between the clamping force and
the cycle time is shown in Fig. 7b—d, in which the solid line
denotes the pareto-frontier. The weldline length at points A,
B, C, D, E, and F is also shown in the figure. Note that— 1 is
multiplied to the axis of mold temperature (see Fig. 5). For
the comparison, the weldline using the conventional PIM is
shown in the figure. The cycle time and the clamping force
by the conventional PIM is 50.4 s and 4.9 ton, respectively.
It is found from Fig. 7b—d that the weldline and the clamp-
ing force are well reduced, compared to the conventional
PIM. On the other hand, the cycle time by the conventional
PIM is 50.4 s, which implies that the cycle time of RHCM
is not improved.

First, Fig. 7b is considered, from which it is found that the
higher the mold temperature is, the shorter the weldline is.
However, the long cycle time is required, and consequently
the trade-off between is observed. It is considered that the

@ Springer

melt plastic is smoothly injected into the cavity with the high
mold temperature, and the weldline is consequently reduced.

Next, Fig. 7c is considered, from which it is found that
the higher the clamping force is, the higher the mold tem-
perature is. This result indicates that weldline is reduced
with the high clamping force by the proposed RHCM.

Finally, Fig. 7d is discussed, from which it is found that the
shorter the cycle time is, the higher the clamping force is. In
addition, the weldline at point F is shorter than that at point E.
This result indicates that the clamping force plays an important
role for improving the cycle time as well as the weldline reduc-
tion in the proposed RHCM. Compared to the conventional
PIM, the clamping force of 20% can be reduced at point E.

Next, the optimal variable packing pressure profile is shown
in Fig. 8a. Two points (points A and B) in Fig. 7b are selected
for the comparison. It is found from Fig. 8a that both optimal
pressure profiles start with the low packing pressure and the
high packing pressure is applied at the end of packing phase.
The difference of variable packing pressure profile between
two points is not clear, but the cycle time is different due to the
heating time. The heating time at point A is 11.0 s, whereas
the one at point B is 17.7 [s]. The high mold temperature (145
[°CT] at point A and 151 [°C] at point B) results in the long
cycle time. The mold temperature profile at points A and B is
also shown in Fig. 8b, from which it is found that the longer
the heating time is, the longer the cycle time is. The mold
temperature during the filling and packing phase increases due
to the high packing pressure at the end of packing phase. The
high mold temperature during the filling and packing phase
makes the flow of melt plastic smooth, and the weldline can
be reduced.



The International Journal of Advanced Manufacturing Technology (2022) 120:3669-3681 3677

Fig.9 Pareto-optimal solutions
using conventional RHCM
(white dots). a Pareto-optimal
solutions among three objec-
tives. b Pareto-frontier between
cycle time mold temperature. ¢
Pareto-frontier between mold
temperature and clamping
force. d Pareto-frontier between
clamping force and cycle time
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Fig. 10 Experiment of RHCM
using PIM machine (MS100,

Sodick). a RHCM using tem-
Measurement

Controller for heat temperature

Clamping force

perature controllers. b Variable

packing pressure profile at point Setting

A in the experiment

Clamping force

Measurement —
Setting —

Packing time
Packing pressure

5. 16 Packing time [s] /ﬂ'U[J

(b) Variable packing pressure profile at point A in the experiment

4.2 Comparison to conventional RHCM using
constant packing pressure

The RHCM using a constant packing pressure during the pack-
ing phase is used for the comparison of the proposed RHCM.
The mold temperature profile and other process parameters are
optimized by the method described in Sect. 3.4. The process
parameters (Ty, Ty, t, 1, t,, and 7.) in Fig. 1 are taken as the
design variables. In addition, the packing pressure P and the melt
temperature 7, are taken as the design variables. The lower and

upper bounds of the design variables are given by Eq. (8).

220 < T, [°C1 < 260 135 < Ty[°C] < 170 40 < T;[°C] < 70
10 < t,[s] <50 0.1 <1;,[s]1 < 1.0 15 <£,[s] <25 25 <1,[s] <40
50 < P[MPa] < 80
®)

Like Sect. 4.1, 25 initial sampling points are generated by
the LHD, and the pareto-frontier is identified. Ninety simula-
tions are required to identify the pareto-frontier. The pareto-
frontier among the three objectives is shown in Fig. 9a, in
which the black dots denote the pareto-optimal solutions by
the proposed RHCM and the white dots denote the ones by
the conventional RHCM. It is found from Fig. 9a that the

Table 2 Optimal process parameters at point A

pareto-optimal solutions by the conventional RHCM are
not well distributed, compared to the ones by the proposed
RHCM.

Like Fig. 7, the relation between the mold tempera-
ture and the cycle time, between the mold temperature
and the clamping force, and between the clamping force
and the cycle time is shown in Fig. 9b—d, in which the
black dots denote the pareto-optimal solutions by the
proposed RHCM and the white dots denote the ones by
the conventional RHCM. The dashed line represents the
pareto-frontier by the conventional RHCM. In addition,
the weldline at points B’, D’, and F’ is shown for the
comparison.

It is found from Fig. 9b that the cycle time and the mold
temperature are well improved by the proposed RHCM. In
addition, the cycle time by the proposed RHCM is improved,
compared to the one by the conventional RHCM. This result
indicates that the variable packing pressure profile can
improve the cycle time effectively.

Next, Fig. 9c is considered, from which it is found that the
mold temperature by the proposed RHCM is higher than that by
the conventional RHCM. However, the clamping force by the
conventional RHCM is smaller than that by the proposed RHCM.

T, 1, Tpetr i P, P, 0, 2 T, t Mold temperature ~ Clamping force ~ Cycle time
[°C] [s] [°C] [s] [MPa]  [MPa]  [s] [s] [°C1  [s] [°C] [ton] [s]
1644 11.10 2521 0.66 50.5 72.6 8.01 10.05 644 3471 14572 43 64.53
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Fig. 11 Weldline in numerical Point A Point D
simulation and experiment. a H |
Weldline at optimal points. b h H |
Comparison of weldline length ‘
with conventional PIM ‘

Point B Point E

H h | h | n
Point C Point F

Point B

Experiment

Point C
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W

(a) Weldline at optimal points

Conventional PIM
— |

Point A

Numerical simulation Reference line

Point A Conventional PIM

(b) Comparison of weldline length with conventional PIM

Finally, Fig. 9d is discussed. As shown in this figure, the
cycle time by the proposed RHCM is shorter than that by
the conventional RHCM. It is considered that the proposed
RHCM is more flexible PIM technology for high product
quality and high productivity than the conventional RHCM.
In particular, the weldline by the proposed RHCM is shorter
than that by the conventional RHCM through all points, and
this result indicates that the proposed RHCM can effectively
reduce the weldline and the cycle time.

4.3 Experimental result

The experiment using PIM machine in Fig. 10 (MS100,
Sodick) is carried out to examine the validity of the pro-
posed RHCM. The conformal cooling channel shown
in Fig. 2c is fabricated by 3D metal printer (OPM250L,
Sodick). As shown in Fig. 10a, two temperature control-
lers for heat and cool are equipped to conduct the RHCM.
In the experiment, the clamping force is inputted in the

Table 3 Comparison of weldline length between numerical simulation and experiment

Point A | PointB | Point C | PointD | PointE | PointF f\;rl‘;;“;"gﬂg%
Numerical simulation [mm] 9.3 7.1 8.4 7.6 8.6 7.2 13.0
Experiment [mm] 10.9 9.8 10.2 10.0 103 10.0 116
Error [%] 147 | 276 176 | 237 165 | 280 12.1
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PIM machine, and the example of the controllers and the
clamping force at point A in the experiment is shown in
Fig. 10a. In addition, the variable packing pressure profile
at point A in the experiment is shown in Fig. 10b. Note
that the horizontal axis (packing time) in the experiment
is in reverse, compared to the one in the numerical simu-
lation. The optimal process parameters at the point are
listed in Table 2.

The weldline at optimal points in the experiment is
shown in Fig. 11a with the numerical simulation, in which
the red line denotes the weldline in the experiment. The
comparison of the weldline by the conventional PIM is
also shown in Fig. 11b, in which the dashed line denotes
the reference line for the comparison. It is found from
Fig. 11b that the weldline by the proposed RHCM is
shorter than that by the conventional PIM. The weldline
length is also listed in Table 3, from which the error is
slightly large. Since the PIM machine is accurately con-
trolled, it is considered that one of the major factors for
the error is the variation of the material property. The
variation of material property is an uncontrollable param-
eter in the experiment. To obtain more accurate result,
it is important to perform a robust design optimization
considering the variation of material property or process
parameters [31, 32].

5 Conclusion

RHCM is recognized as one of the important manufactur-
ing technologies to produce plastic product with high sur-
face quality, but the mold temperature profile as well as the
other process parameters is determined by the trial-and-error
method. In addition, the RHCM generally requires a long
cooling time due to the high mold temperature. The variable
packing pressure profile is recognized as one of the effective
PIM technologies for high productivity, but it is difficult to
determine the process parameters in advance. To determine
the optimal process parameters in the RHCM incorporating
the variable packing pressure profile, design optimization for
minimizing weldine, clamping force, and cycle time was per-
formed. Numerical simulation in the RHCM was so inten-
sive that sequential approximate optimization using radial
basis function network was adopted to identify the pareto-
frontier. The conventional RHCM was also investigated to
compare the weldline by the proposed RHCM. As the result,
the trade-off between the clamping force and the cycle time
was clarified by the proposed RHCM. It was impossible to
improve the cycle time by the proposed RHCM, compared
to the one by the conventional PIM. However, the clamp-
ing force of 20% could successfully be reduced. Finally, to
examine the validity of the proposed RHCM, the experiment
using the PIM machine (MS100, Sodick) was conducted.

@ Springer

Through the numerical and experimental result, it was clari-
fied that the weldline reduction could be achieved by the
proposed RHCM.
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