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Abstract

The optimal design for injection molding processes is sought by using the design of experiment (DOE) and numerical analysis. DOE
is designed so as to consider two-way interactions, and have been applied progressively for both mold and process designs. Numerical
analyses have been carried out as DOEs for mold parameters such as runner specifications and cooling channel configurations. In order
to determine optimal process parameters, experiments have been performed for various process conditions with the DOR scheduling. As
a resuli, the quality and productivity of the product have been improved, and the proposed approach can be successfully applied to the

industrial injection molding process of precision electronics parts.
© 2003 Elsevier B.V. All rights reserved,
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1. Introduction

Injection molding processes faced increasing require-
ments for higher quality and lower cost. From the viewpoint
of mold design, there are numerous parameters which affect
the quality and productivity of products, such as gate size
and location, runner designs, design of cooling channels,
injection pressure, injection temperature, cooling time, etc.
These parameters also affect product quality in mutual in-
teractions with each otlier as well as with separate factors.
The effects of combinations of these parameters are quite
difficult to analyze since they require numerous case studies
as well as much time and cost.

In order to reduce such efforts and expenses, computer
simulations for injection molding processes have been uti-
lized since the early 1970s [1]. Computer aided engineering
(CAE) analysis bas supported useful research in the design
of parts, molds, and molding processes with better efficiency
[2,3]. However, considering the effects of such a large num-
ber of parameters even if computer simulations are utilized,
tremendous efforis are still needed to find optimal molding
process conditions. Thus, an efficient strategy for CAE anal-

* Corresponding author, Tel.: +82-2-970-6358; fax: +82-2-974-8270.
E-mail addyess: kpark@snut.ac kr (K. Park).
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yses is required and the refated results should be analyzed
in a systematic manner.

Design of experiment (DOE) has been a very useful tool
to design and analyze complicated industrial design prob-
lems. It helps us to understand precess characteristics and to
investigate how inputs affect responses based on statistical
backgrounds. In addition, it has been used to systematically
determine the optimal process parameters with fewer testing
trials. The Taguchi approach is a DOE method that has been
widely used in industrial robust design procedures. Several
studies have been made on design of injection molding pro-
cesses using the Taguchi approach [4--6]. Though this ap-
proach can identify the main effects of separate design fac-
tors, it is limited in that interactions among those factors
cannot be considered effectively.

In general, there exist interactions among Injection mold-
ing factors. Thus related experiments must be designed to
consider interaction effects appropriately. The present work
concerns a DOE approach based on factorial design for the
proper consideration of interactions. This approach is then
applied to determine the optimal conditions for the injec-
tion molding process of a deflection yoke. The deflection
yoke controls the direction of electron beams discharged on
television monitor screens. The quality of a monitor mainly
depends on the shape and density of coils wound around
the coil separator of the defiection yoke. The shape of coils
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also relies on the precision of the coil separator, which is
fabricated by injection molding. The design of the injection
molding process is thus very important for the quality of the
final products,

The optimal design for the injection molding process is
developed using the DOE approach and finite element anal-
ysis. All the experiments are designed to be able to consider
two-way interactions among various factors. The DOE ap-
proaches are applied progressively, such as DOE for mold
design and DOE for process design. Finite element analy-
ses are carried out as a numerical experiment of mold de-
sign. C-MOLD [7] is used for the analysis of the injection
molding processes. In order to determine optimal process
parameters, experiments are performed for various process
conditions with design scheduling and statistical analysis.

2. Experimental design considering two-way
Interactions

Recently, the DOE procedure has been used to systemat-
ically investigate process variables or product variables that
influence the quality of products. It is possible to identify the
process conditions and product components that influence
product quality and costs, which in turn enhance the product
manufacturability, quality, reliability, and productivity. The
DOE procedure consists of the following four steps [8]:

¢ Planning: definition of the problem and the objective, and
development of an experimental plan,

s Screening: reduction of the number of variables by iden-
tifying the key variables that affect product quality,

o Optimization: determination of the optimal values for var-
ious experimental factors.

e Verification: performing a follow-up experiment at the
predicted best processing conditions to confirm the opti-
mization results.

The DOE approach can be divided into a full factorial
design and a fractional factorial design. The full factorial
design has the advantages that all kinds of main effects and
interactions can be considered. However, since all combi-
nations are to be tested, the number of experiments (Ngy)
increases exponentially as follows:

Nray = m(m)* (N

where £ is the number of faciors to be investigated, »; the
experiment level, and m the number of replicates. Thus the
number of experiments increases considerably when there
are numerous input factors.

If higher order interactions are negligible, it is possible to
use a fraction of the full factorial. It is generally recognized
that three-way and higher interactions are so rare as to be
negligible and can be thus ignored. The fractional factorial
experiment is usually designed to be able to consider main
effects and two-way interactions. It is efficiently used in the
screening DOE procedures when there are a large number

Table 1
Available factorial design with resolution 9]
N k

2 3 4 5 6 7 8 9 10
4 F 11
8 F v 113 I it
16 F v v v v 1 11
32 F Vi 3% v v v
64 F Vil \% v v

of factors. The number of experiments required (Niactional )
is then reduced as follows:

ke
Nteactional == m (n)"¢ 2

where ¢ is the degree of fractionating. While an increase of
g decreases the number of experiments, it may also cause
loss of retiability in analyzing the results of experiments, A
term commonly used to describe the reliability of an exper-
imental design is resolution. The meaning of different reso-
lutions is tied to the degree of aliasing in the fractional fac-
torial design matrix. For example, in the case of resolution
HI, a design does not alias main effects with one another, but
does alias main effects with two-way interactions. On the
other hand, a design with resolution IV does not alias mains
with two-way interactions, and is generally recommended
to analyze two-way interactions effectively. Table [ refers a
guideline for available two-level factorial design with reso-
lutions where F denotes full factorial design [9].

The results of DOE can be analyzed by evaluating the
main effects for all factors and interactions for all of the
two-way combinations. The main effect of the Jth factor (E)
and the interaction between the Jth and kth factor ({jx) are
calculated as follows [10]:

N
5o 2=l

; (3)
J N
i==1 Ri
Zi_]\il ili) R
lk = = =5~—— €]
i=1 &

where NV is the total number of experiments, R; the response
variable for the ith combination, lij equals —1 for the lower
level, 41 to the upper level of the jth factor and is subjected
to orthogonal condition as follows:

]\_7
Dli=0 (=12 W (5)
i=1

In order to analyze the results of the experimental designs,
analysis of variance (ANOVA) is utilized. The ANOVA is
used to investigate the relationship between a response vari-
able and one or more independent variables. It can be de-
termined if the difference between the average of the levels
is greater than what could reasonably be expected from the
variation that occurs within the level. The test for ANOVA
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generally uses a ratio of:

Py
Fee average(ssbetwcen): _ I i(”] 1) SSpetween
average(SSyithin) ng — 1 = SSwitnin
(6)

where SSpetwoen and SSwithin denote the square sum variation
between groups, and the square sum variation within a group,
respectively. Each term can be expressed as follows:
Hg
Y,
SSbctwcen = ”}/Z(?Cj ~ X} @

j=1

fig

SSwithin = ¥ (x5 — ¥)° ®)

j=1im=1

where ny is the number of groups (levels), n; the number of
individuals in the jth group, xjj the ith individual in the jth
group, X the mean of the jth group, and ¥ the grand mean
value.

3. DOEs for mold design
3.1. Selection of input variables

Coil separators are generally fabricated by injection mold-
ing with two cavities in a mold. Noryl PX9406 from GE Plas-
tics was used as material. Fig, 1 shows the three-dimensional
shape of the coil separator with its runner system. Three pin-
point gates were employed with a main gate on the curved
surface area and two sub-gates at the screen part. The de-
sign of the runner system (including gate design) is very
important in terms of the flow characteristics. In the present
work, four design parameters, positions of the sub-gate (4)
and the main gate (B), and diameters of the sub-runner (o)
and the main runner (D), were selected as input variables as
shown in Fig. 2.

: Runnar
S 7 system

Coif separator

Fig. 1. Three-dimensional shape of a coil separator.
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A positions of the sub-gate

B: positions of the main gate

C: diarneters of the sub-runner
D: diameters of the main runner

Fig. 2. Iuput variables for design of the runner system.

The cooling channels design is also important in terms
of the overall productivity as well as the dimensional ac-
curacy of the product. A well-designed cooling system im-
proves cooling efficiency and thus reduces the cycle time of
a product. However, a mold temperature that is too low may
increase the melt viscosity, which degrades flow characteris-
tics and increases the injection pressure. Therefore, cooling
channels should be designed considering not only cooling
efficiency but also related flow characteristics. In the present
work, the layout of cooling circuits was also considered as
a design parameter.

Fig. 3(a) represents the configuration of the current chan-
nel, while the temperature distribution at the end of cooling
stage is shown in Fig. 3(b). The cooling time is set to 7.0s,
and the melt temperature and the coolant temperature are
taken as 310 and 20°C, respectively. It is observed that the
temperature around the neck part is higher than other areas,
as marked in Fig. 3(b), acting as a critical factor in delaying
the cycle time. In order to increase cooling efficiency around
the neck part, two modified cooling circuits were suggested
as shown in Fig. 4.

3.2. Optimal design for injection mold

In order to perform DOE for mold desi gn, numerical anal-
yses were employed for various mold design parameters.
C-MOLD was used for the analyses of the injection mold-
ing processes. The objectives for optimal injection molds
design are defined as follows:

o Minimum injection pressure: estimated as injection pres-
sure at the end of the filling stage.
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Temperature (*C)
. 20849

185.3
161.7
138.0
114.8
90.9

87.3

Fig. 3. Configuration of the original cooling system: (a) cooling channel
1 and (b} temperatare distribution.

o Flow balance: evaluated as the filling time difference be-
tween the screen part and the neck part.

o Cooling efficiency: estimated as the maximum tempera-
ture at the end of the cooling stage.

Since there are five factors, a large number of trials are
required for full factorial experiments. In order to reduce the
number of simulation trials, two-step screening DOE wag
introduced. For the first screening DOE, four factors related
to the Tunner system were selected with two levels, as listed
in Table 2.

Since the four factors above are related to the runner Sys-
tem, only the injection pressure and the filling time differ-
ence are compared. Fig. 5 shows the main effect plots for
both objectives. Figs. 6 and 7 represent the interaction plots
for the injection pressure and the filling time difference, re-

Table 2

Design for the first screening DOE

Factor Description Level 1 Level 2
A Main runner diameter (mm) 4.5 6.5

B Sub-runner diameter (mm) 35 55

C Main gate position (mm} 30 40

D Sub-gate position (mm) 30 50

(0}

Fig. 4. Configurations of the modified cooling systems: (a) cooling channel
2 and (b} cooling channel 3,

spectively. Interagtion plots are constructed by plotting both
variables together on the same graph, and the distinguishing
feature of strong interactions is the degree of non-parallelism
between two lines. On this basis, it is clear that there is a
strong interaction between only factors C and D in terms of
the injection pressure (sce F ig. 6).

Thus it can be concluded that the sub-runner diameter
(B) has little effects and interactions for both objectives.
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Fig. 5. Main effect plots for the first screening DOE: (a) main effect for
Pmax and (b) main effect for Ar.
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The sub-runner diameter was then removed from the design
factors and was set to 4.5 mm, and a second screening DOE
was carried out using the remaining factors. At the second
DOE, the number of levels was set to 3 as listed in Table 3.

The results of the DOE were analyzed using the ANOVA
approach. Desired candidates were selected among the full
combinations with the following criteria: injection pressure
must be less than 200 MPa and the time difference should be
less than 0.1's. Four candidates were then selected as shown
in Table 4,

Table 3
Design for the second screening DOR

Factor  Description Level 1 Level 2 Level 3
A Main runner diameter (mm) 4.5 5.5 6.5

C Main gate position (mm) 30 35 40

D Sub-gate position (mm) 30 40 30
Table 4

Selected candidates and the corresponding results

No. A (mm) C (mm) D (mm) P (MPa) At (s)
1 6.5 35 40 147.8 0.85
2 55 35 40 152.0 0.70
3 6.5 40 40 154.2 0.73
4 3.5 40 40 150.4 0.37

Table 5
Results of the final DOE for mold design

No. A (mum) C (mm) £ (mmi) P (MPa) T(0C)
1 5.5 35 1 152.1 153.7
2 5.5 40 | 150.4 153.8
3 6.0 35 1 152.7 153.9
4 6.0 40 1 157.9 155.0
5 55 35 2 154.8 146.7
6 5.3 40 2 153.0 146.7
7 6.0 35 2 1553 146.9
8 6.0 40 2 158.3 147.8
9 5.5 35 3 155.3 136.0

10 55 40 3 154.2 136.0

I 6.0 35 3 1559 136.2

12 6.0 40 3 158.6 136.7

It is observed that all of the selected four candidates have
the same values of the sub-gate position (D), 40 mm. This
parameter was then removed and taken as 40 mm in the
final experimental design. A final DOE for the mold design
was carried out with an additional design factor, that is, the
cooling channel configuration (£). Table 5 shows the design
factors and the corresponding results for the final DOE.

From the above results, Case 10 was selected as the best
candidate to improve flow characteristics and to reduce cy-
cle time, and the optimal mold design parameters were de-
termined as follows:

e main runner diameter: 5.5 mm,
¢ sub-runner diameter: 4.5 mm,
e main gate position: 40 mm,

® sub-gate position: 40 mum,

e cooling circuit type: type 3.

3.3 Comparison of cooling efficiency

In order to compare the cooling efficiency of the modified
cooling circuit with that of the original one, temperature
variations at several positions obtained from the numerical
analysis are compared in Fig. 8. The maximum temperature
was estimated around the neck part as previously shown in
Fig. 3(b). In the original design, the maximum temperature
was greater than the glass transition temperature (145°0)
even after 10s. In the improved design, on the other hand,
the maximum temperature falls below the transition tem-
perature after only 4.5s. Experimental verification for the
improvement will be discussed further in the following
section.

4. DOEs for process conditions
4.1. Selection of input variables
There are many process parameters that affect product

quality of injection molding processes, including injection
pressure, melt temperature, coolant temperature, injection
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Fig. 8. Comparison of the temperature variations for: (a) the original
design and (b) the improved design.

speed, packing pressure, packing time, cooling time, etc.
Each parameter affects product quality in mutual interactions
with other parameters as well as with separate factors.

Improper process conditions may have a detrimental ef-
fect on product quality. For example, insufficient injection
pressure or lower injection rate may cause a short shot,
while excessive injection pressure or packing pressure may
cause flashes or part warpage. In the present work, process
parameters related with injection conditions and packing
conditions ‘were selected as follows: injection pressure,
injection speed, injection time, screw position, packing
pressure, packing speed, and packing time.

4.2. Optimal design for process conditions

In order to perform DOE to determine the process condi-
tions, experiments were carried out for the selected process
parameters. An improved mold was fabricated for the exper-
iments using the selected design parameters as discussed in
the previous section. The objective for optimal process con-
ditions is taken as the geometrical accuracy of the products,
which is quantitatively measured as the weight of the prod-
ucts. Since there are eight factors, a screening DOE was also
introduced in order to reduce the number of simulation fri-
als. For the screening DOE, eight factors were selected with
two levels and 32 runs as listed in Table 6. The experiments
were carried out five times for each process condition.

Fig. 9 summarizes main effects and interactions for the
mean part weight, The packing speed (J) and the screw po-

Table 6
Design for the screening DOE for process parameters
Factor Description Level 1 Level 2
F Injection pressure (MPa) 105 110
G Packing pressure (%) 30 50
H Injection speed 1 (%) 50 58
7 Injection speed 2 (%) 50 70
J Packing speed (%) 26 40
K Screw position (mm) 22 26
L Injection time (s) 1.3 1.5
M Packing time (s) 0.5 2.0
FlolH

Fioiola
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H &

i
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Lo wbadium
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Fig. 9. Main effects and interactions for the part weight.

sition (K) appear to have relatively smaller effects and less
interactions than other factors. The packing speed and the
screw position were then set to 40% and 22 mm, respec-
tively. A final DOE for mold design was then carried out
using the remaining factors with 32 runs. The number of
levels was set to 2 as shown in Table 7, and the results
for the final DOE for process conditions are summarized in
Table 8.

For the coil separator, the desired part weight is 28.3 g,
and the measured values were between 27.26 and 28.63 g
It was observed that a short shot occurred where the part
weight was less than 28.1 g. In the case where the part weight
exceeded 28.6 g, on the other hand, a flash appeared around
the parting surface. Desired candidates were selected among
the 32 combinations within a range of 28.30 £ 0.02 g. The
optimal process parameters to improve part quality were
then determined using the ANOVA from these candidates as
foliows:

e injection pressure: 90 MPa,
» packing pressure: 50 %,
e injection speed 1: 62%,

Table 7

Design for the final DOE for process parameters

Factor Description Level 1 Level 2
F Injection pressure (MPa) 85 90

G Packing pressure (%) 40 50

H Injection speed | (%) 58 62

7 Injection speed 2 (%) 30 38

L Injection time (s) 1.5 1.6
M Packing time (s) 1.0 1.5
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Table 8
Results of the final DOE for process parameters

Exp. no, o G H 1 L M Weight (g)

Mean Variance
(x1073)
85 40 38 58 1.6 1.5 28.07 1.048

1
2 5 50 62 30 1.5 1.0 2841 1.030
3 85 50 58 30 L5 1.0 2775 44.677
4 85 56 62 58 1.6 1.5 28.42 6.978
5 85 50 62 30 1.5 1.5 28.30 3.7
6 90 350 38 30 1.5 1.5 28.32 0.403
7 9 50 62 30 1.6 1.5 2863 0.483
8 90 40 s8 58 1.6 1.0 28.28 1.057
9 85 56 62 58 1.5 1.0 2814 1.859
10 85 40 58 30 1.6 1.0 28.00 0.540
11 90 0 62 58 1.6 1.0 28.53 0.684
12 85 50 62 30 1.6 1.0 2835 4.651
13 90 40 62 30 1.5 L5 28.36 1.121
14 9 40 58 58 1.5 i.5 26.16 3.800
I35 8 56 358 30 1.6 1.5 2831 7.073
16 85 50 58 58 1.6 1.0 2815 1.255
17 9 50 62 58 i.5 1.5 28.49 2.850
18 9 40 58 3¢ 1.6 L5 2836 6.457
19 9% 40 62 30 1.6 L0 2849 1.247
20 85 40 38 s8 13 1.0 2726 22073
21 96 40 62 58 1.6 1.5 2853 2,343
22 96 40 58 30 1.5 1.0 2798 1.283
23 90 50 58 58 1.5 .0 2818 0.915
24 90 50 58 58 1.6 1.5 2847 4.099
25 85 40 S8 30 1.5 1.5 27.26 8.404
26 90 50 5% 30 1.6 1.0 2838 2.695
27 85 40 62 30 1.5 Lo 2798 0.947
28 50 40 62 38 1.5 1.0 2828 3.554
29 85 40 62 30 1.6 L5 28.29 0.382
30 85 40 62 58 1.5 1.5 2812 1.828
31 85 30 58 58 1.5 1.5 27.92 14.960
32 8 40 62 58 1.6 1.0 28.20 0.577

» injection speed 2: 30%,
® packing speed: 40%,

e screw position: 22 mm,
o injection time: 1.5s,

e packing time: 1.55,

4.3. Results and discussions

Reflecting the selected optimal process conditions, the
quality and the productivity of the product have been im-
proved in the following ways: the cooling time has been re-
duced by 50% (from 12 to 6s) and the injection pressure has
been decreased by 30%. The reduction of the injection pres-
sure can decrease the occurrence of ejection troubles and
improve the life cycle of molds, These kinds of quality im-
provement also guarantee the additional reduction of cycle
time by reducing the number of defects and by saving the
salvage time to repair molds. The total cycle time measured
in the production fields then becomes 16 S, an improvement
of 38% relative to the previous cycle time of 265,

5. Conclusion

In the present work, the optimal design for an injection
molding process has been developed using the DOEs proce-
dure and finite element analysis. All experiments were de-
signed to be able to consider two-way interactions between
various factors as well as main effects of individual factors.
The proposed approach has been applied to the injection
molding process of a deflection yoke, a precision electrical
part with high geometric complexity.

The DOE approaches have been applied progressively for
both mold design and process design. As the DOE for mold
design, finite element analyses of the injection molding
processes have been carried out. The optimal mold design
specifications have been determined by analyzing the DOE
results statistically. Then experiments were performed for
various process conditions with additional DOE scheduling
in order to determine optimal process parameters. As a re-
sult, the productivity of the product has been improved by
38% with better product quality. It is thus concluded that
the proposed approach can be successfully reflected in the
design procedures of industrial injection molding processes.
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