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ABSTRACT

Injection molding 1s a popular process in the automotive part industry
because of its advantages such as short cycle times, high production rate,
high quality of part surface, easy to produce the complex geometry parts,
good mechanical properties and low cost. Although injection molding has
many advantages, some defects frequently occur in the molded parts such
as weldline, surface gloss, and flow mark, etc. Heat and Cool technology
has been recently used to improve the surface appearance and quality of
molded parts due to capability in thermally cycling the mold surface
temperature. Induction heating is the interesting technique that can rapidly
heat and cool the mold surface and is most likely to save the cost.

This study is the examination of the influence of induction heating
system on the injection molding process before applying this technique to
further produce the real automotive parts. The experiments were divided
into two main phases. The first phase is preliminary study of induction
heating system, which matches the types of mold inserts, process
‘parameters, and induction coil. To investigate the influence of induction
heating, a new special mold insert was designed and produced namely test
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mold. The experiment results showed that mold insert which is SKD61
with heating power and coupling gap of 80% and 17.5 mm provided the
best heating rate at about 10°C/s. This condition was used as the induction
heating condition for test mold injection in the second main phase. The
second phase Is the main experiment of test mold which study the influence
of process parameter including induction heating for injection molding on
the properties of molded parts. This phase includes the design of
experiment by Taguchi method, injection, property testing of molded part,
result analysis by regression analysis, and validation. There are three
different material used as molding materials: PC, PC/ABD and PA6GF30,
and four process parameters: injection speed, packing pressure, heating
temperature by the induction heating or the mold surface temperature
before the filling stage, and water temperature were studied the effect on
five properties: weldline, surface gloss, flexural strength of weldline,
surface roughness and warpage, based on Taguchi experimental layout.
From the results, it was found that the induction heating successfully
improved the surface appearance such as weldline, surface gloss, and
surface roughness of molded parts especially on the elimination of
weldline. However, the induction heating did not enhance the warpage and
mechanical property like flexural strength of weldline.
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CHAPTER 1
INTRODUCTION

1.1 Background And Problem Statement

Nowadays plastics have been being popular in a wide variety of
industrial applications including the automotive parts. Many plastic
automotive parts, i.e. dashboard, door trim, assist grip, headlight covers,
and tonneau cover etc., are manufactured by the injection molding
technology. Injection molding is one of the most widely used process for
manufacturing plastic products because of its advantages such as short
cycle times, high production rate, high quality of part surface, easy to
produce the complex geometry parts, good mechanical properties and low
cost. Although injection molding has many advantages, some defects
frequently occur on the injection-molded parts such as weldline, surface
gloss, and warpage etc. These problems result in a lower quality of
product, both in terms of strength and cosmetic appearance. The aesthetics
of injection molded products can be solved by secondary operations such
as spray painting, polishing, etc., which make the cost higher.

Automotive interior plastic parts produced-by-TK1

o n Panel Instrument (PP,PU)

E Meter Cluster (PP+Talc.)

Panel Cluster Steering Column Cover (PP+Talc.)

Cover Assy’ Inst Lwr. RH
(PP+Talc)

Figure 1.1 The automotive interior plastic parts produced by T.Krungthai
Industries Public Company Limited (TKT).



T.Krungthai Industries Public Company Limited (TKT), which is a
Thailand-based company, is the marketing leader in service of production
of automotive plastic part and concern industry with quality and service.
The automotive interior plastic parts as shown in Figure 1.1 produced by
the company also encounter the injection molding defects. These defects
cause the high rate of waste and more production process leading to the
uncertain quality of plastic parts. Hence, the production process
improvement is required to keep the production stable and quality. With
this solution, TKT engineers have considered that applying Heat and Cool
technology to the problematic molded plastic part likely cause the
production stability and the same quality level. Therefore, TKT Company
had decided to research and develop Heat and Cool technology by working
together with National Metal and Materials Technology Center (MTEC) of
which is a public organization operating under the National Science and
Technology Development Agency (NSTDA). There are various types of
Heat and Cool technology, so the preliminary study were conducted. It was
found that Surface Heat & Cool technique by Induction Heating is probable
technique with the least cost such as mold production cost, invested tool
cost, and running cost. With these advantages, TKT Company and MTEC
had decided to study and improve Heat & Cool by Induction heating with
test mold part which is the new designed-part for this case. If this phase is
achieved with using induction heating, the shifter trim plate as shown in
Figure 2.2 1s further molded by means of induction heating. The problems
of shifter trim plate required to be improve are weldline, sink mark / flow
mark and warpage.

Therefore, this study is a part of collaborative project between TKT
Company and MTEC. The focuses on the effect of induction heating and
other processing variable on the injection molded part.

1.2 Objective Of The Study

1.2.1 To enhance the efficiency of productivity and solve the defects
of automotive parts by means of the induction heating technology.

1.2.2 To study the injection molding control parameters with
induction heating to get process stability and quality part.

1.2.3 To apply knowledge of this research as guideline to solve
quality defects of other industrial parts.



Figure 1.2 Shifter Trim Plate for injection molding by aid of induction
heating

1.3 Hypothesis To Be Tested

1.3.1 Productivity and defect parts can be improved with technology
induction heating.

1.4 Scope Of the Study

1.4.1 The induction coil in this study was designed by Taiwan
consultant.

1.4.2 The test mold parts were examined for five properties such as
weldline, gloss, flexural, roughness, and warpage.

1.4.3 The optimal processing parameter of each material and the
ranking of each parameter affecting the interested property were
determined by the coefficient values obtained from the regression analysis.



1.5 Expected Benefits

1.5.1 Enhancing the potential of student in the task of improving the
quality of plastic parts using induction heated mold technology.

1.5.2 Developing the injection molding process by means of induction
heating technology.

1.5.3 Understanding the term and concept of design of experiments
using the taguchi approach.



CHAPTER 2
LITERATURES REVIEW

This chapter describes the related theory and research to this study.

2.1 Theory

2.1.1 Plastic Injection Molding

In injection molding, a plastic is heated and molten as polymer melt
and then injected with high pressure into a mold through sprue, runners and
gate to fill the all cavities. After the cooling stage, the molded parts are
ejected from the mold at the end of the injection molding process.

Injection molding is one of the most widely used process for
manufacturing plastic products (from the smallest component to entire
body panels of cars). Its advantages and disadvantage are as follows [1]:

» Advantages
1.) Short cycle times
2.) High production rates
3.) High quality of part surface
4.) Easy to produce the complex geometry parts
5.) Good mechanical properties
6.) High tolerances are repeatable
7.) Wide range of materials can be used
8.) Low labor costs
9.) Minimal scrap losses
10.) Lattle need to finish parts after molding

» Disadvantages of Injection Molding
1.) Expensive equipment investment
2.) Running costs may be high
3.) Some defects frequently occur in the molded parts.
4.) Parts must be designed with molding consideration

2.1.1.1 Injection Molding Machine
Generally, the injection molding machine consists of two principal
components are described below.
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Figure 2.1 Structure of the injection molding machine [2]

1) Injection Unit

The injection unit is unit where is responsible for all injection
activities. The function of the injection unit is to receive the plastic resins
from hopper, heat and melt them to a uniform and homogeneous melt,
convey the melt to the nozzle and then inject them through the nozzle into
the cavity of mold. The injection unit includes the hopper, barrel, heater
bands, rotating screw with non-return valve, hydraulic cylinder and pistol
and drive motor. Figure 2.2 illustrates the schematic drawing of the
elements of an injection unit. The unit may be a ram fed or screw fed.

Hopper

Feed
Hole

Non-retum Heater
Valve Bands

Screw Drive &
Injection Cylinder

Figure 2.2 Elements of an injection unit of an injection molding machine

[3]

Nozzie End Cap Barrel Screw

2) Clamping Unit

The clamping unit is involved with the performance of the
mold. Its function is to hold the two halves of mold together in appropriate
alignment and slide the half of the mold or the moving platen forward and
backward for the mold opening and closing. It provides a sufficient



clamping force to resist the injection force to keep the mold closed during
the melt is injected, cools down and ejects the molded part. The clamping
unit consists of two platens, a stationary platen and a moving platen, tie
bars, and ejection system as shown in Figure 2.3.

Support Plate Moving Platen |, Stationary Platen
Gector Halves
-TieBars ~ System A
”‘u o 4.. — 1Y 1
'1/-‘
ey : =)
W - s s
Mechanism Nozzle
Figure 2.3 Elements of a clamping unit of an injection melding machine
3]

2.1.1.2 Stages Of Injection Molding

The process of injection molding can be divided into six major
separate stages: mold close, filling or injection, packing and holding,
cooling, mold open, and finally ejection. The total amount of time to
perform all of the stages in producing an injection molded part is called the
cycle time. That is the time from mold close to mold open. Among these
stages, the cooling stage takes up 50 to 80 percent of the cycle time [4].
Figure 2.4 illustrates the basic molding process components and chart of
cycle time. The operation of an injection molding machine and the cavity
pressure versus time profile during the process are illustrated as Figure
2.5(a) and Figure 2.5(b), respectively.
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Figure 2.4 Major stages of the injection molding cycle and its cycle time.
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Figure 2.5 The operation of an injection molding machine is demonstrated
as (a) the schematic of injection molding process and (b) the
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schematic of cavity pressure versus time profile [5].

The details about six major stages of injection molding process
are described below.

1.) Mold close

The moving platen mold slides toward the stationary platen to
close the mold and is locked the mold halves together securely to prevent
the mold open due to the resistance force inside the mold.

2.) Filling
The 1nject unit moves to the mold until touches the sprue bushing.
The melt is quickly injected to fill the mold cavity.

3.) Packing and holding

In packing phase, the additional melt is further injected into the
cavity in order to compensate for the part thermal shrinkage. This phase is



switch from velocity control to pressure control which typically takes place
before the cavity is filled. Holding pressure is then applied to keep the melt
in the cavity till the gate has frozen or solidified. After the gate freezes off,
the part continues to shrink without melt compensation.

4.) Cooling

Once the holding is over, the cooling starts to solidify the molded
part. At that time, the injection unit retracts from mold to prevent lowering
the nozzle temperature as the melt solidifies that can cause the melt in front
of nozzle is too viscous until cannot flow. Screw-back occurs during the
cooling time and is the plastication or preparation of the melt for the next
shot. The mold is still closed until the end of the cooling time. This step
take the longest time within an injection molding cycle.

5.). Mold open
The mold 1s opened at the end of the cooling step.

6.) Ejection
When the mold is completely opened, the injection molded part
is ejected from the mold.

2.1.2 Heat & Cool Technology

Rapid heat cycle molding (RHCM) 1s an injection molding
technology, which the mold is heated and cooled rapidly. In one molding
cycle, RHCM process can be divided into four stages: heating, high
temperature holding, cooling and low temperature holding according to the
mold temperature state. Figure 2.6(a) illustrates the principle of the rapid
heating cycle in the injection molding process. Before the filling or
injection stage, the mold is heated above the melt’s glass transition
temperature (Tg) to a preset high temperature. When the mold temperature
reaches the preset high temperature, the heating stage is over. Then, the
high temperature holding stage starts and keeps up during the filling and
packing. It 1s completed after the end of packing and the process goes into
the cooling stage. In this stage, the mold and melt are rapidly cooled down
to the low temperature by cooling water as coolant to solidify the melt in
the mold cavity. After the cooling stage is finished, the mold is opened for
part ejection with the low temperature holding stage begins. That is RHCM
injection cycle. For the next RHCM injection cycle, the mold will be heated
again.
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Figure 2.6 Schematic of (a) the mold temperature changing curve during
the RHCM process [6] and (b) the difference of mold
temperature  changing curve between RHCM and
conventional injection [7].

With RHCM, the cavity surface prior injection is higher temperature
level than that in conventional injection molding (CIM) as shown in Figure
2.6(b). It prohibits or slows down the phenomenon of premature freezing
of the polymer melt during filling stage and results in preventing the frozen
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layer that occur in CIM that decreases viscosity of the melt and helps the
melt can easily flow into the cavity [8]. Figure 2.7 demonstrates the frozen
layer occurs in CIM and disappears from RHCM. For this reason, RHCM
can solve the molding defects in CIM such as short shot, weld line, flow
mark, jetting mark, and warpage. One of RHCM techniques is induction
heating which described in more detail in the next section.

Frozen layer Cooling clumcls
\

7 74,
/ , s Melt front

(a) CIM

Melt

Heating/cooling channels

Melt V;Lu;;} —. Fountain
™ flo
-\ W

(b) RHCM
Figure 2.7 Schematic of the filling process of the polymer melt in CIM
and RHCM [9].

2.1.3 Induction Heating

Induction heating is a non-contact heating process. It is a rapid,
precise, repeatable, safe and efficient approach of electrically-conductive
object heating. The high-frequency alternating current is applied to the
induction coil to heat the electrically-conductive materials. The heat is
generated within the workpiece by eddy current which differ from other
heating methods where heat is generated in a heating element or flame and
is then applied to the workpiece.
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2.1.3.1 Principle Of Induction Heating

The induction heating system comprises of an alternating-current
(AC) power supply, induction coil, water cooling and workpiece. Due to a
great number of current is provided to the induction coil, the water cooling
is required to remove the waste heat from coil.

Induction heating can generated heat within a part by two
mechanisms of energy dissipation. These mechanisms are eddy current
heating and hysteretic heating.

Eddy current heating is caused from the resistance to the flow of
electricity in the metal part called workpiece that results in power losses in
the form of heat according to the law of conservation of energy. With this
law, eddy currents produce heat in workpicee by Joule effect: P = I2R,
where I is the amount of current, and R is the resistance. Figure2.8
illustrates the principle of induction heating that induce eddy current within
workpiece. All electrically conductive metals have the resistance to the
flow of electricity. Eddy current heating can occur in both nonmagnetic
and magnetic materials. For nonmagnetic materials such as copper, steel,
and aluminum at above the Curie temperature, there is only mechanism of
eddy current heating. This mechanism is the primary mechanism in
ferromagnetic materials such as steel, and nickel at below the Curie
temperature. The alternating electric current passed through the induction
coil causes the nonuniform current distribution in the cross section of coil.
The maximum current density will be on the surface of coil as shown in
Figure2.9. This is called “skin effect”. It is also found in the workpiece
heated by induction coil. The AC current generates a time-variable
magnetic field surrounding the coil which has the same frequency as the
current of coil. When the coil is placed near the workpiece, this magnetic
field induces an equal and opposing electrical current known as eddy
currents flowing in closed loops within workpiece. The skin effect causes
these currents are most concentrated at outer surface of workpiece as a thin
skin. Thus, the heat is limited to workpiece’s surface or localized areas that
adjacent to the induction coil. The heated depth from the skin effect, is
called penetration depth. It is also named as reference depth or skin depth.
The penetration depth is mainly dependent upon the frequency of AC field
the properties of heated workpiece such as the electrical resistivity and the
relative magnetic permeability. The penetration depth is defined as the
thickness layer or depth from the outside where 87 % of the power (the
heat due to the resistance of the current flow) or 63 % of the current density
1s occurred [10].

Hysteretic heating is caused by the friction between molecules
known as magnetic dipoles which occurs only in ferromagnetic materials.
The dipoles is regarded as small internal magnets. As ferromagnetic metals
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Figure 2.8 Principle of induction heating [11].
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Figure 2.9 Current distribution as function of frequency due to skin effect
[12].

are being heated by induction heating from room temperature, the
alternating magnetic field created by the coil results in the changing of



14

magnetic polarity of the material. The energy required to turn the small
internal magnets around, which is a sort of friction, is transformed into a
minor amount of heat. This is so-called hysteresis losses. Figure2.10 shows
the effect of hysteresis on heating rate. Hysteresis heating ends when
material is heated above the Curie temperature which it becomes
nonmagnetic and the reversal of dipoles does not occur [10].

Hysteresis loss Hysteresis loss depends on the area
of the hysteresis loop of the material

Energy is required to turn the B____ :

small internal magnets around. %
This is like friction. The material o TSN
becomes heated. a Larger loss

QR
R
R
R
RS
R

Figure 2.10 Effect of hysteresis on heating rate. N, north; S, south; B, flux
density in a ferromagnetic material; H, corresponding
magnetic intensity [10].
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In induction heating, hysteretic losses is so small compared to
eddy current losses that has a much greater impact on overall heat
generation. Therefore, hysteretic losses can be ignored.

The heating rate of the workpiece depends on the intensity of the
induced current, the frequency of the induced current, and the physical
properties of the workpiece which are the electrical resistance, the specific
heat, and magnetic permeability. These physical properties are the
temperature-dependent properties that change with temperature. The
specific heat increases with temperature. This means that when the
workpiece is hot, it will need more required energy to heat the workpiece
than when it is cold. The resistivity also increases as temperature increases.
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2.1.3.2 Coil Design

An induction coil design plays an important role in the efficiency
optimization of an induction heating process. Before design the coil, it
needs to know where the heat required to be generated on workpiece for
the optimization of coil design to achieve the maximum heating efficiency.
In the other words, the coils can be designed in the various types and styles
depending on the shape of workpiece surface to be heated as shown in
Figure 2.11.

V7

a) Single-turn b) Multi-turn ¢) Multi-position d) Split helical
coil helical coil helical coil coil

e¢) Channel coil f) Curved channel g) Pancake coil h) Internal coil
coil

SO
Reo

i) Concentrator plate coil j) Coil and conveyors k) Hair-pin coil

Figure 2.11 Various types of coil design [13].

The magnetic flux lines generated from the induction coil are most
concentrated close to the coil turns and weaken when far from the coil. The
denser flux lines cause the higher current generated in the heated workpiece
that results in higher heating rate. Thus, the coil is required to be coupled
to the workpiece as close as possible for maximum energy transfer. The
distance between coil and heated workpiece, so-called the coupling gap, is
essential to the amount of heat generated in workpiece. In general, the
coupling gap from 3/32 inches to 1/8 inches is sufficient for heating the
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thin skin of workpiece’s outer surface. Matching the coil to the induction
power supply is also critical to the coil electrical efficiency. Moreover, the
coil design needs to concern about the cancellation of magnetic field. The
coil which the opposite sides of inductor are too close results in no
inductance as shown in the left of Figure 2.12. It should has a loop 1n the
inductor to cause some inductance. Induction coils are usually made of
copper tubing with water cooling flow inside the coils to prevent
themselves gets hot or over-heating. Their diameter ranges from 1/8 inches
to 3/8 inches [14].

Cancellation Inductance

-
w

Figure 2.12 Effect of coil design on inductance [15].

e Calculation of Pancake Work Coil
With Wheeler’s formula, the inductance of flat pancake coil can
be calculated as follows [16].

T.Z nZ

8r+11w

Lc (WH) = (2.1)
Where, r = radius to center of windings (inches)

w = width of windings (inches)

n = number of turns

The number of coil turns depends on the required inductance. Each turn
need to be considered separately. The sum of each turn its self and mutual
inductance with all other turns is the total inductance.

Determine coil wire diameter (dw) from rms current rating and
outer diameter of induction coil as follows [17];

d,, (m) = sz 22)

D, (m)= D;+ (2-n- d) 2.3)
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Where, [ = rms current rating (Amp)
J = allowable current density (A/m?)
D; = inner diameter of induction coil (m)
o = outer diameter of induction coil (m)
dy, = coil wire diameter with insulation (m)

e & € @ @ 0 ©

P s

Figure 2.13 A typical pancake coil.

The minimum thickness of coil wire requires to be at least two
times of penetration depth or skin depth (8) of current in coil wire. Thus,
the minimum thickness of wire coil is [18]

t.(m) = 28, (2.4)
Which ¢ is calculated as follows;

1

) = @3)

77265
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Where, f = applied frequency (Hz)
Ll = magnetic permeability of conductor (H/m)
Lo = magnetic permeability of free space (H/m)
o = electric conductivity of conductor (mho/m)

2.1.3.3 Induction Heating In The Injection Molding Process

Generally, the outer surface of product requires the good surface
quality. Hence, the induction coil is designed to heat the cavity side of
mold. The pancake coil is suitable design to use for heating the flat cavity
surface. In the injection molding process, the induction heating is applied
to heat the desired mold side to above the glass transition temperature (Tg)
of molded material prior the injection stage. Figure 2.13 illustrates the
scheme of injection molding by means of induction heating. During the
part ejection stage of the molding cycle, an induction coil is moved forward
to the cavity side to be heated rapidly when the water cooling is off. After
the mold temperature reaches the target, the coil is retracted and the mold
then closes to perform the plastic injection as shown in Figure 2.14. The
water cooling is on when the packing stage starts.

ELECTRIC
POWER SUPPLY

COOLING TOWER
Water Supply

VIOULDING
VIACHINE

Figure 2.14 Diagram of the injection molding using induction heating
system [19].
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Figure 2.15 Schematic of the performance of the external induction
heating used in the injection molding [19].
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2.1.4 Taguchi Method

Taguchi method is a form of the design of experiment (DOE)
techniques. It is the powerful and efficient technique to optimize the
performance characteristic, quality and cost of a process or product by
reducing the effect of source of variation to system performance. Taguchi
method is the suitable approach to study the effect of several parameters
on the desired characteristic. Taguchi method utilizes the specifically
designed tables known as “orthogonal array” to design the experimental
layout. With the orthogonal array, the number of experimental trials can be
reduced to study the entire system. The experimental results based on
orthogonal array are converted into a form of signal to noise (S/N) ratio. In
terms of S/N ratio, signal or S represents the desired value (mean) from the
control factors for the outcome characteristic and noise or N represents the
undesired value from uncontrollable factor for the outcome characteristic.
S/N ratio can be categorized into three quality characteristic i.e. smaller-
the-better, larger-the-better, and nominal-the-best. Calculation of the S/N
ratio depends on the desired quality characteristics or experimental
objective as follows [20]:

1.) For smaller-the-better:

S/N = —10 logi, (; Z;vf) (2.6)

2.) For larger-the-better:

1 x5
L

i=0

3.) For nominal-the-best:

2
, I
S/N =10 logyg (a—g) (2.8)
where yi is the measured data or output for the ith trial, n is the number of
trials, and py and oy represent the mean and standard deviation of the
response variable Y, respectively.
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The larger S/N ratio provides better quality characteristics, regardless
of the category of the quality characteristic. Thus, the optimal level of the
process parameters is the level with the largest S/N ratio. The S/N ratio for
each level of process parameters is calculated based on the S/N analysis.
To determine the effect of each parameter and the optimal parameter
combination on the output, the signal to noise (S/N) ratio is employed by
Taguchi method.

2.2 Related Research

Induction heating has studied for many years. Most of previous studies
have studied the effect of process parameters, such as frequency, power,
coupling gap, and workpiece thickness on induction heating [21, 22, 23],
and the effect of coil such as the number of coil turns, positioning and cross
section [24, 25], on induction heating in term of heating rate and
temperature distribution. From the studied were found that injection
molding is the efficient heating method. To solve the mold temperature
issue that can cause the defects on the injection molded part, induction
heating 1s studied, developed and applied for mold surface heating in
injection molding process. From the previous studies found that induction
heating can rapidly heat the mold surface without an increase in a
significant cycle time [21, 26].

Nian et al. [21] studied the effects of the factors, such as workpiece’s
thickness, pitch of coil turns, induction coil positioning, coupling gap,
frequency, and waiting time, on the heating rate and temperature
distribution on mold surface of induction heating by single-layer coil. It
revealed that the workpiece thickness 1s essential factor on heating rate.
The thicker workpiece has the lower heating rate than the thinner one. In
addition, the coil positioning plays a critical role on heating uniformity.

To improve the non-uniform temperature distribution over the cross
and depth sections of heated workpiece resulting from proximity and skin
effects that caused by using the single-layer coil for induction heating, the
multi-layer coil is investigated. Ming-Shyan Huang and Yao-Lin Huang
[27] examined the effect of multi-layered induction coils on efficiency and
uniformity of surface heating. They found that the multi-layered coil
provided more uniform temperature than the conventional single-layer coil
as well as heating efficiency.
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Using magnetic concentrators is the most common solution to reduce
the proximity effect in the single-layer coil. However, its result is not
satisfactory due to it still cannot avoid the proximity effect occurring under
the coils as in Figure 2.16(a). Nian et al. [28] developed and investigated
the performance of ferrite materials as magnetic shield in the separation of
opposing magnetic fields arising from the undesired proximity effect on
the enhancement of heating efficiency and temperature uniformity. This
studied was found that the optimal positioning of ferrite materials on the
single-layer coils could achieve the elimination of the proximity effect as
Figure 2.16(b). It increased the heating rate and also enhanced temperature
uniformity.

Ferrite matenal

Magnetic flux
concentrator

Coil

=1
N

v

T Workpice
a

b

Figure 2.16 Magnetic flux fields of two adjacent opposite current coils:
(a) with magnetic flux concentrator; (b) with magnetic
shielding material [28].

The effect of induction heating on injection molded part was widely
investigated. Chen et al. [29] studied the effect of induction heating on the
surface appearance of weld line of injection molded part. It was found that
induction heating successfully eliminated weldline and also enhanced the
associated weld line strength. Chen et al. [26] examined the effect of
induction heating on surface quality of microcellular injection molded
parts. Their study showed that induction heating reduced the surface
roughness of molded part and removed the flow marks on surface caused
by gas bubbles. Kim et al. [30] used induction heating to solve the
incomplete filling problem of micron or submicron scale features during
injection molding. The results indicated that induction heating achieved the
complete filling and material could replicate the nanograting structures.
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Weld Line Appearance Weld Line Elimination

Figure 2.17 Appearance of weldline without induction heating (left).
Weld line mark was eliminated (right) by induction heating
before to-melt injection [29].

From most of previous studies, the common induction heating method
using for mold surface heating in injection molding is the use of external
induction coil that the robot need to put the coil in front of the cavity
surface during the mold opening and part ejection. This results in the longer
cycle time. To address this issue, Sung and Hwang [31] proposed the use
of an insert type induction heating coil. It was found that the insert type
coil could heat the mold with temperature uniformity of about 91 % and
provide the heating rate at about 3 °C/s.



CHAPTER 3
METHODOLOGY

3.1 Materials And Equipment
3.1.1 Raw Materials
3.1.1.1 Polycarbonate (PC) (NOVAREX® 7022L1 )
3.1.1.2 Polycarbonate/Acrylonitrile  Butadiene  Styrene
(PC/ABS) (Bayblend® T85XF )
3.1.1.3 Nylon 6 with 30% Glass-Fiber Filled (PA6GF30)
(Terabo®)

Table 3.1 List of mold materials

Density Flornyd Heat capacity
Material (kg/m?) conduct:::l)ty (W/m (kg °C)
M238 7850 33 460
SKD61 7800 25 460
P20 7850 34 460
NAKS0 7980 VY | 460

3.1.2 Equipment
3.1.3.1 Injection molding machine (FANUC ROBOSHOT S-
20001 100B)
3.1.3.2 Induction machine
3.1.3.3 Induction coil
3.1.3.4 Insert mold (M238, SKD61, P20, NAKS80)

3.1.3 Characterization Instruments
3.1.3.1 3D Measuring Laser Microscope (Olympus LEXT
OLS4100)
3.1.3.2 Gloss meter (KSJ* MG268-F2)
3.1.3.3 Universal testing machine (INSTRON® Model 5967)
3.1.3.4 Surface roughness tester (Mitutoyo®)
3.1.3.5 Laser scanner (ROMER ABSOLUTE ARM, 7-AXIS,
7525 SI)
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3.2 Research Plan

The research plan was carried out by two main phases including the
preliminary study and main experiment of test mold. Figure 3.1 illustrates
the scheme of research plan. More details are described in next section.

Main experiment
of Test mold

Preliminary study
B
Matching between l :
® Types of mold inserts
* Processing parameters
* Induction coil

Figure 3.1 Schematic of research plan

3.3 Preliminary Study

Preliminary study is the matching between types of mold inserts
(M238, SKD61, P20, and NAKS80), process parameters (induction power
and coupling gap from center of coil to cavity surface) and single-layer
rectangular shaped induction coil to obtain the optimum heating rate. To
investigate the influence of induction heating, the special mold inserts of
four different materials were designed and made. In this study, this special
mold insert is called test mold. Figure 3.2 illustrates the relationship of coil
and mold insert. The mold insert that provided the optimum heating rate is
selected as the mold insert for the test mold injection. This step is divided
into 2 sections as follows:

3.3.1 Induction Power Optimization For Coil And Each Insert
Mold

Investigating the optimum power used on each mold insert. Gap
between the coil and mold insert surface is fixed at 17.5 mm. Power from
the induction machine was varied from 10% to 100% of 45 kW input
power. The outputs include mold surface temperature, present power,
present current, present frequency were recorded. Mold surface
temperature was measured by portable digital thermometer and the rest of
outputs were obtained from display of the induction heating machine as
shown in Figure3.3.
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Figure 3.2 Diagram of the distance of gap between the center of induction
coil diameter and surface of mold insert.
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Figure 3.3 Induction heating machine interface.

3.3.2 Induction Heating Coupling Gap Optimization For Coil
And Each Insert Mold

Investigating the optimum coupling gap between the coil and mold
insert surface for each insert. Power is fixed at the optimal power obtained
from 3.3.1. Gap was varied from 12.5 to 19.5 mm. The outputs include
mold surface temperature, present power, present current, present
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frequency were recorded. Mold surface temperature was measured by
portable digital thermometer and the rest of outputs were obtained from
display of the induction machine.

3.4 Main Experiment Of Test Mold

3.4.1 Design of Experiment

In this study, the four control parameters: injection speed (A), packing
pressure (B), heating temperature by the induction heating or the mold
surface temperature before the filling stage (C), and water temperature (D)
were investigated the effect on the interested properties of test mold part.
Weldline, gloss, flexural strength of weldline, surface roughness, and
warpage are the interested properties. The experiment was designed by
employing Taguchi method.

3.4.2 Injection

In the injection process, the optimum condition of matching between
mold insert, process parameters and induction coil from the preliminary
study phase was used as the condition of induction heating for injection
molding of test mold part. Figure 3.4 shows the design of induction coil
and mold insert. Only cavity side of mold was heated by induction heating
as shown in Figure 3.5(a).

(b)
Figure 3.4 The feather of (a) induction coil and (b) mold insert.
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Figure 3.5 (a) The cavity side of mold was heated by induction heating
and (b) the test mold part of PA6GF30 without induction
heating and with induction heating 15 s and 20 s, respectively.

3.4.3 Property Testing
The test molded part were tested five properties: weldline, gloss,
flexural strength of weldline, surface roughness, and warpage.

3.4.3.1 Weld Line Measurement

The depth and width of a V-notch characterizing the degree of
visibility of a weld line were thoroughly investigated by means of the 3D
measuring laser microscope (Olympus LEXT OLS4100) as shown in
Figure 3.6. Three samples per experiment were analyzed.

(a) (b)

Figure 3.6 (a) The position of weld line’s V-notch and (b) the
characteristic of V-notch of weld line investigated by means
of the 3D laser measuring microscope
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3.4.3.2 Gloss

The specimens are measured the gloss according to ASTM D523
Standard Test Method for Specular Gloss. They are measured the gloss by
60° Angle Gloss Meter (KSJ® MG268-F2) on 9x16 mm? of measuring
area. The values for gloss measurement are indicated in gloss units (GU)
without dimension.

Figure 3.7 The area in the red frame for gloss measurement.

3.4.3.3 Flexural Strength Of Weldline

The molded parts were cut into flexural specimen according to
ASTM D790 standards by the wire saw machine. The specimen size is 5
mm X 25 mm x 3 mm. Flexural strength testing was carried out by
Universal testing machine (INSTRON® Model 5967) with 30 kN of load
cell at crosshead speed of 1 mm/min and support span 20 mm at 21.5°C and

59% humidity.

Figure 3.8 The spemmen size and position in the red frame for the
measurement of flexural strength of weldline.

3.4.3.4 Surface Roughness

The molded parts were measured the surface roughness by surface
roughness tester. The stylus of surface roughness tester traverse the
sampling length on the surface to measure the surface roughness. The
measured values were described as Roughness Average (Ra). Ra is the
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arithmetic average height of the individual surface peaks and valleys

from the mean line of the profile within the sampling length. The value
of Ra is expressed in micrometers (um). The molded parts were measured
the roughness in two direction: parallel and perpendicular to the melt
entrance as shown in Figure 3.8. The yellow arrow and red arrow represent
the parallel and perpendicular direction to the melt entrance, respectively.
Each direction was measured the roughness in three different position. Ra
values of these two directions were averaged as the surface average
roughness of the molded part.

Melt entrance

. )
t
g
! 7 |
o L1 - G
. .
- 7 PRy

TS R 2 I SRR e |
Figure 3.9 The direction of surface roughness measurement which the
yellow arrow and red arrow represent the parallel and
perpendicular direction to the melt entrance, respectively.

3.4.3.5 Warpage

The test mold part is examined the warpage/shrinkage by laser
scanner (ROMER ABSOLUTE ARM, 7-AXIS, 7525 SI). The
displacement on Z-axis (Z-displacement) is measured as shown in Figure
3.9. Figure 3.9 shows the measure of Z-displacement on test mold
specimen dividing into three lines included of A-line, B-line, and C-line
along X-axis which represent the displacement on the edge, middle, and
another edge of the specimen, respectively.
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® Measured position

Figure 3.10 The positions for measure displacement on Z-axis
(Z-displacement)

3.4.4 Regression Analysis

The measured data were analyzed by the regression analysis to
investigate the effect of each molding parameter on that interested property
and the best combination of molding parameter setting for each property.
The formula of the quality characteristic of S/N ratio for the regression
analysis depends on the requirement of that interested property. The
ranking of each parameter affecting the interested property is obtained
from the difference between the maximum and minimum value coefficient
from regression analysis. The effect of each parameter depends on how
large that difference value is. In the other words, the parameter with the
highest difference value is the most effective parameter affecting that

property.

3.4.5 Validation

This stage is the validation of the optimal parameter combination of
each property of each material obtained from regression method that it
provided the part with the optimal property. The injection molding and
property testing were repeated.



CHAPTER 4
EXPERIMENTAL RESULTS AND
DISCUSSION

4.1 Effect Of Power And Coupling Gap On Heating Rate For
Each Mold Insert

o]
o

- =~
) 1 L]

o
T

Mold Temperature (°C)
N W s b O ~J
(== o

—a— P20

NAKER0

(=]
u
|

L L 1 1 A

30 40 50 60 70 80 90 100
Input Power (%)

(a)

<o
=)
. [
S

10 —e—SKD61

—— P20

T/ &—NAKS0
0 1 1 L 1 L L L L

10 20 30 40 50 60 70 80 90 100
Input Power (%)

(b)
Figure 4.1 The relationship between (a) input power (%) and mold surface

temperature (°C/s) and (b) input power (%) and actual power
of four different mold inserts.
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The optimal power was examined by applying the power of the
induction heating machine from 10% to 100% of 45 kW at coupling gap
of 17.5 mm. The mold surface temperature and actual power in kW unit as
the results of experiment from four different mold inserts were obtained as
shown in Figure 4.1. It was found that 80% of power is the power
introducing to steady state of the mold temperature for four different mold
inserts. In other words, the mold temperature does not significantly
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Figure 4.2 The relationship between (a) gap (mm) and mold surface
temperature (°C/s) and (b) gap (mm) and actual power
of four different mold inserts.
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increase when the power is above 80% of applied power. Although
applying the more power to colil, that is a waste of electricity. Hence, the
power of 80% was applied as the optimal power to investigate the optimal
gap which providing the optimal heating rate. It was found that the
coupling gap leading into the steady state of the mold surface temperature
of M238, SKD61, P20, and NAKS80 was 17.5, 17.5, 13.5, and 16.5 mm,
respectively, as shown in Figure 4.2.

The results of 4 types of mold inserts showed that SKD61 at condition
of 80% of power and 17.5 mm of coupling gap provided the highest heating
rate followed by NAKS80, P20, and M238, respectively. This is due to
SKD61 has least thermal conductivity among the mold inserts, its heat
resistance is higher to conduct the heat. That is the capability of heat
flowing from the mold surface to the cooling channel surface slower result
in the mold surface temperature is still high compared with the mold insert
with high conductivity.

Table 4.1 Result of the preliminary study of insert mold.

Mold insert Power (%) Gap (mm) | Heating rate ('C/s)
M238 80 3755 6
SKD61 80 17.5 10
P20 80 13.5 8
NAKS0 80 16.5 9

4.2 Experimental Layout For Test Mold Injection Designed
By Taguchi Method

Each parameter has two set values (level values) including low and
high levels according to Table 4. Thus, the experiments were performed
according to Taguchi’s 2-level L8 orthogonal array as shown in Table 4.2,
Table 4.3 listing 8 experiments based on a L8 orthogonal array was
required to further determine the optimum process parameter setting and
the influence of parameter on the interested properties. Noted that ‘no
heating’ means the mold surface has relatively the same temperature as the
water temperature of each condition used.
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Table 4.2 Factors and levels for the Taguchi experiments

Level
Factor l 5
A: Injection Speed (mm/s) L H
B: Packing Pressure (kgf/cm?) L H
C: Heating Temperature (°C) L H
D: Water Temperature (°C) L H

Table 4.3 Experimental layout based on a Lg orthogonal array
Parameter

Experiment

PO M| — | — | | = | — | P
— =N RN N =~
—_ N =R =N =

[y R | —

4.2.1 Polycarbonate (PC)

Table 4.4 Factors and levels for the Taguchi experiments of PC test mold
part injection.

Parameter vy
1 2
A: Injection Speed (mm/s) 25 75
B: Packing Pressure (kgf/cm?) 1200 1300
C: Heating Temperature (°C) No heating* 165
D: Water Temperature (°C) 30 80
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Table 4.5 Taguchi experiment design for test mold part injection of PC.

Experiment | Injection speed | Packing pressure Heating Water
no. (mm/s) (kgf/cm?) temperature (°C) | temperature (°C)
' 25 1200 30 30
2 25 1200 165 80
3 75 1300 30 30
4 75 1300 165 80
5 25 1300 80 80
6 25 1300 165 30
7 75 1200 80 80
8 75 1200 165 30

4.2.2 Polycarbonate/Acrylonitrile Butadiene Styrene (PC/ABS)

Table 4.6 Factors and levels for the Taguchi experiments of PC/ABS test
mold part injection.

Level
Parameter 1 3
A: Injection Speed (mm/s) S 100
B: Packing Pressure (kgt/cm?) 1200 1300
C: Heating Temperature (°C) No heating* 160
D: Water Temperature (°C) 30 80

Table 4.7 Taguchi experiment design for test mold part injection of

PC/ABS.
Experiment | Injection speed | Packing pressure Heating Water
no. (mm/s) (kgf/fem?) temperature (°C) | temperature (°C)
! 25 1200 30 30
2 25 1200 160 80
3 100 1300 30 30
4 100 1300 160 80
5 25 1300 80 80
6 25 1300 160 30
7 100 1200 80 80
8 100 1200 160 30
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4.2.3 Nylon 6 with 30% Glass-Fiber Filled (PA6GF30)

Table 4.8 Factors and levels for the Taguchi experiments of PA6GF30
test mold part injection.

Level
Parameter I 5
A: Injection Speed (mm/s) 25 75
B: Packing Pressure (kgf/cm?) 1200 1300
C: Heating Temperature (°C) No heating*® 160
D: Water Temperature (°C) 30 80

Table 4.9 Taguchi experiment design for test mold part injection of

PA6GF30.
Experiment | Injection speed | Packing pressure Heating Water
no. (mm/s) (kgf/em?) temperature (°C) | temperature (°C)
| 25 1200 30 30
2 25 1200 160 80
3 ot 3 1300 30 30
- 75 1300 160 80
5 25 1300 80 80
6 25 1300 160 30
7 75 1200 80 80
8 75 1200 160 30

4.3 Effect Of Processing Parameters On Weldline Property

4.3.1 Polycarbonate (PC)

According to the Taguchi experimental design, the experiments were
performed. As observation with naked eye, it could be seen obviously that
weldline on test mold part was smaller and less visible when the mold
temperature was higher. This was consistent with the results of weldline
measurement by 3D Measuring Laser Microscope in Figure 4.3 and as well
as the SEM images in Figure 4.4. Figure 4.3 shows the V-notch structure
images of weldline of each experiment captured by 3D Measuring Laser
Microscope at total magnification of 50X. These image exhibits the
weldline was smaller with the mold temperature rise. With using 3D
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Measuring Laser Microscope, the depth and width of V-notch of weldline
were obtained as shown in Figure 4.4. It was found that the experiment
No.4, with using induction heating to heat the cavity surface temperature
up to 165°C, has the smallest depth and width of V-notch which were 0.623
um and 36.070 pum, respectively. While the experiment No.1, with cavity
surface

Figure 4.3 The characteristic of V-notch of weld line for each experiment
at a total magnification of 50X
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temperature at 30°C and without using induction heating, has the largest
depth and width of V-notch which were 15.519 um and 160.62 pm,
respectively. The experiment No.5 based on the condition of company
using the mold temperature of 80°C, it was found that the depth and width
of V-notch are 11.326 um and 110.582 pm, respectively. The depth and
width of V-notch of experiment No.4 is more smaller comparing to
experiment No.5 which that of experiment No.4 were improved by 95%
and 67%, respectively, as shown in table 4.10. Table 4.10 also shows the
S/N ratio that it will be mentioned next.

---------------
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a) Experiment No.1 b) Experiment No.4
(without induction heating) (with induction heating)

Figure 44 SEM images of PC (a) experiment no.l without induction
heating and (b) experiment no.4 with induction heating at the
area where V-notch of weld line occur.

To investigate the effect of each molding parameter on the depth and
width of a V-notch, the regression analysis was employed to analyze the
measured values. Due to V-notch structure of weld lines cause the poor
surface quality of the injection-molded parts so the smaller depth and width
of V-notch can improve this issue. Therefore, the smaller-the-better quality
characteristic of S/N ratio as Eq. 1 is carried out to identify the optimum
setting and ranking in eliminating the weld line. The calculated S/N ratios
are listed in Table. 4.10. The results of regression analysis showed that the
optimum parameter setting of the smallest depth and width can be obtained
from the experiment No.4 which is the combination of high injection speed
(75 mm/s), high packing pressure (1300 kgf/cm?), high heating temperature
(165°C), and high water temperature (80°C) as Table 4.11. The ranking of
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Experiment No.

Figure 4.5 The measured depth and width of V-notch for PC

each parameter affecting the weld line visibility is obtained from the
difference between the maximum and minimum value coefficient from
regression analysis. The effect of each parameter depends on how large
that difference value is. In the other words, the parameter with the highest
difference value is the most effective parameter affecting the weld line
visibility as in Figure4.6. Table 4.11 concludes that the most effective
parameter resulting in the smallest depth of v-notch is the heating
temperature, followed by injection speed, water temperature, and packing
pressure, respectively. It also points out that the most effective parameter
promoting the smallest width of V-notch is the injection speed, followed
by heating temperature, water temperature, and packing pressure,
respectively. This resulted from the high mold surface temperature before
the filling stage can prohibit or slow down the freezing of the melt.
Consequently, the molecular mobility is higher resulting in the increase in
the diffusion of molecules across the weldline interface. The high injection
speed result in the heat generated by high shear rate that can prevent the
premature melt freezing. It also push the melt to furthest part of mold at
shorter time before the freezing of melt. This leads to the smaller depth and
width of V-notch.
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Table 4.10 Percentage of the improvement and the calculated S/N ratio
for the measured depth and width of V-notch on PC

specimens.
Factor Combination Depth of V-notch Width of V-notch
Exp. Average lmprove.ement S/N Ave.rage lmprovfment S/N
A B € D Depth | comparing to Gails Width | comparing to .
(um) Exp.5 (%) (um) Exp.5 (%)
1 25 | 1200 | 30 30 15.52 -37.0 -23.82 160.61 -45.2 -44.12
2 25 | 1200 | 165 | 80 4.07 64.1 -12.20 | 79.71 27.9 -38.03
3 75 | 1300 | 30 | 30 8.81 222 -18.90 | 66.24 40.1 -36.43
4 75 | 1300 | 165 | 80 0.62 94.5 4.11 36.07 674 -31.15
5 25 [ 1300 | 80 | 80 11.33 - 221,13 | 110.58 - -40.88
6 25 | 1300 | 165 | 30 5.75 49.2 -15.22 82.17 25.7 -38.29
7 75 | 1200 | 80 80 5.62 50.4 -14.99 61.21 44.6 -35.74
8 75 | 1200 | 165 | 30 23 81:2 -6.72 41.83 62.2 -32.43
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Figure 4.6 The relationship between the difference of regression

coefficient values and process parameters affecting on the
depth and width of V-notch of PC specimens.

Table 4.11 The best parameter combination and ranking of the effect for
producing parts with the smallest the depth and width of V-
notch on PC specimens.

Depth Width
Factor Best Factor Best Factor
Combination Ranking Combination Ranking
Injection Speed (mm/s) 75 2 75 1
Packing Pressure (kgf/cm?) 1300 4 1300 4
Heating Temperature (°C) 165 1 165 2
Water Temperature (°C) 80 3 80 3
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Figure 4.7 Validation of weldline property for PC

To validate the best combination, experiment No.4 was repeated in the
injection molding and weldline property testing. It was found that
experiment No.4, as experiment No.9 in Figure 4.7, is still provided the
smallest depth and width of V-notch

4.3.2 Polycarbonate/Acrylonitrile Butadiene Styrene (PC/ABS)

As observation with naked eye, it revealed the same results as that of
PC specimen. It could be seen obviously that weldline on test mold part
was smaller and less visible when the mold temperature was higher. This
was consistent with the results of weldline measurement by 3D Measuring
Laser Microscope in Figure 4.8 and as well as the SEM images in Figure
4.9. Figure 4.8 shows the V-notch structure images of weldline of each
experiment captured by 3 D Measuring Laser Microscope at total
magnification of 50X. These image exhibits the weldline was smaller with
the mold temperature rise. With using 3D Measuring Laser Microscope,
the depth and width of V-notch of weldline were obtained as shown in
Figure 4.10. It was found that the experiment No.4, with using induction
heating to heat the cavity surface temperature up to 165°C, has the smallest
depth and width of V-notch which were 0.096 pm and 2.260 um,
respectively. While the experiment No.1, with cavity surface temperature
at 30°C and without using induction heating, has the largest depth and
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width of V-notch which were 11.015 pm and 103.52 um, respectively. The
experiment No.5 based on the condition of company using the mold
temperature of 80°C, it was found that the depth and width of V-notch are
5.610 um and 76.630 um, respectively. The depth and width of V-notch of
experiment No.4 is more smaller comparing to experiment No.5 which that

Figure 4.8 The characteristic of V-notch of weld line for each experiment
at a total magnification of 50X for PC/ABS specimen.
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of experiment No.4 were improved by 98.3% and 97.1%, respectively, as
shown in table 4.12.

a) Experiment No. 1 b) Experiment No.4
(without induction heating) (with induction heating)

Figure 4.9 SEM images of PC/ABS (a) experiment no.1 without induction
heating and (b) experiment no.4 with induction heating at the
area where V-notch of weld line occur.
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Figure 4.10 The measured depth and width of V-notch for PC/ABS
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Table 4.12 Percentage of the improvement and the calculated S/N ratio
for the measured depth and width of V-notch on PC/ABS

specimens.
Factor Combination Depth of V-notch Width of V-notch
Exp. Average lmprow?ment S/N A\'e.rage Impro\'e'ment S/N
A B G D Depth | comparing to ratic Width | comparing to "
(jum) Exp.5 (%) (m) Exp.5 (%)
1 25 | 1200 | 30 | 30 11.02 -96.4 -20.84 | 103.52 -35.1 -40.30
2 25 | 1200 | 160 | 80 0.50 1.1 6.02 42.37 44.7 -32.55
3 100 | 1300 | 30 | 30 3.12 44.4 -9.90 34.23 55.3 -30.76
4 100 | 1300 | 160 | 80 0.10 98.3 20.27 226 97.1 -7.08
5 25 | 1300 | 80 80 5.0l - -14.99 76.63 - -37.69
6 25 | 1300 | 160 | 30 0.93 835 0.57 49.85 34.9 -33.96
7 100 | 1200 | 80 | 80 1.72 69.3 -4.73. 37.28 51.3 -31.44
8 100 | 1200 | 160 | 30 0.24 95.7 12.36 22.31 70.9 -27.00
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Figure 4.11 The relationship between the difference of regression
coefficient values and process parameters affecting on the
depth and width of V-notch of PC/ABS specimens.

In regression analysis, the smaller-the-better quality characteristic of
S/N ratio as Eq. 1 is carried out to identify the optimum setting and ranking
in eliminating the weld line. The calculated S/N ratios are listed in Table
4.12. The results of regression analysis showed that the optimum parameter
setting of the smallest depth and width can be obtained from the experiment
No.4 which is the combination of high injection speed (100 mm/s), high
packing pressure (1300 kgf/cm?), high heating temperature (160°C), and
high water temperature (80°C) as Table 4.11. The parameter with the
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Table 4.13 The best parameter combination and ranking of the effect for
producing parts with the smallest the depth and width of V-

notch on PC/ABS specimens.

Depth Width
Factor Best Factor Best Factor
Combination Ranking Combination Ranking
Injection Speed (mm/s) 100 2 100 1
Packing Pressure (kgf/cm?) 1300 4 1300 4
Heating Temperature (°C) 160 1 160 2
Water Temperature (°C) 80 3 80 3

highest difference value is the most effective parameter affecting the weld
line visibility as in Figure 4.11. Table 4.13 shows the most effective
parameter resulting in the smallest depth of v-notch is the heating
temperature, followed by injection speed, water temperature, and packing
pressure, respectively. It also points out that the most effective parameter
promoting the smallest width of V-notch is the injection speed, followed
by heating temperature, water temperature, and packing pressure,
respectively. This resulted from the high mold surface temperature before
the filling stage can prohibit or slow down the freezing of the melt.
Consequently, the molecular mobility is higher resulting in the increase in
the diffusion of molecules across the weldline interface. The high injection
speed result in the heat generated by high shear rate that can prevent the
premature melt freezing. It also push the melt to furthest part of mold at
shorter time before the freezing of melt. This leads to the smaller depth and
width of V-notch.

To validate the best combination, experiment No.4 was repeated in the
injection molding and weldline property testing. It was found that
experiment No.4, as experiment No.9 in Figure 4.12, is still provided the
smallest depth and width of V-notch.
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Figure 4.12 Validation of weldline property for PC

4.3.3 Nylon 6 with 30% Glass-Fiber Filled (PA6GF30)

With observation with naked eye, weldline on PA6GF30 test mold part
cannot be seen as well as the results of weldline measurement by 3D
Measuring Laser Microscope and SEM images in Figure4.14. Figure 4.13
shows the weldline images of each condition captured by 3D Measuring
Laser Microscope at total magnification of 20X. However, these image
exhibit the specimen surface was smoother when the mold temperature
increases resulting from the glass fibers were sink down in the polymer due
to the melt has more molecular movability to move along the cavity

surface.

Depth (pm)

46
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Figure 4.13 The characteristic of V-notch of weld line for each experiment
at a total magnification of 20X for PA6GF30 specimens.
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a) Experiment No.1 b) Experiment No.4
(without induction heating) (with induction heating)

Figure 4.14 SEM images of PC (a) experiment no.l without induction
heating and (b) experiment no.4 with induction heating at the
area where V-notch of weld line occur.

4.4 Effect Of Processing Parameters On Gloss Property

4.4.1 Polycarbonate (PC)

Figure 4.15 shows the measured gloss of PC material at the angle of
60°. It was found that the experiment No.1, which is the combination of
low injection speed (25 mm/s), low packing pressure (1200 kgf/cm?), low
heating temperature (30°C) and low water temperature (30°C), was the
glossiest with gloss value of 105.5 GU. Comparing to experiment No.5, it
is improved by 2.2% and 97.1%, respectively, as shown in Table 4.12.
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B
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I 2 3 = 5 6 7 8
IIPC 105.5 | 99.14 | 102.92 | 97.8 | 103.26 | 102.24 | 102.42 | 104.08

Experiment No.
Figure 4.15 The measured gloss of PC specimen.
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Table 4.14 Percentage of the improvement and the calculated S/N ratio
for the measured gloss of PC specimens.

Factor Combination Improvement
Exp Average comparing to S/N ratio
1A
B C D Gloss (GU) Exp.5 (%)
1 25 1200 30 30 105.5 22 40.46
2 25 1200 165 80 99.14 -4.0 39.92
3 75 1300 30 30 102.92 -0.3 40.25
4 75 1300 165 80 97.8 -53 39.80
5 25 1300 80 80 103.26 - 40.28
6 25 1300 165 30 102.24 -1.0 40.19
7 75 1200 80 80 102.42 -0.8 40.21
8 75 1200 165 30 104.08 0.8 40.35
0.300
0.250
= 0200
-
g 0.150
@
=}
© 0.100
<
0.050 .
0.000 7oLt { 3
Injection Speed Packing Pressure | Heating Temp. Water Temp.
| mACoefficient 0.063 0.105 0.233 0.260

Figure 4.16 The relationship between the difference of regression
coefficient values and process parameters affecting on the
gloss property of PC specimens.

The regression analysis was employed to analyze the measured values
to investigate the effect of each molding parameter on gloss property. Due
to this study focus on the glossier surface providing the good surface
quality, so the larger-the-better quality characteristic of S/N ratio as Eq. 2
is carried out to identify the optimum setting and ranking in the increase of
the gloss value. The calculated S/N ratios are listed in Table 4.14. The
results of regression analysis showed that the optimum parameter setting
of the highest gloss can be obtained from the experiment No.1 which is the
combination of low injection speed (25 mm/s), low packing pressure (1200
kgf/cm?), low heating temperature (30°C), and low water temperature
(30°C). The ranking of each parameter affecting the gloss property is
obtained from the difference between the maximum and minimum value
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coefficient from regression analysis. The effect of each parameter depends
on how large that difference value is. In the other words, the parameter
with the highest difference value is the most effective parameter affecting
the gloss as shown in Figure4.16. Table 4.15 reveals the most effective
parameter resulting in the optimal gloss is the water temperature, followed
by heating temperature, packing pressure, and injection speed,
respectively.

Table 4.15 The best parameter combination and ranking of the effect for
producing parts with the optimal gloss of V-notch on PC
specimens.

RC
Best Combination | Factor Ranking

Parameter

Injection Speed (mm/s) 25 4
Packing Pressure(kgf/cm?) 1200
Heating Temperature (°C) 30

Water Temperature (°C) 30 1

N W
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3 | 4 5
[@Gloss (G.U)| 1055 [ 99.1 [ 102.9 | 97.8 | 103.3 | 102.2 | 102.4 | 104.1

Experiment No.

Figure 4.17 Validation of surface gloss property for PC

To validate the best combination, experiment No.1 was repeated in the
injection molding and surface gloss property testing. It was found that
experiment No.l, as experiment No.9 in Figure 4.12, has the high gloss
value and closely to that of the original experiment No.1.
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4.4.2 Polycarbonate/Acrylonitrile Butadiene Styrene (PC/ABS)

Figure 4.18 exhibits the measured gloss of PC/ABS material at the
angle of 60°. It was found that the specimens of the experiment No.8 which
were the combination of low injection speed (25 mm/s), low packing
pressure (1200 kgf/cm?), low heating temperature (30°C), and low water
temperature (30°C) were the glossiest (95.50 GU). However, the gloss
values of experiment No.2-9 are not much different to each other.

120

100

80

60

Gloss (GU)

40

20

0

3

4 5

|mPC/ABS

78.96

95.22

92.34
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Figure 4.18 The measured gloss of PC/ABS specimen

Experiment No.

Table 4.16 Percentage of the improvement and the calculated S/N ratio
for the measured gloss of PC/ABS specimens.

Factor Combination Improvement
Exp. AV comparing to S/N ratio
A B C D Gloss (GU) Exp.5 (%)
1 25 1200 30 30 78.96 -15.7 37.95
2 25 1200 160 80 95.22 1.7 39.57
3 100 1300 30 30 92.34 -1.4 39.31
4 100 1300 160 80 95.18 1.6 39.57
5 25 1300 80 80 03.64 - 39.43
6 25 1300 160 30 95.88 24 39.63
7 100 1200 80 80 93.54 -0.1 39.42
8 100 1200 160 30 95.9 24 39.64

In regression analysis, the larger-the-better quality characteristic of
S/N ratio as Eq. 2 is carried out to identify the optimum setting and ranking
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in the increase of the gloss value. The calculated S/N ratios are listed in
Table 4.16. The results of regression analysis showed that the optimum
parameter setting of the optimal gloss can be obtained from the experiment
No.4 which 1s the combination of high injection speed (100 mm/s), high
packing pressure (1300 kgf/cm?), high heating temperature (160°C), and
high water temperature (80°C) as Table 4.17. The parameter with the
highest difference value is the most effective parameter affecting the weld
line visibility as in Figure4.19. Table 4.17 shows that the most effective
parameter resulting in the optimal gloss is the heating temperature followed
by, water temperature, packing pressure, and injection speed, respectively.

0.700
0.600
0.500 r
0.400
0.300 r
0.200 F
0.100 r
0.000

ACoefficient

Injection Speed ' | Packing Pressure | Heating Temp. Water Temp.
|m ACoefficient 0.338 0.341 0.578 0.367
Figure 4.19  The relationship between the difference of regression
coefficient values and process parameters affecting on the

gloss property of PC/ABS specimens.

Table 4.17 The best parameter combination and ranking of the effect for
producing parts with the optimal gloss of V-notch on PC specimens.

PC/ABS
Parameter
Best Combination | Factor Ranking
[njection Speed (mm/s) 100 4
Packing Pressure (kgf/cm?) 1300 3
Heating Temperature (°C) 160 1
Water Temperature (°C) 80 2
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Figure 4.20 Validation of surface gloss property for PC

To validate the best combination, experiment No.4 was repeated in the
injection molding and surface gloss property testing. It was found that
experiment No.4, as experiment No.9 in Figure 4.20, is still provided the
high gloss value.

4.4.3 Nylon 6 with 30% Glass-Fiber Filled (PA6GF30)
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Figure 4.21 The measured gloss of PA6GF30 specimen.
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Figure 4.21 shows the measured gloss of PA6GF2 material at the angle
of 60°. It was found that the specimens were obviously glossier when the
mold temperature increased. The specimens of the experiment No.6 which
were the combination of low injection speed (25 mm/s), high packing
pressure (1300 kgf/cm?), high heating temperature (160°C), and low water
temperature (30°C) were the glossiest (82.94 GU).

For the regression analysis, the larger-the-better quality characteristic
of S/N ratio as Eq. 2 is carried out to identify the optimum setting and
ranking in the increase of the gloss value. The calculated S/N ratios are
listed in Table 4.18. The parameter with the highest difference value of
coefficient is the most effective parameter affecting the weld line visibility
as in Figure4.22. Table 4.19 shows that the most effective parameter
resulting in the optimal gloss is the heating temperature followed by, water
temperature, injection speed and, packing pressure, respectively. The
results of regression analysis showed that the optimum parameter setting
of the optimal gloss can be obtained from the experiment No.2 which is the
combination of high injection speed (25 mm/s), high packing pressure
(1200 kgf/em?), high heating temperature (160°C), and high water
temperature (80°C) as Table 4.19.

Table 4.18 Percentage of the improvement and the calculated S/N ratio
for the measured gloss of PA6GF30 specimens.

Factor Combination Average | Improvement
Exp. Gloss comparing to S/I.\I

A B C D (GU) Exp.5 (%) ratio
] 25 112001230 | 30 6.86 -89.5 16.62
2 25 11200 t60 | 80 81.8 25.5 38.25
3 75 | 1300 30 | 30 6.28 -90.4 15.96
4 75 [ 1300 | 160 | 80 79.98 22.7 38.06
5 25 | 1300 80 80 65.18 - 36.28
6 25 [ 1300 | 160 | 30 82.94 27.2 38.38
7 75 11200 80 | 80 65.92 1.1 36.38
8 75 ({1200 | 160 | 30 81.78 25.5 38.25
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Figure 4.22 The relationship between the difference of regression
coefficient values and process parameters affecting on the
gloss property of PA6GF30 specimens.

Table 4.19 The best parameter combination and ranking of the effect for
producing parts with the optimal gloss of V-notch on

PA6GFE30 specimens.
PA6GF30
Parameter — .
Best Combination | Factor Ranking
Injection Speed (mm/s) 25 3
Packing Pressure (kgf/cm?) 1200 B
Heating Temperature (°C) 160 1
Water Temperature (°C) 80 2

To validate the best combination, experiment No.2 was repeated in the
injection molding and surface gloss property testing. It was found that
experiment No.2, as experiment No.9 in Figure 4.23, is still provided the
high gloss value that is not apparently different from that of experiment

No.6.
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Figure 4.23 Validation of surface gloss property for PA6GF30

4.5 Effect Of Processing Parameters On Flexural Strength
Property

4.5.1 Polycarbonate (PC)

Figure 4.24 shows the flexural strength of weldline. It was found that
the flexural strength values of each experiment were not apparently
different to that of each other. The experiment No.1 had the highest flexural
strength of weldline whereas that of the experiment No.7 had the least.

The regression analysis was employed to analyze the measured values
to investigate the effect of each molding parameter on flexural strength
property of weldline. Due to this study focus on the more the flexural
strength, the better the quality. Therefore, the larger-the-better quality
characteristic of S/N ratio-as Eq. 2 is carried out to identify the optimum
setting and ranking of process parameter affecting the flexural strength
property. The calculated S/N ratios are listed in Table 4.20. The ranking of
each parameter affecting the flexural strength of weld line is obtained from
the difference between the maximum and minimum value coefficient from
regression analysis. The effect of each parameter depends on how large
that difference value is. In the other words, the parameter with the highest
difference value is the most effective parameter affecting flexural strength.
From Figure 4.25, it can be concluded that the packing pressure is the most
influencing parameter on the flexural strength of weldline followed by
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Figure 4.24 The measured flexural strength of PC specimens.

water temperature, injection speed, and heating temperature, respectively.
Table 4.21 summarizes the optimum process setting and ranking of process
parameter for flexural strength of weldline. The results of regression
analysis showed that the optimum parameter setting for the flexural
strength of weldline property can be obtained from the experiment no.1
which is the combination of low injection speed (25 mm/s), low packing
pressure (1200 kgf/cm?), low heating temperature (30°C), and low water
temperature (30°C).

Table 4.20 Percentage of the improvement and the calculated S/N ratio
for the measured flexural strength of PC specimens.

Factor Combination Average
Improvement
Exp. Dcauset comparing to S/N ratio
A B C D strength Exp.5 (%)
(MPa)
1 25 1200 30 30 109.7 13.6 40.80
2 25 1200 165 80 97.59 1.1 39.79
3 75 1300 30 30 96.32 -0.2 39.67
4 75 1300 165 80 96.37 -0.2 39.68
5 25 1300 80 80 96.55 - 39.69
6 25 1300 165 30 96.01 -0.6 39.64
7 75 1200 80 80 95.15 -1.5 39.56
8 75 1200 165 30 98.02 1:5 39.83
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Figure 4.25 The relationship between the difference of regression
coefficient values and process parameters on the flexural

strength prope'rty of PC specimens.

Table 4.21 The best parameter combination and ranking of the effect for
producing parts with the optimal flexural strength on PC

specimens.
PC
Parameter
Best Combination | Factor Ranking
Injection Speed (mm/s) 25 3
Packing Pressure (kgf/cm?) 1200 l
Heating Temperature (°C) 30 4
Water Temperature (°C) 30 2

To validate the best combination, experiment No.1 was repeated in the
injection molding and flexural strength of weldline property testing. It was
found that experiment No.l, as experiment No.9 in Figure 4.26, is still
provided the high flexural strength of weldline among other experiments.
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Figure 4.26 Validation of flexural strength of weldline property for PC

4.5.2 Polycarbonate/Acrylonitrile Butadiene Styrene (PC/ABS)

The flexural strength of weldline of PC/ABS specimen was shown in
Figure 4.27. 1t was found that the flexural strength values of each
experiment were not apparently different to that of each other. The
experiment no.1 had the highest flexural strength of weldline whereas that
of the experiment no.2 had the least.
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Figure 4.27 The measured flexural strength of PC/ABS specimens.

Experiment No.

For the regression analysis, the larger-the-better quality characteristic
of S/N ratio as Eq. 2 is carried out to identify the optimum setting and
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Table 4.22 Percentage of the improvement and the calculated S/N ratio
for the measured flexural strength of PC/ABS specimens.

Factor Combination Average
Improvement
Exp. — comparing to S/N ratio
A B C D strength Exp.5 ( 02)
(MPa)
1 25 1200 30 30 86.8 12.1 38.77
2 25 1200 160 30 77.16 -0.3 37.74
3 100 1300 30 30 80.12 3.5 38.07
4 100 1300 160 80 81.26 4.9 38.20
5 25 1300 80 80 77.43 - 37.78
6 25 1300 160 30 80.75 43 38.14
7 100 1200 80 80 78.48 1.4 37.89
8 100 1200 160 30 78.54 1.4 37.90
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Figure 4.28 The relationship between the difference of regression
coefficient values and process parameters on the flexural
strength property of PC/ABS specimens.

ranking 1n the increase of the flexural strength of weldline property. The
calculated S/N ratios are listed in Table 4.22. The parameter with the
highest difference value of coefficient is the most effective parameter
affecting flexural strength of weldline. Figure 4.28 shows that the water
temperature is the most influencing parameter on the flexural strength of
weldline followed by heating temperature, injection speed, and packing
pressure, respectively. Table 4.23 summarizes the optimum process setting
and ranking of process parameter for flexural strength of weldline. The
results of regression analysis showed that the optimum parameter setting
for the flexural strength property can be obtained from the experiment no.1
which is the combination of low injection speed (25 mm/s), low packing
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pressure (1200 kgf/cm?), low heating temperature (30°C), and low water

temperature (30°C).

Table 4.23 The best parameter combination and ranking of the effect for
producing parts with the optimal flexural strength on PC/ABS

specimens.

Parameter

PC/ABS

Best Combination

Factor Ranking

Injection Speed (mm/s)

Water Temperature (°C)

Packing Pressure (kgf/cm?)
Heating Temperature (°C)
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Figure 4.29 Validation of flexural strength of weldline property for

PC/ABS.

To validate the best combination, experiment No.1 was repeated in the
injection molding and flexural strength of weldline property testing. It was
found that experiment No.l, as experiment No.9 in Figure 4.29, is still
provided the high flexural strength of weldline among other experiments.

4.5.3 Nylon 6 with 30% Glass-Fiber Filled (PA6GF30)

Figure 4.30 shows the flexural strength of weldline of PA6GF30
material. It was found that the flexural strength values of each experiment
were not apparently different to that of each other. The experiment No.1
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had the highest flexural strength of weldline whereas that of the experiment
no.6 had the least.
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Figure 4.30 The measured flexural strength of PA6GF30 specimens.

For the regression analysis, the larger-the-better quality characteristic
of S/N ratio as Eq. 2 is carried out to identify the optimum setting and,
ranking in the increase of the flexural strength of weldline property. The
calculated S/N ratios are listed in Table 4.24. The parameter with the
highest difference value of coefficient is the most effective parameter
affecting flexural strength of weldline. Figure 4.31 shows that the packing
pressure is the most influencing parameter on the flexural strength of
weldline followed by heating temperature, water temperature, and injection
speed, and respectively. Table 4.25 summarizes the optimum process
setting and ranking of process parameter for flexural strength of weldline.
The results of regression analysis showed that the optimum parameter
setting for the flexural strength property can be obtained from the
experiment No.7 which is the combination of high injection speed (100
mm/s), low packing pressure (1200 kgf/cm?), low heating temperature
(80°C), and high water temperature (80°C).

To validate the best combination, experiment No.7 was repeated in the
injection molding and flexural strength of weldline property testing. It was
found that experiment No.l, as experiment No.9 in Figure 4.32, is still
provided the high flexural strength of weldline.
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Table 4.24 Percentage of the improvement and the calculated S/N ratio
for the measured flexural strength of PA6GF30 specimens.

Factor Combination Average
Improvement
) flexural . s
Exp. comparing to S/N ratio
A B . B D strength EXp.5 (%)
(MPa) ks
1 25 1200 30 30 96.54 8.3 39.69
2 25 1200 160 80 84.78 -4.9 38.57
3 75 1300 30 30 83.52 -6.3 38.43
4 75 1300 160 80 90.63 1.6 39.14
5 25 1300 80 80 89.16 - 39.00
6 25 1300 160 30 834 -6.5 38.42
7 75 1200 80 80 iy 7.4 39.62
8 75 1200 160 30 94.07 55 39.47
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Figure 431 The relationship between the difference of regression
coefficient values and process parameters on the flexural
strength property of PA6GF30 specimens

Table 4.25 The best parameter combination and ranking of the effect for
producing parts with the optimal flexural strength on
PAG6GF30 specimens.

Parameter

PA6GE30

Best Combination

Factor Ranking

Injection Speed (mm/s)
Packing Pressure (kgf/cm?)
Heating Temperature (°C)
Water Temperature (°C)

100
1200
80
80

3

1
2
4
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Figure 4.32 Validation of flexural strength of weldline property for
PA6GF30

4.6 Effect Of Processing Parameters On Roughness Property

4.6.1 Polycarbonate (PC)

The surface average roughness (Ra) values in two direction (parallel
and perpendicular to the gate) of the tested parts are exhibited in Figure
4.33. It was observed that experiment No. 6 showed the least average
roughness values whereas experiment No. 1 provided the most average
roughness values. It was revealed that the average roughness values was
decreased when the mold surface temperature before injection was high to
80°C and 160°C. This was the result from the high mold temperature
slowed down the freezing of the melt resulting in the molecular mobility
of the melt is higher. Consequently, the molecules of the melt have enough
time in flowing along the mold surface. They can replicate the feather of
the cavity-side mold surface better. Therefore, the parts were smoother or
less roughness.

The regression analysis was employed to analyze the measured values
to investigate the effect of each molding parameter on surface average
roughness of weldline. Due to this study focus on the smoother the surface
average roughness, the better the part quality. Therefore, the smaller-the-
better quality characteristic of S/N ratio as Eq. 1 is carried out to identify
the optimum setting and ranking of process parameter affecting the surface
average roughness. The calculated S/N ratios are listed in Table 4.26.
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Figure 4.33 The measured surface average roughness in two direction of
PC specimen.

Table 4.26 Percentage of the improvement and the calculated S/N ratio
for the measured surface average roughness of PC specimens.

Factor Combination Average Improvement
Exp. ‘ Roughness comparing to S/N ratio
n > > ¥ (pm) Exp.5 (%)
1 25 1200 30 30 0.10 -167.2 19.71
2 25 1200 165 80 0.04 95 29.08
3 75 1300 30 30 0.04 -1.7 28.09
B 75 1300 165 80 0.04 -4.3 27.88
5 25 1300 80 80 0.04 - 28.24
6 25 1300 165 30 0.03 224 30.45
7 75 1200 80 80 0.04 43 28.61
8 75 1200 165 30 0.03 13.8 29.53

The ranking of each parameter affecting the surface average roughness is
obtained from the difference between the maximum and minimum value
coefficient from regression analysis. The effect of each parameter depends
on how large that difference value is. In the other words, the parameter
with the highest difference value is the most effective parameter affecting
surface average roughness. From Figure 4.34, it can be concluded that the
heating temperature is the most influencing parameter on the surface
average roughness followed by packing pressure, injection speed, and
water temperature, respectively. Table 4.27 summarizes the optimum
process setting and ranking of process parameter for surface average
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roughness. The results of regression analysis revealed that the optimum
parameter setting for the surface average roughness can be obtained from
the experiment no.4 which is the combination of high injection speed (75
mm/s), high packing pressure (1300 kgf/cm?), high heating temperature
(165°C), and high water temperature (80°C).
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Figure 434 The relationship between the difference of regression
coefficient values and process parameters on surface
average roughness of PC specimens.

Table 4.27 The best parameter combination and ranking of the effect for
producing parts with the optimal surface average roughness
of PC specimens.

Parameter 4
Best Combination | Factor Ranking
[njection Speed (mm/s) 75 3
Packing Pressure (kgf/cm?) 1300 2
Heating Temperature (°C) 165 I
Water Temperature (°C) 80 4
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Figure 4.35 Validation of roughness property for PC

To validate the best combination, experiment No.4 was repeated in the
injection molding and surface gloss property testing. It was found that
experiment No.1, as experiment No.9 in Figure 4.32, has low surface
average roughness at 0.035pum.

4.6.2 Polycarbonate/Acrylonitrile Butadiene Styrene (PC/ABS)

The surface average roughness (Ra) values in two direction (parallel
and perpendicular to the gate) of the tested parts are exhibited in Figure
4.36. It was observed that experiment No. 6 showed the least average
roughness values whereas experiment No. 1 provided the most average
roughness values. It was revealed that the average roughness values was
decreased when the mold surface temperature before injection was high to
80°C and 160°C. This was the result from the high mold temperature
slowed down the freezing of the melt resulting in the molecular mobility
of the melt is higher. (Consequently), the molecules of the melt have
enough time in flowing along the mold surface. They can replicate the
feather of the cavity-side mold surface better. Therefore, the parts were
smoother or less roughness.

For the regression analysis, the smaller-the-better quality
characteristic of S/N ratio as Eq. 1 is carried out to identify the optimum
setting and, ranking in the decrease of the roughness property. The
calculated S/N ratios are listed in Table 4.28. The parameter with the
highest difference value of coefficient is the most effective parameter
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Figure 4.36 The measured surface average roughness in two direction of
PC/ABS specimen.

Table 4.28 Percentage of the improvement and the calculated S/N ratio
for the measured surface average roughness of PC specimens.

Factor Combination Average Improvement
Exp. Roughness comparing to S/N ratio
X "l Crgt (um) Exp.5 (%)
1 25 1200 30 30 0.04 93 28.17
2 25 1200 160 80 0.04 17.1 28.80
3 100 1300 30 30 0.05 -10.9 26.42
4 100 1300 160 80 0.04 NS 28.78
5 25 1300 80 80 0.04 - 27.25
6 25 1300 160 30 0.04 18.6 29.10
7 100 1200 80 80 0.05 -54 26.86
8 100 1200 160 | 30 0.04 5.4 27.80

affecting surface average roughness. Figure 4.37 shows that the heating
temperature is the most influencing parameter on the surface average
roughness followed by injection speed, water temperature, and packing
pressure, respectively. Table 4.29 summarizes the optimum process setting
and ranking of process parameter on surface average roughness. The
results of regression analysis showed that the optimum parameter setting
for surface average roughness property can be obtained from the
experiment No.2 which is the combination of low injection speed (25
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mm/s), low packing pressure (1200 kgf/cm?), high heating temperature
(160°C), and high water temperature (80°C).
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1.000
0.800
0.600
0.400
0.200
0.000

ACoefficient

N
Injection Speed | Packing Pressure | Heating Temp. Water Temp.

| ACoefficient 0.867 0.019 1.445 0.053

Figure 4.37 The relationship between the difference of regression
coefficient values and process parameters on surface
average roughness of PC/ABS specimens.

Table 4.29 The best parameter combination and ranking of the effect for
producing parts with the optimal surface average roughness

of PC/ABS specimens.

PC/ABS
Parameter "
Best Combination | Factor Ranking
Injection Speed (mm/s) 25 2
Packing Pressure (kgf/cm?) 1200 4
Heating Temperature (°C) 160 1
Water Temperature (°C) 80 3

To validate the best combination, the experiment No.2 was repeated in
the injection molding and surface gloss property testing. It was found that
experiment No.2, as experiment No.9 in Figure 4.38, has low surface
average roughness at 0.035um.
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Figure 4.38 Validation of roughness property for PA6GF30.

4.6.3 Nylon 6 with 30% Glass-Fiber Filled (PA6GF30)

The surface average roughness (Ra) values in two direction (parallel
and perpendicular to the gate) of the tested parts are exhibited in Figure
4.39. It was observed that experiment No. 8 showed the least average
roughness values whereas experiment No. | provided the most average
roughness values followed by the experiment No.3 which also has high
average roughness values. The surface average roughness of the
experiment No.l and 3 were very high due to the cavity surface
temperature is low resulting in the lower molecular mobility of melt.
Therefore, the glass fibers float on the part surface. The melt cannot can
replicate or move along the feather of the cavity-side mold surface.
Therefore, the part surface was rougher.

For the regression analysis, the smaller-the-better quality
characteristic of S/N ratio as Eq. 1 is carried out to identify the optimum
setting and, ranking in the decrease of the surface average roughness
property. The calculated S/N ratios are listed in Table 4.30. The parameter
with the highest difference value of coefficient is the most effective
parameter affecting the surface average roughness. Figure 4.40 shows that
the heating temperature is the most influencing parameter on the surface
average roughness followed by water temperature, injection speed, and
packing pressure, respectively. Table 4.31 concludes the optimum process
setting and ranking of process parameter on surface average roughness.
The results of regression analysis showed that the optimum parameter
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Figure 4.39 The measured surface average roughness in two direction of
PA6GF30 specimen.

Table 4.30 The measured surface average roughness in two direction of

PA6GF30 specimen.
Factor Combination Average Improvement
Exp. Roughness comparing to S/N ratio
n B ¢ i) (um) Exp.5 (%)
1 25 1200 30 30 1.67 -649.9 -4.45
2 23 1200 160 80 0.20 8.4 13.81
3 75 1300 30 30 1.36 =511.7 -2.69
4 75 1300 160 80 0.21 42 13.41
5 25 1300 80 80 0.22 - 13.03
6 25 1300 160 30 0.16 29.9 16.13
7 75 | 1200.] 80 80 0.22 3.1 13.31
8 75 1200 160 30 0.15 334 16.57

setting for the surface average roughness property can be obtained from the
experiment No.4 which is the combination of high injection speed (100
mm/s), high packing pressure (1300 kgf/cm?), high heating temperature
(160°C), and high water temperature (80°C).

To validate the best combination, the experiment No.4 was repeated in
the injection molding and surface gloss property testing. It was found that
experiment No.4, as experiment No.9 in Figure 4.38, has low surface
average roughness at 0.198 um.
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Figure 4.40 The relationship between the difference of regression
coefficient values and process parameters on surface
average roughness of PA6GF30 specimens.

Table 4.31 The best parameter combination and ranking of the effect for
producing parts with the optimal surface average roughness

of PA6GF30 specimens.
PA6GF30
Parameter
Best Combination | Factor Ranking

Injection Speed (mm/s) 100 3
Packing Pressure (kgf/em?) 1300 4
Heating Temperature (°C) 160 1
Water Temperature (°C) 80 2
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IlRough(um) 1.670 | 0.204 | 1.362 | 0.213 | 0.223 | 0.156 | 0.216 | 0.148 | 0.198
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Figure 4.41 Validation of roughness property for PA6GF30.
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4.7 Effect Of Processing Parameters On Warpage Property

4.7.1 Polycarbonate (PC)

For the measurement of displacement, the positive value represents the
displacement that shifting up from the reference point. The negative
displacement represents the displacement that shifting down from the
reference point. Table 4.32 presents the displacement in Z-axis on the given
points and the range of displacement. The difference of maximum and
minimum displacement of each experiment was shown in Figure 4.42 and
4.43. According to the result, it was found that the specimens in every
experiment were concave from the interested surface side or heated mold
side as shown in Figure 4.44. The largest displacement range obtained from
the experiment No.4 was -1.424 to 0.775 mm, that is the difference was
2.199 mm. The displacement range tended to be larger when the mold
temperature was higher.

Figure 4.42 Z-Displacement of PC specimen.

The regression analysis was employed to analyze the measured values
to investigate the effect of each molding parameter on warpage. Due to this
study focus on reducing warpage, the smaller-the-better quality
characteristic of S/N ratio as Eq. 1 is carried out to identify the optimum
setting and ranking of process parameter affecting the warpage. The
calculated S/N ratios are listed in Table. 4.32. The ranking of each
parameter affecting warpage is obtained from the difference between the
maximum and minimum value coefficient from regression analysis. The
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Table 4.32 Z-Displacement of each given point in mm unit of PC

Specimens
Exp. Al Al A3 B1 B2 B3 B4 Cl C2 3 Displacement range
1 0.049 | -0.046 | 0.107** | 0.052 | -0316* | -0.135 | -0.003 | 0067 | -0.050 | 0.080 2031610 0.107
2 0486 | -0.153 | 0172 | 0297 | -0.888* | -0.638 | 0.142 | 0290 | -0.206 | 0.489** -0.888 10 0.489
3 0.126 | -0.001 | -0.002 | 0085 | -0451* | -0.144 | 0.064 | 0099 | -0.074 | 0.171%* 0.451100.171
4 0605 | -0207 | 0341 | 0356 | -1.424* | -1.023 | 0284 | 0462 | -0256 | 0.775** | -1.424100.775%**
5 | 0212%¢ | 0213 | 0.63 | 0.108 | -0.512* | -0.452 | -0.024 | 0091 | -0.243 | 0.122 -0.512100.212
6 | -0.020 | -0022 | 0.128** | -0.044 | -0.360* | -0.266 | -0.061 | 0026 | -0.122 | 0.073 -0.360 10 0.128
7 0.492 -0.145 0.146 0.283 -1.055* | -0.653 0.264 0.236 -0.215 | 0.597** -1.055 10 0.597
8 0209 | -0.056 | 0250 | 0.128 | -0.514* | -0.250 | 0.077 | 0.315** | -0.094 | 0.285 -0.514100315
* Lowest displacement ** Highest displacement *** Largest range of displacement
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Figure 4.43 The difference of maximum and minimum values of
displacement of PC.

effect of each parameter depends on how large that difference value is. In
the other words, the parameter with the highest difference value is the most
effective parameter affecting warpage. Figure 4.30 it can be concluded that
the water temperature is the most influencing parameter on the warpage
followed by injection speed, heating temperature, and, packing pressure,
respectively. The water temperature was the most effective parameter on
warpage may due to the cavity side heated by induction heating caused the
more difference of the temperature between cavity side and core side. The
water temperature is the important parameter in transfer the heat from
mold. The polymer with higher temperature exhibited more shrinkage than
the polymer with lower temperature during the cooling stage. The
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Figure 4.44 Z-Displacement of PC specimens including the displacement
of A, B, and C point groups.

Table 4.33 Percentage of the improvement and the calculated S/N ratio
for the warpage of PC specimens.

Factor Combination Average Sapretombat
Fap. difference of SompaTinkio S/N
A B C D displacement ratio
Exp.5 (%)
range (mm)

[ 25, 1200 |, 30 [ 30 0.43 48.7 7.17
2z 25 1200 | 165 80 1.40 -68.8 -2.99
3 75 1300 | 30 30 0.63 239 3.39
4 75 1300 | 165 80 2.20 -164.2 -6.85
5 25 1300 | 80 80 0.83 - 0.62
6 25 1300 | 165 30 0.50 40.1 5.85
7 75 1200 | 80 80 1.66 -99.3 -4.52
8 75 1200 | 165 30 0.84 -1.1 1.18

difference of shrinkage caused bending moment. This leads to the
distortion and finally, warpage. The specimens were concave from the
hotter side and convex to the cooler side of the mold. With the lower water
temperature, the heat transfer from mold to cooling channel is better
resulting in the less difference of the temperature between cavity and core
side. Therefore, warpage was reduced. Table 4.34 summarizes the
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optimum process setting and ranking of process parameter for warpage.
The results of regression analysis revealed that the optimum parameter
setting for the warpage was low injection speed (25 mm/s), high packing
pressure (1300 kgf/em?), low heating temperature (30°C), and low water
temperature (30°C), which is the new experiment besides the eight
experiments designed from Taguchi method.

9.000
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7.000
6.000
5.000
4.000
3.000
2.000
1.000
0.000

ACoefficient

_--

Injection Speed | Packing Pressure | Heating Temp. Water Temp.

| m ACoefficient

4.365 0.546 2.367 7.834

Figure 4.45

The relationship between the difference of regression
coefficient values and process parameters on warpage of
PC specimens.

Table 4.34 The best parameter combination and ranking of the effect for
producing parts with the optimal warpage of PC specimens.

Parameter AL
Best Combination | Factor Ranking
[njection Speed (mm/s) 25 2
Packing Pressure (kgf/cm?) 1300 !
Heating Temperature (°C) 30 3
Water Temperature (°C) 30 I

To validate the best combination, the new experiment, the experiment
No.9 in Figure4.46, was conducted by injection molding and surface gloss
property testing. It was found that new experiment has the lowest
difference of displacement at 0.291.
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Figure 4.46 Validation of flexural strength of weldline property for PC

4.7.2 Polycarbonate/Acrylonitrile Butadiene Styrene (PC/ABS)

Table 4.35 presents the displacement in Z-axis on the given points and
the range of displacement. According to the result, it was found that the
specimens in every experiment were concave from the interested surface
side or heated mold side as shown in Figure 4.47 and 4.49. The largest
displacement range obtained from the experiment No.4 was -2.790 to 1.238
mm., which the difference was 4.032 mm. The displacement range tended
to be larger when the mold temperature was higher.
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Figure 4.47 Z-Displacement of PC/ABS specimen.
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Table 4.35 Z-Displacement of each given point in mm unit of PC/ABS

specimens.
Exp. Al A2 A3 B1 B2 B3 B4 C1 (o 3 Displacement range
1| 018 | -0.031 | 0.067 | 0.076 | -0504* | -0319 | 0.071 | 0077 | -0.055 | 0238 -0.504 10 0.238
2 | 0566 | -0.122 | 0252 | 0313 | -1145% | -0.758 | 0256 | 0367 | -0213 | 0.566%* -1.145 10 0.566
3 | 0093 | 0056 | 0134 | 0043 | -0336* | -0.162 | 0.013 | 0087 | -0.122 | 0.182** -0.336 10 0.182
4 | 0932 | -0327 | 0290 | 0.523 | -2.790* | -2307 | 0477 | 0502 | -0472 | 1.238** | -2.79010 1.238***
5 | 0234 | <0155 | 0119 | 0303 | -0.850* | -0.518 | 0.182 | 0.106 | -0.147 | 0.413** -0.850 10 0.413
6 | 0204 | -0.164 | 0238 | 0.068 | -0.637* | -0.571 | -0.006 | 0.299** | -0.244 | 0.282 -0.637 10 0.299
7 0.485 -0.261 0.112 0.287 -1.968* -1.589 0.273 0.157 -0.361 0.738** -1.968 1o 0.738
8 | 0338 | -0.243 | 0345 | 0.149 | -0.552* | -0.500 | 0.077 | 0.464** | 0313 [ 0.405 -0.552 10 0.464
* Lowest displacement ** Highest displacement *** Largest range of displacement
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Figure 4.48 The difference of maximum and minimum values of
displacement.

For the regression analysis, the smaller-the-better quality characteristic
of S/N ratio as Eq. 1 is carried out to identify the optimum setting and
ranking of process parameter affecting the reduction of warpage. The
calculated S/N ratios are listed in Table 4.36. The parameter with the
highest difference of coefficient value is the most effective parameter
affecting the reduction of warpage. From Figure 4.50, it can be concluded
that the water temperature is the most influencing parameter on the
reduction of warpage followed by heating temperature, and injection
speed, and packing pressure, respectively. The reason why the water
temperature is the main parameter is the same with PC. Table 4.37
summarizes the optimum process setting and ranking of process parameter
for the reduction of warpage. The results of regression analysis revealed
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Experiment No.1 of PC/ABS test mold part
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Figure 4.49 Z-Displacement of PC/ABS specimens including the
displacement of A, B, and C point groups.

Table 4.36 Percentage of the improvement and the calculated S/N ratio
for the warpage of PC/ABS specimens.

Factor Combination Average improfenii

¥, difference of Noedpasing o S/N

A B C D displacement ratio
Exp.5 (%)
range (mm)

1 25 1200 30 30 0.74 42.4 2.50
2 25 1200 160 80 1.72 -34.0 -4.74
3 100 1300 30 30 | 0.52 59.8 5.04
4 100 1300 160 80 4.03 -213.3 -12.12
5 25 1300 80 80 129 - -2.26
6 25 1300 160 30 0.96 25.4 0.33
7 100 1200 80 80 2.71 -110.3 -8.67
8 100 1200 160 30 1.06 17.9 -0.50

that the optimum parameter setting for the reduction of warpage was low
injection speed (25 mm/s), high packing pressure (1300 kgf/cm?), low
heating temperature (30°C), and low water temperature (30°C), which is
the new experiment besides the eight experiments designed from Taguchi
method.
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Figure 4.50 The relationship between the difference of regression
coefficient values and process parameters on warpage of

PC specimens.

Table 4.37 The best parameter combination and ranking of the effect for
producing parts with the optimal warpage of PC/ABS

specimens.
PC/ABS
Parameter
Best Combination Factor Ranking
Injection Speed (mm/s) 25 3
Packing Pressure (kgt/cm?) 1300 4
Heating Temperature (°C) 30 2
Water Temperature (°C) 30 1

To validate the best combination, the new experiment, the experiment

No.9 in Figure4.51, was conducted by injection molding and surface gloss
property testing. It was found that new experiment has the lowest
difference of displacement at 0.372.
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Figure 4.51 Validation of flexural strength of weldline property for
PC/ABS

4.7.3 Nylon 6 with 30% Glass-Fiber Filled (PA6GF30)

Table 4.35 presents the displacement in Z-axis on the given points and
the range of displacement. According to the result, it was found that the
specimens in every experiment were concave from the interested surface
side or heated mold side as shown in Figure 4.52 and 4.54. The largest
displacement range obtained from the experiment No.3 was -0.839 to 0.307
mm., which the difference was 1.146 mm.

... 22

.
Figure 4.52 Z-Displacement of PA6GF30 specimen.

AR AR



82

Table 4.38 Z-Displacement of each given point in mm unit of PA6GF30

specimens.
Exp. Al A2 Al Bl B2 B3 B4 C1 2 c Displacement range
1 0311 | 0155 | 0376** | 0.147 | -0.416* | -0212 | 001 | 0.134 | -0.075 | 0.198 -0.416100.376
2 0305 | -0363 | 0.577** | 0.196 | -0.375* | -0.360 | 0203 | 0320 | -0.223 | 0.18] -0.375 10 0.577
3 | 0307** | 0062 | 0245 | 0151 | -0.839* | -0635 | 0097 | 0052 | -0.114 | 0282 | -0.839100.307***
4 0251 | -0324 | 0.479** | 0096 | -0.405 | -0.410* | 0080 | 0305 | -0279 | 0177 -0.41010 0.479
5 0.0113 | -0.238 | 0.201** | 0035 | -0336 | -0.386* | -0.098 | 0.048 | -0256 | -0.036 -0.386 10 0.201
6 0.283 -0.207 0.300** 0.092 -0.326 -0.346* 0.112 0.149 -0.148 0.209 -0.346 10 0.300
7 0305 | -0.231 | 0.410%* | 0095 | -0356* | -0.282 | 0.118 | 0151 | -0.181 | 0224 -0.356 10 0.410
8 0297 | -0270 | 0.425*+ | 0051 | -0355* | -0242 | 0082 | 0171 | -0.195 | 0.194 -0.355 10 0.425
* Lowest displacement ** Highest displacement ##* Largest range of displacement
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Figure 4.53 The difference of maximum and minimum values of
displacement.

For the regression analysis, the smaller-the-better quality characteristic
of S/N ratio as Eq. 1 is carried out to identify the optimum setting and
ranking of process parameter affecting the reduction of warpage. The
calculated S/N ratios are listed in Table 4.39. The parameter with the
highest difference of coefficient value is the most effective parameter
affecting the reduction of warpage. From Figure 4.55, it can be concluded
that the injection speed is the most influencing parameter on the reduction
of warpage followed by packing pressure, heating temperature, and water
temperature, respectively. Table 4.40 summarizes the optimum process
setting and ranking of process parameter for the reduction of warpage. The
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Experiment No.1 of PA6GF30 test mold part
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Figure 4.54

Z-Displacement of PA6GF30 specimens including the
displacement A, B, and C point groups.

Table 4.39 Percentage of the improvement and the calculated S/N ratio

for the warpage of PA6GF30 specimens.

Factor Combination Average difference of Improvement
Exp. displacement range comparing to S/N ratio
2 P C D (mm) Exp.5 (%)
1 25 1200 30 30 0.80 -35.8 1.93
2 06 1200 160 80 1.08 -83.9 -0.79
3 75 1300 30 30 1.15 -95.1 -1.19
4 75 1300 160 80 0.89 -52.2 0.96
5 25 1300 80 80 0.59 - 4.51
6 25 1300 160 30 0.67 -14.3 3.42
7 75 1200 80 80 0.82 -40.3 1.57
8 75 1200 160 30 0.78 -33.4 1.99

results of regression analysis revealed that the optimum parameter setting
for the reduction of warpage was low injection speed (25 mm/s), high
packing pressure (1300 kgf/cm?), low heating temperature (30°C), and high
water temperature (80°C), that is the experiment No.5.
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Figure 4.55 The relationship between the difference of regression
coefficient values and process parameters on warpage of
PA6GF30 specimens.

Table 4.40 The best parameter combination and ranking of the effect for
producing parts with the optimal warpage of PA6GF30

specimens.
PA6GF30
Parameter
Best Combination| Factor Ranking
Injection Speed (mm/s) 25 1
Packing Pressure (kgf/cm?) 1300 2
Heating Temperature (°C) 80 3
Water Temperature (°C) 80 4

To validate the best combination, the experiment No.5 was repeated
with injection molding and surface gloss property testing. It was found that
the experiment No.5, as the experiment No.9 in Figure 4.56, has the lowest
difference of displacement at 0.598 that closely to the original experiment
No.5.
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Figure 4.56 Validation of flexural strength of weldline property for
PA6GF30



CHAPTER 5
CONCLUSION AND SUGGESTIONS

5.1 Conclusion

To solve the surface defects of automotive parts, such as weldline,
gloss and roughness, caused by the conventional injection molding
process, it requires a method having high efficiency in heating and cooling
the mold. Induction heating is the interesting method in heating and cooling
the mold rapidly which tends to make lowest overall cost of production in
term of mold making cost, equipment cost, and running cost. This research
is examination the performance of induction heating system before
applying it to further produce the real automotive parts. Therefore, a new
special test mold namely test mold was designed and produced for this
study.

A preliminary study was carried out to obtain the optimal condition of
induction heating system. It was found that the optimal condition is the use
of SKD61 as mold insert with 80% power and gap of 17.5 mm that
provided the heating rate at 10°C/s. This condition was used in the injection

molding stage to examine the performance of induction heating with other
molding process parameter on properties of test mold parts.

The main experiment of test mold was conducted. The experimental
layout of each different material, which 1s polycarbonate (PC),
polycarbonate/acrylonitrile butadiene styrene (PC/ABS), and nylon 6 with
30% glass-fiber filled (PA6GF30), was based on Taguchi method’s L8
orthogonal array. Table 5.1 summarizes the effective parameter on each
property of each material analyzed by regression analysis. It revealed that
the induction heat is the efficient technology to solve weldline issue. It also
improves the surface roughness and gloss issues. It proved that the mold
surface temperature is the key parameter to enhance the surface appearance
or quality for injection molding. Thus, the induction heating dominate the
surface quality of molded part. While the flexural strength of weldline and
warpage are not enhanced by induction heating.

Finally, PC/ABS and PA6GF30 is the most proper plastic material to
use with induction heating to improve properties followed by PC.
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Table 5.1 The effective parameter on each property for PC, PC/ABS, and

PA6GF30 materials.
Effective parameter
Property

PC PC/ABS | PA6GF30
1. Weldline L. " ih
2. Surface gloss T“, H IH
3. Flexural strength of weldline pack T“, sk
4. Surface roughness IH T|H IH

T T V.

5. Warpage

5.2 Suggestion

For the induction heating, to improve the electrical energy conversion
efficiency or coil efficiency, a magnetic flux concentrator or magnetic
shield should be located around the coil. In addition, the larger power

supply should be used next time to improve the heating rate.

For the most precision in detect the mold surface temperature, the
thermocouple should be fitted inside the mold to measure the temperature
at mold surface.

Due to the limited area of the test mold part, the weldline strength only
could be tested as flexural strength. To investigate the weldline strength, it
should be tested by tensile testing with a tensile specimen.
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1. Regression Analysis of Weldline Property

11 PC

93

SUMMARY OUTPUT
Regression Statistics
Multiple R 0.963037992
R Square 0.927442173
Adjusted R Square 0.830698405
Standard Error 3.669723497
Observations 8
ANOVA
df 55 MS F Significance F
Regression 4 516.4050918 129.1013 9.586583 0.046734288
Residual 3 40.40061164  13.46687
Total 7 556.8057034
Coefficients Stondord Error t Stat P-value Lower 95% Upper95%  Lower95.0%  Upper 95.0%
Intercept -27.57227624 2.901171159  -9.50384 ~ 0.00247 -36.80509768 -18.3394548 -36.80509768 -18.33945481
speed H 8.966357353 2.59488637 3.455395 0.040776  0.708270812 17.22444389 0.708270812 17.22444389
pack H 1.64822263 2.59488637 = 0.635181 0.570445 -6.609863911 9.906309171 -6.609863911 9.906309171
heating H 12.20596196 2.59488637 « 4.703852 0.01818  3.947875415 _ 20.4640485  3.947875415  20.4640485
water H 5.109289246 2.59488637  1.968984 0.143589 -3.14B797295 13.36737579 -3.148797295 13.36737579
RESIDUAL OUTPUT
Observation Predicted §/N Residuals
1 -27.57227624 3,753823734
2 -10.25702504  -1.940953056
3 -16.95769626 . -1.540953056
a 0.35755494 3.753823734
5 -20.81476437 -0.31543433
6 -13.71809166 -1.497436348
! -13.49662965 -1.497436348
8 -6.399956936 -0.31543433




1.2 PC/ABS

SUMMARY OUTPUT

Regression Statistics

94

Multiple R 0.998530262
R Square 0.997062685
Adjusted R Square 0.993146265
Standard Error 1.155513417
QObservations B8
ANOVA
df 55 Mms F Significonce F
Regression 4 1359.700168 339.925 254.5852 0.000397283
Residual 3 4.005633769  1.335211
Total 7 1363.705802
Coefficients Stondard Error t Stat P-value Lower 95% Upper95%  Lower95.0%  Upper 95.0%
Intercept -21.95999325 0.913513566 -24.039 0.000158 -24.86720113 -19.0527854 -24.86720113 -19.05278538
speed H 11.80536033 0817071373 14.44838 0.000719 9.205074555 14.4056461  9.205074555  14.4056461
pack H 0.787930351 0.817071373  0.964335 0.406014 -1.81235542 3.388216123 -1.81235542 3.388216123
heating H 22.42107384 0.817071373  27.44078 0.000106 - 19.82078806 25.02135961 19.82078806 25.02135961
water H 6.095749773 0.817071373  7.460486 0.004986 3.495464002 8.696035544 3.495464002 8.696035544
RESIDUAL OUTPUT
Observation Predicted S/N Residuals
1 -21.95999325 1.119383362
2 6.556830354  -0.535878005
3 -9.366702576 = -0.535878005
4 19.15012103 1.119383362
5 -15.07631313  0.090604017
6 1.249010933 -0.674109375
7 -4.058883154  -0.674109375
8 12.26644091 0.090604017




2. Regression Analysis of Gloss Property

2.1 PC

SUMMARY OUTPUT

95

Regression Statistics
Multiple R 0.909222327
R Square 0.826685239
Adjusted R Square  0.595598892
Standard Error 0.138280985
Observations 8
ANOVA
df ss MS F ignificance F
Regression 0.273621874  0.068405 3.577387 0.16162433
Residual 3 0.057364892 0.019122
Total 0.330986766
Coeff;dénts Standard Error t Stat P-value _Lower 95% Upper 95% Lower 95.0% Upper 95.0%
Intercept 40.51393429 0.109320717  370.597 4.33e-08 40.166027 40.8618416 40.16602698 40.8618416
speed H -0.06287068 0.097779422  -0.64298 0.566001 -0.3740484 0.24830708 -0.37404844 0.24830708
pack H -0.1051862  0.097779422  -1.07575 0.36085 -0.416364 0.20599156 -0.41636396 0.20599156
heating H -0.23322148 - 0.097779422 -2.38518 0.097163 -0.5443992 0.07795628 -0.54439924 0.07795628
water H -0.2596186 0.097779422 -2.65515 0.076656 -0.5707964 0.05155916 -0.57079636 0.05155916
RESIDUAL OUTPUT
Observation Predicted S/N Residuals
1 40.51393429  -0.049021099
2 40.02109421  -0.096411611
3 40.34587741 -0.096411611
4 39.85303732  -0.049021099
S 40.14912948 0.129323964
6 40.17552661  0.016108746
7 40.19144501  0.016108746
8 40.21784213 ' 0.129323964




2.2 PC/ABS

SUMMARY OUTPUT

Regression Statistics

96

Multiple R 0.791484201
R Square 0.62644724
Adjusted R Square  0.128376893
Standard Error 0.52744772
Observations 8
ANOVA
df 5S MS F Significance F
Regression 4 1.399628067 0.349907 1.257749 0.442849304
Residual 3 0.834603291 0.278201
Total 7 2.234231357
Coefficients Standard Error  t Stat P-value  Lower95%  Upper 95% Lower 95.0% Upper 95.0%
Intercept 38.50221065 0.416984035 92.33498 2.8€-06 37.17518135 39.82924 37.1751813  39.82924
speed H 0.337607943 0.372961859 0.,905208 0.432083 -0.84932315 1.52453903 -0.84932315 1.52453903
packH 0.341479529 0.372961859  0.915588 0.427399 -0.84545156 1.52841062 -0.84545156 1.52841062
heating H 0.578410967 0.372961859 1.550858 0.218725 -0.60852012 1.76534206 -0.60852012 1.76534206
water H 0.366970565 0.372961859 0.983936 0.397698 -0.81996053 1.55390166 -0.81996053 1.55390166

RESIDUAL QUTPUT

Observation

Predicted S/N  Residuals

g

O~y & WN

38.50221065 -0.555888896
39.44759218 © 0.126022976
39.18129812 0.126022976
40.12667965 -0.555888896
39.21066074 0.217674832
39.42210114 0.212191081
39.20678916  0.212191081
39.41822956 0.217674839




2.3 PA6GF30

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.838264558

R Square 0.70268747
Adjusted R Square  0.306270763
Standard Error 8.24678933

97

Observations 8
ANOVA
df 55 MS F Significance F
Regression 4 482.2142633 120.5536 1.772598 0.332986676
Residual 3 204.0286028 68.00953
Total 7 686.242866
Coefficients _Standard Error  tStat  P-value  Lower95% Upper 95% Lower 95.0% Upper 95.0%
Intercept 21.55631684 6.519659417 3.306356 0.045516 0.807850818 42.3047829 0.80785082 42.3047829
speed H -0.222055152 5.831360658 « -0.03808 0.972017 -18.7800473. 18.335937 -18.7800473 18.335937
pack H -0.211215972 5.831360658  -0.03622 0.973382 -18.7692082 18.3467762 -18.7692082 18.3467762
heating H 11.92502553  5.831360658 2.044982 0.133406 -6.63296665 30.4830177 -6.63296665 30.4830177
water H 9.940169866  5.831360658 1.704606 0.186815 -8.61782232 28.498162 -8.61782232 28.498162
RESIDUAL OUTPUT

Observation Predicted 5/N Residuals

1 21.55631684 ~ -4.931535617
43.42151224  -5.166997697
21.12304572  -5.166997697
42.98824112 -4.931535617
31.28527074 .~ 4.993566111

33.2701264  5.104967203
31.27443155 5.104967203
33.25928722 4.993566111

O NS W
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3. Regression Analysis of Flexural Strength of Weldline Property

31 PC

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.762149096

R Square 0.580871244
Adjusted R Square  0.022032904
Standard Error  0.395169152

Observations 8
ANOVA
df 5S MS F ignificance F
Regression 4 0.649261641 0.162315 1.039426 0.507769
Residual 3 0.468475977 0.156159
Total 7 1.117737618
Coefficients ~tandard Error  t Stat P-value  Lower 95% Upper95% Lower 95.0% Upper 95.0%
Intercept 40.39420492  0.312408646 129.2993 1.02E-06 39.399981 41.3884287 39.3999812 41.3884287
speed H -0.29476484 0.279426787 -1.05489 0.368922 -1.184026 0.5944959 -1.1840256 0.5944959
pack H -0.32350245. -0.279426787 -1.15774 0.330774 -1.212763 0.5657583 -1.2127632 0.5657583
heating H -0.20034825 0.279426787 ~-0.717 0.525157 -1.089609 0.6889125 -1.089609 0.6889125
water H -0.30487908 0.279426787 -1.09109 0.355026 -1.19414 0.58438167 -1.1941398 0.58438167
RESIDUAL OUTPUT
Observation Predicted S/N  Residuals
1 40.39420492 0.406521922
2 39.88897759 -0.10292333
3 39.77593763 -0.10292333
4 39.2707103  0.406521922
5 39.76582339 -0.07338166
6 39.87035422 -0.23021693
7 39.794561 -0.23021693
8 39.89909182 -0.07338166




3.2 PC/ABS

SUMMARY OUTPUT

Regression Statistics

99

Multiple R 0.580120518
R Square 0.336539816
Adjusted R Square  -0.54807376
Standard Error  0.409820649
Observations 8
ANOVA
df 53 MS F Significance F
Regression 4 0.255582148 0.063896 0.380437 0.813212202
Residual 3 0.503858894 0.167953
Total 7 0.759441042
Coefficients Standard Error  t Stat P-value  Lower95% Upper 95% Lower 95.0% Upper 95.0%
Intercept 38.34690973 0.323991671 118.3577 1.33E-06 37.31582364 39.3779958 37.3158236 39.37799583
speed H -0.0914568 0.28978696  -0.3156 0.772987 -1.01368824 (0.83077464 -1.0136882 0.830774641
pack H -0.02878947 0.28978696 -0.09935 0.927129 -0.95102091 0.88344197 -0.9510209 0.893441974
heating H -0.13157916 0.28978696 -0.45405 0.680626 -1.0538106 0.79065228 -1.0538106 0.790652284
water H -0.31825276  0.28978696 -1.09823 0.352344 -1.2404842 0.60397868 -1.2404842 0.603978679
RESIDUAL QUTPUT
Observation Predicted S/N ~ Residuals
1 38.34690973 0.420366399
- 37.89707781 -0.152528624
3 38.22666346 -0.152528624
4 37.77683155  0.420366399
5 37.9998675  -0.223607291
6 38.18654111 -0.044230484
A 37.93720017 -0.044230484
8 38.12387378 -0.223607291
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3.3 PA6GF30

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.71458521
R Square 0.510632022
Adjusted R Square  -0.14185862
Standard Error 0.561809677

Observations 8
ANOVA
df sS MS F Significance F
Regression 4 0.98803467 0.247009 0.782589 0.60454863
Residual 3 0.94689034 0.31563
Total 7 1.93492501

Coefficients  Standord Error  t Stat P-value  Lower95% Upper 95% Lower 95.0% Upper 95.0%

Intercept 39.31632635 0.444149548 88.52047 3.18E-06 37.9028443 40.729808 37.9028443 40.7298084

speed H 0.246930985 0.397259433  0.621586 0.578249 -1.01732583 1.5111878 -1.01732583 1.5111878

pack H -0.58635562 0.397259433  -1.4761  0.236399 -1.85065243 0.6778612 -1.85065243 0.67786119

heating H -0.28788883 0.397259433  -0.72469 0.521051 -1.55214564 0.976368 -1.55214564 0.97636799

water H 0.079389069 0.397259433 0.199842 0.854384 -1.18486774 1.3436459 -1.18486774 1.34364588
RESIDUAL OUTPUT

Observation Predicted S/N - Residuals

1 39.31632635 = 0.37586834
39.10782659 -0.542503025
38.97686171 -0.542503025
38.76836196 0.37586834
38.8093198 0.192804945
38.4420419 -0.026170261
39,6426464 -0.026170261
39.27536851 0.152804945

0 ~N YU B wN




4. Regression Analysis of Roughness Property
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4.1 PC
SUMMARY QUTPUT
Regression Statistics
Multiple R 0.68330889
R Square 0.46691104
Adjusted R Square  -0.2438742
Standard Error  3.72041569
Observations 8
ANOVA
df SS MS F ignificance F
Regression 4 36.36961018 9.092403 0.656895 0.66182335
Residual 41.52447879 13.84149
Total 77.89408896
Coefficients Standard Error - t Stat P-value ~ Lower 95% Upper95% Lower 95.0% Upper 95.0%
Intercept 23.6147353  2.941246858 8.028818 0.004034 14.2543751 32.975096 14.2543751 32.9750955
speed H 1.65693915 2.630731165 0.62984 0.573502 -6.7152215 - 10.0291  -6.7152215 10.0290998
pack H 1.93667635 2.630731165 0.736174 0.514964 -6.4354843 10.308837 -6.4354843 10.308837
heating H 3.06904351 2.630731165 1.166612 0.327671 -5.3031172 11.441204 -5.3031172 11.4412042
water H 1.50652395 2.630731165 0.572664 0.606976 -6.8656367 9.8786846 -6.8656367 9.87868462

RESIDUAL QUTPUT

Observation

redicted S/N Residuals

00 N O a W N

23.6147353 -3.901351418
28.1903028 0.885220087
27.2083508 0.885220087
31.7839183 -3.901351418
27.0579356 1.184369973
28.6204552  1.831761358
26.7781984 1.831761358
28.340718 _ 1.184369973
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4.2 PC/ABS

SUMMARY OUTPUT

Regression Statistics
Multiple R 0.91393886
R Square 0.83528425
Adjusted R Square 0.61566324
Standard Error  0.61129665

Observations 8
ANOVA
df 55 MS F ignificance F
Regression 4 5.684921139 1.42123 3.803299 0.1506086
Residual 3 1.121050786 0.373684
Total 7 6.805971924

Coefficients Standard Error  t Stat  P-value Lower95% Upper 95% Lower 95.0% Upper 95.0%
Intercept 27.5927937 0.483272436 57.09573 1.18E-05 26.054805 29.130782 26.0548052 29.1307823

speed H -0.8671135 0.432252007 -2.00604 0.138514. -2.242732 0.5085053 -2.2427323 0.50850526

pack H -0.0192857 0.432252007 -0.04462 0.967217 -1.394904 - 1.3563331 -1.3949045 1.35633314
heating H 1.44479539 0.432252007 3.342484 0.044306 0.0691766 2.8204142 0.06917659 2.82041419
water H 0.05262148 0.432252007 0.121738 0.910803 -1.322997 1.4282403 -1.3229973 1.42824028

RESIDUAL OUTPUT

Observation redicted S/N  Residuals

1 27.5927937 0.577673244
29.0302106 -0.286801083
26.7063945 -0.286801083
28.2038114 0577673244
27.6261295 -0.371556455
29.0183035 0.080684293
26.7783017 0.080684293
28.1704756 -0.371556455

0 N WV bW




4.3 PA6GF30

SUMMARY QUTPUT

Regression Statistics

Multiple R 0.78466441

R Square 0.61569824

Adjusted R Square  0.10329589
Standard Error 7.9775092
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Observations 8
ANOVA
df S5 MS F  Significance F
Regression 4 305.8802352 76.47006 1.201591 0.45825947
Residual 3 190.921959 63.64065
Total 7 496.8021942
Coefficients Standard Error  t Stat P-value  Lower 95% Upper 95% Lower 95.0% Upper 95.0%
Intercept 0.95509715 6.30677478 0.15144 0.889239 -19.115875 21.0260693 -19.115875 21.0260693
speed H 0.52434612 5.64095085 0.092953 0.9318 -17.427677 18.4763693 -17.427677 18.4763693
pack H. 0.16432321 5.64095085 0.02913 0.97859 -17.7877 18.1163464 -17.7877 18.1163464
heating H 10.1793243 5.64095085 1.80454 0.16891 -7.7726989 28.1313475 -7.7726989 28.1313475
water H 7.00139516 5.64095085 1.241173 0.302749 -10.950628 24.9534183 -10.950628 24.9534183
RESIDUAL QUTPUT
Observation Predicted S/N  Residuals
1 0.95509715 -5.410005308
2 18.1358166 -4.330344316
3 1.64376649 -4.330344316
4 18.8244859 -5.410005308
5 8.12081552 4.913388037
6 11.2987446  4.826961587
7 8.48083843 4.826961587
8 11.6587675 4.913388037




5. Regression Analysis of Warpage Property

5.1 PC

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.99774121

R Square 0.99548751
Adjusted R Square  0.98947086
Standard Error  0.51073619
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Observations 8
ANOVA
df SS MS F ignificance F
Regression 4. 172.6371788 43.15929 165.4554 0.00075576
Residual 3 0.782554381 0.260851
Total 7 173.4197332
Coefficients Standard Error - t Stat P-value — Lower 95% Upper95% Lower 95.0% Upper 95.0%
Intercept 7.49070665 - 0.403772415  18.5518 0.000342 6.20572262 8.77569067 6.20572262 8.775690674
speed H -4.36492335 0.361145027 -12.0863 0.001219 -5.514248 -3.2155987 -5.514248 -3.21559869
pack H 0.54632774 . 0.361145027 1.512766 0.227542 -0.6029969 1.6956524 -0.6029969 1.695652397
heating H -2.36680129 .0.361145027 -6.5536 0.007224 -3.5161259 -1.2174766 -3.5161259 -1.21747664
water H -7.83363333  0.361145027  -21.6911 0.000214 -8.982958 -6.6843087 -8.982958 -6.68430868
RESIDUAL OUTPUT
Observation Predicted S/N  Residuals
i 7.49070665 -0.321614809
2 -2.70972798  -0.280591969
3 3.67211104 -0.280591969
4 -6.52832359 -0.321614809
s 0.20340105  0.418965068
6 5.67023309  0.183241709
7 -4,70785004 0.183241709
8 0.758982  0.418965068




5.2 PC/ABS

SUMMARY OUTPUT

Regression Statistics
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Muiltiple R 0.925756
R Square 0.85702417
Adjusted R Square 0.66638974
Standard Error  3.30746796
Observations 8
ANOVA
df S5 MS F ignificance F
Regression 4 196.7175014 49.17938 4.495642 0.12356118
Residual 3 32.81803294 10.93934
Total 7 229.5355343
Coefficients Standard Error  t Stat P-value  Lower95% Upper 95% Lower 95.0% Upper 95.0%
Intercept 4.75622797 2.614783011 1.818976 0.166491 -3,5651786 13.077635 -3.5651786 13.0776345
speed H -3.01904703 2.338733024 -1.29089 0.287221 -10.461939 4.4238452 -10.461939 4.42384524
pack H 0.60261655 — 2.338733024 0.257668 0.813327 -6.8402757 8.0455088 -6.8402757 8.04550883
heating H -3.4107849 2.338733024 -1.45839 0.240813 -10.853677 4.0321074 -10.853677 4.03210737
water H -8.789056 2.338733024 -3,75804 0.032934 -16.231948 -1.346164 -16.231948 -1.3461637
RESIDUAL QUTPUT
Observation Predicted S/N Residuals
1 4.75622797 -2.25872184
2 -7.44361292 2.703663126
3 2.33979749  2.703663126
4 -9.8600434 -2.25872184
8 -3.43021147 1.173668336
B 1.94805963 - -1.61861022
7 -7,05187506 -1.61861022
8 -1.67360396 1.173668936




5.3 PA6GF30

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.45683533

R Square 0.20869852
Adjusted R Square  -0.8463701
Standard Error 2.61323506
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Observations 8
ANOVA
df Ss MS F significance F
Regression 4 5.403256776 1.350814 0.197806 0.9242586
Residual 3 20.48699249 6.828997
Total 7 25.89024927
Coefficients Stondard Error _ t Stat  P-value  Lower95% Upper 95% Lower 95.0% Upper 95.0%
Intercept 2.03459576 2.065943716 0.984826 0.397324 -4.5401592 8.60935071 -4.5401592 8.609350707
speed H -1.4293246 1.847836234 -0.77351 0.495579 -7.3099642 4.45131496 -7.3099642 4.451314963
pack H 0.74887574 1.847836234 0.405272 0.712447 -5.1317639 6.62951533 -5.1317639 6.629515333
heating H -0.3119005 1.847836234 -0.16879 0.876692 -6.1925401. 5.56873912 -6.1925401 5.568739122
water H 0.02372141 1.847836234 0.012837 0.990564 -5.8569182 5.90436101 -5.8569182 5.90436101

RESIDUAL OUTPUT

Observation Predicteidg’ﬂ Residuals

1 2.03459576
1.7464167
1.35414687
1.06596781
2.80719291
2.47157103
0.62899254
0.29337065

00 ~N v B W

-0.10607039
-2.53930391
-2.53930391
-0.10607039
1.700296996
0.545077301
0.945077301
1.700296996
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Abstract

Weld lLine is one of the most common injection molding problems where two separated melt fronts join together.
It affects both the appearance and strength of plastic products. In this study, elimination of weld lines in injection-
molded parts by means of the induction heated mold was accomplished using the induction heated mold and with
polycarbonate/acrylonitrile-butadiene-styrene (PC/ABS) as the molding matenal. The effect of the injection molding
parameters; mjection speed, helding pressure, heating temperature, and wafer temperature, on the occurrence or
visibibity of a weld line was studied; thereby the exact number of the molding condibons was designed by
employing Taguchi’'s 2-level L8 orthogonal array, The depth and width of a V-notch charactenizing the degree of
visibility of 2 weld Lme were thoroughly investigated by means of the 3D measunng laser microscope. From the
results, the optimal combination and ranking of each processing parameter affecting the weld line visibility were
obtained upon performing the S/N ratio analysis. It was found that the visibility of weld line was effectively
decreased by mereasng the mold heating temperatwe to above the melt’s glass transition temperature (Tg) prior to
the melt filhng stage In addition. the weld Line was almost mvisible at the heating temperature of 160°C. The S/N
ratio analysis of the results revealed that the optimal parameter setting resulting in the smallest depth and width of
V-notch was high mjection speed, ligh holding pressure, high heating temperature, and high water temperature.
Two parameters mostly affecting the depth and width of a V-notch were the heating temperature and injection speed.

respectively.

Keypwords. weld line, induction heating, injection molding. Tagucki method

1. Introduction

Nowadays plastics have bean being popular mn-a
wide vanety of mdustrial applications. Injection
molding is one of the most widely used process for
manufactunng  plastic  products because of its
advantages such as short cycle times, lugh production
rate, high quahty of part surface, easy to produce the
complex geometry parts, good mechanical properties
and low cost. Although injection melding has many
advantages. some defects frequently occur in the
mjection-molded parts. Weld line is.cme of the
commeon imjection molding defects. It is generated
when the two separated melt fronts meet each other
after the holes or from two or muiti-gates. Weld hnes
can be caused by melt fronts flowing around koles or
mserts in the cavity, multiple gates or mold of vanable
depth where hesitation can occur. Weld lines reduce
the surface guality and mechanical strength of the
mjection-molded parts [1-3].

The effect of processing parameter on weld line

has been mmvestizated In numerous studies [4-6].
Previous studies have indicated that the mold
temperature is the key parameter on the reduction of
the depth and width of weld lines [6]. Weld line can be
sufficiently reduced when the mold temperzture is
higher than the glass ransition temperature of molded
material prior to the mjection. However the higher

mold temperature results m the mold heating and
cooling time increment. Therefore the rapid heat cycle
wolding technelogy (RHCM) have been studied and
developed to heat and cool the mold rapidly. Induction
heating is one of RHCMs, Induction heating occurs
due to elecromagnetic force fields producing Eddy
current on the mold suiface. The resistance to the flow
of the Eddy current results in a rapid temperature rise
on the mold surface [7]. Chen et al [8] studied the
umprovement the surface appearance of weld limes by
means of the induction heating. Huang and Tai [9]
used inducton heating to heat the mold surfaces
rapidly resulting in improvement of the replicaticn rate
of the height of the microstructure of Light guided
plates (LGP) in the injection molding process. Park et
al. [10] applied high-frequency induction heating to
eliminate weld lines in an injecton-molded plastic part.

The cbjective of this study is to eliminate the weld
Lne by applyving mduction heating to heat the mold
surface over the melt’s glass transition temperature
(Tg) prior the injectton. To investigate the effect of the
induction heating conditicns on the occumrence or
visibility of a weld line, the experimental lavout was
designed by Taguchi method The injecton moldng
with inducton heating was then performed The
optimal combination and ranking of each processing
parameter affecting the depth and width of weld line’s
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V-notch were obtained upon performing the SN
regression analys:s.

2. Taguchi Method

Taguchi method 15 a form of the design of
experiment (DOE) techniques that are the powerful
tool to optimize the design for performance, quality
and cost and reduce the sensitivity of the system
performance to source of variation. Taguchi methed 15
approprate to study the effect of several parameters on
the desired characteristic. Taguchi method utihizes the
speaifically designed tables known as “orthogonal
array” to design the experimental layout. With the
orthogonal array, the number of experimental trials can
be reduced to swmdy the entire system. The
experimental results based on eorthogonal amay are
converted into a form of signal to noise (S/N) ratio. In
terms of S/N ratio. signal or S represents the desired
value (mean) from the control factors for the outcome
characteristic and noise or N represents the undesired
value from uncontrollable factor for the outcome
charactenistic. S/N ratio can be categonized into three
quality charactenistic 1.e. smaller-the-better, larger-the-
better, and nominal-the-best. Calculation of the SN
ratio depends on the desired guality charactensiics or
experimental objective as follows [11]:

« Forsmaller-the-befter:

n
1
S/N = ~101logyp (; Z)‘fz) (1)
=0

e  Forlarger-the-better

f
1
S/N = —-101log @)
n (n =o?*?)

« For nonunal-the-best:

.4
9
where v, is the measured data or outpuf for the ith trial.
n is the number of trials, and uyand Gy represent the
mean and standard deviation of the response vanable
Y, respectively.

The larger SN ratio provides better quality
characteristics, regardless of the category of the quality
characteristic. Thus, the optimal level of the process
parameters is the level with the largest SN ratio. The
S/N matio for each level of process parameters is
calculated based on the S/N analysis. To determune the
effect of each parameter and the optimal parameter
combination on the output, the signal to noise (S/N)
ratio is employed by Taguchi method

il
S/N =10 logy, (—5) (3}

3. Experimental

3.1 Material and Molding
Polycarbonate/acrylonitrile-butadiene-styrene
(PC/ABS) (Bayblend® T85XF was used as the
molding material An mjection molding machme
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(FANUC ROBOSHOT S-20001 100B) together with a
single layer multi tum of induction coil was employed
to implement the expeniments.

3.2 Experimental Design

In this study, the four control factors; imjection
speed (A), bolding pressure (B). heating temperature
or the mold surface temperature before the filling stage
(C), and water temperature (D), with two levels were
chosen. Thus, the experiments were performed
according to Taguchi'’s 2-level L8 orthogonal array as
shown mn Table. 1. Table. 2 histing 8 experiments based
on a L8 orthogonal amay was required fo further
determine the optimum parameter setting of the levels
of these factors. Noted that ‘no heating’ means the
mold surface has relatively the same temperature as
the water temperature of each condition used.

Table. 1 Factors and levels for the Taguchi
experiments

Level
Factor
1 2

A Injecficu Speed 35 100

{ram/s) |
B: Holding Pressure

(kefiam®) 1200 1300
C: ‘Heating Temperature no 160

L0 _heating®

D: Zi. Caz}er Temperature 30 30

Table 2 Expenmental layout based on a L; orthogonal
arrzy

‘ z Factor
artealerl B C D
1 1 1 1 1
3 1 ] 2 P
3 2 3 1 1
4 3 3 2 P
5 1 > 1 3
6 1 P 2 1
7 2 1 1 3
3 p i 2 1

3.3 Weld line Measurement

The depth and width of a V-notch charactenizing
the degree of visaibility of a weld line were thoroughly
mvestigated by means of the 3D measuring laser
microscope {Olympus LEXT OLS4100) as shown in
Fig.l For all measurements, a total magnification of
50X was used to investigate the weld line thereby
three samples per experiment were analyzed.

4. Results and Discussion

The expenmental results showed that during the
mduction heating and cooling. 1t took 16 s to bring the
cavity surface temperature from 80 to 160°C and 65 s
to return to 80°C
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Fig. 1 The position of weld line’s V-notch imvestigated
by means of the 3D laser measuning microscope

Fig. 2 shows the top view of V-notch of weld line

for each experiment at a total magmification of 50X Tt
was found that weld line is smaller and less visible
whmﬂnhutmgtaq:mmmshghu According
mﬂre'l'agudnexpenm!
mdﬂuremltsofthemd&p&
ndwndthof\lnotchmobtamuinshcwnm'hbk.
3. To mvestigate the effect of each molding parameter
on the depth and width of a V-notch, the S/N ratio
analysis was employed to analyze the measured values.
Due to V-notch structure of weld lines cause the poor
surface of the mjection-molded parts so the
smaller depth and width of V-notch can improve this
issue. Therefore, the smaller-the-better ~quality
characteristic of S/N ratio as Eq. 1 is cammied out to
eliminating the weld line. The calculated S/N ratios are
listed in Table. 3. Table. 4 and Table 5 show the mean
S/N ratios of each level of the parameter for the depth
and width of V-notch, respectively. By considering the
smallest depth and width, the level with highest mean
S/N ratio for each parameter are selected as the
setting of the smallest depth and width can be obtained
from No .4 of experiments which is the combination of
high injection speed (100 mm/s), high holdmg pressure
(1300 kgf’cm®), high heating temperature (160°C). and
high water temperature (80°C). The rankmg of each
parameter affecting the weld line visibility is obtained
from the difference between the maximum and
minimum value (Max-Min) of mean S/N ratio for each
parameter. The effect of parameter depends on how
large the Max-Min value is. In the other words, the
parameter with the highest Max-Min value is the most
effective parameter affectng the weld line wisibility.
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. 4 shows that the most effective parameter
in the smallest depth of v-notch is the
temperature, followed by injection speed,
temperature, and holding pressure, respectively.
. 5 points out that the most effective parameter
promoting the smallest width of v-notch is the
speed, followed by heating temperature,
temperature, and holding pressure, respectively.

siggs

i

Exp. Top view Exp.

Top view

Fig 2 The top view of V-notch of weld line for each
experiment at a total magnification of 50X

According to the results, it was found that when
the mold surface temperature exceeded the melt's
glass transition temperature the depth was obviously
decreased from 5.610 pm of experiment No.5 (heating

temperature and injection speed of 80°C and 25 mm/s,
rupedwdy)loﬂ@dpmofexpermem]‘ioil(humg
temperature and mjection speed of 160°C and 100
mm/s; respectively). This resulted from the high mold
surface temperature before the filling stage that then

Table. 3 Calculated S/N ratio for the measured depth and width of V-notch

E o V-notch
g | [ TT—— Depth (um) Width (um)
A B C D 1 2 3 S/N ratio 1 2 3 S/N ratio

1 25 | 1200 | 30 30 | 10899 | 10922 | 11.225 -20.84 100414 | 103210 | 106938 -40.30
2 25 | 1200 | 160 | 80 0.537 0.437 0.520 6.02 40.081 42792 44233 -32.55
3 100 | 1300 | 30 30 3396 2801 3156 -9.90 30.675 31522 40.505 -30.76
4 100 | 1300 | 160 | 80 0093 0.116 0.078 2027 2203 2288 2288 -708

5 25 | 1300 | B0 80 5384 5.540 5.907 -1499 74230 T76.009 79.653 -37.69
6 25 | 1300 | 160 | 30 1.093 0.903 0.786 057 48131 49571 51.859 -33.96
7 100 | 1200 | 80 80 1.632 1.685 1.850 473 34658 39.742 37454 -31.44
8 100 | 1200 | 160 | 30 0236 0.225 0.261 1236 24 658 20422 21.862 -27.00
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again prohibited or slowed down the freezing of the
meit. Consequently, the molecular mobulity is higher
resulting m the increzse in the diffusion of molecules
across the weld line interface. The high temperature
and high injection speed also prevented the premature
melt freezing. This leads to the smaller depth and
width of V-notch.

Table 4 S/N ratio for the depth of V-notch by factor
level

Parameter Mean S/N ratio : B
Leveil | Level 2 | Max-Mmm
Vinj -7.31 4.50* 11.81 2
Photé=z -1.80 | -1.01* 0.79 4
Thoaing -12.62 | 981* 2243 1
Tama 443 1.64% 6.09 3
*Optimum Level

Table. 5 S/N ratio for the width of V-notch by factor
level

Mean S/N ratio
Param: Rank
Y [ Tevgis [Tabeld Fieatiin
Vigi -36.13 | -2407% 12.06 1
Photging 23282 | 27:37* ?45 4
Tisesicg -35.05 | 2515 990 2
TRE -3301 | -27.19* 382 3
*Optimum Level

£. Conclusion

This study applied the induction heating to heat
the mold surface aiming to study the elimination of
weld line The effects of the processing parameters
including injection speed, holding pressure, heating
temperature, and water temperature on the occwrence
or visibility of a weld line were investgated by
employing Taguchi method  together with  the
regression analysis, The results showed that the
heating temperature or the mold surface temperature
before the filling stage and injection speed were the
main driving parameters responsible for the smaller
depth and width of V-notch Furthermore, the
optimum parameter setting was obtained as follows:
high mjection speed. high holding pressure, and high
beating temperature
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