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ABSTRACT

Lopez Claudia L., Analysis of Flash in Injection Molding Using Flow Simulation and Design of

Experiments. Master of Science Engineering (MSE), August 2018, 158 pp., 7 tables, 35 figures,
references, 26 titles.

This study presents a multi-stage experiment to predict and prevent the flash effect on
injection molded parts. The latter is accomplished using a mold flow analysis simulation along
with the Taguchi method and the full factorial analysis in order to identify the effects of
processing parameters over flash. The first stage was to run the design of experiment (DOE)
using the injection molding process simulation in the Moldflow analysis software. The second
stage was to analyze the results and determine the significant factors by using the Taguchi
experimentation, and verify the results with the full factorial design in order to find the most
optimal conditions to avoid flash.

This thesis also describes how this experiment was applied to an actual live production
molded part to reduce or eliminate the scrap issue that is presently happening on this part. The
assumption was that melt temperature and pressure were the major causes of flash. After running
the DOE, the results showed that the processing parameters that had the most significant effect
were melt temperature and viscosity. Taguchi method and full factorial confirmed that, from

these two processing parameters, viscosity had the greatest impact on flash appearance.
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CHAPTER I

INTRODUCTION

Injection Molding

The plastic injection molding process is widely used and of great importance for the
manufacturing process production of plastic parts in many applications in many areas such as
automotive, sports, electronics and many more endless applications. Injection molding
processing has many advantages, such as short production cycles, can be performed with many
different types of materials, provides excellent surface of products and facilitates the molding of
complicated shapes. The fabrication of plastic products through injection molding used in the
manufacturing process consist mainly of three stages: filling and packing, cooling, and ejection.
It starts by first feeding the plastic resin (pellets) into the injection machine. These plastic resins
are heated to a melting point and then injected into a mold cavity through a screw. Once the
melted resin has been injected entirely to the cavity, the mold is clamped under certain
temperature and pressure to produce and eject the specified final part. These parameters can
significantly affect the quality of the injection molded products.

Temperature and pressure distribution within the mold cavity along with the injection speed
are the most critical factors. If the settings of the filling pressure or mold temperature are
improper, it could lead to molding defects such as shrinkage, warpage, short shots, sink marks
and flashes. This last one being the most important one in this study. The injection molding

process will be explained in greater detail in a later section of this thesis.
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On the road to identify how, where, and when this flash originates during injection molding,
an organized procedure analysis was developed for the mold filling phase of the injection
molding process. For this experiment, most processing variables were defined in the mold flow
simulation by using the supplier’s suggested parameters and all the responses that were obtained
from it were also used to find the most optimal result for the molded part. These process
parameters can be optimized individually or together using different approaches in order to
improve the mechanical performance of final plastic parts.

To achieve this goal, a multi-stage experiment to predict and prevent the flash effect on
injection-molded parts was performed. The first stage was to simulate the injection molding
process of the molded part in the mold flow analysis software, and perform the design of
experiment (DOE) by using the injection molding process simulation from Moldflow analysis
software. The second stage was to analyze the results and determine the significant factors by
using the Taguchi experimentation, and verify the results with the full factorial design in order to
find the most optimal conditions to avoid flash. It is very important to use these two important
tools together for better modeling and analysis of the manufacturing processes. DOE has been a
very useful tool to analyze complicated industrial design problems. It helps us to understand
process characteristics and to investigate how processing parameters affect responses based on
statistical principles [1]. In this case, the experiment and analysis procedure developed would be
an invaluable tool for both the design engineer in the industry who must approve the new critical
input parameters for given design targets, as well as for the production engineer who has to
optimize and monitor the production stage to successfully implement the new route that would

be taken [2].



Leap Chair Ribbon

The problem that was investigated in this thesis, was also found on a Steelcase
conference chair, the Leap chair. Because of its great ergonomic design and its remarkable
features, it makes this chair one of Steelcase’s most popular chairs in the market. However,
throughout the years of its successful history in the field, some issues have been encountered
along the way. One of the biggest issues that have risen is the scrap factor generated in the
powder coating paint line by the defects appearing on the Leap Chair Ribbon (LCR) Fig 1.
Because the root cause of why these defects are appearing on the molded part is still unknown,
this part would be used as the testing sample on this experiment in order to find a possible
solution that would eliminate or minimize the flash defect that is becoming a big concern in the

injection molding process of this part.

Figure 1. Steelcase Leap Chair Ribbon (LCR)



These defects were quantified for the past three years, and they exceed $100,000 USD in
less than three years, taking into account that fiscal year of 2018 for the company does not end
until February 27 of 2019, and its monetary contribution because of the defects found is of

$29,634 USD as shown in Figure 2.

*FY 18=529,634us

* 6 Months

FY'17=$32,552us

FY'16= $30,218us

20%

(total scrap)

Figure 2. Leap ribbon yearly scrap factor

Leap Chair Injection Mold

Seeking for a solution that will solve the problem and find the real root cause to eliminate
the issue, one step further was taken and the injection molding was evaluated as well. By doing
this, it was found that the defect was in deed coming from the injection molding process. The
injection mold had suffered wear and tear from the years of use and lack of preventative
maintenance performed throughout the years of its working life cycle. Figure 3 shows the actual

mold that is used to inject the LCR.



Figure 3. Steelcase Leap Ribbon Injection Mold

Two options were proposed in order to be evaluated and take a decision on which of them
would be the best solution for the problem. Because of the noticeable damage on the injection
mold, one of the suggested options was to create a completely new mold design with the old
design as a baseline but adding newer and better technology that would avoid the problems the
injection mold is currently having. The second option that was evaluated was to modify the
existing injection molding resin that is currently in use (OMNI Plastics-Omnilon PA6 GR43 EF
LV NA) to make it more efficient, and avoid having the defect appearing on the molded parts
because of the resin properties’ variables. This latter option allows us to keep the current mold
design which would markedly lower the cost compared to the amount of money that would be
expended if the whole mold is redesigned. So, the main goal to be achieved is to attempt to
obtain better injection molding parts by keeping the current design and just monitor the most
influential factors in the equation. The latter allowed for the experiment to be reproduced on this

specific molded part using the same mold and the results obtained were very promising.



CHAPTER II

LITERATURE REVIEW

Overview

It is important to understand what has been done for similar problems and how it was
analyzed in order to minimize flash. From here, the selected solution should fulfill the
requirements stated earlier in this thesis. The purpose is to present the reader a few examples
regarding filling, packing, and other analyses to compare and contrast their behavior, which were
based on utilizing computer simulation packages, such as Autodesk Moldflow, and then compare
them with and verify the results obtained with the design of experiment (DOE), to choose the
best optimal solution for the presented problem [3]. The modern computational and simulation
tools for injection molding process have advanced to a point where they can provide substantial
insight into the process metrics and can be efficiently utilized to help improve the design of
injection-molded components. Computer simulation like Moldflow has made a major impact on
the design and manufacturing related to the injection molding process. Combining DOE and
Moldflow to take advantage of both techniques is important when numerous factors affect the
quality of the manufacturing process. It is necessary to look for optimal conditions because
nowadays the competitive conditions force manufacturers to produce faster and cheaper with
higher quality. Not to mention that when the process parameter settings are not suitable they can

cause many



production problems such as product defects, which results in long lead times, and as

consequence the higher cost of the products [1].

Injection Molding Process

Injection molding has been a common processing technique to produce plastic
components. The cycle starts with the injection or filling phase during which the injection screw
moves forward carrying molten material to be injected into the mold cavity. When the cavity is
nearly filled, the packing phase commences by forcing further molten material into the cavity to
compensate for the shrinkage of the part. When the packing is finished and no pressure is further
maintained, the cooling phase commences. Although heat loss from the melt may occur from the
onset of the cycle, during this phase, the remaining (largest amount of) heat from the material is
removed until it is sufficiently solid to be ejected from the mold [3]. With the closure of the

mold, the new injection molding cycle begins.

The number of products per time unit determines the yield of the process. Therefore, a shorter
cycle time is often an objective. Thinner parts need shorter cooling time, which contribute to the

trend of the miniaturization of components but need significantly higher injection speed.

Higher injection speeds are needed because during the injection of polymer melt into the cavity,
the melt quickly solidifies when it comes in contact with the colder mold surface [4], which

contributes to several types of defect, flash being one of those defects.

In Injection molding, flash is defined as additional unwanted material on the finished
part, typically forming at the parting lines of injection molded parts where melt flows from the
cavity into thin gaps between parting surfaces of the injection molding tool. To avoid the

formation of potential flash issues, it is necessary to ensure that the mold plates fitting is correct



and also by making sure the mold is sealing properly and without any obstructions. To achieve
this, the mold plates should have adequate surface area that seal off at the parting line, evenly
distributing the clamp force during molding. By reducing the injection and packing pressure, it
directly reduces the clamp force requirement. Reducing the injection pressure reduces the

tendency for the material to produce flash.

Previous studies showed that controlling pressure and injection velocity are the most influential
parameters with a direct effect for the materials. However, other research has shown that for
certain materials, the injection speed and packing pressure were the most influential parameters
for increasing the amount of flash formation. Higher melt and mold temperature settings were

less influential parameters for increasing the flash amount when molding these tested materials.

The factors that were most investigated by researchers have been mainly: melt and mold
temperature, injection velocity, holding pressure and holding time. Each study has found a
different set of significant parameters. The latter is probably due to the fact that different
experimental investigations have employed tools with different mould design features (i.e., sprue
and runner dimensions, gate design, cooling/heating layout, etc.) as well as different cavity

geometry design [5].

Injection Mold
In a typical injection molding machine, the polymer feedstock, in the form of loose
granules, is fed into the barrel from the hopper as shown in Figure 4. Initially, it is pushed by the
rotating screw and moves along the barrel in an Archimedian manner toward the mold where it is
heated and melted. From the entry of feedstock to the nozzle, the barrel and screw will contact,
respectively, with solid polymer and semi-molten and molten polymers. Abrasive wear can occur

as hard fillers in the polymer are pressed and slid against the barrel and screw surface. The



features of this abrasion may change due to the different contacting situations along the barrel. In
addition, the screw may also vibrate in the barrel leading to metal-to-metal contact between
them, so that impact wear and adhesive wear may occur. Attack by corrosion is possible from the
polymer matrix or any other additives, especially as temperatures can increase up to 250°C near

the nozzle depending on the polymer being processed [6].

Pellets

Hopper
Heating Zone
Barrel /_ ‘Splii Mould “
_\ |* .
| NANANANRN \\\\\\\\ NN .///

N

Nozzle

////// /

\\\\\\\!\\\\\_\\

Rotating and —/
Reciprocating Screw

Figure 4. Schematic of an Injection Molding Machine
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Moldflow

MoldFlow is a finite element software in computer-aided engineering (CAE) which can
simulate injection mold flow conditions. The processing parameters that affect the quality of
injection molding products include cooling time, injection pressure, injection speed, injection
time, filling time, melt temperature, ejecting pressure, mold temperature, mold geometry shape,
material property of melt, melt speed, and heat transfer action of flow field. It was suggested on
previous papers that filling time, melt temperature, mold temperature and injection pressure are
the significant control factors that can affect flash and mechanical properties. In this study, the
software is employed to predict the flash coming from pressure and fill time of the component.
In the MoldFlow analysis, only the injection time, melt temperature, mold temperature and

injection pressure are imported to the MoldFlow software. The plastic materials are taken as the



material being injected. The parameters of processing conditions and plastics have a numerous
values. This study used the Taguchi method and full factorial design of experiments (DOE) to

acquire the optimal results [7].

Research Methods
The methodology presented in this thesis includes two DOEs: Taguchi’s method and a
full-factorial design of experiments. These two DOEs were used to find the most significant
factors to develop a regression model in order to find the most optimal solution along with the

Moldflow analysis.

The Taguchi’ method has been used broadly in engineering analysis to optimize the
performance characteristics through setting of important processing and design parameters.
Taguchi’s method consists of three stages including system, parameters, and tolerance designs.
The system design involves the application of scientific and engineering knowledge required in
the manufacturing of a product. This method is used to find optimal process values and for the
improvement of the quality of the product. The tolerance design is used for analyzing the
tolerances associated with optimal settings that were initially recommended by the parameter
design phase. Taguchi’s method is usually used to identify the significant factors for quality

characteristics of the products.

A full factorial design is employed to reduce the total number of experiments in order to
achieve the best overall optimization of the process. The principal steps of statistically designed
experiments are determination of response variables, factors and factor levels, choice of the
experimental design, and statistical analysis of the data. Once the analysis is completed, the user

determines which factors have important effects on a response as well as how the effect of one
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factor varies with changes in the level of the other factors. The determination of interactions of

factors can be important for successful system optimization.

The regression analysis has the purpose of determining the quantitative relations between
the investigated values and the variables that directly influence them to assess the results of their
activity and to predict the behavior of the investigated variables. Regression analysis is also one
of the most commonly used statistical tools because it provides simple methods for establishing
functional relationship among variables. It can be used to develop a more suitable model to

predict the dependent variables from a set of independent variables [2].

Summary

With a better understanding of what this experimental design involves, it is now easier to
picture what the problem is and what steps are needed to be taken in order to solve it. It was
explained earlier how the injection molding of parts occurs, what problems can be encountered
within the process, and how to find a solution that would work for each specific problem. In this
study, the solution that was explored was to take advantage of the MoldFlow analysis simulation
and combining it with other analysis such as Taguchi’s method and full-factorial DOE in order to
determine the optimal injection molding conditions different resin materials in order to avoid
flash in the finished molded parts. Hence, the best material chosen to test and approve was the
one selected based on the results obtained from the most significant value of viscosity, which had

the greatest effect on pressure and time and subsequently on flash.
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CHAPTER III

METHODOLOGY AND FINDINGS

Setup

For this study, it was decided to focus on modifying the existing mold resin used in the
real LCR, and to find the most optimum resin from the results obtained from the different
methods of analysis in order to eliminate or reduce the flash issue. The type of processing
variables to evaluate are the ones mentioned previously; i.e. temperature, pressure, mold
temperature, melt temperature, viscosity, and injection speed or fill time. Warpage, shrinkage,
and other properties will also be considered during this experiment in order to decide what would
be the best and most cost effective solution. It will also be necessary to examine the changes
occurring in the experiment in order to decide on the optimal resin that would be selected to
replace the one currently in use. Changing the viscosity of the resin would permit us test the
effect of rheological parameters of the specimens and how it will affect the other variables that
are being monitored in this experiment. As mentioned earlier, the objective of this study is to
obtain the optimal temperature and pressure data with the acquired modeling correlations, and to
confirm the accuracy and the improvement in the data from the numerical simulation for the
injection-molding process in the Mold flow software in order to implement in the future

production LCR.
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The properties of the following polymers: Akulon K224-HG6U BK223 J-3/30/HS
BK223 (sample I), Unitika Nylon6 FR-RUNGS0LWJ (sample 1), and Novamid-1040H2
(sample III), shown in Table 1, will be measured and tested through both the online testing mold
and a conventional testing method in order to obtain more accurate data. Moldflow software
simulations were carried out, and the results for the temperature and pressure obtained were
examined and compared with the actual simulation of the actual prototype mold that was

designed for this testing experiment.

Table 1. Specimen Sample Conditions

Sample | Sample Il Sample Il
Family name POLYAMIDES POLYAMIDES POLYAMIDES
(NYLONS, PPA, ...) | (NYLONS, PPA,...) | (NYLONS, PPA,...)
Trade name Akulon K224-HG6U | Unitika Nylon6 FR- | Novamid-1040H2
BK223 (J-3/30/HS RUNG50LWI
BK223)
Manufacturer DSM EP (Americas) | Unitika DSM Japan
Engineering Plastics
Link
Family PAG6 PA6 PAG6
abbreviation
Material structure | Crystalline Crystalline Crystalline
Data source Moldflow Manufacturer Manufacturer (DSM
(Formerly C-Mold) | (Unitika) : pvT- Japan Engineering
:pvT-Measured: Supplemental : Plastics) : pvT-
mech-Measured mech-Measured Measured: mech-

Supplemental

Data last modified | 11-Oct-05 13-Sep-11 15-Sep-11
Date tested 7-Apr-98 28-0ct-09
Data status Non-Confidential Non-Confidential Non-Confidential
Material ID 6526 13849 2987
Grade code CM6526 CM13849 CM2987
Supplier code DSMEPA UNITIKA MITSUBI
Fibers/fillers 33% Glass Fiber 50% Glass Fiber Unfilled

Filled Filled
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These polymers were chosen because of their similarity to the current resin used to mold
the LCR plastic part. More information on their properties such as rheological properties,
thermal properties, pvT properties, mechanical properties, and shrinkage properties can be found

in the Appendix A of this thesis.

Moldflow Analysis

Moldflow plastic injection molding simulation software helps designers and engineers
improve plastic parts, compression molds, and injection mold designs. Mold Flow Analysis is the
process whereby a part, tool design and material is modeled in a computer and the molding
process is then simulated. Mold flow and simulation is a critical aspect of efficient mold design
and build operations, which helps in identifying problems and improvements before the mold is
built. This methodology allows the engineer to experiment with the part and/or tool design to

determine the most optimal process that will yield the best results [8].

With the three different materials already chosen, the next step was to carry out the
analysis for the fill time, pressure, and temperature in order to compare the calculated results to
the ones given by the Mold flow software. The temperature of the molded parts at the time of
ejection is a complex function of the molded part design, cooling line design, material properties,
and processing conditions. While high heat transfer rates are desired, an overly aggressive
cooling system design can actually cause quality problems. This latter is one of the main reasons
why many different combinations of melt temperature and mold temperature had to be
considered for this experiment. As the cooling lines approach the mold cavity surface, the heat
transfer path between the surface and the cooling line becomes more direct. As a result, there can

be a great variation in the temperature across the cavity surface unless the cooling lines are also
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placed very close together. When flash occurs in the molded parts due to variations in
parameters, especially temperature parameters, the molder often has no choice but to run longer
cycle times and use the mold as a cooling fixture. Because of this, and in order to find the most
optimal conditions, the more experimental runs that can be completed, the better the results

acquired.

The flash of molded plastic parts is governed primarily by the temperature and viscosity
of the plastic, the compressibility of the plastic at packing pressures, and by the poor condition of
the mold metal cavities. Sub-optimal molding conditions due to material viscosity, injection rate,
and the runner system can reduce pressures and shot size to the minimum required. Ideally, a
shot size would equal 50% of the capacity of the barrel. However, this depends on the material
being used. As this ratio drops the time of residence for the material in the barrel, the
pressure increases, and the material gets hotter. It will flow much easier and enter areas where it
could not at its normal viscosity. It would be necessary to reduce the injection and packing
pressure to reduce the clamp force requirement. If too much pressure is used, the press may not
be able to hold the mold closed. By reducing the injection pressure, the tendency for the material
to flash is reduced. Also, reducing the area where the two mold halves are touching will focus

the clamp-force and allow less clamp tonnage to be used [11].

Moreover, once the pressure drop through the feed system is analyzed, it is possible to
adjust the feed system design to improve the performance. Multiple repetitions of design and
analysis in moldflow must be conducted to obtain a design that provides a low pressure drop
while consuming very little material in order to find the optimal formula that would help find the
answer to avoid flashing on the plastic molded parts. Multivariate optimization is a numerical

technique that can be employed to simultaneously minimize the pressure drop while minimizing
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the runner volume. However, this approach requires time to implement and validate while

suppressing the details of the analysis from the designer [12].
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Figure 5. Sample #1 Tested in Moldflow
Figure 5 shows the results of the fill time obtained from running the leap ribbon’s first
trial (sample #1) with low mold temperature, low melt temperature, low viscosity and low
injection speed. As shown in the figure, the results display how the fill time goes from 0.00 to
19.60 seconds, which will be compared to all the other remaining eighty samples in order to
discover which sample will be the most adequate to replace the current resin used in Royal

Plastic Technologies to mold the LCR plastic parts.
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Figure 6. Sample #41 Tested in Moldflow

Figure 6 shows the results of the fill time obtained from another leap ribbon’s trial
(sample #41). This trial was run at medium mold temperature, medium melt temperature,
medium viscosity and medium injection speed. As shown in this figure, the results display how
the fill time goes from 0.00 to 37.96 seconds. A very notable difference of almost twenty
seconds between sample 1 and sample 41 can be perceived. However, there is not enough
information to discard one sample over the other one from this data, or decide which sample
would be a better option to substitute the resin that is currently used in the injection mold
process, because other samples showed similar behavior for this reason other testing methods

will be used in order to decide which combination (sample) is the optimum solution.

17



= [ 3%

Fill time
=38.10[s]

FRONT

[s]

ISBm

2857

I'\BDE

9525

I 0.0000

AUTODESK
MOLDFLOW ADVISER

(o}

1
Scale (400 mm) &

Figure 7. Sample #81 Tested in Moldflow

Figure 7 illustrates the results obtained of the fill time from a third leap ribbon’s trial
(sample #81). This trial was run at high mold temperature, high melt temperature, high viscosity
and high injection speed. As shown in the figure, the results display how the fill time goes from
0.00 to 38.10 seconds. The difference between sample #41 and sample #81 is almost null, but the
same twenty seconds between sample 1 and sample 81 remain. There is not a clear relationship
between one sample to another to make a conclusion, but there are 78 other samples to evaluate
in order to find the correct substitute for the resin to avoid the defects that are showing in the

LCR plastic part.
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Eighty-one samples were run in the moldflow analysis software based on the response of

Results

the three levels and four factors of the full factorial design of experiment. Table 4 summarizes

the eighty-one different combinations that were tested in the moldflow simulation software.

What full factorial design of experiment (DOE) does is measure the response of every possible

combination of an “n” number of factors and an “n” number of levels. These responses are then

analyzed to provide information about every main effect and every interaction effect. A full

factorial DOE is practical when fewer than five factors are being investigated. Testing all

combinations of factor levels becomes too expensive and time-consuming with five or more

factors [13]. For this experiment, it is worth performing the complete full factorial because it is

important to analyze all the different options that can be considered during the injection molding

process that is being analyzed.

Table 2. Samples Tested in Moldflow

70, 80, 90 265, 275,285 | 171, 209, 471 10, 15, 20
Values (°F) (°F) (MFI) (sec)
Injection Time Pressure
Sample | Mold Temp | Melt Temp Viscosity speed (sec) (MPa)
1 | Low Low Low low 12.32 35.43
2 | Low low Low medium 18.5 34.27
3 | Low Low low _ 24.73 33.77
4 | Low Low medium low 12.07 41.74
5| Low Low medium medium 18.14 39.73
6 | Low low medium 24.19 39.28
7 | Low Low low 12.7 79.6
8 | Low low medium 19.09 78.5
9 | Low Low 25.56 80.51
10 | low medium low low 12.32 31.27
11 | Low medium Low medium 18.5 29.83
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12 | Low medium Low 24,73 29.2
13 | Low medium medium Low 12.08 37.05
14 | low medium medium medium 18.15 35.37
15 | low medium medium 24.22 35.3
16 | Low medium low 12.67 72.72
17 | low medium medium 19.08 72.92
18 | low medium 25.53 73.19
19 | low low low 12.33 27.75
20 | Low Low medium 18.5 25.93
21 | Low Low N s 25.21
22 | Low medium low 121 32.73
23 | low medium medium 18.17 30.89
24 | low medium 24.23 30.63
25 | Low Low 12.66 66.09
26 | low medium 19.06 66.69
27 | low 25.49 66.66
28 | medium low low low 12.3 34.58
29 | medium Low Low medium 18.48 33.45
30 | medium low Low _ 24.69 32.54
31 | medium Low medium Low 12.07 40.68
32 | medium low medium medium 18.11 38.6
33 | medium low medium 24.19 37.74
34 | medium Low low 12.69 79.02
35 | medium low medium 19.05 77.64
36 | medium low 25.52 79.19
37 | medium medium Low Low 12.31 30.39
38 | medium medium low medium 18.48 28.91
39 | medium medium low _ 24.72 28.09
40 | medium medium medium low 12.08 36.1
41 | medium medium medium medium 18.16 34.25
42 | medium medium medium 24.2 33.71
43 | medium medium 12.66 72.43
44 | medium medium 19.05 71.61
45 | medium medium 25.46 72.14
46 | medium Low low 12.32 27.17
47 | medium low medium 18.49 25.09
48 | medium low 0 24.23
49 | medium medium low 12.08 31.91
50 | medium medium medium 18.16 29.82
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51 | medium medium 24.22 29.23
52 | medium low 12.65 65.79
53 | medium medium 19.03 65.67
54 | medium 25.43 65.33
55 low low low 12.29 34.16
56 low Low medium 18.44 32.27
57 Low Low N 266 314
58 Low medium low 12.06 39.68
59 low medium medium 18.11 37.3
60 low medium 24.16 36.22
61 Low 12.68 78.11
62 low 19.01 76.58
63 low 25.46 77.71
64 medium Low low 12.3 29.83
65 medium low medium 18.46 28.04
66 medium low B 266 27.03
67 medium medium low 12.06 35.34
68 medium medium medium 18.11 33.05
69 medium medium 24.18 32.14
70 medium low 12.64 71.8
71 medium medium 19.02 70.64
72 medium 25.41 70.62
73 Low Low 12.31 26.44
74 low medium 18.44 24.27
75 low B 266 23.27
76 medium low 12.08 31.09
77 medium medium 18.12 28.73
78 medium 24.21 27.83
79 low 12.64 65.35
80 medium 19 64.58
81 25.38 63.99

Mold temperature was set up as low (70°F), medium (80°F), and high (90°F) divided into four
sets of 27 samples each. After that, each 27 samples were divided into sets of nine of low
(265°F), medium (275°F), and high (285°F) melt temperature. Then, those nine samples were

divided into sets of three different viscosities, low (MFI 171), medium (MFI 209), and high (MFI
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471). MFI stands for Melt Flow Index which is a measure of the ease of the flow of the melt of a
thermoplastic polymer. Those three different viscosities had three more different variables of
injection speed with a low (10 sec), medium (15 sec), and high (20 sec). All of those 81 different
combinations were tested in moldflow and some of the results are shown in Figure 5, Figure 6,
and Figure 7. The rest of the results of the experiment can be found in Appendix B of this thesis.
After running the 81 trials of the three different materials and the four different variables,
the results obtained for melt flow time and pressure are shown hereafter. Figure 8 depicts the line
graph of the melt flow time as a function of melt temperature at various mold temperature, low
viscosity, and low injection speed. The melt flow time at medium and high mold temperatures
showed a steady and significant rise at different melt temperatures, while the melt flow time at
low mold temperature experienced a decrease at different melt temperatures. From low to
medium melt temperature, the medium and high mold temperature increased at a similar rate,
and from medium to high melt temperature, the high mold temperature the melt flow time
increased but at medium mold temperature it remained steady. On the other hand, with a
different behavior, the melt flow time from low to medium melt temperature of the mold
temperature decreased and from medium to high melt temperature the melt flow time remained
steady. Figure 9 shows the line graph of the melt flow time as a function of melt temperature at
various mold temperature, medium viscosity and medium injection speed. The melt flow time at
low, medium, and high mold temperatures showed a steady decrease at different melt
temperatures. All mold temperatures decreased from low to medium melt temperature, the high
mold temperature showing the higher change in time. At high melt temperature, the low and
medium mold temperature had a steady decrease in melt flow time but at high mold temperature,

the decrease in melt flow time exhibited the greatest change of all three mold temperatures.
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Figure 8. Melt Flow Time as a Function of Melt Temperature at Various Mold Temperature,
Low Viscosity, and Low Injection Speed
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Figure 9. Melt Flow Time as a Function of Melt Temperature at Various Mold Temperature,
Medium Viscosity, and Medium Injection Speed
Figure 10 displays the line graph of the melt flow time as a function of melt temperature
at various mold temperature, high viscosity and high injection speed. The melt flow time at
medium and high mold temperature showed a steady and almost insignificant rise at different

melt temperatures, while the melt flow time at low mold temperature experienced a minimal
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decrease to then rise back to its same melt flow time. At low and medium melt temperature of
the medium and high mold temperature had no change in melt flow time, but at high melt
temperature, both of their melt flow time increased by a very small difference. On the other
hand, the melt flow time from low to medium melt temperature decreased to then rise back to its

same melt flow time at high melt temperature
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Figure 10. Melt Flow Time as a Function of Melt Temperature at Various Mold Temperature,
High Viscosity, and High Injection Speed

Figure 11 shows the line graph of the pressure in cavity as function of melt temperature
at various mold temperature, low viscosity and low injection speed. The pressure in the cavity at
low, medium, and high mold temperature showed a steady but significant decrease at different
melt temperatures. The pressure in the cavity at low mold temperature shows the higher
pressures at all different melt temperatures, followed by the medium mold temperature and at
high mold temperature the pressure had the lowest pressures in the cavity. The pressure in the
cavity in all mold temperatures decreased from low to high melt temperature from the 50 MPa to

the 40 MPa.
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Figure 12 illustrates the line graph of pressure in cavity as function of melt temperature
at various mold temperature, medium viscosity and medium injection speed. The pressure in the
cavity at low, medium, and high mold temperature showed a steady but significant decrease at
different melt temperatures. The pressure in the cavity at low mold temperature shows the higher
pressures at all different melt temperatures followed by the medium mold temperature and at
high mold temperature the pressure had the lowest pressures in the cavity. The pressure in the
cavity in all mold temperatures decreased from low to high melt temperature from the 80 MPa to

the 60 MPa.

On figure 13 the graph illustrates the pressure in cavity as function of melt temperature
at various mold temperature, high viscosity and high injection speed. The pressure in the cavity
at low, medium, and high mold temperature showed a steady but significant decrease at different
melt temperatures. The pressure in the cavity at low mold temperature shows the higher
pressures at all different melt temperatures, followed by the medium mold temperature and at
high mold temperature the pressure had the lowest pressures in the cavity. The pressure in the
cavity in all mold temperatures decreased from low to high melt temperature from the 50 MPa to

the 40 MPa

25



60

50 .% <
p——
[
40
e
=}
A 30 == A== medium Mold T
3]
o === high Mold T
20
= 9= low Mold T
10
0
low medium high

Melt Temperature

Figure 11. Pressure in Cavity as Function of Melt Temperature at Various Mold Temperature,
Low Viscosity, and Low Injection Speed.
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Figure 12. Pressure in Cavity as Function of Melt Temperature at Various Mold temperature,
Medium Viscosity, and Medium Injection Speed.
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Figure 13. Pressure in Cavity as Function of Melt Temperature at Various Mold Temperature,
High Viscosity, and High Injection Speed.

Figure 14 shows the line graph of the melt flow time as a function of viscosity at various
mold temperature, at low melt temperature and low injection speed. The melt flow time at low
medium and high mold temperature showed a steady but significant decrease at different
viscosities. The melt flow time from low to medium melt temperature of the mold temperature
decreased and remained steady from medium to high melt temperature in all different viscosities.
The low mold temperature having the higher times, followed by the medium mold temperature

and the high mold temperature with the lowest melt flow times.

Figure 15 displays the line graph of the melt flow time as a function of viscosity at
various mold temperature, at medium melt temperature and medium injection speed. The melt
flow time at low and medium mold temperature showed a steady but significant decrease at
different viscosities. At high mold temperature, the melt flow also decreases, but then increases
at high viscosity. The melt flow time from low to medium melt temperature of the mold

temperature decreased and remained steady from medium to high melt temperature in all
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different viscosities. At high mold temperature, the melt flow time also decreased from low to

medium viscosity, and increased back at high viscosity.

Figure 16 illustrates the line graph of the melt flow time as a function of viscosity at
various mold temperature, at high melt temperature and high injection speed. The melt flow time
at low and medium mold temperature showed a steady but significant decrease at different
viscosities and then increased back. At low mold temperature, the melt flow also decreases, but
never increased back. The melt flow time from low to medium melt temperature of the mold
temperature decreased and remained steady from medium to high melt temperature in all
different viscosities. At high and medium mold temperature, the melt flow time increased from
medium to high viscosity, but the low mold temperature continues to decrease at this same

viscosity.
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Figure 14. Melt Flow Time as a Function of Viscosity at Various Mold Temperature, Low Melt
Temperature, and Low Injection Speed.
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Figure 15. Melt Flow time as a Function of Viscosity at Various Mold Temperature, Medium
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Figure 16. Melt Flow Time as a Function of Viscosity at Various Mold Temperature, High Melt
Temperature, and High Injection Speed

Figure 17 illustrates the line graph for the pressure in cavity as function of viscosity at

various mold temp, at low melt temperature and low injection speed. The pressure in the cavity
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at low, medium, and high mold temperature showed an increase from low to medium viscosity,
to then decrease to its initial pressure at high viscosity. The pressure in the cavity in all mold
temperatures increase from low to medium viscosity from the 50 Mpa to the high 70MPa to then

decrease back to the 50 MPa at high viscosity.

Figure 18 shows line graph for the pressure in cavity as function of viscosity at various
mold temperature, at medium melt temperature and medium injection speed. The pressure in the
cavity at low, medium, and high mold temperature showed an increase from low to medium
viscosity, to then decrease to its initial pressure at high viscosity. The pressure in the cavity in all
mold temperatures increase from low to medium viscosity from the 50 MPa to the high 70 MPa

to then decrease back to the 50 MPa at high viscosity.

Figure 19 represents the line graph of the pressure in cavity as function of viscosity at various
mold temperature, at high melt temperature and high injection speed. The pressure in the cavity
at low, medium, and high mold temperature showed an increase from low to medium viscosity,
to then decrease to its initial pressure at high viscosity. The pressure in the cavity in all mold
temperatures increase from low to medium viscosity from the 50 MPa to the high 70 MPa to then

decrease back to the 40 MPa at high viscosity.
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Figure 17. Pressure in Cavity as a Function of Viscosity at Various Mold Temperature, Low
Melt Temperature and Low Injection Speed
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Figure 18. Pressure in Cavity as a Function of Viscosity at Various Mold Temperature, Medium
Melt Temperature and Medium Injection Speed
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Figure 19. Pressure in Cavity as a Function of Viscosity at Various Mold Temperature, High
Melt Temperature and High Injection Speed

Figures 20, 21, and 22 show the line graphs of the melt flow time as a function of
injection speed at various mold temperature, at low, medium and high melt temperature and at
low, medium and high viscosity. The melt flow time at low medium and high mold temperature
showed a steady rise at all different injection speed. Melt flow time was almost identical for all

mold temperature at the different injection speed.
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Figure 20 Melt Flow Time as a Function of Injection Speed at Various Mold temperature, Low
Melt Temperature and Low Viscosity
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Figure 21 Melt Flow Time as a Function of Injection Speed at Various Mold temperature,
Medium Melt Temperature and Medium Viscosity
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Figure 22. Melt Flow Time as a Function of Injection Speed at Various Mold Temperature, High
Melt Temperature and High Viscosity

The line graph of Figure 23 illustrates the pressure in the cavity as function of Injection
speed at various mold temperature, at low melt temperature and low viscosity. The pressure in
the cavity at low, medium, and high mold temperature showed a steady increase at different
injection speeds. The pressure in the cavity at low mold temperature shows the higher pressures
at all different melt temperatures, followed by the medium mold temperature and at high mold
temperature the pressure had the lowest pressures in the cavity. The pressure in the cavity in all

mold temperatures increased from low to high injection speed from the 50 sec to the 60 sec.

Figure 24 shows the pressure in cavity as function of Injection speed at various mold
temperature, at medium melt temperature and medium viscosity. The pressure in the cavity at
low, medium, and high mold temperature showed a steady increase at different injection speeds.
The pressure in the cavity at low mold temperature shows the higher pressures at all different
melt temperatures even when it was the lowest at start, followed by the medium mold

temperature and at high mold temperature the pressure had the lowest pressures in the cavity,
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these two started at almost the same pressure at the start. The pressure in the cavity in all mold

temperatures increased from low to high injection speed from the 60 sec to the 80 sec.

Figure 25 displays the line graph of the pressure in the cavity as function of injection
speed at various mold temperature, at high melt temperature and high viscosity. The pressure in
the cavity at low, medium, and high mold temperature showed a steady decrease at different
injection speeds and then an increase at high injection speed. The pressure in the cavity at low
mold temperature shows the higher pressures at all different melt temperatures, followed by the
medium mold temperature and at high mold temperature the pressure had the lowest pressures in
the cavity and keep decreasing at all different injection speeds. The pressure in the cavity in all

mold temperatures stayed from low to high injection speed in the range of 40 sec.
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Figure 23. Pressure in Cavity as a Function of Injection Speed at Various Mold Temperature,
Low Melt Temperature and Low Viscosity
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Figure 24. Pressure in Cavity as a Function of Injection Speed at Various Mold Temperature,
Medium Melt Temperature and Medium Viscosity
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Figure 25. Pressure in Cavity as a Function of Injection Speed at Various Mold Temperature,
High Melt Temperature and High Viscosity

DOE Analysis Results

Taguchi experimental method is a sort of statistical and experimental design method,

developed by Genichi Taguchi to improve the quality of manufactured goods, and more recently
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also applied to engineering, biotechnology, marketing and other areas where statistics is used.
The Taguchi experimental method can arrange experiments by given an orthogonal table in
advance and comes to a better conclusion through less runs of experiments. By minority of
representative experimental data, the statistics are executed and the best experimental conditions
are found out. Orthogonal experiments select the parameters affecting experimental target as
factors. Each factor has several levels. According to experiences, mold temperature, melt
temperature, viscosity, and injection speed are chosen as main factors affecting the time and
pressure which contribute to the flash appearing on the plastic parts. To prove this assumption,
Minitab 17 software was used for statistical analysis and experimental design generation. The
experimental plan was set for the four parameters with three levels each by using Taguchi (3%)
orthogonal array. Mold temperature was set to 70°F for level 1, 80°F for level 2, and at 90°F for
level 3. Melt temperature was set to 265°F for level 1, 275°F for level 2, and at 285°F for level 3.
Then three different viscosities were set at MFI 171 for level 1, MFI 209 for level 2, and at MFI
471 for level 3. Lastly, the injection speed was set at 10 sec for level 1, 15 sec for level 2 and 20

sec for level 3.

The response data below will be plotted in several ways in order to see if any trends or
abnormalities appear that would not be accounted for by the standard linear response model. The
results obtained from this analysis were evaluated in terms of nominal is best by using the S/N

ratio equation shown below.
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Table 3. Taguchi Analysis: Time, Pressure Versus Mold Temp, Melt Temp, Viscosity, Injection
Speed.

Taguchi Orthogonal Array Design

L9 (374)
Factors: 4
Runs: 9

Columns of L9(374) Array

1234

Response Table for Signal to Noise Ratios
Nominal is best (10xLoglO (Ybar”2/s”2))

injection

Level mold temp melt temp viscosity speed
1 4.707 4.959 13.480 2.488
2 7.877 10.220 7.047 7.206
3 9.757 7.162 1.813 12.647
Delta 5.050 5.261 11.667 10.158
Rank 4 3 1 2

Response Table for Means

injection

Level mold temp melt temp viscosity speed
1 32.24 34.21 23.84 29.33
2 31.77 31.72 26.44 32.12
3 31.74 29.82 45.47 34.29
Delta 0.50 4.40 21.64 4.96
Rank 4 3 1 2

The main effects plot for this Taguchi method displays the means for each group within a
categorical variable. Figure 26 shows the main effects for each of the variables and the reference
line at the overall mean. From the figure, it can be presumed that there is a main effect present
because the variables are not horizontal to the overall mean line. It can also be deduced that
injection speed is the variable with the steeper slope which means that it has the greater

magnitude of the main effect for time.
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Main Effects Plot for Means
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Figure 26. Taguchi Main Effects Plot for Means-Time

Main effects plots for SN ratios show the variation of individual responses with four different
parameters separately. Figure 27, shows a plot which represents the value of each process
parameter on x- axis and response value on y-axis. Optimal settings for time are the minimum
values (the smaller the better) which given by the S/N ratio. However, these values can’t be
considered to be the optimal settings, due to the lack of these significant factors affecting time.
From this graph only injection speed and viscosity can be considered to be significant factors to

time.
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Main Effects Plot for SN ratios
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Figure 27. Taguchi Main Effects Plot for SN Ratios-Time

Figure 28 shows the main effects for each of the variables and the reference line at the overall
mean. From the figure, it can be presumed that there is a main effect present in most of the
variables presented. It can also be deduced that the viscosity is the variable with the steeper slope
which means that it has the greater magnitude of the main effect in pressure, nevertheless further
steps need to be performed to evaluate the statistical significance of the effects and it cannot be

interpreted without considering the interaction effects of the rest of the variables.
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Main Effects Plot for Means
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Figure 28. Taguchi Main Effects Plot for Means-Pressure

Figure 29 shows the main effects plots for SN ratios and the variation of individual responses
with four different parameters separately. Viscosity seem to be the variable with the most
significant effect on pressure, however the other variables also seem to have some influence on

pressure. Optimal settings for time and pressure are the minimum values (smaller is best) which

given by the S/N ratio these points were as follows: for mold temperature is 90°F, for melt
temperature is 285°F, for viscosity is MFI 171 and for injection speed is 20 sec. Although these

values could be considered the optimal settings, to fully optimize the process, these significant

factors can also be passed to the next stage for further analysis.
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Figure 29. Taguchi Main Effects Plot for SN Ratios-Pressure

After the completion of the Taguchi analysis, the next step was to perform and compare it
to the full factorial design of the DOE. The main objective for running the full factorial design

analysis was solely to perform an experimental run at every combination of the factor levels.

These experiments showed all combinations of the factors that were investigated in each run of

the experiment. Full factorial design is the only way to completely study all the interactions

between all factors in addition to identifying significant factors in them in order to find the most
optimal way to solve the current problem. Table 4 show each experimental setting that was used
for the full-factorial DOE and results for time and pressure were reported in the following results

shown below. The P-values shown with lower values from 0.5 are the significant values for that

model. P-values of 0.5 was given as a default value on the Minitab software.
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Figures 30 and 31 show the main effect plots of the different factors on the time and pressure,
respectively. It can be noticed that mold temperature and melt temperature had almost no effect
on time, but it does in pressure by a small amount. Viscosity has does affect both, time and

pressure and injection speed had the biggest effect on time, but the least effect on pressure.

Main Effects Plot for time
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Figure 30. Main Effects Plot for Time

Main Effects Plot for pressure
Fitted Means

mold temp melt temp viscosity injection speed

) s
g
2 60
~
o
G 50 .
< s o S
i * ———@==c=x---—g ®- 3 y L =g
2 4 e

>
30 =
70 80 90 265 275 285 m 209 4n 10 5 20

Figure 31. Main Effects Plot for Pressure
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Table 4. ANOVA Analysis of Variance (Time)

Factors: 4 Replicates: 1
Base runs: 81 Total runs: 81
Base blocks: 1 Total blocks: 1
Number of levels: 3, 3, 3, 3
Factor Information
Factor Levels Values
mold temp 3 70, 80, 90
melt temp 3 265, 275, 285
viscosity 3 171, 209, 471
injection speed 3 10, 15, 20
Analysis of Variance
Source DF Adj SS Adj MS F-Va
Model 32 2101.61 65.68 430745.
Linear 8 2100.52 262.57 1722087.
mold temp 2 0.03 0.02 103.
melt temp 2 0.00 0.00
viscosity 2 11.68 5.84 38315.
injection speed 2 2088.81 1044.40 6849931.
2-Way Interactions 24 1.09 0.05 297.
mold temp*melt temp 4 0.00 0.00
mold temp*viscosity 4 0.00 0.00
mold temp*injection speed 4 0.01 0.00
melt temp*viscosity 4 0.01 0.00 23.
melt temp*injection speed 4 0.00 0.00
viscosity*injection speed 4 1.06 0.27 1745.
Error 48 0.01 0.00
Total 80 2101.62
Model Summary
S R-sg R-sg(adj) R-sqg(pred)
0.0123478 100.00% 100.00% 100.00%
Coefficients
Term Coef SE Coef T-Value P-Va
Constant 18.5642 0.0014 13530.93 0.
mold temp
70 0.02284 0.00194 11.77 0.
80 0.00247 0.00194 1.27 0.
melt temp
265 0.00136 0.00194 0.70 0.
275 0.00025 0.00194 0.13 0.
viscosity
171 -0.06901 0.00194 -35.57 0.
209 -0.42679 0.00194 -219.96 0.
injection speed
10 -6.21346 0.00194 -3202.36 0.
15 -0.01198 0.00194 -6.17 0.
mold temp*melt temp
70 265 0.00049 0.00274 0.18 0.
70 275 -0.00062 0.00274 -0.22 0.
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80 265 -0.00136 0.00274 -0.49 0.623 1.78
80 275 0.00198 0.00274 0.72 0.475 1.78
mold temp*viscosity
70 171 -0.00025 0.00274 -0.09 0.929 1.78
70 209 -0.01025 0.00274 -3.73 0.000 1.78
80 171 0.00123 0.00274 0.45 0.655 1.78
80 209 0.00123 0.00274 0.45 0.655 1.78
mold temp*injection speed
70 10 -0.01247 0.00274 -4.54 0.000 1.78
70 15 0.00160 0.00274 0.58 0.561 1.78
80 10 -0.00210 0.00274 -0.76 0.448 1.78
80 15 0.00198 0.00274 0.72 0.475 1.78
melt temp*viscosity
265 171 -0.00654 0.00274 -2.38 0.021 1.78
265 209 -0.01654 0.00274 -6.03 0.000 1.78
275 171 0.00235 0.00274 0.85 0.397 1.78
275 209 0.00012 0.00274 0.04 0.964 1.78
melt temp*injection speed
265 10 0.00123 0.00274 0.45 0.655 1.78
265 15 -0.00580 0.00274 -2.11 0.040 1.78
275 10 -0.00432 0.00274 -1.57 0.122 1.78
275 15 0.00420 0.00274 1.53 0.133 1.78
viscosity*injection speed
171 10 0.02938 0.00274 10.71 0.000 1.78
171 15 -0.00654 0.00274 -2.38 0.021 1.78
209 10 0.15160 0.00274 55.25 0.000 1.78
209 15 0.01123 0.00274 4.09 0.000 1.78

Regression Equation 1

time = 18.5642 + 0.02284 mold temp 70 + 0.00247 mold temp 80 - 0.02531 mold temp 90
+ 0.00136 melt temp 265 + 0.00025 melt temp 275 - 0.00160 melt temp 285
- 0.06901 viscosity 171 - 0.42679 viscosity 209 + 0.49580 viscosity 471
- 6.21346 injection speed 10 - 0.01198 injection speed 15

+ 6.22543 injection speed 20
+ 0.00049 mold temp*melt temp 70 265 - 0.00062 mold temp*melt temp 70 275
+ 0.00012 mold temp*melt temp 70 285 - 0.00136 mold temp*melt temp 80 265
+ 0.00198 mold temp*melt temp 80 275 - 0.00062 mold temp*melt temp_ 80 285
+ 0.00086 mold temp*melt temp 90 265 - 0.00136 mold temp*melt temp 90 275
+ 0.00049 mold temp*melt temp 90 285 - 0.00025 mold temp*viscosity 70 171
- 0.01025 mold temp*viscosity 70 209 + 0.01049 mold temp*viscosity 70 471
+ 0.00123 mold temp*viscosity 80 171 + 0.00123 mold temp*viscosity 80 209
- 0.00247 mold temp*viscosity 80 471 - 0.00099 mold temp*viscosity 90 171
+ 0.00901 mold temp*viscosity 90 209 - 0.00802 mold temp*viscosity 90 471
- 0.01247 mold temp*injection speed 70 10
+ 0.00160 mold temp*injection speed 70 15
+ 0.01086 mold temp*injection speed 70 20
- 0.00210 mold temp*injection speed 80 10
+ 0.00198 mold temp*injection speed 80 15
+ 0.00012 mold temp*injection speed 80 20
+ 0.01457 mold temp*injection speed 90 10
- 0.00358 mold temp*injection speed 90 15
- 0.01099 mold temp*injection speed 90 20 - 0.00654 melt temp*viscosity 265 171
- 0.01654 melt temp*viscosity 265 209 + 0.02309 melt temp*viscosity 265 471
+ 0.00235 melt temp*viscosity 275 171 + 0.00012 melt temp*viscosity 275 209
- 0.00247 melt temp*viscosity 275 471 + 0.00420 melt temp*viscosity 285 171
+ 0.01642 melt temp*viscosity 285 209 - 0.02062 melt temp*viscosity 285 471

+ 0.00123 melt temp*injection speed 265 10
- 0.00580 melt temp*injection speed 265 15
+ 0.00457 melt temp*injection speed 265 20
- 0.00432 melt temp*injection speed 275 10
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Table 5. ANOVA Analysis of Variance (Pressure)

Table

Factor Information

Factor

mold temp
melt temp
viscosity
injection

speed

Levels Values
3 70, 80, 90
3 265, 275, 2
3 171, 209, 4
3 10, 15, 20

Analysis of Variance

Source
Model
Linear
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2-Way Interactions
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Model Summary

S R-sqg R-sg(adj) R-sqg(pred)

0.265907 99.99% 99.98% 99.97%
Coefficients
Term Coef SE Coef T-Value P-Value VIF
Constant 45.3709 0.0295 1535.64 0.000
mold temp
70 1.0091 0.0418 24.15 0.000 1.33
80 0.0110 0.0418 0.26 0.794 1.33
melt temp
265 4.9884 0.0418 119.39 0.000 1.33
275 -0.0757 0.0418 -1.81 0.076 1.33
viscosity
171 -15.9701 0.0418 -382.21 0.000 1.33
209 -10.6990 0.0418 -256.06 0.000 1.33
injection speed
10 1.0828 0.0418 25.92 0.000 1.33
15 -0.3846 0.0418 -9.20 0.000 1.33
mold temp*melt temp
70 265 0.0572 0.0591 0.97 0.338 1.78
70 275 0.0123 0.0591 0.21 0.835 1.78
80 265 0.0120 0.0591 0.20 0.840 1.78
80 275 -0.0140 0.0591 -0.24 0.814 1.78
mold temp*viscosity
70 171 -0.1143 0.0591 -1.93 0.059 1.78
70 209 0.1768 0.0591 2.99 0.004 1.78
80 171 -0.0284 0.0591 -0.48 0.633 1.78
80 209 -0.0117 0.0591 -0.20 0.844 1.78
mold temp*injection speed
70 10 -0.3095 0.0591 -5.24 0.000 1.78
70 15 0.0190 0.0591 0.32 0.749 1.78
80 10 -0.0125 0.0591 -0.21 0.834 1.78
80 15 0.0072 0.0591 0.12 0.904 1.78
melt temp*viscosity
265 171 -0.8480 0.0591 -14.35 0.000 1.78
265 209 -0.6636 0.0591 -11.23 0.000 1.78
275 171 -0.1484 0.0591 -2.51 0.015 1.78
275 209 0.1049 0.0591 1.78 0.082 1.78
melt temp*injection speed
265 10 0.0023 0.0591 0.04 0.968 1.78
265 15 -0.1591 0.0591 -2.69 0.010 1.78
275 10 -0.0525 0.0591 -0.89 0.379 1.78
275 15 0.0472 0.0591 0.80 0.429 1.78
viscosity*injection speed
171 10 0.2964 0.0591 5.02 0.000 1.78
171 15 0.1016 0.0591 1.72 0.092 1.78
209 10 0.5031 0.0591 8.51 0.000 1.78
209 15 -0.0940 0.0591 -1.59 0.118 1.78

Regression Equation 2
pressure = 45.3709 + 1.0091 mold temp 70 + 0.0110 mold temp 80 - 1.0201 mold temp 90
+ 4.9884 melt temp 265 - 0.0757 melt temp 275 - 4.9127 melt temp 285

- 15.9701 viscosity 171 - 10.6990 viscosity 209 + 26.6691 viscosity 471

+ 1.0828 injection speed 10 - 0.3846 injection speed 15

- 0.6983 injection speed 20 + 0.0572 mold temp*melt temp 70 265

+ 0.0123 mold temp*melt temp 70 275 - 0.0695 mold temp*melt temp 70 285

+ 0.0120 mold temp*melt temp 80 265 - 0.0140 mold temp*melt temp 80 275
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+ 0.0020
+ 0.0016
- 0.1143
- 0.0625
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mold
mold
mold
mold
mold
mold

temp*melt temp 80 285 - 0.0691 mold temp*melt temp 90 265
temp*melt temp 90 275 + 0.0675 mold temp*melt temp 90 285
temp*viscosity 70 171 + 0.1768 mold temp*viscosity 70 209
temp*viscosity 70 471 - 0.0284 mold temp*viscosity 80 171
temp*viscosity 80 209 + 0.0401 mold temp*viscosity 80 471

temp*viscosity 90 171 - 0.1651 mold temp*viscosity 90 209

+ 0.0223 mold temp*viscosity 90 471

mold
mold
mold
mold
mold
mold
mold
mold
melt
melt

0.3095 mold temp*injection speed 70 10

temp*injection speed 70 15
temp*injection speed 70 20
temp*injection speed 80 10
temp*injection speed 80 15
temp*injection speed 80 20
temp*injection speed 90 10
temp*injection speed 90 15
temp*injection speed 90 20
temp*viscosity 265 171 - 0.6636 melt temp*viscosity 265 209
temp*viscosity 265 471 - 0.1484 melt temp*viscosity 275 171

+ 0.1049 melt temp*viscosity 275 209

melt
melt
melt
melt
melt

temp*viscosity 275 471 + 0.9964 melt temp*viscosity 285 171
temp*viscosity 285 209 - 1.5551 melt temp*viscosity 285 471
temp*injection speed 265 10

temp*injection speed 265 15

temp*injection speed 265

20 - 0.0525 melt temp*injection speed 275 10
+ 0.0472 melt temp*injection speed 275 15
+ 0.0053 melt temp*injection speed 275

20 + 0.0501 melt temp*injection speed 285 10

+ 0.1120 melt temp*injection speed 285 15
- 0.1621 melt temp*injection speed 285

20 + 0.2964 viscosity*injection speed 171 10

+ 0.1016 viscosity*injection speed 171 15
- 0.3980 viscosity*injection speed 171

20 + 0.5031 viscosity*injection speed 209 10

- 0.0940 viscosity*injection speed 209 15
- 0.4091 viscosity*injection speed 209

20 - 0.7995 viscosity*injection speed 471 10

- 0.0077 viscosity*injection speed_471 15

+ 0.8072 viscosity*injection speed 471 20

Fits and Diagnostics for Unusual Observations

Obs pressure Fit
8 78.500 79.011 -0
9 80.510 80.100 0.
26 66.690 66.188 0.
35 77.640 78.059 -0.

R Large residual

Resid Std Resid

.511 -2.50 R
410 2.00 R
502 2.45 R
419 -2.05 R

The interaction effects on Figures 32 and 33 show different effect on all their interactions.

Similar to Table 4, Table 5 show the ANOVA analysis for the full-factorial for time and pressure

respectively. The P-values for this table was calculated with the same default settings of the
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Minitab software. The information on the tables is reflected on the interaction graphs and it can

be claimed that four interaction factors are significant for the time which are mold

temp*viscosity, mold temp*injection speed, melt temp*viscosity and viscosity*injection speed.

On the other hand, pressure has five interaction effects that are significant for pressure and these

are, mold temp*viscosity, mold temp*injection speed, melt temp*viscosity, melt temp*injection

speed and viscosity*injection speed. From both interactions (time and pressure) it can be

presumed that pressure has the most interaction between its variables and that most of them are

related to viscosity. Nonetheless there is still one more step before concluding which parameters

are the optimal to minimize flash in the molded part.
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Interaction Plot for pressure
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Figure 33. Interaction Effects on Pressure

Table 6 shows the best subset results for time and pressure. Column 3 represents the adjusted R?
value for the chosen model, and on column 4 Mallow’s Cp is shown. Mallows’s Cp was used for
model selection, and the goal is to find the best model involving a subset of these predictors. For
that purpose, the lower the Cp factor, the better the model is. For further validation, we selected
two models with the lowest Cp [1]. These are given in the equations shown above for time and
pressure respectively. Both models (pressure and time) are acceptable models based on their

significantly high 95.0% and 99.4% level of confidence.
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Table 6. Best Subsets Regression: Pressure Versus Mold Temp, Melt Temp, Injection Speed

Response is pressure

i

n

J

e

c

t

mmv i

oeio

1 1sn
dtc

o s

ttsp

e eie

R-5g R-5g mmt e

Vars R-Sg (adj) (pred) Mallows Cp S ppyd
1 95.1 95.0 94.8 1104.4 4.3858 X

1 4.3 3.1 0.0 22760.5 19.283 X

2 99.4 99.3 99.3 77.5 1.5859 X X
2 95.2 95.1 94.8 1063.1 4.3324 X X
3 99.5 99.5 99.5 36.3 1.3512 X X X

3 99.5 99.5 99.4 46.2 1.4112 X X X

4 99.7 99.7 99.6 5.0 1.1342 X X X X

Regression Analysis: Pressure Versus Mold Temp, Melt Temp, Viscosity, Injection Speed

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Regression 4 30602.0 7650.5 5947.57 0.000
mold temp 1 55.6 55.6 43.22 0.000
melt temp 1 1323.4 1323.4 1028.85 0.000
viscosity 1 29180.2 29180.2 22684.94 0.000
injection speed 1 42.8 42.8 33.29 0.000
Error 76 97.8 1.3
Total 80 30699.8
Model Summary
S R-sg R-sg(adj) R-sqg(pred)
1.13416 99.68% 99.66% 99.63%
Coefficients
Term Coef SE Coef T-Value P-Value VIF
Constant 151.93 4.45 34.11 0.000
mold temp -0.1015 0.0154 -6.57 0.000 1.00
melt temp -0.4951 0.0154 -32.08 0.000 1.00
viscosity 0.142313 0.000945 150.62 0.000 1.00
injection speed -0.1781 0.0309 -5.77 0.000 1.00
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Regression Equation

pressure = 151.93 - 0.1015 mold temp - 0.4951 melt temp + 0.142313 viscosity
- 0.1781 injection speed

Fits and Diagnostics for Unusual Observations

Obs ©pressure Fit Resid Std Resid
9 80.510 77.105 3.405 3.15 R
25 66.090 68.985 =-2.895 -2.68 R
36 79.190 76.091 3.099 2.84 R
63 77.710 75.076 2.634 2.44 R

R Large residual

Table 7. Best Subsets Regression: Time Versus Mold Temp, Melt Temp, Injection Speed

Response is time

i
n
]
e
c
t
mm v i
oe il o
1 1sn
dt c
o s
ttsp
eeie
R-Sg R-Sg mmt e
Vars R-Sg (adj) (pred) Mallows Cp S ppyd
1 99.4 99.4 99.4 172.8 0.40280 X
1 0.4 0.0 0.0 40701.0 5.1469 X
2 99.8 99.8 99.8 1.6 0.22451 X X
2 99.4 99.4 99.3 174.2 0.40488 X X
3 99.8 99.8 99.8 3.0 0.22507 X X X
3 99.8 99.8 99.8 3.6 0.22596 X X X
4 99.8 99.8 99.8 5.0 0.22654 X X X X

Regression Analysis: Pressure Versus Mold Temp, Melt Temp, Viscosity, Injection Speed

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value

Regression 4 30602.0 7650.5 5947.57 0.000
mold temp 1 55.6 55.6 43.22 0.000
melt temp 1 1323.4 1323.4 1028.85 0.000
viscosity 1 29180.2 29180.2 22684.94 0.000
injection speed 1 42.8 42.8 33.29 0.000

Error 76 97.8 1.3

Total 80 30699.8
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Model Summary

S R-sg R-sg(adj) R-sqg(pred)
1.13416 99.68% 99.66% 99.63%
Coefficients
Term Coef SE Coef T-Value P-Value VIF
Constant 151.93 4.45 34.11 0.000
mold temp -0.1015 0.0154 -6.57 0.000 1.00
melt temp -0.4951 0.0154 -32.08 0.000 1.00
viscosity 0.142313 0.000945 150.62 0.000 1.00
injection speed -0.1781 0.0309 -5.77 0.000 1.00

Regression Equation

pressure = 151.93 - 0.1015 mold temp - 0.4951 melt temp + 0.142313 viscosity
- 0.1781 injection speed

Fits and Diagnostics for Unusual Observations

Obs pressure Fit Resid Std Resid
9 80.510 77.105 3.405 3.15 R
25 66.090 68.985 -2.895 -2.68 R
36 79.190 76.091 3.099 2.84 R
63 77.710 75.076 2.634 2.44 R

R Large residual

Figure 34 shows the results from the before and after samples of the best fit model. The image on
the left side shows the plastic part that is currently being molded for production. These parts
need to be trimmed and sanded before they can be used in production. The image of the right
side shows the sample molded with the results obtained from the best fit model. As it can be seen
from the picture those areas are now free of flash. These parts can be used in production without

undergoing through any other rework process.
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Figure 34. Before and after samples of Leap ribbon plastic part

Figure 35 exhibits the measurement taken to compare the flash of the current sample and the
sample obtained from the best fit results. The left side shows the optical comparator image of the
current production plastic part. The right side of the image shows the optical comparator image
of the experiment sample obtained from the best fit results. As it can be observed on the left side
of the image, the flash defect is very pronounce compared to the image of the right side of the
figure. Optical comparator measuerents showed that the flash in red area of the image reaches as

high as 0.037” compared to the surface of the experiment sample.

Figure 35. Optical comparator of before and after samples
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CHAPTER IV

SUMMARY AND CONCLUSION

Summary

This report has explored a multistage experiment seeking for a solution that will solve the
flash problem that can be encountered in plastic molded parts. There were some major
contributions obtained from the theoretical work done by the Moldflow software and some other
important findings that were found by numerical analysis such as Taguchi method and full
factorial DOE analysis. The first step was to run all the possible combinations in the Moldflow
analysis software. This past of the experiment was very important, because it provided all the
result needed for time and pressure, which were the two responses that were analyzed by the
Taguchi method and the full factorial analysis. The Taguchi method help to reduce the
significant factors and presented which parameters were the most important ones to consider
when selecting the best suitable solution from this analysis. The full factorial was performed
after the Taguchi method. Full factorial was the most complete analysis of all as it accounted for
all the different combination that were there. All the solutions obtained from the different
methods were found by using time and pressure, which were used to evaluated which of both had

the biggest influence on the formation of flash.
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Conclusion

Flash is a defect that can be found in molded part. This type of defect is not able to be
predicted just by using the Moldflow simulation alone. However, by using the design of
experiment (DOE) to analyze the four process parameters (mold temperature, melt temperature,
viscosity and injection speed), and the two responses: (time and pressure) at the flash point, it
was possible to obtained more information to detect and prevent flash formation. These methods
(DOE) were able to demonstrate that the viscosity and pressure were two variables with the
greatest impact on flash. Although, and because viscosity was used as an input variable and in
order to avoid influence of viscosity changes, time was considered. The lower the better was
used and optimum conditions for time and pressure were found by using both, Taguchi and full
factorial design of experiment. From the results obtained from full factorial pressure optimum,
sample 66 from the Moldflow simulation (Akulon K224-HG6U BK223) was tested and it was
proven that this polymer reduces flash formation significantly, compared to the other specimens
such as the one currently in use (OMNI Plastics-Omnilon PA6 GR43 EF LV NA). With is in
mind, it can be concluded that in order to produce high quality parts and reduce flash, it is very
important to identify and use pressure at the flash point as a control in Moldflow simulations. In
the specific case of the flash issue of the Leap ribbon, it can be presumed that by the success of
eliminating this defect, a considerable cost reduction could be achieved once the new resin is
used in production. Nevertheless, there is still more analysis and durability tests (ANSI/BIFMA)
that are still pending to be performed in order to decide if this specific the material would work

in for the Leap chair ribbon.
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