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ABSTRACT

Orozco, Edna 1., A Study on Gas Penetration and Fingering Behaviorjdatidn

Molding of Polymer and Powder Metal Feedstoblaster of Science (MS), December,

2009, 72 pp, 14 tables, 42 figures, references, 51 titles.

The effect of processing variables on the level of gas penetration srfggatitated by
gas-assisted injection molding from two different materials was cadp@he materials
used were polypropylene and stainless steel powder metal/thermoplegstotdk.
Software simulation and physical experiments were conducted. Tagugfsianes
used to reduce the number of experiment trials and to find the optimum processing
conditions. Four different variables were changed using nine different combmathe
processing variables are the pressure, the delay time before gastésjrijee
temperature of the material injected, and the amount of the material injelotekshlts
showed that the most critical variable in the experiment is shot size follongakb

pressure, delay time and material.
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CHAPTER |

INTRODUCTION

1.1 Injection Molding Process
Injection molding (IM) process one of the most common processes used to fabricate
small to mid-size plastic parts. The injection molding process is used in rdsstn
of thermoplastic components because of its ability to make complex parts with high
tolerances and good details on the surface of parts. In this process, rawlnmatieei
form of solid pellets is fed into the hopper that is located above the rear end of ghe barr
of the injection molding machine. When the resin makes contact with the heatddtbarr
starts melting. The resin is pushed towards the mold by a screw that rotateseratege
friction between the material and the barrel. The screw heats and mixesrlso st it
is completely molten when it arrives at the front end of the barrel. A fixed guahthe
molten resin is then injected through a sprue into the mold. Once the resin is in the mold
the material is allowed to cool down and solidify to the desired dimensions and shape [1].
The cycle of this process starts with the closing of the mold, this means thaldiet
are pushed in contact to each other with a high force. The next step in the cycle is the
injection of the molten material which flows through the sprue and gets to thelgate w
material is directed to the cavity of the mold. Once the part is full it is s&ge® hold

the pressure in the mold until the part solidifies, this is known as packing [2]. lfrprope



packing pressure is not applied, defects like sink marks and voids may form. it is the
necessary to let the material cool down, and this time depends on the mold material and

the design of the parts being made.

When the resin starts to solidify in the mold, the next shot is prepared by the screw
rotation in the barrel. Material enters the barrel through the hopper, which is apoled t
avoid melting of the pellets before they reach the barrel. The barrel haslitieeent

zones; in the first zone the screw pushes the pellets and softens them, in the second zone
the screw melts the material through shearing and the last zone contain tietimee

desired temperature ready to be injected in the mold [3]. The screw plagp@teaint

role in this process; when it rotates, it heats the material with frictide@ough pressure

to melt the material, and by going backwards it loads the amount of mategasagc

for the shot of the next part. Once cooling cycle time is over and part is solid in the mol
the mold opens slowly, releasing the vacuum caused in the injection molding process [4].
Finally the cycle is completed when the mold opens and the part is ejected byomeans

the ejector pins.

1.1.1 Injection Molding Machine

Fig 1-1 shows how the injection molding machine is divided in 3 main areas in which

each of them have different and specific purposes [5].

e Injection Unit: The main purpose of this unit it is to heat and inject the material
into the mold. It includes a hoper, barrel, nozzle, heating bands, and screw. The
material is poured into the hoper in the shape of pellets; the bottom of the hoper is

open allowing the barrel to be fed with material. The barrel has a mechanism that



consists in a screw that primarily heats and injects the molten plastitiént

mold.

Mold Assembly: Molten parts get the shape of the mold. A mold is a cavity where
molten material is forced to fill the empty space. Molds are divided in 2 parts in
order to be able to extract the final product, one side of the mold is fixed and the
other side is the ejection part or moving side. Molds need a distribution channel
that consists of a sprue, runners, and gates that allow the material to flow to the
cavity. Ejector pins are part of the moving side of the mold; they push the part out
of the mold.

Clamping Unit: This part of machine is used for different functions. It allows
opening and closing of the mold, it holds the mold while the material is being

injected, and finally ejects the part when it is ready.

Molded Fart

Melten Plastic

Raw Flastic

Injection Molding Machine

Copyright © 2007 CustomPartMet

Figure 1- 1: Injection Molding Machine [47]



1.1.2 Advantages and Disadvantages of Injection Molding Process

Some of the advantages of injection molding are the ability to produce a high amount of
parts in a short period of time with high tolerances with low cost of labor, and no need of
machining of the parts. Also the waste of material is low because thenaaltsare very
precise with the mold. However the major disadvantage is that the mold and the
equipment are very expensive. It is not convenient to produce in small quantitiesebecaus

of the cost of the mold [6].

1.2 Rapid Prototyping Technologies

Rapid Prototyping (RP) is a set of innovative technologies that has a lot of appéica
and these include the making of a working model or a prototype with different purposes
such as testing design, features, functionality, and performance, amorsy Otheof the
major benefits of RP is the reduction of the risk mass producing a part along with the
production costs [7]. There are several different technologies available in riket, rbat
all fabricate parts with the same procedure listed below:

e Model of the component on a CAD system

e CAD model is converted into a computerized format that approximates its

surfaces (STL file format)

e Slicing of the model into layers



The major technologies are categorized in the Table 1.

Table 1-1: Rapid Prototyping Technologies

Prototyping technologies Base materials
Selective laser sintering (SLS) Thermoplastics, metals powders
Fused deposition modeling (FDM) Thermoplastics, eutectic metalsg.
Stereolithography (SLA) Photopolymer
Laminated object manufacturing (LONI)Paper
Electron beam melting (EBM) Titanium alloys
3D printing (3DP) Various materials

1.2.1 Stereolithography (SLA)

This is the oldest and most dominant of the RP processes. Part fabrication is
accomplished as a series of layers that are solidified on the surfacet aff fiopad

epoxy resin as shown in Figure 1-2; each layer is added onto the previous ldner a

part sinks with the platform into the vat to gradually build the 3-D geometry. Bgeh |

is 0.076 mm to 0.50 mm (0.003 in to 0.020 in.) thick. Thinner layers provide better
resolution and more complex shapes; but processing time is longer. Polymerization of the

liquid monomers occurs on exposure to UV light of the laser scanning beam [8].



aw ¢ -

/ “__________....-— X-Y¥ scanning mirror

/ Laser beam
Elevalor —— Vat

Laser

Liguid
photopolymer

Sweeper
Layered part

Build platform

Copyright € 2008 CustomPartMet

Figure 1- 2: Stereolithography: Beginning of the process, initial layadded to the

platform; several layers have been added to thg4sart

Materials Used for this technology
e ACCURA 60 (near transparent Poly-Carbonate like resin)
e ACCURA 25 (opaque white Polypropylene like resin)
e SL 7820 (opaque near black ABS-like resin)

e SOMOS NanoTool (high temp ceramic filled resin)



The epoxy resin is a thermosetting polymer and so is just strong enough at thg melti
temperature of many common thermosetting polymers so that it can be usecdctidabri
mold materials [9]. This process becomes competitive when the number of pded nee

does not justify the high cost and time required to fabricate a metal mold.

Functional parts are needed for design verification testing, field,tdastomer

evaluation, and production planning. By eliminating multiple steps, the creation of the
injection mold directly by a rapid prototyping (RP) process holds the best promis
reducing the time and cost needed to mold low-volume quantities of parts.
Stereolithography technology with the integration of injection moldinglisrggsing is

the fundamental understanding of how the modifications to the mold material and RP
manufacturing process impact both the mold design and the injection molding pnocess. |
recent years manufacturers have found an increased need to shorten product development
cycles in order to achieve a quicker time to market new products. The use of
stereolithography parts as injection molding tools, offers many advantages over
traditional tool making approaches. One of them is the time require to convert a@omput
aided design (CAD) file to the final tool is dramatically reduced as méyebeost in

creating the tool. The stereolithography process may be used to createtmninje

molding tool in which plastic material will be injected although the main problem
encountered using stereolithography is that the tool breaks due to many reasons.
Stereolithography tools have material properties such as tensile streogtiy' &Y

modulus and shear strength which are considerably lower than those for metals such

aluminum or steel. The problem gets worst by the increase in temperatieenodld



and further deterioration in mechanical properties when hot plastic is ajrteAs a
result of these failures, molders have abandoned the use of this technology adter som

unsuccessful attempts.

1.2.2 Selective Laser Sintering (SLS)

A moving laser beam sinters powders in areas corresponding to the CAD geometry
model one layer at a time to build the solid part. Once each layer is completed, a new
layer of loose powders is spread across the surface. Layer by layer, thegpareder
gradually bonded by the laser beam into a solid mass that forms the 3-D part gesmetr
shown in Figure 1-3. In areas not sintered, the powders are loose and can be poured out
of completed part [10]. Unlike stereolithography, SLS prototyping techniques allow
prototypes to be made with material properties closer to that of injection molded pie

and it also has the capability to make metal prototype parts where onetaiiier is used

in the laser sintering process. Another advantage is that there is ypallittle

processing required after the selective laser sintering is completed [43]

X-Y positioning
device

Layer outline
and crosshatch

Iateria
Supply Roll

Figure 1- 3: SLS Process [49]



Some of the comparisons of stereolithography and selective laser siateritgt
stereolithography process is limited to photosensitive resins which acaltyrittle.
The SLS process can utilize polymer powders that, when sintered, approximate
thermoplastics quite well. The surface of an SLS part is powdery, like thenateseal
whose patrticles are fused together without complete melting. The smoothee safra
stereolithography part typically wins over SLS when an appearance modetesldes

Stereolithography is more accurate immediately after completion ofdtdelif#6].

1.3 Powder Injection Molding

In the powder injection molding process, the feed stock is a mixture of metal powlder a
binder which is injected under pressure into a mold using a conventional injection
molding machine. The powder injection molding process combines metal, ceramic or
carbide powders with a binder in order to inject this material into a mold using
conventional plastic injection molding machines. The binder, known as feedstock, is
removed; the problem with this method is that a large amount of shrinkage occurs during
sintering [11]. There are also some other limitations in this process like dutkrs due

to cooling, packing, sink marks on the surface. All these defects become a challenge
because the purpose of injection molding is to get the best part produced at the lowes
possible cost and time. This process has been limited to small parts due to the hogh cost
the feed stock and poor cavity filling. Recently, researchers have mars &ffo

overcome these limitations using Gas-assisted Injection Molding (GAlMferals such

as metals, alloys, ceramics, cermets and composites have been produdédd by Pl
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1.4 Gas Assisted Injection Molding (GAIM)

GAIM uses pressurized nitrogen to push the injected feed stocks in to the mold; this
provides better surface finish, shorter cycle time and also reduces the welghpafts.
However, the effects of processing variables over the process have not fullstooder
GAIM was an innovation of Friederich [12]. The advantages of it are to provide a better
surface finish, shorter cycle time and also reduce the weight of the parts. $eme ot

advantages are; stress free molding and sink free molding [13].

T T— 1

NS

(1) (2) @)

Figure 1- 4: (1) "short shot" of thermoplastic, (2)gas shut off valve is usedtr(®)em is
injected into the center of the hot resin, (4) all of the surfaces receive arpezpsaire

creating an even "pack out" of the part, (5) nitrogen gas is vented [50]

Figure 1-4 shows the GAIM process which takes the pressurized gas atxliinfgo
the melt penetrating the cross-sectioned gas channels. This processasahiplete
partially or volumetric fillings of a specific cavity with polymer l@s in injection

molding.

After material has been injected next phase is the injection of nitrogen, thssugas|
because of its availability, cost, and inertness. After this phase, pres®leased either
by releasing the gas or by recycling it. As soon as ambient pressuaehsdethe

molded part can be ejected [14].
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Once melting occurs and gas is being injected, the material beingatdifies forming

walls in the outer part of the material, and it forms a solid layer of resinlayeistends

to grow depending on the material used, during the delay of the gas injection. Atehe ti
gas injection happens, the compressed nitrogen runs through the plastic core and pushes
some of the molten material. At the time when this happens, is when the plastic is in the
stage of packing, but with GAIM process this stage prevents void formation, beaause th
gas performs the packing, and the voids are designed to reduce cycle time and part
weight. Nitrogen gas is used in the GAIM because its viscosity is lowerltagrotymer

melt. For this reason, the pressure drop over the flow length of the gas bubblé is muc
lower than over the flow length of a molded part. The pressure drop in the holding and
packing phase influences the shrinkage across the part and the ability to pack a part
Shrinkage differences promote buildup of internal molded-in stresses and subsequently
influence the warpage of a part significantly. The gas-assist pneazhsses internal

stresses and warping and thus improves part quality. It provides a higher aneverdy

distributed packing pressure across the part, resulting in better overdithipeess. [15]

There are several gas assisted injection technologies available andritiffence
between them is where the compressed gas is injected. Gas can be injeatguttie

nozzle or through runners [41].
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CHAPTER Il

REVIEW OF LITERATURE

2.1 Gas-Assisted Injection Molding Process

The injection molding process has been changing a lot throughout the time gaingng mor
importance in the industry. This process has changed from the production of sirtgle pa
like combs, to the production of parts for the medical, automotive and aerospace industry
[16]. By 1872, John and Isaiah Hyatt patented the injection molding machine. Even
though it was not a very advanced machine it was able to accomplish the basic purpose. It
contained a basic plunger to inject the plastic into a mold through a heated cylinder [17]
Injection molding is a process that produces parts in a repetitive way by ntleéting

material, and then injecting it to a cavity insert or mold, followed by the soatdn of

the part, and later the ejection of it. In order to produce effectively thesom@e steps

that have to be considered for this process which are; material selecteddartshe

design of the part, design of the mold, and the processing conditions of the magerial us
[18]. One of the disadvantages of this process that has become a challenge is to improve
the quality of the parts produced while keeping the cost of producing them low. There is
a new technology that attracts more and more injection molders and it is cafled G
Assisted Injection Molding (GAIM). GAIM is the application of gas, gaflgmitrogen,

to the conventional injection molding process for hollow parts. As a réssit

technology offers several benefits: an excellent surface appeagassdaejection parts
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have a higher stiffness-to-weight ratio than solid parts with the same domens

dimensional stability is improved and post mold warpage and sink marks are reduced due
to more uniform wall thickness and lower residual stress thought the part; dessiog

needed and less part weight, stress free, sink free, and increased part decogn fi©)].

Since this process is new, most of the information about it comes from trial an erro
throughthe years, and there is a learning curve associated with processing and

optimization [20].

2.2 Control, Design, and CAE of GAIM Process

One of the critical characteristics for GAIM is to be able to control thisegsoand this is

one of the reasons that make this field one of the most rapidly growing in the area of
control and process development. Molders and industry have raised concerns over
controlling the injection of the gas. Even though gas injection equipment gives the
opportunity to make adjustments to the process, it is still necessary tasbsaabl

optimum process window that will provide control and repeatability of the process to
mold consistent and acceptable parts [19]. Due to the interesirolling the gas in the
process many companies offer a gas injection molding unit that it mainlylsottie

pressure or the volume of gas in the process [21]. In order to develop this process it was
necessary to understand it, starting from the design area up to the experina¢tal t
nowadays one of the advantages is the opportunity to simulate this process and to study
the processing conditions and parameters involved in the gas-assisted prdtess wit
Moldflow Pty Ltd, of Australia [22]. The only design and production analysis tools

available for GAIM were experienced based rules, and due to the growimg mbrket
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demand, Moldflow developed a software package that predicts material dimgas
within the mold. This software provides the ability to predict material/tjgsatiern,

anticipation of gas blow, and establish processing conditions [23].

It has become possible to predict the mold filling process with melt and ggstiisi

finite element method. Research by Moritzer and Potente [24] showed how an
optimization method can be employed to systematically convert a molding fgaghe
injection molding process. GAIM is a process that involves complex correlationdvetwe
the molded part geometry and the associated process parameters and it has bee
approached by trial and error, with the valves employed being empirical Tmey

developed a method based on a systematic design procedure employed for conventional
injection moldings with 6 phases offering a standardized concept for the lay@Aidf

components.

e Phase 1, Planning: Design job is selected and the specific development
assignment established.

e Phase 2, Concept: Compilation of requirements for the product to be created.

e Phase 3, Design: Establish conventional layout process for the product which
means material, shape, and dimensions of the product are defined.

e Phase 4, Optimization: Molded parts are optimized from the production
engineering view. This part is possible with the help of FE simulations.

e Phase 5, Elaboration: Compilation of the molded part drawing from which the
product is to be manufactured. This drawing contains all kinds of details of the
geometric dimensions and precise details of the surface and materialsedbe u

for the part.
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e Phase 6: Molding is sampled at the optimum operating point and adjustments are

made to the mold where necessary.

As a result of this study is possible to show that the optimized approach repaesents
considerably more efficient method of producing GAIM. Once there is a plan to
follow for this process it is important to take in consideration other conditions and
parameters. In 1935, Fairbrother [25] conducted the first experiments invastigati
the flow phenomena using a viscous Newtonian solution. He founthitfiedctional
coverage or fraction of liquid deposited on the walls of the tube after bubble

penetration, is a function of the capillary numbeZz,, for capillary numbers up to

0.009. The fractional coverage, is defined for the tube-shaped geometries as:

m =A,/At, = 1 — (r,/R)"2 Eq. 2.1

Ca=nU,/T Eq. 2.2

Ap= polymer cross-sectional area

A= tube cross-sectional area

r,= radius of gas bubble

Up= product of bubble velocity

n = Viscosity of the fluid

I' = fluid surface tension

Taylor [26] investigated this problem further in 1961 and ran experiments that

extended to capillary numbers of two. Cox [27] found that the fractional coverage
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reached a value ofi= 0.60 for capillary numbers greater than ten for viscous

Newtonian Fluids.

Polinski and Stokes [28] conducted similar experiments using silicone liquid.

Koelling et al [29] conducted gas-assisted injection molding experiments asi

spiral tube mold and three common injection molding grade compounds: polystyrene,
polyvinyl, chloride, and polycarbonate. By measuring the wall thickness along the
flow path of the gas bubble, the residual time, gas bubble velocity, and material
properties were found to be responsible for changes in fractional wall coating
thickness as much as 20%. Polymer melts which begin to shear thin at low slsear rate
are more sensitive to changes in gas pressure and gas pistol speed, while those
polymers that have significant upper Newtonian regions are relatively imnsens

these changes.

To take advantage of the GAIM process the study on gas-assisted in recsrarge
focused on the construction of the development of computer-aided-engineering

(CAE) technology, Chen Yew-Renn and Chen Tay-Yuan [30] introduced a method of
combining the CAE technology with the design guidelines to sizing the gas channels

of a gas- assisted injection mold. One of the key factors that determine ¢ees$ulc
application of this new process is the design of gas channels which guide the gas flow
to the desired locations. The design of gas channels requires to be laid out irythe earl
stage of part design. If the layout of gas channels and their correspdimdargsions

and shapes in cross sections are not properly designed, catastrophe often happened in
the molded parts; therefore the gas channel design is one of the criti¢altpdirat

affect the flow of gas in the GAIM process. For the gas channel with laayaetér,
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it not only can provide bigger available volume of polymer melt to fulfill the empty
region, but also can reduce the flow resistance during filling since théxgaseat

acts as a flow leader. In the paper by Chen et al [31] an approach is provided so that
the channel diameters are chosen by the criterion of mass balance based on the
presuming values of ratio of deposited thickness to the channel radius. Although the
value of ratio of deposited thickness to the channel radius is affected by some other
factors. It is reasonable to assume 0.2 and 0.5 as the lower and the upper limits. The
lower limit is for a strong shear-thinning, and the upper one is for a smaller shea
thinning and strong cooling effect. For gas penetrating in channel without penmeati
the available melt volume per length the deposited thickness and the channetrdiamet

has a simple relation shown in the formula bellow.
V=11 D2 (1-5)2 / 4 Eq. 3
V, = available melt volume per length

D= channel diameter

SZ(DL/ where b= deposited melt thickness
2

)

To further confirm the design and find possible weakness such as air traps, flow
simulation software is introduced into the design procedure. Finally the optimum one
is picked up according to the result and related engineering judgment. Thenexperi

showed the following results:
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¢ Distribution of the coating melt thickness is relatively uniforrhibé the gas
front during the primary penetration period, and it decreases mdgthasing
gas pressure.

¢ Skin melt thickness increases when the melt temperature decreases.

e Close to the gas front, the coating melt thickness shows 2 types of
characteristics, one is that at low injection gas pressamdslonger delay
times, the coating thickness at the gas front first decsesthen increases,
creating a melt-thinning region of a gas swell shape. At prgesures and
short delay times, the skin melt thickness around the gas fronasesras a

result of melt shrinkage during the secondary penetration stage.

2.3 Stereolithography in GAIM Process

When designing a part with this type of process it is necessary to desogiotial parts

that are needed for verification testing, field trials, costumer evaluatidrgraduction
planning. Creating a mold for this process with rapid prototyping technology wal tim

and cost needed to mold low-volume quantities of parts. Unfortunately current ssimulati
packages for conventional injection molding are no longer applicable to this new type of
injection molds. Huamin Zhou and Dequn Li [32] integrated an approach to accomplish a
numerical simulation of injection molding into rapid-prototyped molds, and developed a
corresponding simulation system. They compared the experimental reshltsevi

simulation verification Figure 2-2, which showed that their method handles R€atellri

with Stereolithography (SLA) molds.
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Z

Figure 2- 1: Experimental Cavity Model [32]

The cavity used for their experiment has the dimensions of 36x36x6 mm as shown in
Figure 2-1. The thickness dimensions of the thin walls and rib are l5othm. The
cavity surface is subjected to the melt pressure, the surfaces of the molctednoe¢he

worktable are fixed in space, and other external surfaces are assumeddsdizest.

|

(a) (b)

Figure 2- 2: Schematic procedure of the simulation with middle-plane mod&h&&-D
surface model (b) the middle-plane model (c) the meshed middle-plane model (d) the

display of the simulation result [32]

The results of the developed model give a closer outcome to the experimeutisl ites
was found that the effect of temperature is more dominant than the pressuferarare
improvement in the thermal conductivity of the photopolymer can improve the part

quality significantly.
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Nambiar et al [9] investigated how to extend the life of plastic injection maddie oy
Stereolithography through the use of gas-assist technology by comparing comalenti
injection molding with gas-assisted injection molding. They evaluated thef lifee SLA
mold that included 2 mm core pins Figure 2-3 shows the cavity geometry and thanlocati
of the pins in the cavity insert. It was found that the evenly applied gas prespa hel
increase the core pin life by 115 percent. There is a three-fold increasetioreforce

when using GAIM. Observations indicate the majority of the pin failures for both

methods do indeed occur during part ejection rather than during melt injection.

(a) (b)
Note: All dimension in mm

Figure 2- 3: Part design for (a) conventional injection and (a) for Gastéddnjection

Molding [9]

2.4 Powder Injection Molding and GAIM Processes

Gas-assisted injection molding is no longer only for plastic materials, the powde
injection molding (PIM) process is an efficient method for the high volume production of

shaped components from powders. PIM is a derivative of polymer injection molding and
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uses much of the same technology, along with batch sintering processes used in powder
metallurgy and ceramic processing.

Hemrick et al [33] studied the behavior of powder injection molded (PIM) part and the
Stereolithography epoxy mold surrounding it after cooling. It was found that thseele
behavior of injection molded parts using SLA-epoxy molds is an important factor for
consideration in the use of rapid tooling for powder injection molding. In the case of
SLA-epoxy molds, relatively high injection temperatures and subsequent large garinka
during cooling leads to the formation of a surface layer on the mold. Loweranjecti
temperatures, however, lead to parts with good surface finish but which adhere to the
mold surfaces making it difficult to remove the cooled part from the mold.

Ahn et al. [34] research is focus on the powder injection molding area, their studies
analyzed the filling, packing and cooling stages of powder injection molding (k1)

the geometry shown in Figure 2-4. The integrated CAE analysis of filling, paakahg
cooling was examined with 316L stainless steel PIM. The conclusion from tiayrist

that the characteristics between the filling and cooling analysis shoulshdide®d for

the integrated CAE analysis of PIM parts. The reason for the consideratiaaiusé¢he
cavity wall temperature is as a boundary condition for the energy equation avalukis

is determined from the cooling analysis.



22

e——— 68 mm —————|

Figure 2- 4: Cooling channel layout and part geometry for U-shaped [34]

A comparison between simulated and experimental pressures in a U-shaped oreld Fig
2-5 showed that the consideration of slip behavior and the coupled analysis between the
filling, packing and cooling stages provided more accurate results. Thesednea

accuracy can be attributed to the fact that viscosity and slip layer of pedvirtber

mixture highly depend on temperature.
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Figure 2- 5: Simulation Analysis showing average mold cavity wall tesiyrer

distributions [34]
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Similar studies were performed by Berginc et al [35] they investighésthluence of

the main injection molding parameters and the sintering conditions. The resul&ishow
that optimal injection molding parameters are necessary in order to avioishinigkage
deviations after sintering Figure 2-6. The shrinkage shows that the injeiding
parameters have an important role when narrow tolerances need to be achietied. On t
basis of the Taguchi approach it was established that the most influentiaépasaane

the temperature of the mould and the material, the holding pressure and the cycle time.
The mold temperature has the largest effect, the higher the mould temperature, the

smaller the shrinkage of the specimen and the smaller the dimensional deviations

Figure 2- 6: Fractured surface of sintered specimen under optimal sirgedmgolding

conditions [35]

In addition to controlled parameters, uncontrolled ones are also important, and they
proved to be crucial in the performed experiments. An inappropriate choice ofanateri
for the supports, the incorrect disintegration of the binder, the atmosphere, a too high
heating rate and sintering temperature, impurities, and a too slow coolimgmate

drastically deteriorate the mechanical properties and dimensions oédipeets.
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Khakbiz et al. [36] work is about the rheological behavior of powder injection molding
feedstock comprising of 316L stainless steel and 3 wt-%TiC powders byausamllary
rheometer. The results show that TiC addition plays an important role in rheblogica
parameters, also the flow activation energy decreases with the introductidh of T

particles. Regarding the injection molding view the optimum PIM condition for the
SS/TiC composite powder containing a wax based binder system was found at 55% solid
volume fraction and 70uC. At this condition, the viscosity of feedstock is low enough to

fulfill the requirements of a medium pressure, injection molding process.
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CHAPTER Ill

METHODOLOGY

The primary objective of this experiment is to observe both the gas aitidghe

fingering behavior in gas assisted injection molding. De Hoyos 2009 studied the behavior
of GAIM with a cylindrical geometry as shown in Figure 3-2; however, the gegmas
entirely a gas channel, and this does not allow the study of the fingeray éffcavity

with a nominal wall and rib was designed to allow both gas penetration in the gas
channel, and fingering of the gas into the nominal wall region. This chapter explains how
the experiment was conducted by explaining procedures, materials and equipment use

and the simulation results obtained.

3.1 Design of Part and Cavity Insert:

3.1.1Part Design

First step on the experiment is the design of the part able to satisfy theygrumaose of
this research. The design of the part will be different from De Hoyos’ 2009 evquetri

which consisted in a circular geometry that allowsgdmepenetration length. The design
of this experiment consisted basically in a rectangular geometry with nonahsland a

gas channel in the center as shown in Figure 3-1.
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The geometry consists of a horizontal nominal wall and a vertical rib with@hgasel
in the center which permits nitrogen to penetrate deep into the cavity. The igléisst
inserted into the part through the sprue, and then gas enters through the gate flowing
through the gas channel giving the desired shape to the injected part as showrein Fig
3-2. This geometry of the cavity insert allowed the measurement ofsHgaand to

observe the fingering effect outside the gas channel.

Gas Channel

SPRUE: Plastic
Entrance

GATE: Gas
Entrance

1) (2)
Figure 3- 2 Rectangular Geometry Design used to compare the flow thirgagh the

gas channel next, (2) Cylindrical Geometry Used in De Hoyos’ 2009 Reselaiath

follows a gas channel shape

3.1.2 Cavity Insert Design

The cavity insert with four ejector pin holes shown in Figure 3-3 was designed in

PRO/Engineer. A thermocouple was located near the center, between thengas aha
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one of the ejector pins. One pressure transducer was located at the end of eachoof the tw

ejector pins that lie on the gas channel.

——— | {7 ——=
—=— 125 —& 4 EjectorPins @
Pressure Transducer " "
EOF B 5
1 i N PR e
== | : 97 222
[}
| 5 i

b

K-thermocouple Locator

Pressure Transducer Gate

Figure 3- 3: Location of Instrument Readers on Stereolithography Caséyt |
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The cavity was fabricated using Stereolithography in a VIPER™ Pro Sétd&rsyshown
in Figure 3-5. The geometry was converted to an STL file and then processg8Dsi

Lightyear ™.

Figure 3- 5: VIPER™ Pro SLA system used for the manufacture of the cawtsifer

both materials in the experiment [51]
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The specifications of this machine are shown bellow in Table 3-1.

Table 3-1: 3D systems VIPER™ PRO specifications

PARAMETER MEASUREMENT
LASER
Type Solid-state frequency tripled Nd:YVO4
Wavelength 354.7 nm
Power - typical (at head) new 2000 mw

Power (warranty) - at vat @ 5000 hrs. 1000 mW

SOFTWARE

Software 3DManage™ and 3DPrint™

Operating system Windows XP Professional (Service Pack 2)
Input data file format .stl, .slc

Network type and protocol Ethernet, IEEE 802.3 using TCP/IP and NFS

AMBIENT TEMPERATURE

Temperature range 20-26 °C (68 - 79 °F)
Maximum change rate 1 °C/hour (1.8 °F/hour)
Relative humidity 10 - 50 % non-condensing

The fabricated cavity insert is shown Figure 3-6. The model was slicecens lafy
0.101mm thickness. After the cavity insert was fabricated, the ejector pin herkes w
reamed. The cavity was then mounted on the aluminum mold base and place in the MUD

Quick Mold Change Base and mounted in the BOY 30M injection molding machine.
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Figure 3- 6:Cavity Insert made out of Accura25 Material witlei®blythograph

Technology

The resin used for the cavity inserts was Accur&®T&chnical data of this material

shown in Table 3-2.

Table -2: Technical data sheet for Accura® 25
Liquid Material

MEASUREMENT CONDITION VALUE:
Appearance White
Liquid Density @ 25 °C (77 °F) 1.14 g/cm3
Solid Density @ 25 °C (77 °F) 1.19 g/cm3
Viscosity @ 30 °C (86 °F) 250 cps
Penetration Depth (D 4.2 mils
Critical Exposure (E« 10.5 mJ/cm2
Tested Build Styles FAST™ EXACT™, Exac

HR
Post-Cured Material

MEASUREMENT CONDITION VALUE:
Tensile Strength ASTM D 638 38 MPa (5,4505,570 PS|
Tensile Modulus ASTM D 638 1,590 1,660 MPa (23(- 240 KSI)
Elongation at Break (9 ASTM D 638 13-20%
Flexural Strength ASTM D 790 55 -58 MPa (7,9608;410 PS|
Flexural Modulus ASTM D 790 1,380 4,660 MPa (20(- 240 KSI)

Glass Transition (Tt DMA, E” 60 °C (140 °F)
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3.2 Processing Materials and Equipment

3.2.1 Materials

This experiment was carried out with two different materials. For the pawelai
feedstock, SUS316L from CetaTech (Sacheon, South Korea) was used. Thiglmateri
contains 59 per cent 316 stainless steel powder metal with a polypropyleddinatss.
For comparison, FHR Polypropylene (PP) 13T10Acs279 by Flint Hills Resowas
used. This polypropylene was used in the experiment because of its optical semi-
transparency which it makes easy to obverse the gas penetration behavior. Rerther, t

binder in the SUS316L powder metal stainless steel feed stock, was alsopgkmpe.

3.2.2 Equipment

Injection molding is performed with a BOY30 that is shown in Figure 3-6.

i

Figure 3- 7: Injection Molding Machine BOY 30M
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Table 3-3 shows the processing conditions for the experiment for both materials.

Table 3-3: Fixed processing conditions for Polypropylene and SUS316L

Injection Hold Pressure  Back Pressure  Clamping Force  Screw Speed
Pressure
6.89 MPa 6.89 MPa 0.517 MPa 11.03 MPa 50 rpm

A Chromega®-Alomega® (K) TT-J-30-SLE wire thermocouple type from Omega
Engineering, Inc. was glued at the back of the cavity 2 mm bellow the tezaus
National Instruments data acquisition board was used to read the real tiche mol
temperature changes from the thermocouple. The temperature measurakesngth
this equipment helped to ensure that cavity insert was working at the desipsdaeire.
The gas for this experiment was generated by a Gain Technologies (GT)yNRGGen
generator shown in Figure 3-7. This equipment is has a membrane filter aradesepa
the nitrogen from compressed air up to a purity of 99.5% at 2500 psi. A gas control
system from HEA International was used. This gas control system Uisss@m

microcontroller ER3000, with a 26-1021 series regulator.
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Figure 3- 8: GAIN Technology Nitrogen Generator

The cavity pressure was measure with two Kistler 6183AE pressure trarssdureefirst
one was positioned close to the gate, and the other close to the end of fill. The ejection
force was measured at the gate with a Kistler 9204BQO01 indirect paeggure

transducer.

3.3 Design of Experiments:

This experiment has the target of maximizingdaepenetration depth and minimizing
thefingering width. It was necessary to plan and conduct a number of trials in order to

obtain sufficient and significant data. Taguchi analysis was used for tiga déshis



36

experiment. This method was used because it is based on an orthogonal array that
reduces the variance (noise) in the results of the experiment by havimgtithem

settings of control parameters [29, 30]. Orthogonal Arrays provide a minimum number of
experiments and Taguchi’s Signal-to-Noise ratios (S/N), which is lagi€uns of desired
output; for this reason the Taguchi Method was used in this experiment in order to
determine the best levels of control factors, which are those that maximaidegnal-to-

Noise ratios fogas penetration length and minimize the signal to noise ratio for

fingering width. Table 3-4 shows the distribution of the factors with their respective array

number that was performed in the experiment.

Table 3-4: Taguchi Experimental L9
Trial # Melt Temp. Shot Size  Gas Pressure  Gas Delay

1 Low Low Low Low
2 Low Medium Medium Medium
3 Low High High High
4 Medium Low Medium High
5 Medium Medium High Low
6 Medium High Low Medium
7 High Low High Medium
8 High Medium Low High
9 High High Medium Low

In Taguchi analysis there are variables that are under control, and vaitiablase not
under control in other words, Control Factors and Noise Factors, respectivefacidre

under control throughout the experiment izugtt temper ature, shot size, gas pressure and
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gasdelay. The experiment needs to be perform in a randomize order in order to reduce
noise to the results. Other researchers have used this method to maximize the gas
penetration in gas assisted injection molding. Liu and Chang [41] made and exjpalim
matrix design based on the Taguchi method to investigate the processing tfaattor

affect the length of gas penetration. Also Taguchi design provided a viergrefind
effective way to study the effects of processing parameters incbdmazhu et al. [45].

De Hoyos’ experiment [18] with the purpose of finding maximum gas permeation in with
gas assisted injection molding is based on Taguchi analysis.

In order to obtain the maximugas penetration length in the Taguchi design analysis,

the larger is better formula was used;

1
SN = -10xlogl0| | =¥*
N

and to obtain the minimurfingering width, the smaller is better formula was used.

)

2
SN = 10 xlog 10(‘%’

3.4 Processing Conditions for Injection Molding Experiments

Since Accura25, which is an epoxy material, has very low thermal conductivity and
allows poor heat dissipation through the surrounding mold base, mold cavity temperature
control during the injection stage is mainly governed by the heat input from ttenmol
material that is injected into the cavity. An average wait of 2 minutes veasealll

between shots, and this allowed the mold cavity temperature to retught&fore each
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cycle. This was done to maintain the cavity temperature belowy $ @0°C to prevent
damage to the cavity insert.

The processing parameters under investigatiomaelétemperature, shot size, gas
pressure, andgas delay time, as these are known from previous research to be the most
significant parameters for GAIM [5, 13, 15, 17]. It was necessary to determine a
processing window for both materials by determining the lower and upper dindition
for the factors. These values were found by trial and error, taking in considetsi
material properties for polypropylene and stainless steel powder, which,meeges not
possible to inject the material above a certain temperature because thal chedeades
or below a certain pressure because the material would not be able to fill tlyenssarit
These values were provided by the companies that supply these material8-Fable
shows the values used in the experiment for polypropylene, and Table 3-6 show the
values used in the experiment for SUSL316.

The processing windows identify the range in which the settings may vasy. Thi
experiment was randomized with the purpose of reducing noise in the results of gas
penetration and fingering effect. In order to obtain five good samples, five savgrie
first discarded because it takes about five shots before the process beabieeJlse
molded parts were cut and gas penetration depth was measured with Vernies.calipe
Average gas penetration depth and fingering area were obtained syrmg#& molded
samples in each experimental trial specified by the Taguchi orthogoaakanilar to

researctby Han et al [13].



Table 3-5: Initial Settings for Polypropylene

Melt T. GasP. GasD.
Trial # Matrix # Shot Size (mm)
(°C) (Mpa)  (secs)
5 1 193 6.8 5.17 0.0
9 2 193 7.0 551 0.5
6 3 193 7.2 5.86 1.0
7 4 204 6.8 551 1.0
2 5 204 7.0 5.86 0.0
3 6 204 7.2 5.17 0.5
4 7 215 6.8 5.86 0.5
1 8 215 7.0 5.17 1.0
8 9 215 7.2 551 0.0

Table 3-6: Initial Settings for SUS316L

Melt T. Shot Size GasP. GasD.
Trial # Matrix #

(°C) (mm) (Mpa)  (secs)
5 1 150 9.5 5.51 0.0
9 2 150 9.7 5.86 0.2
6 3 150 9.9 6.20 0.4
7 4 155 9.5 5.86 0.4
2 5 155 9.7 6.20 0.0
3 6 155 9.9 5.51 0.2
4 7 160 9.5 6.20 0.2
1 8 160 9.7 5.51 0.4

8 9 160 9.9 5.86 0.0
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3.5 Simulation

One of the advantages of injection molding procesisatcomplicatedoarts can b
analyzed by simulation before production, tavoiding high costs and time del.
Moldflow Plastics Insight softwawas used to simulate the proceRsis software wa
used to predidiow of the molten material in the cavity and athe gas penetration

length in both thepolypropylene and theSUS316L feed stock.

In order to run the simulation it is necessary &smthe part, the mesh pides the basis
for the analysis, where molding properties areudated at every node. The part v

meshed into 28142 elements as shown in Fig-7:

Figure - 9: Meshed Part for Simulation Analysis

The software was able to predict gas penetration length and thefingering width.

These results were compared with the experimeesailt.



41

. S R .
Maximum Fingering (mn Maximum Gas Penetration (m
(1) (2)

Figure 3- 10Shaded Area Demonstrates Gas Penetration i@8imulation Shot. (1)

Fingering Width is measured horizontally; (2) Ganétration is measured vertica

The results of the simulation disp how the gas pattern does not flow only through
gas channeks shown in Figure-8, it actually flows towards the nominal walls oél
cavity, in this case this result would be consigedesirable flow of gas, this is call
fingering effect. In thiexperimenfingering with will be taken in consideration wher
exceeds 6.604 mm which is the width of the gas bk Severe gas fingering can rest
in significant reduction in part stiffness, impattength and reliability of the fini

molded parts [45].

The properties gbolypropylene were already contained in the MPtvgafe, and the
properties for SUS216Wwere imported into thsoftware.The mold cavity materi¢

properties were also imported into the MPI softw

Thefull Taguchi analyses weicarried out with 3 levels and 4 variabesactly as wa
done in the experimenthus, there were 9 simulatiof each material and g.

penetration length and fingering were measurecah €ast
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After calculating the S/N ratio from the measured data, analysic@ralucted to get the
optimal process settings. Once optimal settings were found, the veiiisahulation

was run to obtain the optimized gas penetration and the fingering effect.

3.6 Experimental Procedures

In the experiment, the first 5 parts made in each trial were discardethps™us step is
necessary because by making these parts we allow the machine to dtabizessure,
temperature and shot size. There is a waiting time of 2 minutes between ach pa
return the mold to room temperature. The next 5 molded parts were kept and labeled
with their respective trial number. This experiment was randomized in order &asecr

noise in the results.

Gas penetration and fingering effect of the parts were measured witieMealipers.
The average of the measurements from the 5 good samples was used tagetie

gas penetration depth and fingering effect.

The SUS316L molded parts had to be cut and open in order to measure them. In order to
obtain optimal process settings it was necessary to make an S/N ratgisanaRer

analyzing information results, simulations, and main effect plots we got timeabpti

process settings. A final verification experiment was conducted taygeke optimal

settings to maximize the gas penetration depth and minimize the figggfect.
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CHAPTER IV

RESULTS AND DISCUSSION

In this chapter, the experimental and simulation resultsdigpropylene are presented
first. This is followed by the results for the powder m&a8316L feedstock. The final

section investigates the wall thickness of the powder metal parts.

4.1 Results for Polypropylene

The results of the experiment are presented first. This is followed by thes r&fsthe

computer simulation and a comparison of the results from two approaches.

4.1.1Experiment with Polypropylene

Figure 4-1 shows the main effect plot f@s penetration length and Figure 4-2 shows
the main effect plot fofingering width in the polypropylene experimentThe Figures
indicatethatshot size has the highest effect on both. Tdmet size has a very strong
negative effect on thgas penetration length; similar results were observed in the
experiment by De Hoyos’ [18], where tHmot size was found to be the most critical
variable forgas penetration length. As can be seen in Figure 4-2, thet size also has a

negative effect on thiengering width.
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The effect ofmelt temperature is to increase both thgas penetration length and the
fingering width. Thegas pressure also appears to have a similar positive effect on both
thegas penetration length and thefingering width. Thegas delay time does not seem to
have any significant effect agas penetration length; however, thdingering width is

higher at the mid-range of tlgas delay time.

Melt Temperature (C) Shot Size (mm) Gas Pressure (Mpa) Gas Delay (secs)

23

21

19

17

15

Gas Penetration Length (mm)

Figure 4-1: Main Effect Plot for Gas Penetration Length in PolypermgyExperiment

Each of the variables used in this experiment give a combination of values that will
finally provide the maximungas penetration length, althoughmelt temperature andgas
pressure, they appear to follow a similar pattern. For both variables it is necdssary
select the high level value in order to maximize the target of this experiFoeshot

size the plot shows a very higtifference between the three levels used and the one that
gives a maximungas penetration length is the low level. The medium level value has to

be selected forag delay variable according to the main effect plot.
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Melt Temperature (C) Shot Size (mm) Gas Pressure (Mpa) Gas Delay (secs)

11

10

Fingering Width (mm)

Figure 4-2: Main Effect Plot for Fingering Width in Polypropylene Expent

In order to minimize the fingering width it would be necessary to select thaablear
with the lowest point in the main effect ploteltitemperature andgas pressure variables
seem to have the same pattern in which low level needs to be usgds Beiay variable
the Figure 4-2 shows that the low level should be selected. A high leveitaiz is

found to be the dominant for the reductiorfiafering width.

The average of five samples for tjes penetration length and thefingering width are
shown for each row in the Taguchi orthogonal L9 arrayp&bypropylene in Figure 4-3.
The parts made with the settings specified by array row numbers 1, 4 and 7 in the
Taguchi orthogonal array are the ones with #hat size and these have highgas
penetration length. Array number 7 has the highests penetration length with the
highestfingering width; this is not desirable and this indicates the ¢het size is not

always desirable for geometry with thin walls supported by ribs.
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Figure 4-3 Gas Penetration Length and Fingering Width inypapylene Experime
[0 Gas Penetration (mm) B Fingering (mm)

Larger the better signal to noise ratio (S/N rafiow)gas penetration length is calculated
as well as maller the better signal to noise ratio fingering width. Table ¢«1 shows the
rank and percent significance of each of the pisingsvariables based on the calcule

S/N ratios.

Table 4-1: Significance of the Processing Variables for Expentwith Polypropylen

Melt Temperature Shot Size Gas Pressu  Gas Delay
Gas Penetration 3 1 2 4
Length 19.2% 41.0% 24.4% 15.17%
2 1 4 3

Fingering Width 20.2% 59.3% 8.1% 12.3%
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Theshot size had the highest significance among all the variables fordasth

penetration length, with a portion of 41.0% of the effect, and alsoffagering width,

with 59.3% of the effectFor gas penetration length, thegas pressure was ranked second
with 24.4% of the effect, followed hyelt temperature with 19.2% of the effect, and the
gas delay time was the least important parameter with 15.2% of the effect. In the case of
thefingering width the main variable affecting is shot size with almost 60% of
significance, followed by the next three variabiest temperature, gas delay time and

gas pressure were almost equally significant.

The results of this experiment are similar to Parvaez et al. [40] in whiclexp&ye

different variables that affect the gas distribution anditigering width formation with
different geometries, their results agree with the conclusiorstibsize is a dominant
factor that affects the gas penetration and fingering formation far fedoricated by

GAIM. Liu and Chang [41] identified other variables that affect these tatorfa Their
study, based on experimental results, concluded that melt temperatureggasnimielay
time and gas hold time were the key processing parameters in full-stressiysted

injection molded parts.

Since the target in this experiment is to maximizegdspenetration length and

minimize thefingering width, it is necessary to obtain the optimal processing settings for
each of the four processing variables. This is possible by analyzing affeatrpbot for

gas penetration. The optimum settings based on the main effect plot are shown in Table

4-2.
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Table 4-2: Optimum Settings for Gas Penetration and Fingering Width

Variables Maximum Gas Minimum
Penetration Length Fingering Width
Melt Temperature High Low
Shot Size Low High
Gas Pressure High Low
Gas Delay Medium Low

The gas penetration and the fingering can be observed in Figure 4-4. Due to the
translucency of thpolypropylene it is easy to recognize tlgas penetration length and
thefingering width effect in each of the parts made. Part 6.1, which was produced with
the settings specified by th& éow of the Taguchi L9 array, has low gas penetration and
no fingering effect. In part 7.1, which was produced with the settings spegifibe &"

row of the Taguchi L9 array, it can be observed that the gas advances beyond the gas

channel and pushes into the wall of the part.

Figure 4-4: Fingering Width on Polypropylene Experimental Part

Gas fingering into the walls is not desirable because it weakens themwA&so,
fingering occurs, gas may sometimes form a bubble and get trappedtimrt-wall
sections of the part where it is unable to vent fully [44]. Figure 4-5 presents one part

made with the settings specified by each of the rows in the Taguchi iO Hneparts
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made with the settings specified by the row numbers 1, 4 and 7 had larger amgasts of

fingering into the walls; these parts were all made with low levshaifsize.

(1) @ 3 4) 3 (© (7) () %)
Figure 4-5: Polypropylene Experiment parts

4. 1.2 Simulation Results for Polypropylene

Figure 4-6 shows the results of the Moldflow® simulation for parts made with the
settings specified by each of the row numbers in the Taguchi L9 array. The colored

region is hollow and represents the penetration of the nitrogen gas in the parts.

f 230 8232134
1 ©@ 3 @ ) ®© O @ ©

Figure 4-6: Moldflow® Simulation Polypropylene Trial 1-9 from left tahtig

The results of the Moldflow® simulation predicted the gas penetration veryReet!
numbered 1, 4 and 7 had the highest gas penetration in both the experiment and the
simulation. However, the fingering effect patterns predicted by the Nalafl

simulation were very different from the experiment as can be seen by rognipigure

4-7 with Figure 4-8.

Table 4-3: Rank Significance of Processing Variables for SimulatidnRaitypropylene
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Melt Temperatur  Shot Size  Gas PressureGas Delay

Gas Penetration 3 L 2 4
17.3% 62.0% 18.7% 2.0%

o 2 1 4 3
Fingering Effect 35.0% 35.1% 8.9% 21.0%

Table 43 shows the rank and the per cent significanceoh ef the processing variab!
based on the calculated S/N ratios. The simulairedicts effect of the processi
variables on thegas penetration length extremely well. In the case of tfingering width,
the simulation overestimates the effect ofshot size, and underestimates the effec
thegas pressure. The dscrepancy between Figur-7 and Figure 4-8nay be¢ a result of

this difference.

Figure 4-7 shows thgictures of polypropylene parts with the processiagditions
according to the@row of the Taguchi L9 array from the simulation drain the
experimentComparing simulation with the experiment theressmme differeces in the
flow of material.Polypropylen permits the gas to flow in a manner ttreg widest
bubbleis on top of the cavi. On the other hand, trsgmulation looks different and

shows the widest areaasthe gate where gas is introduced intodheity.

Figure 4-7 Polypropylene Simulation vs. Experiment Array ren<



51

Figure 4-8 shows the pictures of polypropylene parts with the processingaasdit
according to the"7row of the Taguchi L9 array from the simulation and from the
experiment. In this case the simulation underestimated the fingerewg affay from the

gate and overestimated the fingering effect near the gate.

Figure 4-8: Polypropylene Simulation vs. Experiment Array number 7

The temperature pattern matches the shape of the gas bubble in the pareidBgur
The gas bubble occupies the regions of higher temperature. This corresponds to the
regions of molten material which can be displaced as the gas penetrates élsespawn

in Figure 4-18(1).

4.2 Results for SUSL316L Feedstock

The results of the experiment with the SUS316 feedstock are presented here. This is
followed by the results of the computer simulation and a comparison of the results from

two approaches.

4.2 . 1Experiment with SUSL316L Feedstock

Figure 4-9 shows the main effect plot f@&s penetration length and Figure 4-10 the

fingering length in theSUS316L feedstock experiment. The pattern of effects of the
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variables is quite different from the processing of polypropylene. All theepsoty
variables appear to have significant effects on both gas penetration andeoim@ing
Thegas penetration length is large when thenelt temperature is high, but reduces when
it is medium. Thdingering width is large when thenelt temperature is high, and small at
the medium and low settings. Thas penetration length is large when thehot size is

low, and it is small when théhot size is medium. Théingering width is large when the
shot size is low, and it is small when thshot size is high. Bothgas penetration length
andfingering width are large when thgas pressure is medium, and both are small
otherwise. Botlgas penetration length andfingering width are large when thgas delay

timeis low, and both are small when thes delay time is high.

Melt Temperature (C) Shot Size (mm)  Gas Presure (Mpa) Gas Delay (secs)

~ N o
w [+ w

Gas Penetration (mm)

o
w

Figure 4-9: Main Effect Plot Gas Penetration Length SUS316L Expetime
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Melt Temperature (C) Shot Size (mm) Gas Presure (Mpa)  Gas Delay (secs)

Fingering (mm)

Figure 4-10: Main Effect Plot Fingering Width SUS316L Experiment

The average of five samples for tjes penetration length and theingering width are
shown for each row in the Taguchi orthogonal L9 array&bypropylene in Figure 4-11.
The behavior of th@US316L feedstock is dramatically different from the behavior of
polypropylene when Figure 4-11 is compared to Figure 4-3. Gésepenetration length

for the powder metal feedstock is less tharfithgering width. This behavior is exactly
the reverse of the behavior of polypropylene. The explanation for this is provided in

Section 4.4.
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Figure 4-11 Experimental Gas Penetration vs. Fingering WidttSUS316L

[0 Gas Penetration (mm) BFingering (mm)

The signal to noise ratio (S/N ratio) for maximgas penetration length and signal to
noise ratio for minimunfingering width of the processing variables was calculaTable
4-4 shows the rank and percent significance of eatcheoprocessing variabl based on

the calculated S/N ratios.

Table 4-4: Rank Significance of Processing Variables for Expent with SUS316L
Melt Temperatur Shot Size  Gas PressureGas Delay

Gas Penetration 3 ! 2 4
27.4% 31.5% 30.0% 11.1%

Fingering Width 4 1 3 2
23.3% 28.7% 23.6% 24.4%

All four variables have equally significant effemt thefingering width. Gas pressure,
shot size andmelt temper ature were the variables that affegas penetration length with

higher significancethe difference in percentages is very small, tlogesall three of them
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could be considered as the main effect variables. The gas delay has onllyedfentain
the gas penetration length.

This difference between the effectgais delay on SUS316L and the polymer could be
related to the fast cooling of the powder metal. When the powder metal feedstock is
injected it freezes very fast due to its high thermal conductivity and lowtengiterature
and this stops the gas from penetrating further; therefore gahdelay is high, the
chance of penetrating through the gas channel is small, resulting irgasyaghetration
length, and instead the gas flows into the nominal walls of the part.

From the main effect plot for SUS316L in Figure 4-11 and Figure 4-12 theaptim
parameters for a maximugas penetration length and the variables for the minimum

fingering width are shown in Table 4-5.

Table 4-5: Optimum variables for Gas Penetration and Fingering Width in SUS316L

Experiment
Variables Maximum Gas Penetration Minimum Fingering
Melt Temperature High Low
Shot Size Low High
Gas Pressure Medium Medium
Gas Delay Low High

Figure 4-12 presents one part made with the settings specified by éaelr@ivs in the
Taguchi L9 array. It was necessary to break open the parts to be abkstoentbe gas
penetration and the fingering effect in each of the parts made. The exp@sedrarthe

regions ofgas penetration length andfingering width.
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(D 2 (3) 4) (&) (6) (7 8 ©)

Figure 4-12: SUS316L Experimental parts, Parts were open to measgas the

penetration length andfingering width

4.2.2 SUSL316L Simulation Results

Figure 4-13 shows the results of the Moldflow® simulation for parts made with the
settings specified by each of the row numbers in the Taguchi L9 array. Thalcolore

region is hollow and represents the penetration of the nitrogen gas in the parts.

Tttt

(1) (2) 3) RN E) o @O & ©
Figure 4-13: MoldFlow® Simulation for SUS316L. Trial 1-9 from left to right

MoldFlow® failed to predict the gas penetration behavior correctly in SUS316L. As
shown in Figure 4-13, the gas penetration and fingering were generally thghevhat

the simulation estimated.

Table 4-6: Rank Significance of Processing Variables for SimulatitnSAUS316L

Melt Temperature  Shot Size  Gas Pressure  Gas Delay

3 1 2 4
Gas Penetration Length
g 14.4% 64.9% 18.6% 2.1%
4 1 3 2

Fingering Width 3.6% 72.6% 3.6 16.1%
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A comparison between Table 4-6 and Table 4-4 shows that the simulation and
experimental significance estimates are very different. For gasraptme, Moldflow®
estimated thehot size to have 64.9% of the effect, compared to 31.5% from the
experiment. Therefore, Moldflow® overestimated the significance cdhibtesize and
underestimated the significance of the other variables. In the casgeiriiy,

Moldflow® again overestimated the effectshibt size, and underestimated the effect of
gas pressure; however, Moldflow®’s estimate of the effect of melt temperature and gas
delay agree with the experiment results. Moldflow failed to take account chisinge

material properties.

Before the gas assisted injection molding parts were made, it wasargc®srun short
shotexperiments. Four short shots with increasing material volume are shown ia Figur
4-14. It is possible to observe the jetting effect in these short shots of powder met
injection. As can be seen in Figure 4-14, the metal jets rapidly to the end batireet
before it starts filling the rest of the cavity. This observation helps uaddrtte way gas
will flow, because metal freezes very fast; therefore, when nitrogemis ingected

there is not a lot of time for it to go through. The jetting effect can occur when gdbting

a thick, open cavity. The melt tends to flow into a deep cavity, rather than develop as a
fountain flow front. When jetting occurs, the molded part will have a poor surface
appearance, and a rope-like jet shape; also, the material injected cools dueiadythe

stages of the mold filling process and does not weld together properly [41].
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Figure 4-14 Short Shot Behavior of PIM witDifferent Shot Sizt

The short shots for the polypropylene material stoba different behavior from tishort
shots of SUS316LThe differences between the materials can be acedoy looking a
the pictures in Figure 44 and Figure-15. There was no jetting effect visi in the

polypropylene, but significant sink marks were pre:

“

: 7. —— |
T Y Gy

Y
o

Figure 4-15 Short Shot Behavior of Polypropylene with Diffet&hot Siz

Figure 416 shows a complete part before measuremeigas penetration length and
fingering width were don. The powder metal parts appear to have a cleasaoodth

surface showing clear detail of the shape of thie

Figure 4- 16 SUS316LParts before Measuringas Penetration Length andFingering
Width
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Figure 4-17llustrates the way one of parts looks like aftettiag up the experiment wi
the optimal conditions to get the maximum gas patien. Observehatthe gas
penetrated mormto the gas channel in the optimum case comparthe triel parts

made in the experimeshown in Figure -12.

Figure 4 17: Optimal Shot SUS316L with simulated s

Figure 4418 shows the bulk temperature profile of the gaat tivas generated |
MoldFlow®. In both cases, the hottest region ith@ channel, and this is why the ¢
tends to follow the channel. The poor thermal catigity of the polypropylene allowa
high temperature gradient at the skin, and th@nadlthe gas to flow easily through 1
core. For polypropylene, here is a 24.3 °C diffeecbetween the highest temperatt
which occurs in the channel compared to the lowessperature which occurn the
wall; but for SUS316L, this difference is only #©. Thus, for SUS316L, tt

temperature gradient is small and the materiakesall over very fas



60

[C]

2158 I

Temperature at flow front
= 160.1[C]

IC]

160.1'

1547

2133

1493

143.9 A21

138.5
2109

(1) Polypropylene (2) SUS316L

Figure 4-18: Thermal Analysis, center of Polypropylene part remaires hotjas

channel than SUS316L

It is also possible to observe the temperature gradient across the ctassiad-igure 4-
19. For the polypropylene material, the interior is maintained much hotter than the
surface and so allows better gas penetration. For SUS316L, the low themiahigra
allows the whole region to freeze fast. In fact, the fingering patteengeay similar to
cross-section temperature profiles. This indicates that, the tempeaéterrfilling the
cavity is more critical to fingering than other factors; however,ishi®t a conclusive

finding.
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(1) Polypropylene (2) SUS316L

Figure 4-19 Cross sectional area showing temperaanalysis oboth material

4.4 Analysis of Fesidual Wall Thickness (RWT)

Once the optimal value was established for experiment, the residual wall thickness
the parts (RWTvas observe. Each of the parts was analyzed through the -
sectional area of the pdy measuring the bottorteft and right sides of thgas channel.
Figure 4-20shows the location of the measurements. With tladysis of RWT t was
found that the wall thickness was not uniform ia garts, especially in the beginning
the part, where gas is injectThe residual wall thickness in upp=irved sections we

thicker theregion near the bottol

Thickness 3 Thickness 2

Thickness

Figure ~20: Measurement Region of parts RWT

Figure 421 shows the wall thickness at the c-section near the gates. The w

thickness at the bottom surface is small. In addjtthe recons in the wall wher
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fingering was observed also had small thicknesthernop surface. These thin regic

are critical and so would result in poor part sgtér

Figure «21: Parts without uniform wall thickness

An empirical formula fronFindeiseret al research [47] is used to compare the res

wall thickness results from the polypropylene mate

s=r1/3 Eq. 4.1

where:

s = skin thickness (same as residual thickness)

r = radius

The radius of the gas channel used in the cavigyasnm. From above equatic
estimated RWT is 1.17 mm. And measured wall thiskreg various location and perc

deviation from calculated RWT are shown in Tat-9.

Table 4-7:Residual Wall Thickness Measurements for PolyprepyIMateric
Thicknessl Thickness2 Thickness3

(mm) (mm) (mm)
1 0.26 3.43 3.25
2 0.32 3.31 3.17
3 0.35 3.38 3.14
4 0.34 3.21 3.11
5 0.32 3.50 3.07
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From Table 4-7, Thickness 1 which is the bottom section of the cavity showed only 22 to
29% of the estimated RWT. However, for the Thickness 2 and 3 showed about 178%
higher than estimated RWT. This difference mainly comes from mateagdility and

gate location. Further research needs to be done to evaluate RWT versusagas ent

point. Published literature indicates that the uniformityesidual wall thickness in fluid
assistednjection molded parts could be improved by adopting differential mold

temperatures [46].
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CHAPTER V

CONLUSIONS

The Taguchi analysis was used to reduce the number of experiment trials andHe find t
optimum processing conditions that give a maxingaspenetration length with
minimumfingering width. The processing variables used for this experiment gasre
pressure, gas delay, melting temperature, andshot size. This process was simulated using

MoldFlow software and compared with the experiment results.

The results showed that tpelypropylene fills the mold uniformly as the flow front
proceeds from the gate to the end of the cavity. On the other hand the powder metal
feedstock3USL316L fills the gas channel all the way to the end of the cavity and then
starts filling the rest of the mold; further, the high thermal conductivéyddo fast

cooling and these effects result in poorer gas penetration.

Results from simulation and experiment were graphed in main effect plotréadi ran
S/N ratio tablesPolypropylene experiment results showed tlshbt size had the highest
significance among all the variables for bg#s penetration length, with a portion of
41.0% of the effect, and also fiongering width, with 59.3% of the effecForgas
penetration length, thegas pressure was ranked second with 24.4% of the effect,

followed bymelt temperature with 19.2% of the effect, and tigas delay time was the
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least important parameter with 15.2% of the effect. In the case bhgjee ng width the
main variable affecting is shot size with almost 60% of significance, fotldwehe next
three variablesnelt temperature, gas delay time andgas pressure were almost equally
significant. The simulation predicts effect of the processing variail¢isegas
penetration length extremely well. In the case of thagering width, the simulation
overestimates the effect of tHaot size, and underestimates the effect of s

pressure.

For SUS316L results in experiment and simulation all four variables haveyequal
significant effect on th@ngering width. Gas pressure, shot size andmelt temperature
were the variables that affegas penetration length with higher significance; the
difference in percentages is very small, therefore all three of thewh lsewdonsidered as
the main effect variables. The gas delay has only a small effect gasthenetration
length.

A part was fabricated with the optimal processing conditions identified byaitpechi
analysis and it was found to have the largestpenetration length and consequently the
lowest material consumption. With the highgas penetration length the part also
showed to have a maximufiimgering width. The simulation and experimental results
were similar; but the simulation of both materials failed to predict thgidineler metal

feedstock would fill the gas channel first.

Residual wall thickness measurements showed that parts injected with gahdoenat
uniform wall thickness. Each of the parts was analyzed throughout the crossadec
area of the part by measuring bottom (thickness 1), right (thickness 2) tftdiééhess

3) sides of the part. Thickness 1 which is the bottom section of the cavity showed only 22
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to 29%o0f the estimated RWT. However, for the Thickness 2 and 3 showed about 178%
higher than estimated RWT. This difference mainly comes from mateaihkility and
gate location. Further research is needed to evaluate RWT away frons eetigaice

point.
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