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ABSTRACT

Plastics play a central role in today’s life. Ifesf variety of benefits compared to other
materials in various sectors like automobile, cartdion and packaging etc. There are numerous
methods for processing plastics. These includew bimulding, injection moulding, rotational
moulding, transfer moulding and thermoforming. $gtm of a suitable manufacturing process
is one of the key decisions that are faced whilsigiheng plastic products. There are some
crucial applications of plastics products such asraobile fuel tanks, body armor and riot
shields for military, large solvent drums etc. wenarechanical and fracture characterization is of
great importance. Also there is a wide range ofymeric materials available. Various
applications demand typical processing method amicdl polymeric material in order to
enhance the quality. Therefore, it is requirechteestigate optimum process conditions of plastic
manufacturing procesgielding favourable mechanical and fracture prapsr Though lightness
and simplicity in processing methods of plastidsaated the designers and manufacturers, a
complete understanding of procegsocess parameters and effect of process paramaters
mechanical and fracture characterization is redutee attain high standard products and its

performance.

Objective based multiple attribute decision makimnethod is suggested for the selection
of plastic manufacturing process. Through this esef rotational moulding process is suggested
as a process based on important attributes likée dyoe, wall thickness, material availability
etc. Rotational moulding is a high temperature, lowsprge thermoplastic processing method
for producing hollow parts. Among the different yethylenes, linear low density polyethylene
(LLDPE) is used in rotational moulding process hseaof its unique melt flow properties and

favourable processing window.

Many products made by rotational moulding procesagiLLDPE are widely used in
outdoor applications such as boats, over head tamkkscar body parts etc. In such applications,
mechanical and fracture properties are considerdx tcritical from the quality characterization
point of view. Therefore, there is a need to inigade the mechanical and fracture properties of

rotomoulded products, which in turn depends upemtiocess parameters.



Present study aims to investigate the effect otgss parameters on mechanical and
fracture properties of rotational moulding produetade using LLDPE. Simulation studies and
experimental procedures are adopted to characteneehanical and fracture behaviour of
rotomoulded products. Simulation studies are cotatasing ROTOSIM software. In order to
ensure that all the factors and their interactiares systematically investigated, two approaches
of design of experiment are used to plan and aralye experiments. These arefactorial
design and Box-Behenken design of response surfaethod (RSM). Experiments are
conducted using rotomoulding machine and univeaesting machine.

In rotational moulding of plastics, improving thmeechanical properties like tensile
strength and impact strength without sacrificing throcessability is the biggest challenge.
Therefore, an attempt has been made to investitpeeffect of oven temperature, oven
residence time and cooling media on the mechamiogperties of the rotationally moulded
products using simulation and experiments. A regain@ptimal processing window is identified
where the superior tensile, flexural and impactppries are noticed. In order to obtain high
stiffness to weight ratio and good thermal insolatipolymer foams are added to base resin in
rotational moulding process. The present attemgd alms to assess the rotomouldability of
foamed polyethylene products and its propertienmFithe preliminary experiments it is
predicted that 6% of foam is the optimum level thakds to be mixed with the base resin
LLDPE to obtain sufficient melt flow for ease ofogessing and better impact strength.
Experiments are planed and analyzed to determefthct of process parameters on the impact
property of the foamed rotomoulded products. Expental results confirm that oven
temperature, oven residence time and cooling medienthe principal process parameters
affecting impact property of foamed rotomoulded ducts. Optimum process parameters

yielding desired impact strength are determined.

In rotational moulding process, moulders havedépend heavily upon trial and error
methods as well as experience of the operatoradigtrthe thickness for a particular speed ratios
and oven residence time. Efforts have been madevastigate the thickness of the rotational
moulded parts for different speed ratios and ovesidence time using experiments.

Experimental results confirmed that both the pregesrameters ie., Oven residence time and

iv



speed ratio have significant effect on thicknesthefrotomoulded products. Equation has been
derived from the statistical regression model tovemiently predict the thickness for any

combination of these process parameters withiexiperimental regime.

Investigations of fracture characteristics of mtmlded products are carried out using
universal testing machine. Since, components peiusing rotationally moulding process are
used in outdoor applications like oil /chemicalragge tanks, automobile components, machine
housing, ducts etc. fracture toughness of suchyatsdis considered as one of the essential
quality feature. Oven temperature, oven resideimoe and cooling medium are selected as
principal parametersR-curve method is used to characterize the fractebaviour of
rotomoulded products made using LLDPE for variouscpss parameters. Experiments are
planed and analyzed to determine the optimum valfi@socess parameters yielding maximum

fracture toughness. Confirmatory experiments areopeed to validate the predicted results.

It is concluded from the extensive experimentatibat the mechanical and fracture
characterization are important quality measuresdtomoulded products which in turn depends
on the process parameters. From the experimeniih{ it is found that oven residence time,
oven temperature and cooling medium are the prahcjpocess parameters which affect
mechanical and fracture properties. Therefore nugdtfixations of these process parameters are

required for obtaining desired mechanical and tnacproperties of rotomoulded products.
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CHAPTER 1

INTRODUCTION

Traditional structural metals such as steel ananadum are being replaced with plastics in
numerous applications. Todatywould be hard to imagine a modern society withplastics.
Plastics have found a myriad of uses in fields i@erde as household appliances, packaging,
construction, medicine, electronics, and automaodind aerospace components. As can be seen
from this list, plastic technology can be appliehwgreat success in a variety of ways. They
have great versatility and offers properties likeatbility, cost effectiveness, low maintenance
and corrosion resistance, etc. Reason for its sace replacing other materials in different
applications is the ability to modify its propediand ease of processing. Though plastics are
attractive to manufacturers, it has certain linmias regarding recycling of the same and its
properties. Their properties can be essentiallyravgd by adding additives, fillers and foams.
Selection of a suitable manufacturing process is @inthe key decisions that are faced while
designing plastic products. Rotational mouldingaiompetitive alternative to other plastic
manufacturing process, since it offers designersopportunity to achieve the economic
production of stress free products. Majority ofatainal moulding products are made from
polyethylene and out of all polyethylene linear Idensity polyethylene (LLDPE) is preferred.
Numerous efforts have been taken to know the mechlanharacterization of rotomoulded
products, however as rotomoulded products are irseditical applications it is necessary to
know the effect of process parameters on mechaaitdl fracture behaviour of rotomoulded
products.

1.1 Manufacturing Process Selection of Plastics

Plastic parts can be manufactured by employingda wariety of manufacturing process
such as blow moulding, injection moulding, rotagbrmoulding, transfer moulding, and
thermoforming. Each plastic manufacturing process $ome distinct merits and demerits. For
producing any plastic products, one of the crudetisions made during the design stage is
process selection. The manufacturing process affgciductivity, cost, and quality of the part.
Traditionally, the decision to select an approgpriatanufacturing process is delegated to an
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expert who employs a complex reasoning processdbaseempirical knowledge and past
experience. This selection procedure may resuhidansistent or poor choices if the decision is
handled by a novice who fails to map correctly theduct characteristics with the

manufacturing efficacy of various manufacturingqasses.

During manufacturing process selection, design amahufacturing teams have to
consider various sets of attributes to get optireaults. Attributes can be either quantitative or
qualitative in nature. Attributes that influencdestion of a process for a given application may
include: operational parameters, environmental y&tbms, human subsystems, manufacturing
subsystems, final product quality, material prapsrt mould parameters, performance
characteristics, availability, etc. Decision makipgpcess like selection of a manufacturing
process for a particular application based on tmlgnation of these attributes is a complex job.
Therefore, there is a need for simple, systematid, logical methods or mathematical tools to
guide decision makers in considering a number td#cten attributes and their interrelations.
Thus, this study involves the application of objeetbased multi attribute decision making
method (MADM) to address the issue of the procekscton.

1.2 ProcessTaken for Study: (Rotational Moulding Process)

After going through multi attribute decision magtimethod for manufacturing process
selection of plastics, the decision is arrived toppse rotational moulding process out of many.
Rotational moulding is a polymer processing tecbgplused for producing hollow seamless
articles by heating, melting and subsequent simgeof polymer powders (LLDPE) in bi-axially
rotating moulds, followed by cooling the melt falidification. It is used to manufacture hollow
parts at low cost. The process is economical aspoeee plastic parts can be made, thereby
discarding the need of costly assembly. As thisgss is stress free, components produced using

this process have better mechanical propertiesnidie advantages of this process are:

Hollow parts can be made in one piece.
Moulds used are inexpensive.

Multilayered products can be made.

w0 DN PE

In mould graphics is possible.



5. Large parts can be produced economically usingotftisess.

To manufacture desired end product in rotationalileing process, different varieties of
powdered resins are used which include Linear Lowndlty Polyethylene (LLDPE),
Polypropylene, High Density Polyethylene (HDPE)|ywmyl Chloride (PVC), Polycarbonate,
Polyester, Acronitrile Butadine Styrene (ABS), Nyl@tc.

Some common products produced using rotational dmogl process are industrial and
agricultural storage tanks, industrial equipmeatsomobile parts, traffic barriers and battery

cases. Fig 1.1 shows different products out oftimtal moulding process.

Rotomoulded boat Traffic cones

Fig 1.1 Products out of rotational moulding



1.3 Process Simulation and Process Modelling of Plastics

Before last one decade, the demands on rotomoydeducts were not too many.
Therefore, rotomoulders or researchers have noterrated on achieving optimum process
conditions or product performance. Also, the appiasgmplicity of the process meant that it
attracted little attention from the research comityutdiowever, in recent years the demands of
rotomoulded products have been increasing steadiity higher level of customer expectations.
Thus, there is well defined need to have betteetstdnding of technology of the process and its
parametersThe rotational moulding process has been extensregiewed by many researchers.
Crawford, (1996) realized the importance of stuflpmcess parameters. According to him the
influential factors in descending orders are: modésign and construction to achieve faster
cooling, oven temperature, shrinkage, oven reseléinte, new mould materials, recycling, and
internal mould release agents. It is highlighteat tinoulders use a rule of thumb to decide the
various process parameters and have to dependyhapen trial and error methods as well as
experience of the operator. It is found that theme number of studies that successfully depict
the mechanical properties like tensile, impact #eslural strength of rotomoulded products
however, there is lack of insight on the effect pgpbcess parameters on those properties.
Therefore, there is a crucial need to know thecefief these process parameters on the
mechanical properties of final product quality.

Rotational moulding process is characterized &y dbmpound nature of heat transfer
involving several phase and density changes ofnpety Moreover, the phase changes occur
over a range of temperature. Further, due to thaxial nature of mould rotation, there is a
dearth of accurate thermal data measurement tagmignd equipment at lesser cost except
ROTOLOG (Crawford & Nugent, 1992). This necessgatdiable prediction of critical timings
of the process like switching off the oven, de-ndiug time, etc. The prediction can also
economize the energy inputs to the processes ardsggnificant energy as well as time. To the
best of our knowledge, ROTOSIM software takes atoount all the possibilities that exist in a
typical rotational moulding process. It is a geh@ractice in a rotational moulding industry to
use trial and error methods to find the right mawdconditions. Sometimes what is considered
as right moulding condition may not be the mostimpin conditions in terms of degree of

curing or cycle time efficiency. Therefore, in theesent study the use of computer simulation

4



software called ROTOSIM is used to assist in piaajc the moulding conditions of
rotomoulded parts.

Though polymeric material can be easily processeddepth understanding of the
process is required to achieve desired productityudtrocess simulation and experimental

investigations have assisted in this regard.

Process simulation helps in understanding, anadyand optimizing the process. In order
to depict the process and derive required chafatits; experiments are accomplished.
Increasing productivity and improving quality areetkey aspects of any process. As the
experimenter cannot rely on costly and time consgnhiial and error method to know the effect
of various process parameters on the process,réggired to plan the experiments to yield a
meaningful conclusion. Design of experiment (DOE)an efficient procedure to reduce the
number of experiments. In this study, two approaabfedesign of experiment are used to plan
and analyze the experiments that are full factatédign and Box-Behenken design of response
surface method (RSM). These methods are used telraod optimize the rotational moulding
process resulting better quality of rotomouldeddpicis. The experimental investigation mainly
concentrates on applying the above methodologyntawkthe effect of process parameters on

thickness, impact strength and fracture toughnesst@moulded products.

Many investigations are available which charazesyirotational moulding process of
pure thermoplastics materials, however, very fewestigations are found on characterizing
foamed rotomoulded products. In order to improwe riiechanical properties the hollow cavity
of rotomoulded products can be filled or mixed witdam. Rotational moulding of foamed
polyethylene has increasingly become an importaatgss in industry. It has been used to
produce parts in various applications such as tugts, furniture, toys and novelties, flotation
and drink containers etc. Foamed structures prowedeeral advantages in thermoplastic
products, including: a lightweight, excellent sgén-weight ratio, superior insulation abilities;
and energy absorbing performance (shock, vibratoa, sound) (Shih- Jung Liu and Ching-
Hsiung Yang, 2001). The present study is basedppfication of experimental techniques like
DOE involving, response surface method to model aptimize the process parameters of

rotational moulding process resulting a better igppédamed rotomoulded product.



14 Fracture Behaviour of Plastics

Although mechanical properties are given due atiepfracture behaviour of polymeric
materials has recently become a major concern gigeering plastics have begun to appear in
critical structural applications. One of the mgpotymers used in rotational moulding industry is
polyethylene which is a tough, semi-crystallinertheplastic that has found increasing use in
several key engineering applications such as dipgmaterial for water and gas transportation,
fuel tanks, large solvent drums. However, there fame critical applications which demand
resistance to fracture e.g. light weight body arnamd riot shields for military and law
enforcement personnel. Since the components fabddeom polyethylene are more often prone
to failure and this tendency of failure is promotgdthe presence of sharp flaws, especially at
room temperatures (Carla et al., 2007). There lareetways in which these sharp flaws can
appear in a structure. First, they can exist inat¢enml due to its composition; second, generation
of flaw in a structure during fabrication, as inlds and third, flaws may generate during the
service life of a component, like fatigue cracksyionment assisted or creep cracks. Fracture
mechanics study can anticipate the load-bearingagpof structures in the presence of initial

defects.

In order to increase the quality and reliabilifytioe rotomoulded products, researchers
handled different methods, processes and polynErs ultimately improved some of the
mechanical properties influenced by the procesarpaters like temperature inside the mould,
surface tension, vacuum and pressure etc. Everglhdiiferent methods and processes are
adopted in rotational moulding process, optimizedameters which in turn give optimized
product quality are not clearly defined. Rotatiom@ulding products are used in some critical
applications like oil tanks, chemical tanks andussitial equipment etc. In view of criticality of
the application of the rotational moulding produciis is necessary to know the fracture
behaviour of the rotational moulding products whishalso considered as a major grey area to
address in this study. So, fracture behaviour bERPE is one of the important characteristics

required to be evaluated.



1.5 Scopeof Present Work

Although the rotational moulding technique has beéewneloped for more than three
decades, the research efforts in rotational mogldinocess are still limited. The present
characterization of rotational moulding processadieemphasizes that process parameters plays
an important role in producing the effective andialde products in rotational moulding.
However, no attempt is made to address the cadoweldietween the process parameters in
rotational moulding process and mechanical anduracbehaviour of rotomoulded products.
Even though different methods are adopted in mtati moulding process, optimized process

parameters which in turn give optimized productliggare not clearly defined.

1.6 Objectivesof Present Work

Based on the existing industrial demand, follownigectives are framed in order to ensure the

guality of the rotomoulded products.

1. To explore an objective based multi attribute deaisnaking (MADM) criterion for the
selection of manufacturing process of plastics.

2. To investigate the effect of oven residence timetloe mechanical properties of the
rotationally moulded products.

3. To examine the effect of process parameters okrib&s of the rotomoulded products.

4. To investigate the effect of foam percentage onntleét flow index and impact strength
of LLDPE products using rotational moulding processd to determine significant
process parameters affecting impact strength eshéshrotomoulded products.

5. To study the Effect of process parameters on fradtughness of LLDPE product using

rotational moulding process.



1.7  Organization of Thesis

To present the subject matter in a logical ordes, thesis work is described in different
chapters as follows:

Chapter-1 deals with introduction to plastics aatkction of appropriate manufacturing
process for plastics. A few details about rotatiomaulding process have been emphasized
along with the applications of the same. Furthére theed of process simulation and
experimentation for the above processes has bemmifisd and scopes as well as objectives of
the present study have been defined.

In Chapter-2 the scope and objectives are idedtifreough a review of literature. The
content of this chapter is grouped into three magmtions. The first section demonstrates the
selection of suitable plastic manufacturing prodessspecific application using multi attribute
decision making method. Second section covers tsept characterization of rotational
moulding process. Same section also covers diffgr@tess parameters and influence of those
on mechanical properties of the rotomoulded praduthis section also emphasizes on process
simulation and application of different additives rotational moulding process. Third section
discusses the present status and characterizdtivacture behaviour of polymers. Finally, all
the important findings of different researchersehbeen assessed and gap areas are identified.

Chapter-3 discusses about the process selectidhodosdogy and process simulation
using ROTOSIM software. This chapter also discuabesit experimental procedures adopted to
characterize mechanical and fracture behaviourotdmoulded products. Subsequent topics
focus on different standards and testing methodislfitl the proposed methodology.

Chapter-4 explores an objective based MADM metfoogblastic manufacturing process
selection. This criterion considers both qualitatas well as quantitative attributes to evaluate,
compare and address optimal selection of plasticufiaaturing process. The method uses fuzzy
logic to convert qualitative attributes into theaqtitative attributes. The procedure has been
adapted to rank different processes, to quantébtiassist a designer to select a suitable process
from a long list for a specific application. A cagedy of process selection for a plastic moulded
automotive fuel tank is used to explain the intiea involved.

Chapter-5 discusses the investigation on effeciveh residence time on the mechanical

properties of the rotationally moulded products. this chapter, simulation studies using

8



ROTOSIM software is proposed to assess the thdraraditions, phase changes that occur in the
process and determine the degree of curing of dhaners. Experiments are further conducted
to verify the simulation predictions and to suggenst optimal oven residence time to get the
highest possible mechanical properties of the prtsdu

Chapter-6 examines the effect of process parameterthickness of the rotomoulded
product. Experiments based on full factorial metlobdiesign of experiments are planned and
conducted to determine significant process parasetecting the thickness of rotomoulded
products.

Chapter-7 discusses the investigation on effetbarh percentage on the melt flow index
and impact strength of LLDPE product using rotalomoulding process. Also, it determines
the effect of process parameters on impact strenftfobamed rotomoulded products using
response surface method (RSM) of design of expeatimExperimental results suggest the
optimum level of foam percentage which yields brattelt characteristics and impact strength. A
statistical process optimization is further carrieat to predict optimum process parameters
yielding maximum impact strength.

Chapter-8 presents the experimental investigataineffect of process parameters on
fracture toughness of LLDPE product using rotatiomeulding process. Experiments are
planned based on Box-Behenken design of RSM torrdete significant process parameters
affecting fracture toughness of rotomoulded prosiuRt curve method is used to determine the
fracture toughness of specimens for each combimatigorocess parameters. Statistical process
optimization is further carried out to predict optim process parameters yielding maximum
fracture toughness of the rotomoulded products.

Summary, outcome of present research work, spamitributions and recommendation
for the rotomoulders are discussed in Chapter-fevAsuggestions for the future scope of work
are also mentioned at the end of Chapter-9.

The list of tables, list of figures, list of synibplist of abbreviations and list of subscripts
are presented after contents. The referencestackigithe text by author(s) name(s) with year of
publication in parenthesis. In reference sectidig teferences are listed alphabetically by
author’'s names, followed by initials, year of pahtion, title of the article, name of the journal,
volume number, and numbers of first and last pagks.list of publications is shown after the

reference section. Appendices are labeled as AC B,. etc. Various results of simulations,



details of estimation of regression coefficientsl @fots pertaining to tensile tests, are included
in Appendices. The brief biography of the supenviand the student is given in the last two

pages.
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CHAPTER 2

LITERATURE SURVEY

In this chapter, the state of the art on procekscion and present characterization of the
process using simulation and experimental methadsbleen reviewed. The literature survey is
divided into three main categories. These are: éa®celection using multi attribute decision
making (madm) approach, rotational moulding procass literature on fracture behaviour of

polymers.
2.1  Manufacturing Process Selection Using MADM appr oach

For producing any plastic products, one of thecialudecisions made during the design
stage is process selectidvianufacturing process affects productivity, costd ajuality of the
part In many industries, selection of the manufacturprgcess is primarily based on the
empirical knowledge and past experience of thegiesnd manufacturing experts. This selection
procedure would be failure if the decision is magiean inexperienced person. Plastic parts can
be manufactured by employing a wide variety of nfiacturing process such as blow moulding,
injection moulding, rotational moulding, transfeouoiding, and thermoforming. Each plastic
manufacturing process has some distinct meritddanakrits (Tool and Manufacturing Engineers
Handbook, 1996)The handbook by Bralla (1986) provides an exceltemtew of the various
manufacturing processes and their suitability undmious attributes such as material type,
overall shape and size, and production voluvaiousapproaches were proposed in the past to
help address the issue of process selectioret al., (1993) has proposed an expert system that
helps designers select a manufacturing proce$eindrly stage of product design. The proposed
system used the concept of design compatibilityyasato represent the suitability of candidate
processes with respect to the given product spatibns. Raviwongset al., (2000) has
developed a plastic manufacturing process selectiethodology using self-organizing map

(SOM) /fuzzy analysis.

Selecting manufacturing process for any specidipplication, various important criteria

or attributes are needed to be considered. Praedsstion attributes are defined as attributes
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that influence selection of a process for a givepliaation. These attributes include: operational
parameters, environmental subsystems, human sebsystmanufacturing subsystems, final
product quality, material property, mould paramgtematerial impact on environment,
performance characteristics, availability, markeinds, cultural aspects, aesthetics, recycling,
target group, etc. Optimal selection of manufactyiprocess for particular application keeping
those attributes in mind has been a complex jobny industry. The selection of an optimal
process for a specific application among two oreradternative processes on the basis of two or
more attributes is a multiple attribute decisionking problem. The selection decision is
complex as process selection is more challengidgytoThere is a need for simple, systematic,
and logical methods or mathematical tools to guideision makers in considering a number of
selection attributes and their interrelations (R&@07 & 2010). The main focus of any process
selection method is to obtain suitable selectidnbates and to identify proper combination of
attributes in association with the actual requiremdherefore, attempts has to be made to
determine those attributes that effects the proselextion for a desired application as well as to
remove inappropriate alternatives, and to choosset muoitable alternative using simple and
logical methods. For the above mentioned situatidA®M or multi-criteria decision making
(MCDM) methodology is suitable for selection of @guct or process based on a complex set of
attributes. MADM methodology is applied in a widange of areas like selection of
electroplating system (Abhishek and Agrawal, 20@®@)ection of a supplier (L&t al., 2007),
selection of mechatronic systems (Kirah al., 2011). Yang and Hung (2007) identified
techniques for order of preference by similarityideal solutions (TOPSIS) as a viable method
for the selection of plant layout and is found shié for the use of precise performance ratings.
MCDM based on TOPSIS methodology is proposed byuhmalai and Senthilkumaar (2013) for
selecting optimum machining parameters. Sayed dadhr&az (2013) discussed a hybrid fuzzy
multi-criteria decision making approach for desatlion process selection. Darji and Rao (2014),
Anojkumar et al., (2014) presented MCDM method for material selectod pipes in sugar
industries. Caliskamt al., (2013) used MCDM method for material selectiorntad! holder in
milling process. The new approach of MADM is intneed by Quan Zhang al., (2003) which
integrate subjective and objective information.
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MADM along with TOPSIS approach is used for evabraand optimal selection of
robots (Bhangalest al., 2004). Authors have developed a quantitative rhaséng above

methodology and compared the results with othgslgcal methods like line and spider graph.

MADM is also used as a methodology for optimunesgbn of manufacturing process
for a composite product system by Durai Prabhakataal. (2006). With the help of this
approach, authors ranked chopped carbon fiberseabdst choice for resin transfer moulding
process. Waigaonkaat al., (2008) used MADM and TOSIS approach for resin c&t&a in
rotational moulding process. The procedure has legopted to rank different resins, to
guantitatively assist a rotomoulder to select aperoresin from a long list for a specific

application.
2.2 Rotational Moulding Process

Even though a lot of manufacturing processes aatladle to produce hollow plastic
parts like injection moulding, thermoforming, blanoulding etc., currently rotational moulding
is a competitive alternative to all of those monffdprocesses. Rotational moulding (also called
as rotomoulding or rotational casting) is a therkastic processing method for producing hollow
parts, ranging from most simple to complex georast(Amara Ait Aissa 2012, Crawford 1996,
1992). The products obtained from rotational mowdiind wide applications in various fields
like agriculture, storage tanks, industrial equiptsg medical devices, material handling,
road/highways, automobiles, etc. (Brent strong 2@é&wford and Kearns 2003)

The advantages of rotational moulding process (&pez Banuelos 2012, Brent strong
2006, Crawford and Kearns 2003)

a) The parts produced by rotational moluding procassrelatively stress free as
compared to other moulding process like injectiooulding or blow moulding,
since in rotational moulding the plastic is notced to take up a shape that is not
natural for it.

b) With proper design, parts assembled from seveetdgsi can be moulded as one
single part (with no weld lines or joints), elimtimay high fabrication costs.

C) Large parts can be produced economically usingotitisess.
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Different thermoplastic powders are used for fotetl moulding like low density
polyethylene (LDPE), linear low density polyethyée(LLDPE), Metallocene catalyzed linear
low-density polyethylene (m-LLDPE), cross linkedlymthylene (X-LPE), polypropylene (PP),
acrylonitrile-butadiene-styrene (ABS), nylon (PAlfplyvinyl chloride (PVC) etc. Out of these
polymers, LLDPE is mostly preferred for rotatiomabulding process (Amara Ait Aissa 2012,
Brent strong 2006, Crawford and Kearns 2003). LLD®& linear polymer (polyethylene), with
significant numbers of short branches, commonly enbyg copolymerization of ethylene with
longer chain olefins. LLDPE has unique melt flowoperty which makes it suitable for
rotational moulding process. Another important by which fits this to the process is its less
shear sensitivity. The lower shear sensitivity bDIPE allows for a faster stress relaxation of the
polymer chains. The rheological properties of LLDBE summarized as ‘stiff in shear’ and
‘soft in extension’. Few critical applications aftomoulding process using LLDPE (along with
other materials and additives) material are autolmdioel tanks, oil tanks, chemical tanks,
traffic barriers, boats and material handling &gd. These applications demand superior
mechanical properties like impact strength, tenstie@ngth, viscosity, flexural strength and

density.

Fig 2.1(a-d) shows four different stages in a troteal moulding process. Fig 2.1(a)
shows charging of the mould with polymer powderi¢gly LLDPE of melt flow index 4.5 —
5.5¢/10 min. After charging, biaxial rotation (raaspeed ratio is typically 4:1) in a convective
heated environment is achieved by supplying hetdreally as shown in Fig 2.1(b). Cooling
with mould rotation (Fig 2.1 (c)) is done where thelted polymer powder gets settled to the
walls of the mould. Finally, demoulding (Fig 2.1 done to get the product.
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(a) Mould Charging (b) Heating and Rotation
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Fig 2.1 Line diagrams showing the stages of rotationallding process

2.21 Process Parametersin Rotational Moulding

The quality of a product obtained by rotationalulding process is governed by several
process parameters like mould material, rotatiepeaed of mould, oven temperature, cycle
time, cooling medium, powder size, pigments, etce Bbove mentioned process parameters
plays an important role in deciding the superiochamical properties as observed by Crawford
(1996).

In order to control the rotational moulding pragethe temperature inside the mould is
identified as critical parameter. Crawford and Nutgel992 determined the peak internal air
temperature (PIAT) of LLDPE as 200-220which is critical parameter to obtain optimized
product quality. In order to understand the temfoeeavariation during different stages of
rotational moulding process, a temperature meagwavice called ROTOLOG is proposed by
Crawford and Nugent, (19@)2 The variation of mould internal air temperatwtering the
rotational moulding process using LLDPE as a preiogsmaterial has been depicted by Nugent
and Crawford, (1993, Nugentet al., 1992, Kontopoulou, (1997) as shown in Fig 2.2.
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Fig 2.2 Variation of internal air temperature in rotationaulding proces (Nugent and
Crawford, 1992)

Heating is the first stage where heat penetratesoirthe mould andinternal air
temperature starts to increase at a steady rdie pgnt A. In powder adheren phase (AB), the
powder particle (LLDPE$tarts meltin andit absorbs large amount of heo form a thin film of
melt on innersurface of the mould. Isintering phase (BC)ndividual particles stick together
the surface of the mould and form a loose poroussmas the temperature increg, the powder
takes the shape of the moi During this stage pockets of air are still trappadthe melt,
forming bubbles. In fusion stage (CD), the density efrtielt pool increases and the bubbles
are formed in the previous stage decrease in Bieeinner surface of the part becomes sm
Even though the temperature at the inner surfathe mould idesser than the temperature n
the surface of metal moulthe rotational moulded products begin to degradinetnne free
surface. The presence ofygen at the inner surface initiates the degradgtiocess. Because
the degradation process, K initiates at the inner surface and propagateglisaphrough the
rest of the unaffected structure of the plastipmagposed by Crawfor(1994).In Cooling (DE)
phase, the plastic gets solidified as the temperatliecreases inside the mould. The
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temperature inside the mould gets reduced dueetodllease of thermal energy during cooling.
After cooling, the plastic part is allowed to beedn out from the mould as the mould
temperature reaches aroundG0

The rotational moulding process has been extelysigeiewed by many researchers. The
importance of study of process parameters in deegrorders according to Crawford, (1996)
are: methods to reduce cycle times, cooling ratendemperature, mould materials, recycling,
stress analysis and internal mould release agkntshighlighted that moulders use a rule of
thumb to decide the various processing parametetshave to depend heavily upon trial and

error methods as well as experience of the operator

Spence & Crawford (199phave shown that a low viscosity mate(idF| 25 g/ 10 min)
produces products in which bubbles or surface paresnot observed. Also overheating can
reduce the bubbles, but it may tend to have advaffeet on the mechanical strength of the
product. These significantly reduced because ofniak degradation as well as overheating
resulting in longer cycle times reducing the eéiwy of the proces®\s per Crawford (2003)
different varieties of polymers that can be usedoitional moulding process are decided by
some specific characteristics of the polymers wlach in terms of conductivity, paintability,
processability etc. This helps in precise contk@rahe process and reduced cycle time. Various
internal cooling methodologies have been studieddy et al., (2012) to reduce the cycle time.
This includes pressurized air, cryogenic liquidragen, chilled water coils and water spray
cooling. Out of all stated methods, water spraylingois chosen as a viable and effective
method for internal cooling in rotational moulding.

Polypropylene is rotomoulded under variety of gssing conditions. It is observed by
Van Hooijdonk et al., (2001) that the impact property of polypropylene is sigmihtly
influenced by difference in heating and coolingerafllso there is very little difference in
flexural modulus of samples produced using variprecessing methods. The highest result is
achieved for the larger burner conventional macllif®d3MPa), followed by injection moulded
sample (941MPa). There is 10% difference between fixural modulus of the injection
moulded samples and samples made of small burnening During the studies on importance

of vent (in the mould), it is found that, the irexffive venting of moulds could cause part
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deformation or warpage due to differences in captates and adverse pressure gradients (Jones,
2003). Tan et al.,, (2011) investigated the effettcooling rate on the morphology of
rotomoulded polyolefin’s. His result highlightedathrapid and symmetrical cooling across the
mould generally results in smaller spherulite sizlgch yields better mechanical properties. In a
comparative study of rotational moulding, injectionoulding and compression moulding
processes, two indices viz. a thermal index anceahanical index are derived (Godiné&aal .,
2002). To correlate the processing conditions withdeveloped microstructure and subsequent
mechanical properties, thermo mechanical indiceslafined. The low values of thermal indices
indicate slower cooling rates and higher crystatlan. It is found that the low values of thermal
index characterized the rotational moulding (0.52% compression moulding (2-2.5) processes
(indicating higher degree of crystallization), vehithe high values (2-11) are achieved in the
injection moulding process (indicating lower degoéecrystallization). The mechanical indices
denote the maximum shear rate reached in mouldiogeps. Those are zero for the rotational
moulding and compression moulding process whils found to be 7x10to 9x1G in injection
moulding process, signifying that high shear ratescommon in that process. The enhancement
of tensile properties is seen in injection-moulgedts due to combined effect of crystallinity,

spherulite size and orientation induced in the nelte

In the rotomoulding process, the temperature rbessufficiently high to achieve the
correct viscous and elastic rheological charadtesisn the polymer to promote the coalescence
of granular particles, and for removal of trappedlides. The processibility relationship for
rotational moulding process between the initial dew temperature ¢J and polymer
degradation temperature gjTare reported by Abbas Tcharkhtchi & Jacques Vei2i04).
Authors compared the processability characteristicpolyethylene with other polymers like
polyethylene terephthalate (PET), polyvinyl chlesidpolypropylene and polyamides. It is
observed that polyethylene poses broader processitpw compared to other polymers due to
its higher thermal stability. It is also observdttt in rotational moulding process, polymer

spends longer time in liquid state compared torghecess like injection and below moulding.

It has been estimated that one third of the faduwsf moulded plastic parts arises due to

residual stress that develops during the mouldioggss.
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However, the major advantage in rotational mouldprgcess is that the residual stress is
relatively less compared to other moulding methddse best approach proposed by Crawford
(2000) to reduce the residual stress in rotatiomailding process is faster internal cooling and
exercising the control over the release point. ltatease from the mould causes lower level of
residual stress. Also the use of pressure insidartbuld is the best way to control the release
point.

Numerical simulations performed by Bellehumeur ahidng, (2002) described the
formation and evaluation of bubbles in rotationadulling process. It is observed from the
simulation that initial size of the bubble is cailied by powder particle size and packaging
arrangement. It is also noted that rheological Hremal characteristics have little effect on

bubble formation process where as processing dondiplay a major role.

An experimental study is reported by Liu and HI®99) to know the effect of different
processing factors like oven temperature, parktt@ss, cooling condition, mould material and
mould release etc. on warpage of rotational moulpads. Experiments are carried out and
profile meter is used to measure the warpage. Fhendetailed investigation it is observed that
warpage of rotational moulded part increased wiitrdase in oven temperature, part cooling
rate, thermal diffusivity of mould material and usgemould release agent. Whereas the wrapage
got decreased with thickness of part, diameteresitimg pipe and mould pressurization. Also,

the warpage of foamed parts is found to be legstthat of non-foamed parts.

Among all the process parameters that are disduaBeve, cooling, heating rate and
cycle time are the three parameters which playngportant role in deciding the mechanical
properties of the rotomoulded product. Slow caplinay result in lower impact strength and

increased cycle time. Even improper heating oringahay lead to thermal stress cracking.
2.2.2 Influence of Process Parameters on the Mechanical Propertiesof LL DPE Products

The roto moulded product quality is greatly infiged by its process variables which in
turn, influence mechanical properties of the rotzi moulded products. Depending upon the
criticality of the application the desired mechahiproperties of the rotational moulded products

are impact strength, tensile strength, flexurargjth and density. Antonio Greco and Alfonso
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Maffezzoli (2004) carried out powder analysis afy@ed high-density polyethylene (RHDPE).
Different shape factors capable of characterizimyvgers are obtained at three different
temperatures (T<4Q; 60°C<T<70C; 90C<T<100C). It is found that larger and more
regularly shaped powder particles are obtainechbseasing the milling temperature. At higher
temperatures, isotropic configuration of polymenial is obtained which allows cleaner cuts
and smoother surfaces. A further increase in teatpe¥ lead to premature melting and adhesion
of powders and consequently to formation of clisstdrat are not desirable for rotational
moulding. The influence of shape and size of powadsticle is studied by thermo-mechanical
analysis. The mathematical model (Antonio Greco BoAso Maffezzoli, 2004) followed by
experimental investigations confirmed that theréstexan optimum sintering temperature at
which the density of the sintered product is highad a good quality rotationally moulded

product can be fabricated.

Effect of particle characteristics and operatingnditions on particle deposition in
rotational moulding process is examined by Olingélale (2005). From the experiment it is
observed that size segregation of powder particbeimed when particles had a smoother surface
and regular shape. The result also showed that godeposition pattern is largely affected by
heating rate and rotational speed. The experimamialysis also yielded a better understanding
on flow characteristics of rotational moulding pees. Relation between the dry flow time and
bulk density of rotomoulding resin powders are expentally studied by Laws (2004). It is

found that dry flow time increases with increasmaterial temperature.

The density changes of different thermoplastic gens during rotational moulding
process are measured by McNadtyal., (2002). Thermo mechanical analysis on polyethylene
powder revealed an increase in density betweentehmperature range of 13D to 156C.
However, reduction in density is observed whenténeperature is further increased from 450

to 200C. Identical trends are observed for other polyrtikespolypropylene and polycarbonate.

An experimental study to establish the relatiopdtetween the impact performances of
rotationally moulded polyethylene over a rangeeshperatures from -6Q to 20C is reported
by Pick and Eileen Harkin-Jones (2003Three samples of conventional LLDPE and

metallocene catalyzed LLDPE is tested for ever§Clse in temperatures between °GGand
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20°C. The result showed that the metallocene cataliz&PE has better impact properties than
conventional LLDPE. The results also indicated takbhough high-density polymers shows
higher impact resistance, the other factors likgstatline morphology play an important role
than density in the impact performance. Furthexwiork has been extended by Pick & Harkin-
Jones (2003 to find a quantitative relationship between theact performance and thermal
transition of rotomoulded linear low-density polygene. It is found by Spence and Crawford
(1996) that increased number of fine particles produvese bubbles and reduces the impact
strength. They have also revealed that viscositmelt has significant influence on the flow of
powder inside the mould which in turn will affechiformity in thickness. The property of
rotational moulded and injection moulded polypremg parts are compared by Van Hooijdonk
et al.,, (2001). It is found that the impact property ofeieion moulded sample showed improved

crystallinity and impact strength.

In real time application, the impact performandett@ plastic is very important. The
impact strength of LLDPE is compared by Shih-Jung (2000) for five different process
parameters, four levels of oven temperatures, thifierent oven times, four different mould
materials and four different particle sizes of mthylene powder. The experimental result shows
the impact strength in decreasing order: aluminunbrass > mild steel > stainless steel.
Experimental design based on Taguchi method ar@ tasprove that the oven temperature and
oven time are the principal factors affecting tingpact properties of rotationally moulded
thermoplastics. According to Guobghal., (2004) in order to improve the mechanical progstti
like impact strength of hollow cavity made by tletomoulded products, the product has to be
filled with the polyethylene foam materials. Ta®1B) investigated the effect of cooling rate on
impact strength of rotomoulded products. His resaitfirms that higher cooling rate reduces the
level of crystallinity and improves the impact sigéh. Recent investigation on influence of
cooling rate on thickness by Salah Sarrabial.,(2013) proved that as the cooling rate is

decreased in rotational moulding process mouldktigss is increased.

Shih Jung Liu and Kang Ming Peng (2010) assessexrl rbtomouldability of
polycarbonate reinforced polyethylene composites fanind that higher cooling rates yielded
higher impact strength with lower tensile strengtimoulded composites. Spence and Crawford

, 1996 introduced internal pressure inside the choolreduce bubbles and pores in rotational
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moulding process which in turn increased the img#&ength up to 25 % and tensile strength up
to 5 %.

It has been years that the rotational mouldingistiies have recognized longer cycle
time creating a significant obstacle for the depaient of the process. Conventionally, cycle
time has been reduced by using polyethylene ofaediumolecular weight or melt viscosity.
However, those can result in inferior impact stten@haratet al., 2001). Sufficient progress
has been shown in reducing cycle time by other aushalso. Changing the thermal
characteristics of the shell material (Yetral., 2003), introducing internal pressure (Crawfetd

al., 2004), and employing internal cooling (Khouri02) to mention a few.

2.2.3 Analytical Work to Simulate the Process

Considering the nature of complex heat transfenpmena in this process, several
researchers have simulated the process analytiaatlysupported their results by experimental
investigations. Some researchers adopted mathexhatizlels and simulations to understand the
characteristics of the rotational moulding proc&siulation of thermal phenomena in rotational
moulding is very important to follow the evoluti@i the temperature in various zones of this
process (Said Lotfi et al., 2012). Simulation akofer systematic and quantitative studies on the
effect of moulding condition and material propexy the moulding cycle. The effect of
crystallization kinetics on warpage of polypropydehas been studied by Glomsaletral.,
(2009). A multimode crystallization kinetic modedshbeen proposed by the author to relate the
effect of crystallization on warpage of rotomouldesbducts. On the basis of his empirical
model, they found that crystallization temperatargstallization halftime and heat of fusion are
most significant parameters influencing warpage.céRdy, computer simulation based
prediction of internal air temperature and degreeuang in multilayer rotational moulded parts

is investigated by Alongkom (2009) using ROTOSINhslation software.

Modified heat transfer model for the rotationalutaing process has been proposed by
Baneerji et al., (2008). The model is based on keasfer to powder at the mould powder
interface is through convection and the powderiglad get heated up by conduction. The author
has successfully modeled layer-by-layer non isotlarpolymer melting and crystallization

using a source-based method
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Time required for complete powder deposition itational moulding process has been
depicted in terms of theoretical and lumped nunaérmoodel by Gogogt al., (1998). They
developed a numerical model for three phases attiootal moulding process, namely mould
heating with biaxial rotation, powder deposition thie walls of the mould and cooling of the
mould. It is concluded from the numerical studyttipastic melting temperature, energy
required for phase change and plastic conductafieet@ the powder end time in rotational

moulding process.

The simulation of fusion and crystallization stajgolyamide 11 in rotational moulding
process using ozawa model coupled with enthalphthadeis proposed by Said Lot al.,
(2012). The proposed model is to used the heaselduring crystallization process.

2.2.4 Additivesand Foamsin Rotational Moulding Process

Yan et al., (2003) investigated the effect of reinforcing thasg beads with medium
density polyethylene in rotational moulding procdaom their experimental observations it is
noted that addition of glass beads in medium dgpsilyethylene, increases the impact strength
with reduction in tensile strength and total cytlee of the process. It is reported by Mark
Kearns & Neil Collan (2000) that the use of twodaynoulding gives significant improvements
in flexural modulus and considerable reductionhnrkage of mouldings, however no benefit
has been gained in terms of tensile strength ammhdmproperties of composite mouldings.
According to Bharat Indu Chaudhaey al., (2001), addition of low molecular additives like
mineral oil, glycerol monostearate added with ptilylene as sintering enhancers results in
decreased melt viscosity and elasticity at low shate. Due to the addition of sintering
enhancer, part thickness obtained is uniform amdctjtle time is reduced without adversely
affecting the impact strength on uniaxial and aaxotational moulding. An investigation of the
effect of Talc and Mica on the properties of raiaél moulded LLDPE inferred that the
introduction of finer grades of Talc and Mica imped the impact strength. It is also found by
Robertet al., (2000) that when moulding LLDPE+10% MICA-MUS85 + 38 maleic anhydride
modified high-density polyethylene PB3009, a returcof nearly 15% of overall cycle time is

achieved and for the same composition the shrinlcageuced up to 56%.
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Nano scale Calcium Carbonates are used to imgievémpact strength of rotationally
moulded nano composites with polypropylene as aixnataterial. It is found by Alongkorn
Kanokboriboon and Harkin-Jones (2005) that CalciDarbonate could be a effective impact
modifier for rotomoulded polypropylene with smakatease in strength and strain to break.
Many polymers used in rotomoulded parts (such &doau storage tanks) contain photostabiliser
additives. However, it is observed by Mark Keaenal., (2001) that those resulted in marginal
decrease of impact strength. A design and cosysisalf mould made of FRP filled with copper
particles [FRP/copper] has been suggested to retieceycle time in rotational moulding (Seibi

and Sawaged, 2002). Using that mould they havenel@i64% reduction in manufacturing time.

One drawback of rotomoulded products is its lowulative, and shock mitigation
properties due to the hollow structure. In ordeimiprove the mechanical properties, the hollow
cavity of rotomoulded products can be filled or edxwith foam. Rotational moulding of
foamed polyethylene has increasingly become an nitapbprocess in industry. It has been used
to produce parts in various applications such asitfure, toys and novelties, and flotation and
drink containers (Klempener, 1991). Foamed strestuprovide several advantages in
thermoplastic products, including: a lightweightxcellent strength—weight ratio, superior

insulation abilities; and energy absorbing perfanoga(shock, vibration, and sound).

Although the rotational moulding technique hasrbeeveloped for more than three
decades, the research efforts in rotational mogldihfoamed parts are still limited. Guoleh
al., (2004) has studied the mechanisms of foaming usifigPE foams in rotational moulding.
A similar study has been conducted on the foamireghanism of polyethylene blown by
chemical blowing agent under ambient pressure (Rezhal., 2008). Archeret al., (2002) has
investigated the foaming behaviour and flexuralperty of rotomoulded foamed metallocene
polyethylene. He observed that metallocene baségkthglene produces foam with a lower
density than conventional polyethylene and metahecbased polyethylene foam exhibits lower
flexural property than conventional polyethylenéheTrotomouldability of LLDPE foams is
examined by Shih-Jung Liu & Chja-Hsun Tsai (199&ling citric acid based blowing agents.
The presence of blowing agent increased the imgieength of the product whereas the tensile
strength was found to be decreasing with increagbda blowing agent content. The warpage of

the part was also found less with the increaseoaming agent. Experimental investigation
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performed by Maryam et al., (2013) to know theugfice of processing time and temperature on
foam structure revealed that these parameters hasignificant effect on the foam cellular
structure. Processing time and temperature aredféarbe effective tools for controlling the

cellular structure and physical properties of depetl foam structure.
2.3  Fracture Behaviour of Polyethylene

Generally, polyethylene is a tough, semi-crystallithermoplastic that has found
increasing use in several key engineering apptinatisuch as a pipeline material for water and
gas transportation, fuel tanks, large solvent drudtwsvever, applications demanding resistance
to crack is found to be utmost importance, e.datligeight body armor and riot shields for
military and law enforcement personnel. Since thmmonents fabricated from polyethylene are
more often prone to failure under impact loading #ris tendency of failure is promoted by the
presence of sharp flaws, especially at room tenwpexrgCarlaet al., 2007). Therefore, fracture
behaviour of a polymer is one of the important elteristics required to be evaluated. Fracture
of polymer materials can be brittle or ductile oixture of two. Thermoplastics may fracture
primarily by brittle or ductile manner. The fractumode is considered to be brittle if the fracture
of the thermoplastic takes place below its glagedition temperature else it was considered as
ductile fracture, whereas the thermosetting plasiie considered to fracture primarily in brittle
mode. Fracture toughness generally depends on tetape environment, loading rate, the
composition of the material and its microstructaogiether with geometric effects (Argon, 2013,
Crawford, 2006, Anderson, 2005).

Essential work of fracture under tensile and iniplaading is used to evaluate the
fracture toughness of high density polyethyleneaargelay with montmorillonite nano-
composites with / without elastomers. It is founydTyong & Bao (2007) that the model cannot
be used to describe the fracture behaviour of pID®E and its nano-composites, as necking
and cross yielding of the composites takes placeéd¥. The dynamic fracture behaviour of
linear medium density polyethylene under impactiong condition are assessed by three point
bend impact experiment with modified split Hopkinspressure bar (MHPB). It is found by
Carlaet al., (2007) that the time duration of the stable crhktkting and growth for 6 m/s of

impact velocity is much shorter than those obtaifoedower impact velocities (i.e., 5.4 m/s and
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2.7 m/s). It is also observed that as impact velasi increased the time required for dynamic
fracture initiation, length of stable crack grovahd dynamic energy release rate gets decreased.
According to Franciset al., (1988) morphological analysis of the extraordindrgcture
toughness of LLDPE resins compared to low denstygihylene and high density polyethylene
resins. It is proved that the presence of secoffidpb@ase with a weak solvent in a hard semi
crystalline matrix resulted in extraordinary fragtuoughness in LLDPE. Essential work of
fracture concept is used by Tamas Barahyal., (2003) to find the plane stress fracture
toughness of amorphous co-polyester sheets ofreliffecomposition and molecular mass. It is
observed that amorphous co-polyesters are idegimaol for essential work of fracture tests,
since they undergo full yielding prior to the onsétcrack growth. Essential work of fracture
approach is used to assess the effect of stratnamtthe plane stress fracture toughness of
various ductile polymeric films (LLDPE-CO-BUT, PA&nd PET). It is found by Alesseandro
Pegorettiet al., (2005) that specific essential work of fracturempmnent related to crack
initiation is increasing with strain rate and whesdehe crack propagation is decreasing with
strain rate. For the prediction of crack width anack spacing in fiber reinforced polymer (FRP)
concrete beams an analytical procedure based oslith@nd bond stresses is adopted. It is
predicted by Aiello & Ombres (2000) that increasebbond strength of FRP bars reduced the
width of crack. Increase in reinforced ratio anderahickness decreases the crack width.

Past literature greatly emphasizes on the frachekaviour of different polymeric
materials like HDPE, LLDPE etc and their composit€encentration of research work is
towards knowing the material characteristics ratih@n product characteristics. Since plastic

products are used in critical applications, ingportant to know the product characteristics also.

24  Assessment of Literature

Plastic parts can be manufactured by employingda wariety of manufacturing process
such as blow moulding, injection moulding, rotagbrmoulding, transfer moulding, and
thermoforming. Each plastic manufacturing process $ome distinct merits and demerits. The
aspect of appropriate process selection for plastéicufacturing is not emphasized adequately in
the literature. In other material selection anddmsign problems, literature survey reveals

methodologies like fuzzy MADM, TOPSIS are used detecting right process for a particular
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product application. As the selection decisions eoeplex, there is a need for simple,
systematic, and logical methods or mathematicd$ ttmoguide decision makers in considering a
number of selection attributes and their interretet in making right decisions. As observed
from the literature, MADM methodology is being wideapplied for the above said situations.
Since the problem of process selection for plastamufacturing is a serious concern for the
moulders considering the availability of numberpobcesses with different advantages, a need

exists to address this problem with suitable aradlable mathematical models like MADM.

A critical review of the literature on rotationaloulding process highlights that many
researchers have concentrated on reduction in d¢yole of the process and there are very
limited studies performed in knowing the effect @fen residence time on the mechanical
properties. Also, there are limited simulation s#sd(mainly due to apparent simplicity but
complex nature of heat transfer during the proceds®t take into account actual process
conditions and their effect on mechanical propsrté the product in their prediction. As a
consequence, many times the predictions differ ftbenshop floor situations. The review on
rotational moulding process also shows that theropation of oven residence time with respect
to the mechanical properties has not been empliasitech greatly helps the moulders to the
decide the appropriate oven residence time, yigldietter mechanical properties like tensile,

impact and flexural strength.

Although rotational moulding technique has beevettged for more than three decades,
the research efforts in rotational moulding of fe@hparts are still limited. From the literature on
rotational moulding, though lot of research centers knowing the product and process
characteristics, to the best of our knowledge,istieél methods like DOE have not been
sufficiently discussed which can improve the qyabf the product. The above mentioned
method can also assist the experimenter in reduti@grariability in the process and product.
DOE has been successfully implemented in varioberotields especially in manufacturing
sectors for process optimization which yields betfeality product. For rotational moulding
process, no such attempt of application of DOErovk the effect of process parameters on the

impact strength of foamed polyethylene has beemechout.
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Even though different methods are adopted in imtat moulding process, optimized
parameters which in turn give optimized productligyare not clearly defined. Rotational
moulding products are used in some critical appbos like oil tanks, chemical tanks and
industrial equipments etc. In view of criticality the application of the rotational moulding
products, it is necessary to know the fracture eloa of the rotational moulding products
which is not clearly investigated yet. As it is@smnt from the literature that the process variables
play an important role in producing the effectivedaeliable products in rotational moulding,
however, no attempt is made to address the cdoelatmong the process parameters in

rotational moulding process with mechanical andttree behaviour.
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CHAPTER 3

METHODOLOGY

I ntroduction

This chapter discusses about the process selecsiomilation and experimental
procedure adopted to characterize mechanical auwtufie behaviour of rotomoulded products
made using LLDPE. Subsequent topics provides cdmptietails of selecting a suitable
manufacturing process for specific application, ipouents, material and procedures used to
predict the optimum process parameters yieldingimam mechanical strength and fracture
toughness of rotomoulded products. Methodologyh@as in the form of block diagram in Fig

3.1 for better understanding at a glance.

Methodology
/v
MADM for plastic Experimentation to predict Process simulation ang
manufacturing optimum process parameters experimentation for
process selection yielding better mechanical predicting optimum
and fracture toughneSS oven residence time

Design of experiments to plan
and analyze the experiments

Predicting optimum process
parameters yielding maximun
impact strength of foamed
rotomoulded products

Predicting optimum process$
parameters yielding require
thickness

Predicting optimum process
parameters yielding
maximum fracture toughnes

=
—

7]

Fig 3.1 Block diagram showing the methodology
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3.1 Manufacturing Process Selection

Manufacturing technology plays a vital role foe ttievelopment of a country’s industrial
growth and largely dictates the trend of the econobecision making in the manufacturing
environment is a strategic topic, especially inremtion with the complexity of driving forces

and factors influencing manufacturing systems dynam

Fast-changing technologies on the product fronticaed the need for an equally fast
response from the manufacturing industries. Thetralditional model of ‘unfocused, short-term
views and non-holistic vision’ is being replacedtbg enlightened approach of ‘focused, holistic
and strategic vision’. To meet the challenges, rfarturing industries have to select appropriate
manufacturing strategies, product designs, marwfact processes, work piece and tool
materials, machinery and equipment, etc. The gdefedalecisions are complex as decision
making is more challenging today (Venkata Rao, 200&cessary conditions for achieving
efficient decision making consist in understanditfye factors influencing the whole
manufacturing environment including the issues teelato manufacturing systems design,
planning, and management. Out of all the decisions, of the crucial decisions that is made

during the design stage is process selection.

Coming section presents objective based mulibate decision making methodology for
plastic manufacturing process selection which isiraple, systematic, and logical method
considering number of selection attributes andrtimerrelations. Multiple attribute decision
making is employed to solve problems involving seten from among a finite number of
alternatives. In this work, the method is adaptethbk different plastic manufacturing processes
namely blow moulding (BM), thermoforming (TF), ratmal moulding (RM), injection
moulding (IM), and contact moulding (CM) to quaatively assist a designer to select a suitable
process from a long list for a specific applicati®he methodology consists of four simple steps
(Rao and Patel, 2010, Raial., 2011).

The four steps of objective based MADM methodolagy described below: (Example for the

same are discussed in Chapter- 4)
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3.1.1 Decision Table

Identify the pertinent attributes and differenteahatives for the process selection
problem. The attributes are of two types, bendfifii@. higher values are desired) and non-
beneficial (i.e. lower values are desired). A qitative or qualitative value can be assigned to
each identified attribute as a limiting value fds iacceptance for the problem under
consideration. After listing the alternatives ahé walues associated with the attributés)( a
decision table, similar to that given in Table &tluding the values of all attributes for the

listed alternative process, can be prepared.

Table 3.1 Decision table with values associated with attelsut

Process Attributes
Alternative
B, B> B3 Bm
A Yuu | Yi2 | Y3 - - Yim
Az Yor | Yoo | Yo3 - - Yom
Az Yai | Yo | Ya3 - - Yam
An Ynl Yn2 Yn3 - - YnM

To convert the elements of decision matrix intals@nd unit independent quantity, it is
necessary to normalize their values. As the vaaisseciated with the attribute¥; may be in
different units (e.g., part thickness is expressethm & product cost is expressed in rupees).
Thus, normalized decision making matf is obtained from the decision matrix and each

element of this matrix; is expressed as

Wherer;jjis the normalized value &fjand};}., Y is the total of the value ¢th attribute fom

number of alternatives.

Eq. (3.1) can deal with quantitative attributels; dase of qualitative attributes there

should be some method to be followed to convergtaitative value to the quantitative value.
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In this work, ranked value judgment on a fuzzy asion scale using fuzzy set theory
approach, is used to convert qualitative valueuangjtative value. This approach is based on the
work of (Chen and Hwang, 1992). This numerical agpnation system converts linguistic
terms to their corresponding fuzzy numbers. An Minfp scale is proposed for better
understanding. Table 3.2 represents the selectivibudae on a qualitative scale using fuzzy

logic, corresponding to the fuzzy conversion scale.

Table 3.2 Conversion of linguistic terms into fuzzy scor€hén and Hwang, 1992)

Qualitative measures of Assigned
selection Fuzzy crisp
attribute number score

Exceptionally low (EXL) M1 0.0455
Extremely low (EL) M2 0.1364
Very low (VL) M3 0.2273
Low (L) M4 0.3182
Below average (BA) M5 0.4091
Average (A) M6 0.5
Above average (AA) M7 0.5909
High (H) M8 0.6818
Very high (VH) M9 0.7727
Extremely high (EH) M10 0.8636
Exceptionally high (EXH) M11 0.9545

3.1.2 Objective Weights of Importance of the Attributes

The objective weights of importance of the attrésuare found out using statistical

variance(V;). Eq. (3.2) shows determining the weights of impoce of the attributes

1

Vf = (_) E?=1(Tj/— rl'/mean)z (32)

n
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whereV; is the statistical variance of the data correspantb thej™ attribute and ;) meaniS the
is the mean value of;. Statistical variance is a measure of the disperef a set of data points

around their mean value. The objective weight af jfh attribute Q7 can be computed by

dividing the statistical variance ¢f attribute with the total value of the statistivakiances of
‘m number of attributes. Following equation is uded calculating the objective weights of
importance

0 V;
0t ="fsm v B

3.1.3 Determination of Preference | ndex

Each alternative is assessed with regard to itghtge associated to every attribute. The
overall performance score of an alternative is wWmighted sum called preference index.
Preference index value gives the rank of the paddicalternative with respect to other
alternatives. Preference ind@fcan be calculated by summing the valuestpfor different

alternatives X7 is the product of objective weight of importan@’) and r;**for different

attributes. Egs. (3.4) and (3.5) are used to calleuhe preference index

X? = Q;?I‘ij** (3.4)

P = Y7L, X! (3.5)

wherer;” = [} = (1} )max] for beneficial attributes anf{(r;}” Jmin = (v}" )] for non
beneficial attributes. Where{} andr{}” indicates the normalized value of beneficial and-no
beneficial attributes respectivel)(r}} Ymax indicates the maximum value ¢f beneficial

attribute andr** )min indicates the minimum value tnon beneficial attributes.

All the alternatives can be arranged in a descendrder ofPy to obtain the preference
order of alternatives. It is clear that alternativieh highest value oP? is the best choice for the

considered decision making problem.
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3.1.4 Final Decision Making

Selection of plastic manufacturing process suiabla particular application can be done
on the basis of preference order prepared in tHeesection in the presence of other attributes
and business manufacturing strategies. A final sil@eimay be taken keeping in view of all
practical considerations such as financial constraiquipment constraint, material availability
constraints, and labour constraints etc. Propossttiadology is user and computational friendly
in optimal selection of a manufacturing processgdlastics. The only inputs required for this

procedure are decision table.
3.2 Simulation Using ROTOSIM

Rotational moulding involves heating and meltin§ mowder particles to form
homogenous polymer melt as well as cooling anddséi@i@ation. The densification of loose
powder into melt occurs over a wide range of coodg as the material passes from solid state
into molten state. Moreover, the phase change sawwer a range of temperature. Further, due
to bi-axial nature of mould rotation, there is aadle of accurate thermal data measurement
techniques. This necessitates the use of simulatldoh allows for systematic and quantitative
prediction of critical timings of the process likaitching off the oven, de-moulding time, etc.
To the best of our knowledge, ROTOSIM software sak#o account all the possibilities that
exist in a typical rotational moulding process. Eenthe simulation studies are conducted using
ROTOSIM.

ROTOSIM is a computer program for simulating tmegesses that occur in a rotational
moulding cycle for polymers. It is based on a cawphathematical model of the major physical
processes in the cycle. It enables the user toriemeet with a variety of different operating
conditions and observe the effects that these loavéhe resulting cycle conditions and the
moulded product. During the simulation run, builgliap of a melt layer on the mould surface
and development of solidified polymer layer candbserved. Temperature and phase change
with respect to time are also generated by thelaton. The different aspects of the simulation

are given below.
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3.21 Solid Modé of the Mould and M eshing

For this study, we have chosen a hollow produetiess a plant vase which can be easily
produced on a lab scale rotational moulding mach#&® aluminum (Al) mould of 3 mm
thickness has been considered, the shape of wegdgmbles an inverted frustum of a cone. In
order to have sufficient stiffness of the prodwctminimal wall thickness of around 2 mm is
designed. The part was initially modeled using Br@vildfire software and corresponding .stl
file is obtained. This file is exported to ROTOSHdftware and a mould file (.mld) is created for
further meshing and analysis. The outer surfadgeemMmould is meshed using triangular elements
with 3041 nodes whereas the inner surface of thalane separated from the outside surface by
the polymer layer thickness and is created duregnhoulding cycle. Fig 3.2 shows the detail
configuration of the mould along with the sectiomaw, while the meshed model is shown in
Fig 3.3.

Fig 3.2 Sectional view of the mould Fig 3.3 View of the meshed mould
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3.22 Material Propertiesand Process Conditions

In this study, LLDPE has been used for the purmdstmulation as well as experimental
work. The mould and material properties are erdisteTable 3.3. The other process conditions

used in the simulation and experimentation are sanzed in Table 3.4.

Table 3.3 Moulding conditions

Moulding condition Mould LLDPE Air
Thermal conductivity (W/mK) 204 0.25 0.025
Specific heat of (J/kgK) 896 2600 1006
Density (kg/m) 2707 749.6 (melt) 1.205
Internal convective heat transfer - - 5
External air convective heat (W/K) - - 20

Table 3.4 Process Conditions used in the simulation and @xeatation

S.No. Process parameter Value/ Condition
1 | Temperature at the start of cycle °G0
2 | Room temperature 0
3 Initial internal air and powder temperature 30°C
4 De-moulding internal air temperature °60
5 Mould external cooling condition Still air

3.3 Experimental Details
331 Materials

For this work, LLDPE of grade R350 A 42, which fzamelt flow index of 4.2 g/10 min

and density of 935 kg/frmanufactured by Gas Authority India Limted (GAllndia limited is
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used. The average particle size of the powder @ rBl@rons (around 35 mesh number). This
grade is normally recommended for manufacturingvafer storage tanks, automobile parts,

boats, etc.
3.3.2 Médt Flow Index

Melt flow index of the thermoplastic material hasen checked with dynisco melt flow
indexer as per ASTM D 1238 (2004). Melt flow indisxthe output rate (flow) in grams that
occurs in 10 minutes through a standard die of 3508 0.0051 mm diameter and 8.000 *
0.025mm in length when a fixed pressure is applethe melt via a piston with a load of total
mass of 2.16 kg at a temperature of 190°C. Melvflodex is an assessment of average
molecular mass and is an inverse measure of thiewmsebsity; in other words, higher the MFI,
more the polymer flow under test conditions. Knagvithe MFI of a polymer is vital for
anticipating and controlling its processing. Dywmismelt flow indexer is shown in Fig
3.4.Information of the model is provided in Append.

Fig 3.4 Dynisco melt flow indexer

3.3.3 Machineand Mould

A lab scale electrically heated bi-axial rotatibonaoulding machine (refer Appendix D
for model information) is used as shown in Fig @pand 3.5 (b). An Aluminum hollow mould
having the shape of an inverted frustum of conghasvn in Fig 3.5 (c) and stainless steel hollow
mould having the square cross-section with polishésrnal surface as shown in Fig 3.5 (d) is

used for getting the desired product.
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(c) Aluminum (Al) hollow mould (d) Stainless steel hallow mould

Fig 3.5 Machine and Mould

Based on the volume of the mould, powder shot weglused in order to produce moulding
with a required wall thickness. The internal mostdface of the aluminum mould and stainless
steel mould is coated with a silicone oil based lohaglease agent manually. During these
experiments, biaxial mould rotation is used wite #rim (major axis) to plate (minor axis) speed
ratio maintained at 4:1 to get consistent wall khi&ss. Table 3.5 gives details of the

experimental set-up.
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Table 3.5 Experimental setup used for the work

Rotational moulding machine

specifications

Model: Clamshell type single arm biaxial machine

Method of heating: electrical

Control voltage: 220V

Power rating of oven: 8 kW

Power rating of blower: 0.37

Speed ratio: (major axis:minor axis) 4:1

Drives: 0.5 HP Variable frequency drive

Temperature range: 30 — 2&D

Maximum mould dimension: 300 mm X 300 mm
300 mm

Mould 1 specifications

Material : aluminum(Al)

Shape: inverted frustum of a cone

Release agent: Metrork silicone 17 compound
Dimensions:

Top diameter: 300 mm

Bottom diameter: 150 mm

Height: 220 mm

Mould 2 specifications

Material : Stainless steel

Shape: Square cross section

Release agent: Metrork silicone 17 compound
Dimensions:

Length: 200 mm

Breath: 100 mm

Height: 100 mm

Raw material specifications

Material: R350 A 42 LLDPE supplied by GAIL Indig

1

MFI: 4.2 g/10 min

Density: 935 kg/m

Shot weight: 0.6 kg

Testing Equipment

Tensile and flexural testing:
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Machine: universal testing machine

cross head speed of 5 mm/min

Impact testing

Izod impact tester with 10 Joule pendulum.

3.3.4 Experimental Procedure

The internal mould surface of the mild steel matu&uminium mould is coated with a
silicon oil based mould release agent. The differprocess variables are set as per the
requirement of the experiment. Preweighted quamtityhe LLDPE is then placed inside the
mould. The mould is then bolted into the oven whiéranderwent a biaxial rotation which
makes the powder to spread in the internal surddhdbe mould. After certain temperature the
thermoplastic powder melts and sticks to the wathe mould. The process is continued till the
required thickness of the plastic part is obtairfsftier getting the required thickness, mould is
cooled and demoulded. Specimens are prepared dhieafotomoulded products to carry out

mechanical and fracture characterization.
3.3.5 Testing of Mechanical Properties

Rotationally moulded productre obtained from rotational moulding process aw t
specimens are prepared according to ASTM D 638QRfd tensile, ASTM D 790 (2010) for
flexural & ASTM D 256 (2010) for impact testing ssown in Fig 3.6 (a, b and c) respectively.
Bench universal testing machine as shown in Fig(i&fér Appendix D for model information)
is used for tensile and flexural testing. For tengasting, Load cell of 5 kN is used along with a
cross head speed of 5 mm/min. For the flexuraingsthe load cell of 0.5 kN is used and
flexural strength at yielding is obtained. Impaxdts are performed in typical 1zod impact testing
machine as shown in Fig 3.8. A pendulum of maxinamargy capacity of 10 Joules is used to
evaluate the energy absorption ability of the niateTo account for process variability during
experimentation, three replications are taken twheexperimental run. Thus three samples of
each tensile, flexural and impact specimens are fegdesting.
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(a) Tensile Specimen

76 3

(b) Flexural Specimen

N |

63,5

(c) Impact Specimen

All units are in mm

Fig 3.6 (a) Tensile,(b) Flexural andc) Impact specimens as per ASTM standards

41



Fig 3.7 Universal testing machine

Fig 3.8 Izod Impact Testing Machine
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3.3.6 Testing of Fracture Properties

The resin used in this study is linear low denpitfyethylene of grade R350 A 42 having
melt flow index of 4.2 g/10 min and density is 98&m’ supplied by GAIL India limited.
Rotationally moulded products are produced on astalde electrically heated biaxial rotational
moulding machine using a stainless steel hollow Ithdwaving a square cross-section with
polished internal surface. Powder weight of 160sgused to produce rotational moulding
product. The compact tension specimen is prepaoed the moulded product as per the ASTM
standard D6068 (2010) as shown in Fig 3.9. Thecpaek is introduced by carefully cutting the
specimen perpendicular to the samples edge\.8sing a sharp steel blade of thickness 0.1

mm.

025

I].Z-JV-SW — —

—
L_posw -

- —F
w I
1250 |

Fig 3.9 Compact tension test specimen

The tests are performed on a universal testingimaat a constant cross head speed of 1
mm/min at room temperature and a load cell of 5i&Nsed for testing. Load versus load line

displacement are recorded for 15 specimens.
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Anti—buckling plates are fabricated to avoid otiplane buckling. A small window of 30
mm X 15 mm is prepared in the plates to observéoneghead the crack tip. Anti—buckling
plates as shown on Fig 3.10 are prepared on shapehine. Specimen with anti-buckling plates

is also shown in Fig 3.11.

Fig 3.10 Anti—buckling plates

Fig 3.11 Specimen with anti-buckling plates
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34 Design of Experiments

Experimental design is an important tool in theieagring community for improving the
performance of manufacturing process. Engineeromger can afford to experiment in a trial-
and-error manner, changing one factor at a timdarAmore effective method is to apply a
computer-enhanced systematic approach to expemtiemt that considers all factors
simultaneously. The approach is called design geaments (DOE)Design of experiments
(DOE) is a systematic, rigorous approach to enginggroblem-solving that applies principles
and techniques at the data collection stage so essure the generation of valid, defensible, and
supportable engineering conclusions. In addititirgfahis is carried out under the constraints of
minimal expenditure of engineering runs, time, arahey.

In this study, two approaches of design of expenirare used to plan and analyze the
experiments that arée® 2actorial design and Box-Behenken design (Box Behnken, 1960) of

response surface method (RSM).
3.4.1 2°Factorial Design

In 2* factorial design, there are two factors (A & Brlkeat two levels. Each factor will
have two levels, a “high” and “low” level. Table63shows the 2factorial design in a standard

order matrix.

Table 3.6 22 Factorial design in a standard order matrix.

Factors Treatment
A B combinations
+ - A high B low
- - Alow B low
+ + A high B high
- + Alow B high

Fig 3.12 shows the treatment combination in thde®ign. 2 factorial design is used to
know the effect of two factors on the respongedeaign considers all possible combination of
the two factors considered. Thereforég@sign with replications yields better results.
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Fig 3.12 Treatment combination in thé design

3.4.2 Response Surface Method

Response surface method (RSM) is a collectiostatistical and mathematical methods
that are useful for modeling engineering problefitse main objective of this technique is to
optimize the response surface that is influenceddrious process parameters. RSM quantifies
the relation between the controllable parametedsthe response (Phaneendra Kiran and Shibu,
2013 and Montgomery, 2012). In this work, threeapasters with three levels are considered, a
full factorial scheme would have resulted in ZJ(@xperiments. Since performing experiments
based on full factorial design requires substamtiabunt of resources and time, the experiments
are planed using Box- Behenken design which isaelgory of RSM (Box- Behenken, 1960).
In this design the coded variables (-1, +1) arelusedevelop a first order model where as the
center point (0, 0) estimate the second order madhl curvature effect. The considered design
scheme has only 15 experimental trails, yet pravidegood assessment of the response. The
design is geometrically shown in Fig 3.13.
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Fig 3.13 Box- Behnken design for three factors

The above stated methodologies will be used ingeding Chapters to plan, conduct, analyze

and optimize the experiments based on the objextieéned in Chapter 1.
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CHAPTER 4

SELECTION OF PLASTIC MANUFACTURING PROCESS

I ntroduction

This chapter describes an objective based multibate decision making (MADM)
method to deal with the process selection problemsidering both qualitative as well as
guantitative attributes applied in evaluation aakbstion of the plastic manufacturing processes.
MADM based selection procedure is explored to rdrk different processes to quantitatively
assist a manufacturer to select a suitable prdcess a long list for a specific application. A
ranked value judgment on a fuzzy conversion scaiegufuzzy set theory approach is used to
convert qualitative value to quantitative valueeTgroposed method helps the decision maker to
arrive at a decision, based on the objective wsighthe attributes. As an emerging application,
the process selection procedure based on MADM nisecaout for an automobile fuel tank to
explain the intricacies involved. The objective dethsMADM methodology is sufficiently
discussed in Chapter 3. The following section dspice application of the methodology for the

process selection of an automobile fuel tank.

4.1 |dentification of Attributes

Selection of a plastic manufacturing process fpadicular application is going to affect
the overall efficiency of the product. Values paritag to each attributes are going to decide the
performance of an alternative process. It shows ithentification of attributes is crucial in

selection of manufacturing process from numbeitefzatives available.

Plastic manufacturing process consists of variausbers of sub systems such as product
quality, mould parameters, operational paramet@aufacturability, human subsystems and
environmental subsystems etc. All these sub systemsiterdependent and inter related to each
other. The performance, cost, behaviour, etc o$tgroduct or process depends upon the
performance of each sub or sub—sub system. Theugattributes which comes under these

subsystems are shown in Table 4.1.
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Table 4.1 Subsystems and corresponding Attributes

Subsystems Attributes
Mould material
Mould pressure

Mould parameter Mould cost

Inside mould graphics

Wall thickness distribution

Part detailing

Final Product Quality =g =4~ clume range

Residual stress entrapped

Temperature
Operational Parameters Pressure
Cycle time
Melt flow index (MFI)
Material Property Melting temperature

Glass transition temperature

Cost of production

Availability of raw material

Manufacturability
Accuracy

Tolerance

Safety

Instructiveness

Human Training required

Ergonomics

Cleanliness of surrounding

Environmental Surrounding space

Humidity

Here, 25 attributes are found, but the user, design manufacturer can add or delete
some of the attributes depending upon their remerd. Because it is evident that the

importance of an attribute is changing dependingnuggpplication, use or industries. Even all the
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attributes may not be known to user, manufacturedesigner, but they may be important to

them. Therefore, sensitive/critical attribute slibloé considered by them.
4.2 Decision Table

The process selection problem considered five ratere processes (PR) and fifteen
attributes and the data are as shown in Table Fv2& alternative manufacturing processes
considered for making plastic automotive fuel tamk blow moulding (BM), thermoforming
(TF), rotational moulding (RM), injection mouldingM), and contact moulding (CM). The
attributes are: plastic available (PA), mould q®4€), wall thickness uniformity (WT), residual
stress (RS), part detailing (PD), inside mould prep (MG), cycle time (CT), labour intensive
(LI), typical product range (PR), automation (AMgrap (SC), labor cost in mould (LM), cost of
equipment (CE), finishing cost (FC), productiontcC). In the stated attributes PA, WT, PD,
MG, PR, AM are considered as the beneficial attabutand MC, RS, CT, LI, SC, LCIM, CE,

FC, PC are considered as non-beneficial attritfotethe considered application.

Table 4.2 Properties/ attributes of candidate process fastj automotive fuel tank

sno| PR [PA|MC|WT RS|PD|MG|CT | LI |PR|AM |SC|LM |CE|FC|PC
1 |BM | H L A |A|VH| H L|{L|H H L L |A | L |H
2 |TF | H | A A H | A L|A|VH| A |H]|L L | L | H
3 |RM| L L H LA | H H|H |VH| A | L L L|L A
4 |IM | H| H A | H|H H H| L | H H| H| H| H| L | VH
5 |ICM| L L A |A|H H H|VH| H|BA | H| L LA |L

All the qualitative attributes are converted intoaqgtitative attributes using fuzzy
conversion scale proposed in Table 4.3. Table fedgnmts the data of all fifteen attributes after
this conversion. All the attributes in Table 4.4 #ien normalized for different alternatives using
EqQ. (4.1) and given in Table 4.5.
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Table 4.3 Conversion of linguistic terms into fuzzy scores

Assigned
Qualitative measures of | Fuzzy crisp
selection attribute number score
Exceptionally low (EXL) M1 0.0455
Extremely low (EL) M2 0.1364
Very low (VL) M3 0.2273
Low (L) M4 0.3182
Below average (BA) M5 0.4091
Average (A) M6 0.5
= Above average (AA) M7 0.5909
High (H) M8 0.6818
Very high (VH) M9 0.7727
Extremely high (EH) M10 0.8636
Exceptionally high (EXH) M11 0.9545
Table 4.4 Quantitative value using fuzzy conversion scale
sno| PR | PA MC wT RS PD MG CT LI PR AM sc LM CE FC PC
1 | BM | 06818 03182 05 05| 07727 06818 0.3182 0.31826818 | 0.6818| 0.3182 0.3182 05  0.31B2 0.6818
2 | TF | 06818 05 05 | 06818 06818 05 03182 0p 0772705 | 0.6818| 0.3182 0.3182 0.3182 0.6818

3 | RM | 0.3182| 0.3182] 0.6818 0.3182 0.5 0.6818 0.6818 8.68D.7727 0.5 0.3182 0.3182 0.3182 0.31§82 05

4 IM | 0.6818 | 0.6818 0.5 0.6818 0.6818 0.6818 0.6818 @318€.6818| 0.6818 0.6818 0.6818 0.6818 0.3182 0.7]727

5 | CM | 0.3182| 0.3182 0.5 0.5 0.6818 0.6818 0.6818 0.7[7276818 | 0.4091| 0.681§ 0.3182 0.3182 0.4 0.3182
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Ty =Y/ Xz Yy (4.1)

Whererj;is the normalized value &fjand}.i-, Y ;is the total of the value gth attribute fom number of alternative.

Table 4.5 Normalized data for calculating the objective wegyof attributes

sno | PR PA MC WT RS PD MG CT LI PR AM SC LM CE FC PC

1 BM | 0.2542 | 0.1489| 0.1864 0.1864 0.2329 0.2113 0.11871228.| 0.1899| 0.2459 0.1187 0.1628 0.2340 0.1y95 08.23

2 TF | 0.2542| 0.2340, 0.1864 0.2542 0.20%5 0.1349 0.1{1871930.| 0.2152| 0.1803 0.2542 0.1628 0.1489 0.1y95 08.23

3 RM | 0.1187| 0.1489 0.2542 0.1187 0.1507 0.2113 0.2p42263@.| 0.2152| 0.1803 0.118¢ 0.1628 0.1489 0.1y95 09Q.16

4 IM | 0.2542 | 0.3191] 0.1864 0.2542 0.2055 0.2113 0.2p421228.| 0.1899| 0.2459 0.254p 0.3488 0.3191 0.1y95 16.26

5 CM | 0.1187 | 0.1489] 0.1864 0.1864 0.2055 0.2113 0.2p42298@.| 0.1899| 0.1475 0.254p 0.1628 0.1489 0.2820 7@.10

4.3 Objective Weights of the Attributes

According to equation Eq. (4.2) the statisticaliaace for all the fifteen attributes were compuasdyiven below in Table 4.6.
Objective weights of the attributes are determingidg Eq. (4.3) and are given in Table 4.7.

1

V= (;) Ly (ri— (imean))” (4.2)
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WhereV, is the statistical variance of the data correspantb thej™ attribute and (i) meaniS the is the mean value Gf

Table 4.6 Statistical variance of fifteen attributes

VF’A VMC VWT VRS VF’D VMG VCT VLI VF’R VAM VSC VLM VCE VFC VPC

0.0044 | 0.0046| 0.0007 0.0026 0.00p7 0.0005 0.0p044005@.| 0.0002| 0.0013 0.0044 0.0055 0.0046 0.0p17 30{00

o_V
% ="fem,v, 3

Where}.iZ, V; is the total value of statistical variances of amier of attributes.

Table 4.7 Objective weights of fifteen attributes

QOF’A QOM C QOWT QORS QOPD QOM G QOCT QOL | QOPR QOAM QOSC QOL M QOCE QOFC QOPC

0.1000 | 0.1051] 0.0167 0.0583 0.0163 0.0115 0.1p00116@.| 0.0035| 0.0351 0.1000 0.12%5 0.1051 0.0881 80.06
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44 Determination of Preference Index

The preference index values are computed for diffemlternatives using the Eq. (4.4) and (4.5)stFirX{ values are

calculated for all the five alternatives based gn#.4) as shown in Table 4.8.

o __ 0,.;
XP = Qrif
WhereX; is the product of objective weigQf andrfor different attributes.
o __ m o]
Py = Yji1Xi
Table 4.8 X7 Values for preference index
sno | PR X% X°mc XOwt X°Rs X%p X°Mc Xt X X%r X%am X°sc X°m Xce X% XCc
1 | BM | 0.1000| 0.1051] 0.0122 0.0371 0.0163 0.0115 0.1p00116Q.| 0.0031| 0.035]1 0.100p 0.1255 0.0§69 0.0881 20.(
2 | TF | 0.1000 | 0.0669 0.0122 0.0272 0.0144 0.0084 0.1p000730.| 0.0035| 0.0257 0.046f 0.1255 0.1051 0.0381 20.¢
3 | RM | 0.0467 | 0.1051] 0.0167 0.0583 0.01p6 0.0115 0.0467054@.| 0.0035/ 0.0257 0.1000 0.12%5 0.1051 0.0881 30.(
4 | IM | 0.1000| 0.0490, 0.0122 0.0272 0.0144 0.0115 0.0#671160.| 0.0031| 0.0351 0.0467 0.0586 0.0490 0.0B81 88B.(
5 | CM | 0.0467 | 0.1051] 0.0122 0.0371 0.0144 0.0115 0.04670478.| 0.0031| 0.0211 0.046f 0.1255 0.1051 0.0243 80.¢

(4.4)

(4.5)



Preference indeR’can be calculated by summing the valuexdffor each alternative process
considered. Five alternative plastic manufacturpmgcesses are ranked based on computed
values of preference index and the ranks are div@iable 4.9.

Table 4.9 Ranking of five alternative plastic manufacturprgcess

Manufacturing Values of objective based Rank based or
Process considered MADM (P?) (P?)
Blow moulding(BM) 0.899111208 1
Thermoforming(TF) 0779731489 3
Rotational mouldingRM) 0.791334307 2
Injection moulding(IM) 0.636052682 5
Contact mouldingCM) 0.71582105 4

45 Final Selection

Ranking is done by objective based MADM. A finak#on may be taken keeping in
view of the practical considerations. These includenstraint such as (1) Economic
consideration, (2) Availability, (3) Management straints, corporate polices, (4) International
market policies, (5) material processing constsagtt. However, compromise may be made in
favour of an alternative with a higher value offprence index.
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4.6

4.7

Usefulness of M ethodology

This methodology is user friendly even for a neviser. The only inputs required
in this methodology are the values pertaining t® decision matrix and management
strategies of the organization. Using this methoggl the manufacturer identifies
different attributes which can be stored in a dasaband retrieved when ever required.
This will also facilitate in generation of a comernted database which will help the
manufacturer to select the best manufacturing gsoder the given application or
purpose. Manufacturing process selected by thiceohare will be the appropriate

process in the market according to the values din@at attributes specified.

Summary

. An objective based MADM methodology is useful inakation, comparison and

selection of a manufacturing process for particafglication.

. The methods simple, convenient and helps the decision makearrive at a decision

based on the objective weights of the attributes.

. Evaluation and ranking of a process based on diftemethods is illustrated using an

example i.e. selection of a plastic manufacturiracess.

. Only by giving the decision matrix as an input, thanufacturer will directly get the

ranking of each alternative.

. The statistical variance concept of determining dbgctive weights of the attributes is

used in the method, which is comparatively simpien the entropy method suggested
by the previous researchers (Jee and kang, 20@Gighand Savadogo, 260&@008’;
2006).

. The method can deal with the process selectionigmbconsidering both qualitative and

guantitative attributes. The ranked value judgn@amta fuzzy conversion scale for the

qualitative attributes is used, which will be maseful to the designers or manufacturers.

. Itis found that for the application under consatem, the highest value of index is 0.89

for blow moulding process. This is followed by rmdaal moulding and injection

moulding.
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Even though highest preference indexed processc@msidered as suitable process for the
intended application, the final decision has tdaken based on the constrains and advantages of
the process. If we consider the tradeoff betweenfitlst two ranked processes namely blow
moulding and rotational moulding, blow mouldinguell established process for producing
various plastic products. But it has certain caists like only thin walled parts can be made,
corner radius should be generous, holes cannotduéded in, etc. All the listed constrains for
the blow moulding become advantages for the ratationoulding process and especially the
parts produced by rotational moluding process alatively stress free compared to the blow
moulding process. However, having issues suchragelooven residence time, lack of prediction
and optimization of process condition etc., makés pprocess unsuitable for some situations.

Therefore, efforts have been taken in the studyotge some of the issues related to rotational
moulding process in the subsequent chapters likengation of oven residence time, effect of
process parameters on thickness, prediction ancrstahding of mechanical and fracture

characterization.
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CHAPTER S5

PREDICTION OF OVEN RESIDENCE TIME

I ntroduction

One of the pertinent issues of rotational mouldangcess i.e. oven residence time as
highlighted in Chapter-4, is investigated in detaing simulation and experiments. The work
mainly aims on identifying favourable process wiwd@f oven residence time for the
rotomoulders which yields superior mechanical proge In rotational moulding of plastics,
improving the mechanical properties (like tensflexural and impact) without sacrificing the
processibility is the biggest challenge. Theref@me,attempt has been made to investigate the
effect of oven residence time on the mechanicgbgntees of the rotationally moulded products.
Simulation studies are conducted using ROTOSIMvso# to analyze different thermal
transitions and phase changes that occur in theepso Degree of curing of the polymers is also
assessed from the simulation study to correlaté wiechanical properties. Experiments are
further conducted to correlate the simulation stsdand obtain conditions for optimal oven
residence time. Experimental investigation revedlet there exist regions where the part is
‘under-cured’ and mechanical properties are founbet inferior. It is also found that when parts
are ‘over-cured’, the mechanical properties aresdy affected. A regime of optimal processing

window is identified where the optimum tensile xileal and impact properties are noticed.
5.1 Simulation and Experimental Methods

Experimental and simulation details are summarirnethe Table 5.1 as shown below.

The details of the same have been sufficientlyudised in Chapter-3.

Table 5.1 Experimental set up and simulation details

Rotational moulding machine _ o _
o Model: Clamshell type single arm biaxial machin¢
specifications

Material : aluminum(Al)

Mould specifications Shape: inverted frustum of a cone

Release agent: Metrork silicone 17 compound
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Dimensions:
Top diameter: 300 mm
Bottom diameter: 150 mm
Height: 220 mm

Raw material specifications

Material: R350 A 42 LLDPE supplied by GAI
India

MFI: 4.2 g/10 min

Density: 935 kg/m

Shot weight: 0.6 kg

Testing Equipment

Tensile and flexural testing:
Machine: universal testing machine
load cell : 0-5 kN

cross head speed of 5 mm/minutes

Impact testing

Izod impact tester with 4 J pendulum.

Simulation Studies

Part modeling: Using Pro-E wild fire
Meshing details: Triangular elements with 30
nodes.

Simulation studies: Using ROTOSIM software

5.2

Preliminary Experimentsfor Choosing the Regime of Oven Residence Time

=

41

Preliminary experiments are initially conducteddiecide the regime of oven residence

time and assess the internal air temperature ahthéd. In all the trials, oven temperature is set

at 240C. From these experiments, it is found that ovedesce time below 26 minutes is not

sufficient for all the polymer powder to melt angsé though some powder particles adhere to

the inner surface of the mould forming a thin lageer the mould wall. This can be seen as un-

melted powder in the flange region of the prodwcslaown in Fig 5.1. It is also observed that at

least 32 minutes are required for complete powdarersion into the melt (thus 26-32 minutes

are required for powder to melt conversion). Beydddminutes, we notice the burning and

degradation of the polymer.
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This has enabled us to choose the regime of ovadergce time from 32 to 44 minutes.
The internal air temperature is measured using typ€ thermocouple considering uni-axial
rotation of the mould as with this setup it is poissible to measure the same bi-axially. It is
confirmed that this temperature is sufficient to @@eek internal air temperature of 220n the
above time regime. With the chosen regime, experimare performed by varying the oven
residence times and mechanical properties of tbdyat in terms of tensile, flexural and impact

strengths of the product are determined.

Fig 5.1 Moulding obtained for oven residence time belown#futes

5.3 Preliminary Experimentsfor Simulation Studies

For conducting the simulation studies, the tempeeaprofile around the mould is an
important input and that must be same as actuaeeature around the mould. Thus to correlate
the findings with the experimental conditions, theuld temperature is measured (details given
in section 3.2) and the mould enviornmental praBlgenerated as shown in Fig 5.2. The profile
is given as input to ROTOSIM. The profile showsnaet period of around 1680 seconds (almost
28 minutes) to reach to peak set temperature of220The temperature is held constant at
220°C from 1680 to 1780 seconds using ON-OFF relayshasn by the points B-C in Fig 5.2.
The oven residence time from 32 minutes to 44 nesmbive been considered in this study. This
can be realized as increase in the length BC irbl2gThe other features like speed reversal of
the mould, internal cooling of the mould, etc. haet been taken into account in this study. The
outcomes of this simulation studies are comparel thiose obtained from experimental studies

and discussed in the results and discussion (sesid).
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Fig 5.2 Typical mould enviornmental profile

5.4 Resultsand Discussions

54.1 Testing of Mechanical Properties

Rotationally moulded productre obtained from rotational moulding process axl t
specimens are prepared and tested according to A3TBA8 (2010) for tensile, ASTM D 790
(2010) for flexural & ASTM D 256 (2010) for impattsting respectively. In order to account

for process variability during experimentation greplications are taken for each experimental

run. Thus three samples of each tensile, flexurdlimpact specimens are cut and subjected to

testing.

Table 5.2 shows the plan of experiments, the valu¢ensile, impact and flexural strength

obtained by changing the oven residence time.
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Table 5.2 Experimental run and corresponding output

Oven Tensile AVeré_lge Impact Average newrel Average
Run residence | strength ensie strength Impact Stfe.ngth flexural
order _ strength strength | atyield | gyength
Time (MPa) J)
(MPa) () (MPa) | (MPa)
1 16 0.58 16.2
2 32 16.5 16 0.46 0.52 20.2 162
3 155 0.52 18.18
4 16.4 0.72 20
5 34 16 16.2 0.68 0.69 18 18
6 16.2 0.67 16
7 17.2 0.96 19.7
8 36 17.4 17.2 0.9 0.92 15.5 17.6
9 17 0.9 17.6
10 17.6 0.95 20
11 38 17.4 17.4 0.99 0.97 16 o
12 17.2 0.97 15
13 17.8 0.8 17
14 40 174 17.4 1.2 1 17.6 172
15 17 1 17
16 18 1 20.8
17 42 14 16 0.6 0.8 14.6 16.7
18 16 0.8 14.7
19 15.5 0.66 20
20 44 15.4 15.3 0.54 0.6 14 16.0
21 15 0.6 14
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54.2 Tensle Strength

The results of tensile testing are as shown in58y These results reveal that tensile
strength gradually increases as the oven residénedancreases from 32 to 40 minutes and falls
after 40 minutesA closer look into the process gives more insighthts phenomenon. As the
temperature increases from room temperatur€Q)8@he powder inside the mould tumbles and
when the temperature exceeds C2@he powder starts sticking to the mould surfaséth
further increase in temperature, coalescence batwez powder particles takes place and it
becomes loose porous mass. In order to get thenapthechanical properties, the PIAT of the
mould should reach to 22D as specified earlier. In the present case, thaughAT of 226C is
achieved, the molten mass spends a short duratibpme in this condition. This resulted in an
incomplete fusion of the polymer particles resigtin a non homogeneous structure including
entrapment of irregularly shaped air pockets. @&foege, it is obvious that the tensile strength is
considerably less between the regions 32 to 35 tesnd his is referred as ‘under-curing’ and

resulted in a weak product.
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Fig 5.3 Variation of tensile strength with respect to Ovesidence time
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As the oven residence time is from 36 to 40 minutes polymer melt spent sufficient
time in the oven. Thus, the irregular pocketsrapped air transform into spheres. Most of the
trapped spherical bubbles disappear and a compbeiescence with homogeneous structure is
achieved. This region can be referred as a ‘comlgteured’ region and results in a good tensile

strength of the product.

Further, if the oven residence time is increaseavall0 minutes the tensile strength of
the product is decreased, as the degradation gidlyener started at this stage. This is referred

as ‘over-cured’ and results in a partially burrtiguct with suboptimal tensile properties.

In order to correlate the mechanical behaviour bDBE with that of oven residence
time, differential scanning calorimetry (DSC) isrfpemed to characterize the material with a
steady temperature rate of°@@dminutes. The DSC graph is as shown in Fig B.ghows an
endothermic peak at 122 revealing melting of LLDPE. The material showseaient thermal
stability after melting till a temperature of 240 The exothermic peak at 249 shows the
commencement of degradation of the polymer. Thekgpexter 408C indicates complete
burning of LLDPE including additives. Since the nJeeating rate in the rotational moulding set
up is around ®/minutes, the decomposition temperature of polynserealized after 40

minutes. This resulted in a decrease in tensiéngth of the product.

Heat Flow (mW) Exo

100 200 300 400 500

Temperature (°C)

Fig 5.4 Differential scanning calorimeter (DSC) trace faDPE
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The simulation studies conducted in section 5.8yige further insight on the transient
temperature distribution inside the mould which barcorrelated with the mechanical properties
of the product. The transient temperature distidoubf the process is shown in Fig 5.5, while

the polymer phase change plot is depicted in FBdd. 32 minutes of oven residence time.

From these plots, the time lag due to convectiaihg from oven (environment) to the
mould could be clearly seen. The internal air terafure plot (IAT) follows the phase changes
that take place in the LLDPE. For example, we catica a horizontal straight line at around
124C (900 seconds), indicating the phase change opdhaner from the powder to the mel.
This also can be seen from the phase change gdlthe @olymer as shown in Fig 5.6. At 900
seconds the polymer starts converting into meltethye increasing its mass fraction. At the same
time, since the powder is being converted into nikslimass fraction decreases. It can be noticed
from Fig 5.6 that at around 1200 seconds all thedeo gets converted into melt and thereafter
polymer remains in the molten state. From Fig &&,notice that even after switching off the
oven at 1800 seconds, the IAT keeps on rising ainglaches to 22C which is a PIAT of the
polymer processed. At 2700 seconds the molten IE.@Bain starts losing the latent heat of
fusion and gets converted into solid phase. Thusptete solidification occurs at around 3200
seconds (100% solid, 0% melt) as evident from Fig hus we could notice from this
simulation that PIAT of 22X could be reached in this setting, which is gdhecansidered as
healthy sign to get better mechanical propertiestafionaly moulded products. Similar type of
observations are recorded by Shih- Jung and KamgMPeng (2010) for Polycarbonate
reinforced polyethylene composites which suggeatedptimum PIAT of 22 yeilding better
mechanical properties. However, here the polymerdpent around 3.5 minutes (1750 to 1950
seconds) at this temperature, which has causedraurdwy of the product, resulting in lower

tensile properties.
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Fig 5.5 Temperature plot for 32 minutes Fig 5.6 Polymer phase transitions plot for
32 minutes

Similarly, all 6 simulations are performed by Jag the oven residence times starting
from 32 minutes to 44 minutes keeping other parameatonstant. The temperature and polymer
phase transitions plots of these are as shown eandig A; (Figs Alto A10) . We can observe
that for 34 minutes, the molten mass is above RMAZ2(C for 360 seconds, for 36 minutes it
is 480 seconds, for 38 minutes it is 600 secormd4® minutes it is 720 seconds, for 42 minutes
it is 840 seconds and so on. In order to reperésnextent of time which LLDPE has spent
above the melting temperature, time-temperaturgesuare plotted. These are referred as the
degree of curing plots and are shown in Appendix(FAgs A 11 to A16) for different oven
residence times. It can be seen that, a higheredegf curing is achieved when the oven
residence time is increased. Theoretically, thotlgh higher degree of curing means better
mechanical properties, polymer degradation stagtgomd a specific temperature (2@9 as
confirmed by DSC), which results in reduction in amanical properties. The results are
summarized in Table 5.3 clearly indicates the mfice of oven residence time, degree of curing
and time for which the material is above 22@n the tensile and flexural strength of LLDPE.
Thus it can be said that it is not only PIAT budaathe time that the polymer spends above the

PIAT governs the mechanical properties of the rotally moulded products.
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Table 5.3 Influence of oven residence time and degree ahguwon tensile &flexural strength

o y Degree of | 1Imein Tensile Flexural

ven residence

S _ _ curing in°C- | S€Cabove  gyrengih strength in
‘NO-|" time (minutes) _

minutes 220°C (MPa) (MPa)

1 32 1340.56 300 16 18.2
2 34 1600.85 360 16.2 18
3 36 1761.95 480 17.2 17.6
4 38 2088.51 600 17.4 17
5 40 2414.14 720 17.4 17.2
6 42 2494.90 840 16 16.7

5.4.3 Flexural Strength

The results of flexural testing are shown in Fig. 3. hese results reveal that the flexural
strength of the product decreases as the overeregdime increases from 32 to 38 minutes. It
can be attributed to the incomplete coalescenc@owider particle. Such a part can have
entrapped bubbles, leading to reduction in flexstegéngth. With the further increase in oven
residence time from 38 to 40 minutes, the entragpdibles may escape owing to reduction in
polymer melt viscosity there by increasing the dieat strength. Beyond 40 minutes, the product
is subjected to oxidation and it becomes brittlaerEfore, the flexural strength is further
reduced. Similar observation of oxidation in raiall moulding process for longer oven
residence time is notified by Shih- Jung and KariggMPeng (2010) in the past which also

resulted in decrease in strength of the parts.
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Fig 5.7 Variation of flexural strength with respect to awesidence time

5.4.4 Impact Strength

Variation of impact strength with respect to theelovesidence tims as shown in Fig
5.8. These results reveal that impact strengthugidad increases as the oven residence time
increases from 32 to 40 minutes and falls aftemdiffutes. The increase in impact strength from
32 to 40 minutes of oven residence time can béatéd to the formation of small spherulites
that grows sufficiently larger and get bonded wngsighboring particles. During this stage of
polymer sintering, the patches of air are trappethé polymer melt because of high viscosity.
Further rise in temperature reduces the bubble etndue to increase in pressure inside the air
bubbles. As a consequence, total number of bulgd@eseduced which reflects as increase in
part density and improved impact strength. Idehtteservation is evident in the past literature
by S.B Tanet al (2011), M.C cramert al (2003) and M.J Oliveira et al (1996), confirmiriget
increase in impact strength when all bubbles disappWhen the oven residence time is
increased above 40 minutes, the product is not omdycooked and degraded but also contains
course structure in which there are few large atlse regions producedBecause of large
crystalline regions, it is easier for the crackptopagate through the structure that leads to a

reduction in impact strength. Similar trend of e&se and decrease of impact strength with
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change in oven temperature has been observed hyJ8hg (2000) and Crawford (1996) at the
past.

1.2

1.1

0.9

0.8

0.7

Impact strength (J)

0.6

0.5

(o0 EIIIN ARSI NAVERSTE NS NS SSIi EE—— R
"3 32 34 36 38 40 42 44 46

Owven residence time (minutes)

Q

Fig 5.8 Variation of impact strength with respect to ovesidence time

With the above findings, it is possible to summarithe variation of mechanical
properties with respect to the oven residence #mghown in Fig 5.9. Based on the values of the
mechanical properties an optimal processing windawbe suggested that lies between 36 to 40
minutes (region between two vertical lines) wheighbst mechanical properties are obtained.
Below and above these values, the quality of prtsdolstained will be inferior.
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Fig 5.9 Processing windows for LLDPE product
5,5 Confirmatory Experiments

In order to verify the mechanical properties witktie regime of optimal processing time
window, confirmatory experiments are performed. sThis done by considering the oven
residence time between 36 to 40 minutes where optimechanical properties are predicted.
Three replications are carried out for each ofdhtésee oven residence times. The results of the
confirmatory experiments are shown in Table 5.£olild be seen that values of tensile, impact
and flexural strengths are in close agreement thighoptimized process conditions as predicted
from Fig 5.9.
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Table 5.4 Confirmatory experiments

Oven Average Average Average
_ _ ) ) Impact | Flexural
Trial | residence Tensile tensile impact flexural
) strength strength
no time strength(MPa)| strength ) strength (Mpa) strength
a
(minutes) (MPa) J) P (MPa)
1 17.4 0.92 17.2
2 36 17.4 17.4 0.94 0.94 16.9 17.1
3 17.6 0.96 17.4
4 17.6 0.94 17
5 38 17.6 17.6 1 0.96 15.5 16.9
6 17.8 0.96 18.2
7 17.6 1.1 17.2
8 40 17.4 17.4 0.92 1 17.2 17
9 17.4 1 16.8
56 Summary

In this study, the effect of oven residence time tbe mechanical properties of
rotationally moulded LLDPE products has been ingastd. Experiments are conducted on a
laboratory scale rotational moulding machine byyway the oven residence time from 32 to 44
minutes. Tests are conducted on the rotomouldedugts for tensile, flexural and impact

strengths according to ASTM standards.

It is observed that tensile and impact strengthwshan increasing trend whereas flexural
strength falls when oven residence time is incrédisem 32-38 minutes. This can be attributed
to the formation of a homogeneous melt due to esoapt of entrapped air pockets with
increase in temperature. One important observasidhat PIAT of 228C is not only important
factor but also the time the polymer spends beybisgdtemperature is crucial in governing the
mechanical properties. Simulation studies are coieduto analyze the different thermal
transitions along with phase changes and the dejraaing of the polymers is assessed. This is

correlated with the mechanical properties.
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It is also observed that the mechanical properdirs reduced beyond 40 minutes of oven
residence time, though theoretically high degreeuring is obtained. This can be attributed to
the degradation of the polymer which is confirmgdcbnducting DSC studies. Thus, a regime
of optimal processing window is obtained betweemB6minutes where the maximum tensile
strength of 17.4 MPa, flexural Strength of 17.1 Mipd Impact strength of 1 J is noticed. These

are verified by conducting confirmatory experiments

It should be emphasized here that on an industcale, the rotational moulding machines
take very less time to reach the set temperatuigd 226C) due to the presence of high

capacity gas burners.

As in our case an electrically heated oven is useage time is needed for the oven to reach
the preset temperature of 220 This can be regarded as one of the practicaialiimns of this
study. The correlation of simulation and experiraémstudies provide new insight of process
control that can be extended to polymers like Pagplene, ABS, etc. having a narrow

processing time window but excellent mechanicapprbes.
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CHAPTER 6

THICKNESS VARIATION IN ROTOMOULDED PRODUCTS

I ntroduction

One of the advantages of rotational moulding i$ tmeze the mould has been built, it can
be used to produce parts with thicker and thinnalsmwithout mould changes by simply
charging the mould with more or less material.dtational moulding process, the distribution of
polymer melt is controlled by two main factors. Oisespeed ratio and the other is oven
residence time. Predicting optimum value of thesedrs for required thickness is a challenge
for any rotomoulder. Moulders have to depend hgayilon trial and error methods as well as
experience of the operator to predict the thickriessa particular speed ratio and oven residence
time. In this chapter, an attempt has been madevstigate the thickness of the rotational
moulded parts for different speed ratios and ovesidence time using experiments and
statistical techniques. Experimental runs and amalpased on design of experiments (DOE)
revealed that thickness of the part is severelgctdd by both of these process parameters. The
procedure will quantitatively assist the rotomoutdi® select a proper speed ratio and cycle time

for required thickness of the rotational mouldeddurct.
6.1 Experimental Methods

Experimental methods are summarized in the Taldlesliown below. The details of the

same have been sufficiently discussed in ChapsteBhodology).

Table 6.1 Details of experimental set up

Rotational moulding machine _ o _ L
- Model: Clamshell type single arm biaxial machin
specifications

Material : Stainless steel

e Shape: Square cross section
Mould specifications pe- =4

Release agent: Metrork silicone 17 compound
Dimensions: 100 X 100 X 100 mm
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Material: R350 A 42 LLDPE supplied by GAIL

India

Raw material specifications MFI: 4.2 g/10 min
Density: 935 kg/m
Shot weight: 0.160 kg

6.2 Plan of Experiments

In order to fix the range (minimum and maximum I¢\w# parameters for experimental
investigations, preliminary experiments are conddctFrom the preliminary experiments it is
noted that for oven residence time less than 32ites) the product obtained are undercooked
because of incomplete fusion of powder particles. the other side for oven residence time
higher than 42 minutes, polymer degradation is sk It is also observed that speed ratio
below 3:1 resulted in non uniformity in thicknedstioe products. Very high speed (more than
5:1), on the other hand produced large number tefnal bubbles, which in turn reduces the
strength of the product. Therefore, the experimaegime is set as 32 to 42 for oven residence
time and 3:1 to 5:1 for speed ratio. Thus two Is\a#l each process parameter, coded as (-1, +1)

are identified and are shown in Table 6.2.

Table 6.2 Process parameters and their levels for rotatiomailding

Process Parameter Unit  Designatjdrowest level| Highest level

Speed ratio Rpm X1 31 5:1

Oven residence timgMinutes X2 32 42

As there are two parameters, each at two levels thiee replications of each and three
center points, full factorial design yields 1% 3 + 3) experiments. In full factorial designeth
coded variables (-1, +1) are used to develop & dirder model while centre points (0, 0)
estimates the curvature effect with the help ofoedcorder model. The considered design
scheme has only 15 experimental trails, yet pravidegood assessment of the response

(thickness).
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6.3 Resaultsand Discussions
6.3.1 Statistical Analysis

Thickness values (in mm) obtained from the expent® as per the design scheme
considered is shown in Table 6.3. Statistical asialysing analysis of variance (ANOVA) is
carried out to know the factors or interactionsahhare significantly affecting the response. The
stated analysis is executed by considering 5% lelsignificance | = 0.05). A p’ value less
than 0.05 can be deemed as significant. This i®peed on the grounds that at 95% level of
confidence, it rejects the null hypotheses thatfélotors have no effect on thickness (against an

alternative hypothesis that the factors have diganit influence on thickness).

Table 6.3 Plan of experiments and corresponding value cktléss

Run order| (r>p<rln) (nﬁrﬁs) Th(irf]lgl)ess
1 3 | 42 2.98
2 5 | 32 2.90
3 5 | 42 3.00
4 3 | 42 2.96
5 3 | 32 2.40
6 3 | 32 2.20
7 5 | 32 2.90
8 3 | 32 2.12
9 4 | 37 3.00
10 5 | 42 3.00
11 4 | 37 2.70
12 5 | 32 3.00
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13 4 37 2.80
14 5 42 2.98
15 3 42 3.12

The results obtained from statistical analysis dase ANOVA along with't’ test is
shown in Table 6.4. It is observed from the reghdit the process parameters have significant
linear effect on the thickness. The coefficientshe regression moddl|| which in general can
be written as shown in Eq. (6.1).

Table 6.4 Results of ANOVA for Thickness

T=
Stgrr:g?rd Coefficient/
Term Coefficient y Standard p
Coefficient error
Constant 2.7967 0.03033 92.20 0.000*

X1 0.1667 0.03033 5.49 0.000ft
X2 0.2100 0.03033 6.92 0.000ft
X1*X 2 -0.1800 0.03033 -5.93 0.000t
Ctpt 0.0367 0.06782 0.54 0.601

Note: * Significant at 5% level of significance

T is the test value used in hypothesisngsti

Y= +€
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where,

- 1 Xy %o o % 131 _81_
Y 1 X X%y Xk B, &,
Y1 e e :
[yl=| . xXl=1. . . . | [Bl=|.|I€]l=
LYn _1 X %oz X _ﬂn_ 1 €n ]

Here, ] is a f x 1) vector of the observations{][is a (1 x j) matrix of the levels of the
independent variabless][is a ( x 1) vector of the regression coefficients agflis a o x 1)
vector of random errorslhe procedures of obtaining these constants haga Hiscussed at
sufficient length by Montgomery (2012). Appendix ddves further details and illustrative
example (Waigaonkar, 2010 and Waigaordtaal., 2011). The empirical model for thickness in

terms of coded units considering only significartris from ANOVA is obtained as:
Thickness = 2.7967+0.166X0.2100 X% — 0.1800 X X, +0.0367 (6.2)

Eq. (6.2) can be comfortably used to estimate tiesk for any combination of process

parameters within the regime of experimentatian, (1 to +1).
6.3.2 Effect of Speed Ratio and Oven Residence Timeon Thickness

To identify the interaction effect of all the paraters on thickness, the interaction plot
and surface graph is generated using Minitab Ih@.interaction plot and surface graph is as
shown in Fig 6.1 & 6.2. In these plots, the vaaatof thickness with respect to the combination
of process parameters at different levels is remtesl. The intersecting lines in the interaction
plot show that, when both the parameters are vairadltaneously, the combined effect will be

evident on the response.
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Interaction Plot (data means) for Thickness

3.14
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2.9

X1

D

— . -

2.7
2.6
2.54
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2.2+

Mean

32 37 42
X2 (minutes)

Fig 6.1 Interaction plot for thickness

Surface Plot of Thickness vs X1, X2

Thickness

Fig 6.2 3-D Surface plot for cycle time and speed verhickhess

As observed from the interaction plot and surfa@ply, thickness increases when oven
residence time and speed are increased simultdge®bss can be pertained to the fact that the
buildup of the plastic on the mould acts as anlatgwg barrier separating the external heating
from the resin that is still tumbling in interiof the mould. This can also be due to the variation
in powder particle size, difference in heat absorptate and there may be time lag between the
melting of powders, this time lag may ultimatelyads to the thickness variation in the final

product.
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Similar trend of increase in thickness with respecincrease in oven residence time is
observed for nylon (Brent Strong, 2006). The caititnportance of powder particle shape and
size which affects the flow of powder and ultimgtéhickness of the mould in rotational

moulding is also highlighted by Myer Kutz in (2011)
6.3.3 Statistical Optimization

Optimization is performed using ‘D’ (determinaoptimal design. It is customary to use
‘D’ optimal criterion (Appendix B gives further dals and illustrative examples about ‘D’
optimal design) in regression analysis as it isappropriate and efficient optimization method
which rapidly moves towards the optimal solutionhisT optimality criterion results in
minimizing the generalized variance of the paramsdfier a fitted model. MINITAB 15.0 is used
for this optimization. Fig 6.3 shows MINITAB outputhe number shown at the top of the
window refers to the highest (Hi) and lowest (Leyél of the process parameters considered for
the experimentation. The values shown at the midudleed colour are the current optimized
values (Cur) of the process parameters. The valipsocess parameters; andX; are found as
4:1 and 37 minutes, respectively yielding requitleidkness of 2.83 mm which is closer to the
target value of thickness 2.85 mm indicating a réédity of 0.95238. ‘D’ optimal value of
0.95238 (very close to 1) indicates a proper cagemece to optimal solution. Each cell of the
graph in Fig 6.3 shows how the response changasfasction of one of the factor while other

factor remain fixed and horizontal blue line reresthe level of optimized value.

- X1 X2
NI Y 420
0.95238 | o 3.0 32.0
® @
Thicknes

Targ: 2.850 |F———-— -7 -

y = 2.8333

d = 0.95238 |e

[ )

Fig 6.3 Results of D optimality test
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6.34 Confirmatory Experiments

In order to verify the above results, new set aicpss parameters are used to carry out
the confirmatory experiments. Predicted and expemiad results are shown in Table 6.5. The
values pertaining to predicted and experimentalltesare closer to each other. A minor
variation in them could be because of the erébm[ ‘equation (6.1)’], prompted by the aspects
like change in atmospheric temperatures, humidity,, while performing the experiments. The
mean value of thickness is obtained as 2.76 mms,Talbove process parameter setting can be
suggested to get a required thickness.

Table 6.5 Confirmatory experiments

Run order| X1 | X2 Thickness (mm) % Error with average
Predicted| Experimental Average
1 4:1| 37 2.83 2.76
2 4:1| 37 2.83 2.78 2.76 2.35
3 4:1| 37 2.83 2.75
6.4 Summary

In this chapter, thickness variation of the produicr different combination of process
parameters in rotational moulding process is pitese he full factorial method is used for the
design of experiments and fifteen experiments asigthed and conducted. Experimental result
using ANOVA confirmed that both the process paramgete. oven residence time and speed
ratio have significant effect on thickness of tleomoulded product. The result obtained
confirms that there is a linear relation between hocess parameters and response (thickness).
Using equation (6.2), the thickness can be predlifde any combination of process parameters
within the regime of experimentation (i.e., -1 th +
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CHAPTER 7

IMPACT STRENGTH OF FOAMED ROTATIONAL MOULDED
PRODUCT

I ntroduction

For the last three decades, rotational mouldirgreaeived a great attention because of
its low machinery cost, simple tooling, and littheaste. One stumbling block of rotomoulded
products is its insulative, and shock mitigationgaerties due to the hollow structure. In order to
improve the impact strength, LLDPE foam is mixedhwihe base resin LLDPE to produce
rotomoulded products. Rotational moulding of foarpetiyethylene has increasingly become an
important process in industry. It has been usegrdduce parts in various applications such as
furniture, toys, and flotation drink containers.afted structures provide several advantages in
thermoplastic products, which includes lightweigbkcellent strength—weight ratio, superior
insulation abilities; and energy absorbing perfanoga(shock, vibration, and sound) (Shih- Jung
Liu and Ching- Hsiung Yang, 2001).

The main focus of this chapter is to examine tht&omouldability of a foamed
polyethylene and their impact strength. Since camepts produced using rotational moulding
process are used in outdoor applications (like lue@d chemical storage tanks, water storage
tanks, automobile fuel tanks, car bodies etc), chg&ength of such products are considered as
one of the prime quality feature. This work centemnsthe use of statistical technique to analyze
the impact strength of foamed rotationally moulgeaducts. In this chapter, an attempt has been
made to investigate the effect of process parameated to identify the optimum process
parameter yielding maximum impact strength of tbanfed rotationally moulded products.
Experimental investigations are carried out by piag and performing trials based on design of
experiments (DOE). DOE approach, called responsiacgi method (RSM) is used for data

analysis.
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7.1 Experimental Details

Experimental details are summarized in the Tableshown below. The details of the

same have been sufficiently discussed in Chapteregiodology.

Table 7.1 Experimental details

Rotational moulding machine

specifications

Model: Clamshell type single arm biaxial machin

:

Mould specifications

Material : Stainless steel

Shape: Square cross section

Release agent: Metrork silicone 17 compound
Dimensions:

Length: 100 mm

Breath: 100 mm

Height: 100 mm

Raw material specifications

Material: R350 A 42 LLDPE supplied by GAI

India

=

MFI: 4.2 g/10 min

Density: 935 kg/m

Shot weight: 0.6 kg

Testing Equipment

MFI: Dynisco melt flow indexer

MFI specimens: Made as per ASTM D 1238
Impact testing: 1zod impact tester with 4 J
pendulum

Impact specimens: Made as per ASTM D256
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7.2 Plan of Experiments

Proper control of the process parameters is regjumweobtain a quality product. The
important process parameters that govern the imgaength of foamed rotomoulded product

are:

1. Oven temperature (X
2. Oven time (%)
3. Cooling medium (%)

In order to plan the experiments, the responseaserimethod (RSM) is used. RSM is a
collection of statistical and mathematical methakat are useful for modeling engineering
problems. The main objective of this technique dsoptimize the response surface that is
influenced by various process parameters. RSM diemthe relation between the controllable
parameters and the response (Phaneendra Kiranhamd 3013 and Montgomery, 2012). In this
work, three process parameters with three lev&lsO(-+1) are considered. For a combination of
three process parameter with three levels, a faditofial scheme will result in 27 33
experiments. Since performing experiments basedulbrfactorial design requires substantial
amount of resources and time, the experimentslare@ using Box- Behenken design which is
subcategory of RSM (Box- Behenken, 1960). In tlésigh the coded variables (-1, +1) are used
to develop a first order model where as the cqmberts (0, 0) estimates the second order model
with curvature effect. The considered design schérag only 15 experimental trails, yet
provides a good assessment of the response (irsfpangth). Thus three levels of each process
parameter coded as (-1, O, +1) are identified &osva in Table 7.2.

Table 7.2 Process parameters and their levels for rotatiomailding

Process ) ) _ Lowest Middle Highest
Parameter Unit | Designation |eyel level level
(-1) (0) (+1)
Oven °C X1 210 220 230
Oven residence| Minutes X 32 37 42
Cooling X8 Still air Fan Water
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7.3  Preliminary Experiments

Initially some preliminary experiments are coneulcto decide the percentage foam that
needs to be mixed with base resin LLDPE and to rstaled the rotomouldability of LLDPE
foam mixer. In order to know the processing chandstics of the LLDPE foam mixer, three
samples of LLDPE foam mixer (2, 4, 6, 8 & 10 ingemtage) is tested and its melt flow property
is recorded. During the experimental runs it iseostsd that the maximum melt flow index is
obtained for the foam percentage of 6 when mixeth whe base resin LLDPE. The above

situation is clearly evident from the Fig 7.1.
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Fig 7.1 Variation of melt flow index with respect to pentage of foam in LLDPE

Further to decide the percentage that needs tmiked with base resin LLDPE, three
samples of LLDPE foam mixer (2, 4, 6, 8 & 10%) ested for its impact strength. From the
experiments it is noticed that maximum impact gitbns obtained for the foam percentage of 6

when mixed with the base resin LLDPE. The abowesibn is clearly evident from the Fig 7.2.
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Fig 7.2 Variation of impact strength with respect to paetege of foam in LLDPE

Few preliminary expriments are also conducted faing up the range of process
parameters which influences the impact strengtbmFthe preliminary experiments it is noted
that for oven temperature lower than X10the products obtained are undercooked because of
incomplete fusion of powder particles. On the ottide for oven temperature higher than 230
polymer degradation is observed. ldentical obsematare noted for the oven residence time

when it is below 32 minutes and above 42 minutes.

From the above preliminary experiments it is prestichat 6% of foam is the optimum
level that needs to be mixed with the base resiDRE to obtain sufficient melt flow for ease of
processing and better impact strength. Also mininamd maximum level of temperature and

oven residence time can be considered as 210, 280332, 42 minutes.
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74 Resaultsand Discussions
7.4.1 Statistical Inference

The impact strength values (in Joules) obtainechftbe experiments as per the design
scheme considered is shown in Table 7.3. Fromxperamental value the mean impact strength

is found as 2.19 J with a standard deviation 0d50.1 indicating wide process variability.

Table 7.3 Plan of experiments and corresponding value ohhptrength

Impact
Run Order X1 X2 X3 strength
Q)
1 1 0 -1 2.1
2 -1 1 0 2.11
3 -1 -1 0 2
4 0 0 0 2.34
5 0 -1 -1 1.968
6 0 1 -1 2.13
7 1 0 1 2.42
8 -1 0 1 2.22
9 0 0 0 2.4
10 0 0 0 2.32
11 1 -1 0 2.11
12 0 -1 1 2.34
13 0 1 1 2.32
14 1 1 0 2.21
15 -1 0 -1 1.996

Statistical analysis using analysis of variance QAM) is carried out to know the factors
or interactions which are significantly affectirtgetresponse. The stated analysis is executed by
considering 5% level of significance € 0.05). A p’ value less than 0.05 can be deemed as
significant. This is performed on the grounds #ta®5% level of confidence, it rejects the null
hypotheses that the factors have no effect on ilngtaength (against an alternative hypothesis
that the factors have significant influence on ictErength).
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The results obtained from statistical analysis dase ANOVA along with ‘t’ test is shown in
Table 7.4, it is observed from the result that phecess parameters have significant linear as

well as non-linear (quadratic) effects of processameters on the impact strength.

Table 7.4 Results of ANOVA for impact strength

T=
Coefficient Standard | Coefficient/
Term error Standard p
Coefficient error
Coefficient

Constant 2.35333 0.01860 126.520 0.000

X1 0.06425 0.01139 5.641 0.002*

X2 0.04400 0.01139 3.863 0.01p*

X3 0.13825 0.01139 12.137 0.00p*

X2 -0.12567 0.01677 -7.495 0.001L*
X5? -0.12017 0.01677 -7.167 0.001L*
X3° -0.04367 0.01677 -2.604 0.04*
X1X2 -0.00250 0.01611 -0.155 0.883
X1X3 0.02400 0.01611 1.490 0.196
XoX3 -0.04550 0.01611 -2.825 0.037

*Significant at 5% level of significance.

The coefficients of the regression mods] Which in general can be written as shown in Eq.
(7.2).

y=Xp +€ (7.1)
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where

= x| b= |t e ) p= |2 = |5

B g

_1 an Xn2 " Xnk_ IBn gn

Here, ] is a f x 1) vector of the observations{][is a (1 x j) matrix of the levels of the
independent variablesf][is a (» x 1) vector of the regression coefficients aaflis a o x 1)
vector of random errors. The procedures of obtgirirese constants have been discussed at
sufficient length in Montgomery (2012). Refer ApdenB for further details and illustrative
example (Waigaonkar, 2010 and Waigaonkar et all,1p0The empirical model for impact
strength in terms of coded units considering omdyificant terms from ANOVA was obtained

as:

Impact strength = 2.353 + 0.064 + 0.044x, + 0.138x, - 0.125x7 - 0.120x3- 0.043x7 -

0.0025(x, X, + 0.02400%, X - 0.04550%, x, (7.2)

Eq. (7.2) can be comfortably used to estimateripact strength for any combination of process

parameters within the regime of experimentatian, (1 to +1).
7.4.2 Effect of Oven Temperatureand Oven Residence Time on Impact Strength

Using Minitab 15.0 software, contour plots and 3Bpis for the effect of process
parameters on impact strength are generated inr aodénd the responsible parameters or
combinations of these. A contour plot is a graphteahnique used for representing a three
dimensional surface by plotting constant z slicaded contours on a 2-dimensional format. A
surface graph provides a three dimensional viewichvigives a clear picture of the response
surface (Phaneendra Kiran and Shibu, 2013).

88



The contour and surface plots for combinationsrotess parameters are as shown in Fig
7.3 & 7.4. Fig 7.3 & 7.4 shows the variation of g strength with respect to change in oven
residence time and temperature. As it is evidemhfthe Fig 7.3 & 7.4 that the impact strength
gradually increases as the oven temperature amdisicreased from their least value. This can
be attributed to two different facts. First, higheren temperature reduces the viscosity of
polymer making it easier for bubbles to diffusenfradhe material. With increase in oven
residence time and temperature, the polymer wilinbeolten state for a long period, allowing
more bubbles to diffuse. This reduces the bubkdendter thereby increasing the relevant part
density and improving the impact strength. Idehtaaservation of improved impact strength
with increase in part density is evident in thet figerature by S.B Tan et al., (2011).

Surface Plot of impact strength vs X2, X1

2.3

impact
strength 2.2
(joules) 2.1

2.0

X2 (minutes)

X1 (degree celcius)

Fig 7.3 Surface plot of impact strength versus oven residéime and temperature
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Contour Plot of impact strength (J) vs X2, X1

impact
strength
)
< 2.0
20 - 21
Mm21- 22
W22 - 23
MW 23 - 24
[ ] > 2.4
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Fig 7.4 Contour plot of impact strength versus oven regiddime and temperature

Second, improvement of impact strength can alsdugeto the thicker walls of foamed samples

which are concentrated by a longer oven residance t

Further increase in temperature and oven residiémeeleads to cell coarsening. When
two cells of different size are adjacent, the gdkdiffuse from the smaller cell to the larger one
because of the pressure difference in the cellsifVand Klempner, 1991, Remon et al., 2008).
As a consequence, larger cell will get larger, tamally the two cells will become one large cell.
When this cell coarsening occurs, the -cell-popatatidensity is deteriorated which is
accompanied with degradation of polymer foam mixtand leads to impact strength reduction.
Therefore, highest strength is perceived when tlaégenal is homogenous half way between
these two parameter levels. The characteristitheofump in the curve can be interpreted with

this aspect.
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7.4.3 Effect of Cooling Medium and Oven Temperature on I mpact Strength

As it can be observed from Fig 7.5 and 7.6 thatfgiven set of oven temperature rapid
cooling (water cooling) results in better impacength than slow (still air) and medium cooling
(forced air).

In faster cooling, polymer melt passes through th&ximum crystalline temperature very
quickly, leaving most of the molecular chains inaaphous form. This produces finer cells with
uniform structure. As amorphous polymers are fotmbe highly irregular and have entangled
pattern of polymer chains, it is tough for the &ra@ propagate after impact. In contrast, slow
and medium cooling produces crystalline structuréh Warger and denser spherulites and the
polymer chains are exposed near the maximum cliygtabmperature for a long period. Thus,
slower cooling rate assist the development of etlyse regions with regular structure of
molecular chains and hence reduced impact strerdémntical observation of formation of
crystalline structure and larger spherulites cadmeslow cooling is evident in the past literature
by S.B Tan et al., (2012). Similar trend of inceeds impact strength with rapid cooling and
reduction in impact strength with low and mediunoloty is also observed in the past by
Crawford (2000) for rotomoulded parts.

Surface Plot of impact strength vs X3, X1

impact strength
(joules)
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X1 (degree celcius)

Fig 7.5 Surface plot of impact strength vs. cooling meditemperature
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Contour Plot of impact strength (J) vs X3, X1
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Fig 7.6 Contour plot of impact strength vs. cooling medjaemperature
744 Statistical Optimization

Optimization is performed using ‘D’ (determinamptimal design. MINITAB 15.0 is
used for this optimization. Fig 7.7 shows MINITARBitput, the number shown at the top of the
window refers to the highest (Hi) and lowest (Leyél of the process parameters considered for
the experimentation. The values shown at the midudleed colour are the current optimized
value (Cur) of the process parameters. The optimaltnes of process parametexs, X, andXs
in coded form are found as 0.3458, —0.0763 and0D.0O@spectively. Predicted response Y for
the optimized (Cur) factor setting is 2.46 J whishcloser to target of 2.50 J indicating a
desirability of 0.96289. ‘D’ optimal values of 0280 (very close to 1) indicating a proper
convergence to optimal solution. Each cell of tmeph in Fig 7.7 shows how the response
changes as a function of one of the factor whiteepfactors remain fixed and horizontal blue
line represents the level of optimized value.

The relationship between the cod&d and a real variableX(r) is given in Eq. (7.3):
% (T

L (Peges)

3

X

(7.3)
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Where Xnex & Xmin are lowest and highest values of the correspongimgess parameter
respectively. Using Eq. (7.3), the actual values iaterpreted asX; = 223.45°C,X; = 36.6

minutes, anKz = water.

X X )3
p H 1.0 1.0 1.0
Cur [0.3458) [-0.0763] [1.0
0.96283 o 1.0 1.0 1.0
T ————— e =
IS ¥ , . P
Targ:250 | / " s
y=24628 |/ z
d = 0.96289
;.

Fig 7.7 Results of D optimality test

7.5 Confirmatory Experiments

In order to verify the above results, new set afcpss parameters are used to carry out
the confirmatory experiments. Predicted and expemiad results are shown in Table 7.5. The
values pertaining to predicted and experimentalltesare closer to each other. A minor
variation in them could be because of the erébm[ ‘equation (7.1)’], prompted by the aspects
like change in atmospheric temperatures, humiéity,, while performing the experiments. The
mean value of impact strength is obtained as 2.3gJs, above process parameter setting can

be suggested to have improved impact strength.

Table 7.5 Confirmatory experiments to validate optimizatadrrotational moulding process

Impact strength (J) % Error with average
Run order| X1 X2 X3

Predicted Experimental Average
1 0.3458| -0.0768| 1 2.46 2.39
2 0.3458| -0.0768| 1 2.46 2.46 2.39 25
3 0.3458| -0.0768| 1 2.46 2.34
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7.6 Summary

In this work, a detailed investigation is performed identify the optimum process
parameters yielding maximum impact strength of fednotationally moulded LLDPE product.
Box-Behenken designs of RSM are applied to plan amalyze the experiments. The findings

can be compiled as follows:

1. It is observed that impact strength is enhareai#ld increase in oven temperature and time in
rotational moulding process. The improvement is ttuthe diffusion of bubbles in polymer
melt. However, further increase in these parametecseased the impact strength due to

the initiation of polymer degradation and cell @aning.

2. Impact strength of foamed rotational mouldingdurcts are found to be improved with faster
cooling aids. Faster cooling develops highly irdagand complex pattern of polymer chains

in amorphous region which arrests the crack proj@ga

3. A statistical optimization is performed using’ ‘Bptimal design criterion and the optimal
process parameters are identified to attain adequapact strength. These are: Oven
temperature = 223.45°C, Oven time = 36.61 minwdasd, water shower as cooling medium.
The above set of process parameters yielded aefiiearestimated value of impact strength
as 2.45J.

4. New set of process parameterd,(X2, and X3) are used to perform the Confirmatory

experiments. The values of impact strength areddarbe closer to the target (2.39 J).

It should be stated that the above results arepétaiole for existing experimental
facilities. It is common to have thickness up to rhfn in rotational moulding process in an
industrial environment. Therefore, aspects likadua stress, warpage and shrinkage needs to

be equally considered for experimental investigetio
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CHAPTER 8

FRACTURE CHARACTERIZATION OF ROTOMOULDED
PRODUCTS

I ntroduction

Before the development of fracture mechanics, yséldngth or ultimate tensile strength
with a suitable safety factor were the conventiatedign criteria. Fracture mechanics addresses
the situation where the presence of a flaw in tlagenml causes fracture or failure when the
conventional design criteria would deem the compbme safe (Ming Luen Let al., 2004).
Since parts made of LLDPE using rotational mouldongcess find applications like overhead
chemical storage tanks, automobile componentstamks etc., Fracture toughness of such
products is considered as one of the essentiaitygfdture. In this chapter, an attempt has been
made to investigate the effect of process paraseated to identify the optimum process
parameter vyielding superior fracture toughness k¢ trotationally moulded products.
Experimental investigations are carried out by piag and performing trials based on design of
experiments (DOE). DOE approach, called responsiacgi method (RSM) is used for data
analysis.

8.1 Fracture Characteristics of Polymers

Linear elastic fracture mechanics originally deypeld for brittle materials has been used
to determine fracture in many polymers. Polymeeragineering materials, is gaining importance
in high demanding structural applications (Ljunghe2003). Polyethylene in particular used in
many applications like water and natural gas piffeianoet al., 2013, Jannson 2003 and
Mills, 1993), fuel, oil and chemical tanks whiclguére strength, toughness and wear resistance.
Failure in such situations may lead to severe aotg] hence a deep understanding and

evaluation of fracture process in this materialdsisable.

The assessment of fracture toughness of ductilgn@es by concepts of fracture
mechanics is a great challenge. Linear elasti¢draanechanics (LEFM) fails to provide us with

proper fracture toughness values for ductile polgnakeie to plasticity ahead of crack tip.
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In order to overcome this difficulty, methods oéthon-linear fracture mechanics (denoted also
as ductile, elastoplastic or post-yield fracturechamics) have gained considerable attention.
Although several approaches of the latter are megpoto consider the large-scale plastic
deformation during loading, the widely used methisdJ-integral (Kolednik et al 2014,
Ochensberger and Kolednik 2014, Taragaal 2003, Wanget al 1992, Paton and Hashemi 1992,
Mai and Powell, 1991 and Williams 19873)integral approach is proposed by Rice, (1968) as a
two dimensional energy line integral that can beduas an analytical tool to characterize the
crack tip stress and strain field under both etaatid plastic stress and strain. Jntegral
technique, the critical value under mode-I deforamat],., is defined by the intercept of the
blunting line or it's offset with thel versusAa (J-R curve, whereAa designates the crack
growth (Prashant kumar, 2011).

8.2 Fracture Characteristics of Rotomoulded Products

8.2.1 Plan of Experiments

Proper control of the process parameters are esjuo obtain a quality product. The
important process parameters that govern the fragioperties of rotomoulded products are:

1. Oven temperature (X
2. Oven time (%)
3. Cooling media (%)

To plan the experiments, the response surfacean¢fiSM) is used. RSM is a collection
of statistical and mathematical methods that asguli$or modeling engineering problems. The
main objective of this technique is to optimize theponse surface that is influenced by various
process parameters. RSM quantifies the relatiowdssi the controllable parameters and the
response (Phaneendra Kiran and Shibu, 2013 andgélmatry, 2012). In this work, three
parameters with three levels are considered, afdatbrial scheme would have resulted in 27
(3°) experiments. Since, performing experiments basad full factorial design requires
substantial amount of resources and time, the empats are planed using Box- Behenken
design which is subcategory of RSM (Box- BehenK&§0). In this design the coded variables

(-1, +1) are used to develop a first order modeénehas the center points (0, 0) estimates the
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second order model with curvature effect. The amred design scheme has only 15
experimental trails, yet provides a good assessmietite response (fracture toughness). Thus

three levels of each process parameter coded &3, *1) are identified and shown in Table 8.1.

Table 8.1 Process parameters and their levels for rotatiomailding

Lowest level | Middlelevel | Highest level
Process parameter | Unit | Designation
-1 () (+1)
Oven temperature | °C X1 210 220 230
Cycle time Minutes Xz 32 37 42
Cooling medium X Still air Fan Water shower

8.2.2 Experimental Details

Experimental details are summarized in the TakkesBown below. The details of the

same have been discussed in Chapter-3.

Table 8.2 Experimental details

Rotational moulding machine Model: Clamshell type single arm biaxial machine

specifications

Material : Stainless steel

Shape: Square cross section

Release agent: Metrork silicone 17 compound
Mould specifications Dimensions:
Length: 100 mm
Breath: 100 mm
Height: 100 mm

Material: R350 A 42 LLDPE supplied by GAI

=

India
MFI: 4.2 g/10 min

Raw material specifications
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Density: 935 kg/m
Shot weight: 0.6 kg

Tensile
Machine: universal testing machine
load cell : 5 kN

cross head speed of 1 mm/min

Testing Equipment

8.2.3 FractureTest

The procedure involves measurement of area under Itlad versus load-line
displacement curve to determine the fracture toaghimvalueJc). Fracture tests are carried out
on a compact tension test specimens prepared dsgASTM standard D6068 as shown in Fig
8.1. Specimens are precracked using sharp stedé & thickness 0.1 mm. The tests are
performed on a universal testing machine at a eohstross head speed of 1 mm/min at room
temperature. The crack initiation is closely obsdrwith the help of a magnification lens and

the load versus load-line displacement are measameédecorded for each specimen.

0.2tW

oare |4
1.2W H l
m— - -

— . .IB
; W \ ‘
1 1.2t ‘

Fig 8.1 Compact tension test specimen as per ASTM D 6086802
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8.24 Evaluation of Fracture Toughness

J integral is originally defined as a path indepentdee integral for two dimensional
problems. ASTM D6068 (2010) outlines a test metfadestimatingJd integral for a compact
tension test specimen. According to ASTM D6068 (B0 integral is given by Eq. (8.1)

J =+ (8.1)
HereJe & J, are the elastic and plastic components of tbtalue given by the Eq. (8.2)

J.=m. U,/ B(W—a)
Ip=1y Uy/ B(W—a) (82)

Were U, & U, are the elastic and plastic components of thel tetergy.n, & », are their
corresponding work factars(i¥’ — a) is the unbroken ligament length, & », is equal to
(2+0522(W—a/ W)) andU, + U, = U . (whereU is the total area under the load vs load

line displacement curve). Therefore, equation duced to (Hashemi & Williams, 1986 &
ASTM D6068, 2010)

J-nU/B(W—a) (8.3)

In accordance with the recommended procedurestabishingl,c, J-R curve method is
proposed to characterize the fracture toughnesavimir of rotomoulded product made using
LLDPE for various process parameters. The valud fur six crack increment is determined
using Eqg. (8.3) and plotted against crack extensdostraight line known as R line is best fitted
through theJ points. A blunt linef = [:Cl'_.l.s + o,. )Aa is drawn whose intersection with R line
gives Jc. During the initial loading of a precracked speeimbecause of the intense plastic
deformation the crack tip blunts before the statieck growth initiates. Blunting can be
considered as a small crack growth as shown irBEgFor estimating small crack growth, the
blunt crack can be modeled as a semicircle of sadialf of the crack tip opening displacement
ie., (CTOD)/2. TheCTODis then related td by the following relationship.

CTOD =] /o, (8.4)
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The small crack growth due to blunting/i®2c;
] = 20;4a (8.5)
wheres, is a flow stress and is given I[):gr_,l.E + 0, )/2

] = (o, + o,. )Aa (8.6)

(a) Before loadin

(b) Blunting stage

(c) Crack initiatior

Aa
Fig 8.2 FindingJ integral byJ-R curve method (Prashant Kumar, 2011)

Series of experiments are conducted to investitpgdracture toughness characteristics
of rotomoulded products made using LLDPE by chaggithe process parameters.
Representative load verses load line displacememedor one set of process parameters {210
temperature, 37 mins as oven residence time alicafstas cooling medium) is reported in Fig
8.3, while the curves for other process parameters epected in Appendix C; (Fig 1-14The
value ofJ is determined from the area under its load velgag-line displacement curve and the

relationship given by Eq. (8.3By using the above stated procedireJ-4a curve as shown in
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Fig 8.4 [for a set of process parameter (210-37;S#ile the curves for other process
parameters are depicted in Appendix C; (Fig 15-28)ihen constructed and value &¢ is

determined for each specimen.
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Fig 8.3 Load Verses load line displacement curve for pregasameters (210-37-SA)
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Fig 8.4 J-Rcurve for process parameter (210-37-SA)
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When a tensile force is applied to a specimerstielaleformation takes place; in that,
polymer chains are elongated along the directiothefstress. From the load versus load line
displacement curve it is evident that, the incremséoad immediately after the test started,

indicates the formation of stable crack tip blugtfollowed by initiation as shown in Fig 8.5.

Crack tip
blunting
followed by
initiation

Fig 8.5Crack tip blunting and initiation

Further increase in load, forces the polymer teast its energy. One of the important energy
release mechanism in polymer deformation is crazkgraze can be considered as a micro
crack bridged by multiple, highly-oriented polynfdrils. Crazes are typically initiated at sites
with defects or molecular inhomogeneities. Firsi¢cro voids nucleate at the defects under a
tensile stress. Then, the micro voids grow in a@lperpendicular to the maximum principal
stress, which is a cavitations process. Next, awstef coalescing and forming a crack, these
micro voids are stabilized by the surrounding hyghliented polymer fibrils spanning the craze

(Myer Kutz, 2013). The fibrils inside the craze eare shown in Fig 8.6.
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Statistical I nference

Fracture toughness values obtained from the expatsras per the design scheme is as

have significant influence on fracture toughness).

Craze zone

Fibrils

Fig 8.6 Polymer fibrils bridging in the craze zone

shown in Table 8.3. From the experimental vahéeemean fracture toughness is found as 18.6
N/mm with a standard deviation of 0.140 N/mm intliog wide process variability. Statistical
analysis using analysis of variance (ANOVA) is @atrout to know the factors or interactions
which are significantly affecting the response. Ftated analysis is executed by considering 5%
level of significance = 0.05). A p’ value less than 0.05 can be deemed as signifiddms is
performed on the grounds that at 95% level of c@nfce, it rejects the null hypotheses that the

factors have no effect on fracture toughness (again alternative hypothesis that the factors

Table 8.3 Plan of experiments and corresponding value ofdracdoughness

Run order Oven Reos}/deennce Cooling Fracture
Tergperature Time in min | Medium (%) Toughness in
in °C (X1) (X5) N/mm (i)
- 230 37 19.09
2 210 42 0 11.07
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3 230 42 0 39.20
4 220 42 -1 17.38
S 220 37 0 6.93
6 220 37 0 6.64
7 210 37 1 17.60
8 210 37 -1 7.22
9 230 32 0 13.36
10 220 32 1 26.59
11 230 37 -1 27.81
12 210 32 0 29.89
13 220 32 -1 23.32
14 220 42 1 28.67
15 220 37 0 5.52

The results obtained from statistical analysis dase ANOVA along with't’ test is
shown in Table 8.4. It is observed from the reshdit the process parameters have significant
linear as well as non-linear (quadratic) effectpmfcess parameters on the impact strength. The

coefficients of the regression modgl which in general can be written as shown in(Bd).

y=Xp +€ (8.7)
where
0 1%, X, o %] (B, & ]
n 1 X % Xok B, &
vl = | xXj=(. . . . . Bl=1 .| [€]l=
1 Xy Xy o X B, &0
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Table 8.4 Results of ANOVA for fracture toughness

T=
Standard | Coefficient/
Term -
Coefficient error Standard p
constant .
Coefficient error
Coefficient
Constant 6.3633 1.834 3.47 ]0.01&
X1 4.21 1.123 3.749 |0.013
X2 0.395 1.123 0.352 0.73P
X3 2.0275 1.123 1.806 0.131
X1* X3 5.4783 1.653 3.314 | 0.021
X2 * X5 11.538 1.653 6.981 | 0.001*
X3* X3 6.0883 1.653 3.684 0.014
X1* X2 11.165 1.588 7.031 0.001
X1* X3 -4.775 1.588 -3.01 | 0.03
X2* X3 2.005 1.588 1.263 0.262
*Significant at 5% level of significance.

Here, | is a f x 1) vector of the observation][is a (1 x j) matrix of the levels of the
independent variabless][is a ( x 1) vector of the regression coefficients aailis a fi x 1)
vector of random errors. The procedures of obtgirirese constants have been discussed at
sufficient length in Montgomery (2012). Refer ApdenB for further details and illustrative
example (Waigoankar, 2010 and Waigaong&amal., 2011). The empirical model for fracture
toughness in terms of coded units considering siggificant terms from ANOVA is obtained

as:

Jc = 6.36 +4.21%, + 0.395X, + 2.0275%, + 5.47%2 + 11.53%2+ 6.08 x2 +11.16X,X.-
4,775, X, + 2.005X, X (8.8)
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Eq. (8.8) can be conveniently used to predict tiaetfire toughness for any combination of

process parameters within the regime of experintientd.e., —1 to +1).

84 Results& Discussions

8.4.1 Effect of Oven Temperatureand Oven Residence Time on Fracture Toughness

Using Minitab 15.0 software, 3D graphs and inteoacplots for the effect of process
parameters on fracture toughness are generateddan to find the responsible parameters or
combinations of these. Fig 8.7 & Fig 8.8 showsrat&on plot and surface plot depicting the

variation of fracture toughness with respect tongjeain oven residence time and temperature.

Interaction Plot (data means) for JicVS X2 X1
40 vl
. —e— 210
&l —-=a—- 220
230

25+

20+

Jic (N/mm)

154

10 1

X2 (minutes)

Fig 8.7 Interaction plot showing variation of fracture tbungss with respect to change in oven
residence time and temperature.
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Surface Plotof J,.vs X2, X1

40

30 1)
Jic (N/mm) == HHH

20 \::::‘3‘3‘\‘:‘:\"’:5’;:’;’///

=< 42
37 ;
210 X2 (minutes)
220 230 32

X1 (degree celcius)

Fig 8.8 Variation of fracture toughness with respect tong®in oven residence time and
temperature.

It is observed from the surface graph and intevaqgtlots that for the lower temperature
of 210°C, the fracture toughnessld) of the rotomoulded product decreases as the oven
residence time is increased from 32 to 42 minukls. above situation may be attributed to two
different facts; a) the mobility of element takipart in plastic deformation is low at lower
temperature and the energy dissipation increaséshvgmoduce instabilities in the elements. b)
The rate of deformation increases drastically ircrmicracks which may lead to fracture.
Similarly for higher temperature of 23D, the fracture toughness value increases when oven
residence time is increased from 32 to 42 minufss increase in fracture toughness is owing
to higher mobility of elements and lower energysiiation which produces stabilities in the
elements (Michler and Balta, 2005). For mid randge220°C the fracture toughness value
decreases when oven residence time is increased 3®to 37 minutes and then it increases
there by to a maximum of 23.02 N/mm at 42 minufBise above observation shows that
reduction in fracture toughness by increase in owmidence time up to 37 minutes can be

balanced by increasing the temperatures.
8.4.2 Effect of Cooling Medium and Oven Residence Time on Fracture Toughness

For a given setting of oven residence time, it barseen from the Fig 8.9 & 8.10 that
there is a reduction of fracture toughness valuleerwit is subjected to slow and medium

cooling.
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However it can also be seen that for rapid cooimg@ll three cases yields maximum fracture
toughness. One possible explanation for this isttieaslow cooling gives adequate time for the
chains to arrange themselves in crystalline strastuWhen a tensile stress is applied to a
polymer, elastic deformation will take place; iraththe polymer chains will elongate along the
direction of the stress. In the initial stage ofadmation, the tie molecules in the amorphous
regions slip past each other and become extendedlagmed in the tensile direction, while the
lamellae regions maintain their structures as Idook folded ribbons. In the next stage,
crystalline segments separate from the lamellae ra@ndhin attached to each other by tie
molecules. Finally, the segments and tie molecblesome orientated in the direction of the
tensile axis (Myer Kutz, 2013 and Michler and BaRtalleja, 2005). In case of slow cooling
sufficient time is available for the molecule tagal themselves in crystalline format which

results in inferior toughness and higher strengtine product.

Interaction Plot (data means) fo Jic VS. X3, X2
304
X2
—e— 32
254
—-a—- 37
2ol 42
S ) y
g N / X3
< 154 AN 4 -1 - Still air
9] AN /
& N e 0 - Fan
\\ / +1- Water shower
10 1 N\ /
N s
N
A8
5- T T T
-1 0 1
X3

Fig 8.9 Interaction plot showing variation of fracture ghumess with respect to change in oven
residence time and cooling medium
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Surface Plot of JicVs. X3, X2

Jc (NJmm) %0

20

10 42

X2 (min)

Fig 8.10 Variation of fracture toughness with respect targfe in oven residence time
and cooling medium

The above observation of crystalline morphologgasfirmed by conducting a dynamic
mechanical analysis (DMA). DMA is a technique whishwidely used to characterize material
property as a function of different parameters lidenperature, time, atmosphere etc or
combination of these parameters. To verify the fdrom of crystalline morphology for a
particular combination of process parameters (Z2@mperature, 42 mins oven residence time
and still air (SA) being slowest cooling method @22-SA)), the storage modulus, loss modulus
and tan delta is obtained from DMA result. As tlidymers are viscoelastic materials, storage
modulus measures the stored energy, represengnglditic portion, loss modulus measures the
energy dissipated as heat, representing the vispouson and the ratio of loss to storage
modulus is termed as tan delta. Set of processnedess considered (220-42-SA) for DMA
test yield a higher Storage Modulls ) of 5264 MPa , loss modulus(ftof 185.8 MPa at Gama
Glass TransitionTg) and lower tan delta value of 0.0798 at room temajure as observed from
the Fig 8.11. It may be inferred that this conditieads to comparatively more crystalline and
less amorphous regions. The slow cooling gives wateqtime for the chains to arrange
themselves in crystalline structures. In contraggher fracture toughness is obtained for faster
cooling. This indicates that faster cooling givess time for the chains to arrange themselves in
regular (crystalline) pattern and amorphous regarescomparatively higher. In amorphous state
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the molecule bypasses melting temperaiyrepon cooling and relative motion of the molecules

becomes restricted.

Sample: LLDPE_FR_220 42 SA File: C:..\RamkumanLLDPE_FR_220_42_SA.001
Size: 17.5000 x 14.2800 x 2.8400 mm DMA
Method: Temperature Ramp Run Date: 29-Mar-2014 12:53
Instrument: DMA Q800 V20.26 Build 45
10000 - 10000
15264MPa
SE ey
128.11C -10.97C
4694MPa 1641MPa
38.36C 015
1002MPa
— 1000 30.00C T 1
© 000 ] 1161MPa \ r 1000 —
[ ©
s o
e =3
= g | %)
=] @ =
k=] (. 0.10+ =
o -111.85C c b=
= 30.00C < )
) 185,8MPa 0.07982 - NS =
< 41.92C 7
S . o
= 134.0MPa 99 80MPa -
» 1004 100
] -108.94TC 30.00C [
0.04860 92.63MPa 0,054
_{
10.02547
10 T T T T T T T T T T T T T 10
-150 -100 -50 0 50 100
Temperature (‘C) Universal V4.5A TA Instruments

Fig 8.11 Dynamic mechanical analysis for process paranZ2@ri2 SA

8.4.3 Effect of Cooling Medium and Temperature on Fracture Toughness

Similar argument of formation of amorphous regian be posed for obtaining the

maximum fracture toughness value when medium asterfacooling is employed for sample

processed at the oven temperature of°@1Whereas for the same temperature, considerably

lesser toughness value is obtained for slow cooéisgshown in Fig 8.12 & 8.13 due the

formation of crystalline region and arrangementiadins in the form of crystalline structures.
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Interaction Plot (data means) JicVvs. X3, X1
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Fig 8.12 Interaction plot showing variation of fracture tdwngss with respect to change in
temperature and cooling medium

Surface Plotof J,cVs. X3, X1
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Fig 8.13 Variation of fracture toughness with respect tongein temperature and cooling
medium

In contrast, at 22C the fracture toughness value is lesser on megiamn) cooling and
considerably more at slow and faster cooling. Tesult clearly shows that the sample shows

huge resistance to deformation, thereby reducstpiighness and increasing its strength.
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At the temperature of 280 the fracture toughness value is higher for sloeamling and its
lower for the faster cooling. This may be attritlte the fact that, keeping the sample at a
higher processing temperature of 230n the oven for appreciable amount of time letadthe

polymer degradation, resulting in reduction of fuae toughness of the sample.
85  Statistical Optimization and Confirmatory Experiments

The optimization is performed using ‘D’ (determitgoptimal design. MINITAB 15.0 is
used for this optimization. Fig 8.hows MINITAB output, the number shown at the tophe
window refers to the highest (Hi) and lowest (Leyél of the process parameters considered for
the experimentation. The values shown at the middleed colour are the current optimized
value (Cur) of the process parameters. The optimalones of process parametexs, X, andXs
yielding maximum toughness are found as 21,0382 minutes and 1 (water shower) respectively.
Predicted responsg for the optimized (Cur) factor setting is 39.20m4 which is closer to
target of 39.20 N/mm indicating a desirability ofElach cell of the graph in Fig 8.14 shows how
the response changes as a function of one of tterfavhile other factors remain fixed and

horizontal blue line represents the level of optiedi value.

X1 X2 <

5 Hi 230.0 420 1.0
cur | [210.0082]  [32.0173] [0.9085]

1.0000 1 210.0 32.0 -1.0

J

Targ: 39.20
y =39.20
d=1.0000

Fig 8.14 Results of D optimality test

In order to verify the above results, new set afcpss parameters are used to carry out
the confirmatory experiments. Predicted and expemiad results are shown in Table 8.5. The
values pertaining to predicted and experimentatltgesare closer to each other. A minor
variation in them could be because of the erébm[ ‘equation (8.1)’], prompted by the aspects
like change in atmospheric temperatures, humidity,, while performing the experiments. The
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mean value of fracture toughness is obtained d¢/88n. Thus, above process parameter setting

can be suggested to have improved fracture toughnes

Table 8.5 Confirmatory experiments

Fracture Toughness (J,c) in N/mm | % Error with average

Runorder | X1 | X2 | X3

174

Predicted| Experimentall Average

1 210 32| 1| 39.20 37.8
38
2 210/ 32| 1| 39.20 38.1 2.8
3 210 32| 1| 39.20 38.3
8.6 Summary

Statistical technique is applied for investigatioh fracture toughness of rotational
moulded product made using LLDPE. The present iigegson yielded optimal level of process
parameter for improving the fracture toughnessotditronally moulded LLDPE product. Box-
Behenken designs of RSM are applied to plan anlyzaghe experiments. The findings can be

compiled as follows:

1. For the lower temperature of 200 the fracture toughness,d) of the rotomoulded
product decreases as the oven residence time tisased due to lower mobility of
element and formation of micro cracks at the criggkHowever, the above situation is
vice versa for the higher temperature of 230

2. Faster cooling aids improves the fracture toughmes®tational moulding process, as
faster cooling develops highly irregular and compfeattern of polymer chains in
amorphous region which arrests the crack propagatiocrease in the portion of
amorphous material in the structure results indase in fracture toughness value.

3. Employing slower cooling aids decreases the fractimughness value in rotational
moulding process due to the formation crystalliegion. Crystalline morphology is

confirmed by conducting a dynamic mechanical amsligs set of process parameters.
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4.

The trial 220-42-SA seems to have higher storageus E’) of 5264 MPa, loss
modulus of 185.8 MPa at gama glass transitiay) @nd lower tan delta value of 0.0798
confirming more crystallininity and less amorphoegions.

A statistical optimization is performed using ‘Dptamal design criterion and the optimal
process parameters are identified to attain adeduatture toughness. These are: Oven
temperature = 210°C, Oven time = 32 minutes, an@mas cooling medium. The above
set of process parameters yielded a theoreticah@&std value of fracture toughness as
39.2 N/mm.

Based on the statistical analysis, equation has lkived to predict the fracture
toughness for any combination of process paraméXers,, andXs) within the regime

of experimentation (i.e., —1 to +1).

New set of process paramete¥d (X2, andX3) are used to perform the Confirmatory
experiments. The average value of fracture toughme$ound as 38 N/mm, which is

found closer to the target value.
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CHAPTER 9

CONCLUSIONS

91 Summary

Rotational moulding is currently fastest growiregt®r of plastic processing industry. In
order to sustain this growth it is essential thatilders have a better fundamental understanding
of the manufacturing process. The research workented in this thesis is aimed to understand
the mechanical and fracture behaviour of rotationalilded products using LLDPE. In order to
understand the importance of this study, a simpesnatic logical method called objective
based MADM for manufacturing process selectiongedu This method is proposed to assist a
manufacturer to select an appropriate plastic naotufing process from a long list for a specific
application. The proposed method is clearly desdrilconsidering emerging application of
automobile fuel tank. Based on the above mentiamethod, blow moulding and rotational
moulding process are the two processes which tuevétkent for producing plastic fuel tank.
Since, blow moulding process is a well establigitess for producing plastic products; efforts
have been taken to solve the pertinent issuesecklat rotational moulding process to make
rotational moulding process more promising. In phesent work, extensive process modelling
using statistical techniques has been performedetermine the optimum process parameters
yielding better mechanical and fracture propertésthe rotomoulded product considering
LLDPE and LLDPE foam as a material.

9.2 Critical Findings
The major outcomes of the present research werk ar

Engineers and designers have wide range of manufag methods available with them
while they are considering the use of plasticsrodpct design. The wide choice is advantageous
in providing scope of ingenuity but it means thasigners must have awareness of the
capabilities and limitations for the selection gfracessing method. The problem of appropriate

process selection for a particular application @sn a concern for the moulder considering the
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accessibility of number of plastic manufacturingpgesses. To address this, objective based
MADM is proposed for process selection. As an emmgr@pplication, the process selection
procedure is carried out for an automobile fuektdhis seen that the methodology ranked blow
moulding and rotational moulding as the first ardand choice of process respectively. From
this study it is concluded that the research foneeds to be centered towards rotational
moulding process by solving some pertinent issueb rmake the process promising in any

situation.

One of the pertinent issues in rotational mouldingcess is to determine the optimum
oven residence time which yields superior mechanicaperties. In order to achieve this,
simulation study and experimental investigationcamducted on rotational moulded product
made using LLDPE. Simulation studies are conductgidg ROTOSIM software to analyze
different thermal transitions and phase changdsoitiur in the process. Degree of curing of the
polymers is also assessed from the simulation stadgorrelate with mechanical properties.
Experiments are conducted on a laboratory scakdiooal moulding machine by varying the
oven residence timings from 32 to 44 minutes. Thoglpcts are tested for tensile, flexural and
impact strengths according to respective ASTM stathel Experimental investigation revealed
that there exist regions where the part is ‘undeed’ and mechanical properties are found to be
inferior. It is also found that when parts are ‘oeared’, the mechanical properties are severely
affected due to degradation which is confirmed bgducting differential scanning calorimetric
test of LLDPE. A regime of optimal processing wimdas identified between 36-40 minutes
where the highest tensile strength of 17.4 MPaufia strength of 17 MPa and impact strength
of 0.96 J are noticed.

The major potential problem of thickness variationrotational moulding is studied.
Statistical technique is used to investigate amdlipt the optimum value of process parameters
yielding required thickness. Experiments are pentmt on a lab-scale bi-axial rotational
moulding machine wherein full factorial design ised to plan and analyze the experiments.
Since rotational moulding uses biaxial rotationatige speed of rotation about major and minor
axis and time spent by the polymer inside the alemdes the distribution of polymer inside the
mould. Therefore, Oven residence time and spedd &ame selected as process parameters.

Experimental results confirmed that both the pregesrameters i.e. oven residence time and
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speed ratio have significant effect on thicknesthefrotomoulded product. The result obtained

confirms that there is a linear relation betweea finocess parameters and thickness of the
product. The linear relation can be pertained &dliference in heat absorption rate of powder

particles inside the mould and there may be tigebletween the melting of powders, this time

lag may ultimately leads to the thickness variatiothe final product. A statistical optimization

is performed to obtain the proper set of procesarpaters to achieve required thickness. Form
the experimental investigation and statistical mpation, the optimum value of oven residence

time and speed ratio is determined as 37 minutdsl&hich yields a required thickness.

Since, components made of rotational moulding ggs@re used in outdoor applications
(like overhead chemical storage tanks, automohié domponents etc), impact strength of such
products is considered as one of the essentiaityfie@hture.Therefore, focus is to examine the
rotomouldability of foamed polyethylene and theeeff of process parameters on moulded
product propertyExperiments are performed on a lab-scale bi-awia@tional moulding machine
wherein Box-Behenken design is used to plan antyzméhe experiments. Experimental result
confirms that oven temperature, oven residence éintecooling media are the principal process
parameters affecting impact property of foamedmuatolded products. Regression equations are
used to predict the variations in impact strengtthiw the regime of experimentatioRor a
foamed rotomoulded product it is found that, impstcéngth improves with oven temperature
and time. These process parameters reduce thevisetisity making it easier for bubbles to
escape there by increasing the impact strength.edexy impact strength is decreased with
further increase in these parameters due to comenssrt of polymer degradation and cell
coarsening. It is also observed that the propomioamorphous region is increased due to faster
cooling which favors improved impact strength. @uti process parameters yielding desired
impact strength are achieved using statistical napttion. Based on the experimental
investigation and statistical optimization, the ioptm setting of oven residence time, oven
temperature and cooling medium is arrived as 37ute#) 223C and water cooling which

resulted maximum impact strength of 2.39 J.

The process modelling using statistical technicgiéurther extended to determine the
fracture toughness of rotomoulded products madegusLDPE. The oven temperature, oven

residence time, and cooling media are considerdleasritical process parameters affecting the
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fracture toughness. The experiments are perfornmed [@ab-scale bi-axial rotational moulding
machine wherein Box-Behenken design is used to pfahanalyze the experimeni.curve
method is used to determine the fracture toughonésstomoulded products. The procedure
involves the measurement of load versus load-liisplatement to determine the fracture
toughness value)ic). All the fracture tests are carried out on a caotgest specimen prepared
as per the ASTM D6068 standard. Specimens are esbtaking sharp steel blade of thickness
0.1 mm. The tests are performed on a universahtestachine at a constant cross head speed of
1 mm/min at room temperature. From the experimergallts it is found that for lower
temperature fracture toughness value decreasé® awén residence time is increased owing to
lower mobility of element and formation of microacks at the crack tip. It is also found that
rapid cooling method favours better fracture towggsnof rotomoulded products. A statistical
optimization is carried out to obtain the proper @¢feprocess parameters (oven residence time:
32 minutes, oven temperature: 2C0and cooling medium: water) to achieve maximunsttrae

toughness of 38 N/mm.
9.3 Specific Contributions

1. Objective based multi attribute decision makinghodtis proposed for the selection of
plastic manufacturing process. The proposed methadeful in evaluation, comparison
and selection of a manufacturing process for pagrcapplication even for a novice user.

2. Statistical technique is used to investigate thehaeical and fracture toughness of
rotomoulded product. Statistical optimization igfpemed to obtain the proper set of
process parameters yielding better mechanical raotlfe properties.

3. Optimum value of speed ratio and oven residence indentified for required thickness
of rotomoulded products.

4. Fracture toughness of rotomoulded products madegusLDPE is determined and

optimum value of process parameters for desirezdura toughness is identified.
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9.4

Recommendations

Following recommendations are proposed based osclalle experimentation

9.5

1. Objective based multi attribute decision making hodt can be used for plastic

manufacturing process selection.

. It is recommended that the use of statistical modgin polymer processing methods

saves significant cost and time required for s@\severe quality issues.

. It is recommended to set the oven residence tinheds®m 36 to 40 minutes in rotational

moulding process to achieve highest mechanicalgrtgp

. In order to achieve the highest impact strengtlioamed rotomoulded products, it is

recommended to choose oven temperature, time a¥ 22337 minutes with faster
cooling aids.

. It is recommended to set the oven temperature, &éisn21(°C & 32 minutes with faster

cooling aids in rotational moulding process to agkihighest fracture toughness.

Future Scope of Work

. Experimental studies can be extended to know tifiectef thickness variation on

fracture toughness of rotomoulded products.

. Experimental studies can be extended on investigati rotomoulded product produced

using LLDPE blended with other additives or filldilee calcium carbonates, china clay

and talc etc.

. Present study is carried out at atmospheric tertyrerahowever, low temperature and

high temperature effect on fracture toughness twimoulded products can be studied for

specific applications.
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APPENDICES
Appendix A

Temperature, polymer phase transition and degree aturing plots for different oven
residance time

Temperature and polymer phase transition plots fodifferent oven residance time
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Fig A 2 Polymer Phase Transitions plot for 34 mins
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Fig A 10 Polymer Phase Transitions plot for 42 mins
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Degree of Curing plot for different oven residanceime
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Fig A 11 Degree of curing plot for 32 mins

Fig A 12 Degree of curing plot for 34 mins
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Appendix B

Estimation of parameters in regression models
Estimation of Regression Coefficients

To find the regression coefficients in a regressimtel, the method of least squares is
adapted. This appendix discusses the method wittrerece to linear regression equations
(Montgomery, 2004).

Let there be n (n > k) observations of the respaasiables, sayiy Vs, ... . For each
observed responsg, @n observation will have regressor variable @tdl denote the same for
i™ observation for level of variablg.X'he data will appear as in Table B 1. We assuraethe
error term€ in the model has B = 0 and V €) = ¢ and that € ;} are uncorrelated random

variables.

The model equation for linear regression in teriihie observations in Table B1 can be written

as:

Yi =Bo+ BXin + PoXiz + . . . HPiXik + € (B 1.1)

K
:BO‘Fz,lBin]“*ei i=1,2,...,n
]:

According to the method of least squalgs,in Equation (B 1.1) are chosen such that the sim

the squares of the errofs;, is minimized. The least squares function is wntas:

—_ V" 2
L= Zi=1 €
n K
= 2i=1 ((Yi = Bo— ijl Bjxij> (B 1-2)
The function L is to be minimized with respectfi® B1, . . . ,Px. To satisfy the condition for
minimisation of error, the least squares estimagay$o, p1, . . . ,px, Must satisfy:
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n 2
oL ~ ko
- =-2 E (v,— By — B-Xi-> =0 B1.3
aBO BO 'Bl v---Bk i=1< 0 Zj=1 I ( )
oL z :" k 2
and —_— = —2 ((y - G — G-Xi'> = O (B 14)
B; Bo.B1 . Br . i 0 Zj:l i

wherej=1,2,...,k

Table B 1 Data for multiple linear regressions

y X1 X2 Xk

Y1 X11 X12 Xk
Y2 X21 X22 Y%k
Yn Xn1 Xn2 Xk

Simplifying Equation (B 1.3) and (B1.4), we obtain:

N N n “ n n n n
npo + 312. 1xi1 + .3221 Xig + . + .Bkz. 1xik = Z 13’1'
i= i= i=

=1

n

Bo § Cxp + B § CXp B § XXz + o+ P § o XX = §  XiYi
i=1 i=1 =1 i=1 i=1

i

N n R n R n R n 2 n
[302, X + .31Z, XikXi1 + B2 Z XigXiz + o+ .Bkz. Xik = 2 XikYi
i=1 i=1 i=1 i=1 i=1

(B 1.5)
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These equations are referred as the least squareahequations. Note that there are p =
k + 1 normal equations, one for each of the unknoegnession coefficients. The solution to the

normal equations will be the least square estinsaibthe regression coefficierfts, B, , ... P

The above normal equations can be solved easigxpfessed in matrix notation. The
normal equations (B1. 4) now are written in maform. The model in terms of observations,

Equation (B1.1), may be written in matrix notates

y=Xp+€ (B 1.6)
where;
[ ] [i o iil’;} A
,X | |,B: ' and€:|:|
: | | j .
lynJ [1 xnl xn2 xnkJ [ﬁkJ L.kJ

Here,y is an (n X 1) vector of the observations,is an (n X p) matrix of the levels of the
independent variable$, is a (p X 1) vector of the regression coefficieatgl € is an (n X 1)

vector of random errors.
We wish to find the vector of least squares estimsgt that minimizes
L =YL, ef=€e=0-XB) (- XB) (B1.7)
Note that L may be expressed as (Mongomery, 2004)
L=yy-BXy-yXp+pXXp
= yy—28'X'y+ BXXB (B 1.8)

Because' X'y is a (1 X 1) matrix or a scalar, and its transp(B¥'y) = y'’X B is the same
scalar. The least squares estimators must satisfy:

aL
aﬂﬁ
which simplifies to

= 2X'y+2X'XB=0
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X’x B - X1y (B 1.9)

Equation (B 1.7) is the matrix form of the leasuagps normal equations. It is identical to
equation (B 1.4). To solve the normal equationdltipiy both sides of equation (B 1 .7) by the

inverse ofX’ X. Thus the least squares estimatop ¢f
B= XXXy (B 1.10)

It is easy to see that the matrix form of the ndreguations is identical to the scalar form.

Writing out equation (B1 .7) in detail, we obtain

T T T . _ T -
T E Xiq E Xz . E X -Irﬁu ¥i1
i=1 i=1 i=1 o i=1
E Xi E X5 E XitXiz e § X X § X Vi
i=1 i=1 i=1 i=1 . i=1

:ilel le.xkafl Z?:;x,-kx,-z Zilxlzk Jl_ﬁk _Z?:;xik}f,-_ (B 1.11)

If the indicated matrix multiplication is performedhe scalar form of the normal
equations, [i.e., Equation (B 1.4)], will result. this form, it is easy to see thatX is a (p X p)
symmetric matrix anX’y is a (p X 1) column vector. Note the special suetof theX’' X
matrix. The diagonal elements X¥fX are the sums of the squares of the elements icolnenns
of X, and the off-diagonal elements are the sums ofsepooducts of the elements of the
columns ofX. Furthermore, note that the elementXof are the sums of cross-products of the

columns ofX and the observations iy

The fitted regression model is

y =XB (B 1.12)
lllustration of Regression Equations

To illustrate the formation of regression equatiar®experiment was considered with 4
center points. The matrix X represents the diffecambinations of experimental runs whereas

vector y represents the outcomes (responses) $¢ #xgeriments (Montgomery, 2004).
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1 -1 -1 -1 [32]
1 1 -1 -1 46
1 -1 1 -1 57
1 1 1 -1 65
1 -1 -1 1 36
x=t b b1 y:48 (B 1.13)
1 -1 1 1 57
1 1 1 1 68
1 0 0 O 50
1 0 0 O 44
1 0 0 O 53
10 0 O 56
This gives
12 0 0 O 612
X'X = 0 800 X'y= 45 (B 1.14)
0 080 85
0O 0 O 8 9

As X Xis a diagonal matrix, its inverse is also diagoaatl the least square estimates of
regression coefficients is

1/12 0 0 0 ||612| |5100

0 , , 0O 1/8 0 0| 45| | 562
B=(XX)Xy=

= (B 1.15)
0 0O 1/8 0 | 85 1662
0 0O 0 1/8] 9 112
Thus the regression equation can be written as:
y=51.00+5.62%+16.62X%+1.12X%g (B 1.16)
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‘D’ Optimality Criterion of Optimisation

For design optimality, there are several critefiae most widely used one is the D-

optimality criterion. A design is said to be D-apal if ‘X'X‘ IS maximized. This means that

the optimal design matrix (say Xcontains the n experiments which maximize themeinant

of (X’X). In other words, the n runs span the Esgpossible volume in the experimental region.

To explain this, following basic example has beensidered with two factors ¢Xand %) at

three levels (-1, 0, 1). The possible experimenta$ are shown in Table B 2:

Table B 2 Experimental runs for two factors three levelseskpents

Exp.No.| 1| 2| 3| 4] 836|789
X, |-1|-1|-1]o|lojo|1|1]|1
X, |-1/0| 1] -1/ 01|-1]/0/1

For the purpose of illustration, only four possidksign matrices were evaluated and compared
them according to ‘D’ criteria. The four selectedbsets in the matrix notation can be written as:

-1 -1 0 -1 -1 -1 -1 -1
=0 0 y2=|-1 0 v.=|1 0 v,=| 1 -1 (B 1.17)
1 1 0 1 0 1 -1 1
Fig B1 shows the above combinations.
1 1 L 4 1 L ]'
0 P .....é..._._ —= | Di—._ R . ‘:| PP ST PTE S S, ‘ G ..........................
)\ ? |l . -l e _ .
-1 1] l -1 v 1 -1 0 l -1 v 1

Fig B 1 Distribution of design matrices according to ecpra{B 1.17)
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To determine the quantit< 'X| fory,, (X'X) can be determined as:

1 1 1t o -1] [3 -1 0
(X'X)=| 0 -1 01 -1 0|=|-1 1 O (B 1.18)
-1 0 11 0 1| |0 0 2

which gives
X' X|=4.

Similarly the determinant for other combinationse&perimental runs can be found out. Table B

3 shows the determinants obtained for the fourgtasstonsidered.

Table B 3Determinants for different experimental designs

Design |X'X|
1A 0
Yo 4
Vs 9
Vs 16

If we compare the outcome of this investigationisitobvious that desigry, has the
highest determinant and therefore is the best Draptdesign. The selected candidates jof

are all located on the corners of experimentalareghll designs which investigate three out of
the four possible corners have a determinant othB6 also span the biggest area over the

experimental region, as described above. Hepga this case can be regarded as the best D

optimal design.
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APPENDIX C

Load verses load line displacement curve and J ingeal R curve for Different
process parameters

Load verses load line displacement curve for Oidrent process parameters
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Fig C 1 Load verses load line displacement curve for gegarameter 220 37 Fan
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Fig C 2 Load verses load line displacement curve for gegarameter 210 37 Water
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Fig C 3Load verses load line displacement curve for gegarameter 210 42 Fan
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Fig C 4 Load verses load line displacement curve for megarameter 220 32 SA
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Fig C 5 Load verses load line displacement curve for gegarameter 220 32 Water
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Fig C 6 Load verses load line displacement curve for gegarameter 220 37 Fan
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Fig C 7 Load verses load line displacement curve for gegarameter 220 42 SA
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Fig C 8 Load verses load line displacement curve for gegarameter 220 42 Water
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Fig C 9 Load verses load line displacement curve for msgarameter 230 32 Fan
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Fig C 11 Load verses load line displacement curve for pegarameter 230 37 Water
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Fig C 12Load verses load line displacement curve for gpeg@arameter 230 42 Fan
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Fig C 14 Load verses load line displacement curve for gegarameter 210 32 Fan
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J integral R curve for different process parameter
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Fig C 15J integralR curve for process parameter 220 37 Fan
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Fig C 16J integralR curve for process parameter 210 37 Water
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Fig C 18J integralR curve for process parameter 220 32 SA
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Appendix D

Specifications of machines and equipments used ftre thesis work

Rotational moulding machine

Make Vinodrai Inc, Jalna (INDIA)
Model Clamshell type single arm biaxial machine
Model no EN- Lab model

Computerized universal testing machine

Make Deepak poly-plast private limited, Gujai&tlA)
Capacity 1000 kg

Izod impact testing machine

Make Deepak poly-plast private limited, Gujai&IA)
Capacity 10 J test with only hammer

Melt flow indexer

Make Dynisco polymer test, Franklin (US)

Model LMI 4000

Differential scanning calorimeter

Make Shimadzu (JAPAN)

Model DSC-60

Dynamic mechanical analyzer

Make T A Instruments, Delaware (USA)

Model DMA Q800
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