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CHAPTER |

1. INTRODUCTION

Polymers are widely used and relatively inexpensive matenathparable in
importance to metals. Every year, new application areas arengp utilize unique
properties of polymers. New processing technologies aregermgeto exploit the
versatility of polymers and to take advantage of their ease of manufactued! itypes of
end products. Though the science of polymers has flourished relateelytly, people
have been trying for years to improve the low quality of ancienyipeis. Polymers are
an integral part of everyone’s lifestyle with applications wayyfrom commonplace
domestic articles to sophisticated scientific and medicalumgnts. Today, more than
80% of world’s polymer market belongs to classes like Polyete\BE), Polypropylene
(PP), Poly (vinyl chloride) (PVC), Polystyrene (PS) and Pelhylene Terephthalate

(PET) [1].

1.1. Polyethylene (PE)
Polyethylene is a versatile engineering plastic comparexthier polymers and
alternative materials like glass, metal and paper. dvaslable in a variety of forms like

polymer films, polymer containers, pipes, toys, and others. Polyethylamaember of



The thermoplastic material group which means it can be meltedftened at elevated
temperatures and can be molded or formed into new shapes repediealgh PE is a
chemically simple plastic material with the basic rejpeatunit (-CH—CH,-), it is
surprising that the first commercial scale production of thigekt tonnage plastic started
as recently as 1939 [1]. In addition to its low price, excellentgasability, good
electrical insulation properties over a wide range of frequentieighness, flexibility,
very good chemical resistance, and in thin film of certain gramdansparency led PE to
be one of the most promising plastic materials even after 78 géds invention. Films
of Polyethylene Terepthahalate (PET), PP, PA, and other ptadistrates are converted
into water, gas, and aroma-tight films by extrusion coating RiEh As PE does not rust
and is lighter than almost all metals, the varieties of BEgeare challenging traditional

structural materials with reduced transportation and installation cost [2].

Polyethylene is a semicrystalline material whose citystdamellae contribute to
the structural integrity while the amorphous part provides the nmrglant elastic
properties [3]. It is possible to obtain nearly one hundred percgataltinity in
polyethylene single crystal in dilute solution [4]. The semstllinity of PE led it to be
the most widely used mass produced plastic. The annual productiarte@pdE was
estimated at 79 x®ametric tons in 2007 [5]. The relative molecular masses dP&ll
families are generally smaller than®#8x1® [5]. The mechanical properties depend on
the molecular weight and the degree of chain branching. PE lkaleax chemical
stability. It can be heat-sealed and has high barrier greperProperties like stiffness,
hardness, and strength increase with increasing density feer lnignsity provides more

crystallinity. However, increasing density also shows a dsergasome properties like



impact resistance, toughness, resistance to stress crackimd), resistance and
transparency [5]. Details on the manufacturing process of athyés well as

polymerization process of LDPE can be found elsewhere [6].

1.1.1. Types of PE

There are different types of PE having the same basic repegiitnwith different
properties and application. Molecular weight (MW), molecular weidjstribution
(MWD), density, percentage crystallinity, and degree of long chaith short chain
branching are responsible for different properties in differgpes of polyethylene.
Molecular weight and molecular weight distribution are the maatofa that affect
processability and mechanical properties of polyethylene. Dietprésence of shorter
chains that act as a “lubricant,” broad MWD material is edsigrocess. Short chain
branching (SCB) can be introduced in PE through the use of comondikersl-
hexene). Interfering with the formation of lamellae, shortrchmanches contribute to
the crystallinity and density of the semicrystalline polyrfid. Classification of PE
based on density is shown in Table 1 [8,9]. Low density polymer cons$ibtenched
molecules as opposed to high density polyethylene which is usuehrli Linear low
density polyethylene (LLDPE) and HDPE possess spherulitic anellianmorphology,
while bundle-like crystals embedded in amorphous material caedreis plastomers

and elastomers.



Table 1: Different types of Polyethylene

PE Type Density(g/cri)
Very Low Denstiy Polyethylene (VLDPE <0.910
Low Density Polyethylene (LDPE) 0.910-0.925
Linear Low Density Polyethylene

(LLDPE) 0.915-0.925
Medium Density Polyethylene (MDPE) 0.926-0.940
High Density Polyethylene (HDPE) 0.945-0.965

Ultra High Molecular Weight Polyethylene >0.965

1.2. High Density Polyethylene (HDPE)

HDPE is a Polyethylene thermoplastic made from petroleumrgmieéésents the
largest portion of PE produced. HDPE is more rigid and harder th&kL LDPE can
have crystallinity around 40% whereas HDPE has crystallinigadind 90% [6]. Due to
its higher crystallinity, HDPE is much stiffer and strondesint LDPE. HDPE possess
good compressive strength and its tensile strength is four tigker than LDPE [10].
Mechanical properties like shrinkage, wear resistance, modulus aamhaelss depend on
crystallinity and are found higher in HDPE than LDPE. Permigally gases is also
significantly lower for HDPE than LDPE. It has permeabibfyabout one-fifth that of
LDPE [7]. As HDPE is less branched, it is more stable in oxidation than LDRep G
generally less pronounced in samples with high crystallinityoreldver, higher density
also provides good creep resistance. As HDPE possess both higstatlioity and
density than LDPE, better creep resistance is noticeablemples made with HDPE

[11].



HDPE is universally recognized as a ‘safer’ plastic whegoines to water
storage. HDPE meets the U. S. Food and Drug Administration (FExA)rements for
direct food contact applications. It also fulfills requirementshef US Department of
Agriculture (USDA), National Sanitation Foundation (NSF), and theanadian
Department of Agriculture regarding food contact applications. EPPRvides good
processability for injection molding, blow molding and extruded itemsghwiniakes it a
preferred material in manufacturing products like personal ¢eresehold industrial
containers and bottles. As moisture and water have no affect ok,HtDfan be used in

freshwater and saltwater applications [10].

Worldwide application of HDPE is increasing with rapidly growingdustries,
especially those of packing and construction. The global marketDéfEHreached
36x10 tons in 2007 [5] from 22xf0tons in 2000 [12]. North America and Western
Europe was responsible for 44% of global demand in 2007. Whether it les deytts,
carrying bags, or buckets; HDPE shows its unparallel propecties an integral part of
everyday life. Almost one third of toys are made from thesrhoplastic. Other vital
products like water pipes, oil tanks, or geomembranes are largeatippl areas of
HDPE. Being non-toxic and light weight, HDPE is increasinglgd as an alternative to
less environmentally friendly substances. Milk bottles and other holjowds
manufactured through blow molding are an important application areeDBEHand
almost one third of the world production is applied here [12]. The vadkcation range
of HDPE includes arena board (puck board), telecom ducts, laundrgeidtéiottles,
milk jugs, fuel tanks for vehicles, watering cans, plasticdemfolding chairs, folding

tables, plastic bags, natural gas distribution pipes, water pipshathd others. Films



made out of HDPE posses high fat resistance (as wrappersetd) and have better

aroma barrier properties compared to lower density PE materials [5].

During its early age of production, PE was manufactured usimghapressure
polymerization process of ethylene, which led to a relatively foalecular weight
polymer. Development of Ziegler catalysts in 1953 allowedaively higher density of
polyethylene, which was named High Density PolyethyleneRHD The Philip and
standard oil process, developed in the 1950s, also used to produces HDRHE @iitsity
of 0.96 gm-crit. HDPE can be produced mainly by two methods. The first method
involves coordination of polymerization of the monomer by triethyl abumi and
titanium tetrachloride. The second method uses metal oxide stdi@lypolymerization.
Chromium or molybdenum oxides, supported over alumina-silica baeelsecased as
metal oxide catalysts. In both methods, the polymerizatiorriedaut at relatively low

pressure [6].

1.3. Viscoelasticity, Creep, and Stress Relaxatiaf Polymers

Viscoelasticity is the property of a material having both viscand elastic
characteristics in deformations. Polymers are viscoelaséterials and they do not
conform to simple models of material behavior. Figure 1 showgpieatyviscoelastic
response of polymers. Here, an instantaneous elastic resgtnases() quickly gives
rise to a strain-time curve, with slope decreasing with {ih3. However, the strain
continues to increase throughout the entire application period of #de I&train in

polymers is composed of both a delayed elastic strain and a viloausomponent.



Instantaneous strain in polymers is due to bond stretching and bendingeatelayed
elastic response is due to a process like chain uncoiling. Viflosus attributed to the
slipping of chains past each other. Most solid polymers shomitnly value of strain
(eu), and the slope of the constitutive curve approaches zero. Unloadoudyofers is
followed by immediate recovery of the instantaneous elastic strain aner skesovery of

the delayed strain. The viscous flow component will remain [13].

a)a b _
Eu .........
°° -
:.# """
t4 ts t t4 t, t

Figure 1: a) Stress applied for time { and t, b) Response of a viscoelastic material
[13]

The viscoelastic nature of polymers is usually describeal tymplianceC(t, T)
which is a function of both time and temperature. Figure 2 depicts the sta@gssgtves
for elastic, linear viscoelastic, and non-linear viscoelastiaterrals at a fixed
temperature. Unlike viscoelastic materials, elastic nmasedo not show dependency on
the application period of loads. Linear stress strain curves cgergated from linear
viscoelastic materials, if the measurements of strain aderprecisely at the same time
after application of the load in each case. Measurementsratamgtime will produce

larger strains for the same load. On the other hand, nonlinear vigeoetaterials do



not produce linear stress strain curves for fixed loading timéferBnt models are
available to describe linear viscoelastic behavior while nonlimesaoelasticity is not
that easy to treat and only recently some theories have eime@gnerally polymers are
linear viscoelastic materials at lower strains and shonst(up to 0.3% strain and 100

seconds) and nonlinear at higher strains [13].

Stress

Strain

Figure 2: Stress strain behavior of a) an elastic solid loaded for timegsand t;; b)
and c) a linear viscoelastic solid loaded for times &nd t;; d) and e) a non linear
viscoelastic solid loaded for times;tand t,.In all cases > t;[13]

Creep is one of the basic behaviors directly related to penfmena It is
fundamental to understanding polymeric relaxation. Creep can loeibées as the
tendency of a material to slowly deform as the materiekjgsed to a constant load over
time. Polymeric creep is different than metallic creepthaslatter involves permanent

deformation while polymer creep is recoverable on removal dbttwe[13]. Colaket al



[14] stated that the delayed response of polymer chains duringndgions is
responsible for the creep behavior of polymers. When initialtetl chains reach a new
equilibrium configuration, deformation stops. In the same referenisestated that the
creep response of polymers is dependent on the microstructure giobhmers.
Crystalline polymers show very little creep strain aboveglhss transition temperature
compared to the same material in the amorphous rubbery state/ilyH®ass-linked
polymers, such as epoxy, showed good creep properties at room tiemgoeoanpared to
less cross-linked polymers, like polyethylene. Stress retaxaialso a consequence of
delayed molecular motion. Creep-recovery testing is also usedpasverful tool to
analyze a material’s properties, which allows understandirgy rofaterial’'s response to
constant load and its behavior upon removal of that load. Creep tedtigeia sample
with set load and observation of the strain change over time. Rec®gtsyinvolve
observation of the relaxation of a material once the load is remd@eess relaxation is
opposite creep behavior. It describes how polymers relieveestresder constant strain
[15]. Polymers are viscoelastic materials and they behava monlinear and non-
Hookean fashion [16]. This nonlinearity of polymers can be descripdabth stress

relaxation and creep.

1.3.1. Simple Model for Creep and Stress Relaxation

General creep and stress relaxation behavior of polymers camplaéner by a
very simple model, but only the time scales are collapsed in tuelsncompared to
actual materials [17]. In models, substantial changes are ebserabout one decade of

time while polymers show the same amount of changes only over adeaades of time.

9



The Maxwell unit is used as a simple model for stress rietexavhere a Hookean spring
and a Newtonian dashpot are connected in series as shown in theniksgure 3. In a
stress relaxation experiment, the model is given a defindénstrand the stress is
measured as a function of time. If the modulus or stiffness odghieg isE, and the
viscosity of the dashpot ig, we can formulate the change in elongation of the spring,
which is compensated by an equal change in the dashpot in strained model as

de _1do o _
dt E dt 7

As for springe :%and for dashpotg = % , the solution of this equation of motion is
n

Wherer :% is relaxation time.

According to this model, all initial deformations are carried lputhe spring while at a
later time, the dashpot starts to relax allowing the springotdract. Equation 2 is
plotted in two different time scales and shown in Figure 3 aaar& 4 for typical values

of an elastomer. The stress relaxation curve of Figuresdahmaximum slope and a
stress ratio of/o,= 0.3679 or € at the timer. Stress relaxation can also be expressed in

terms of Stress relaxation modulktigt).

E, (t)=ofe="0 et - __ 3
&
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Figure 3: Stress relaxation of a Maxwell model (linear scales)=1 s [17].
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Figure 4: Stress relaxation of a Maxwell model on a logarithmic time scale. Mode
same as Figure 3 [17].

Creep behavior can be described by the four-element model shovigune 5.

As soon as constant load is applied, a single spring with moélgsves the initial
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elongation. Later, elongation is contributed from the spiagand dashpot;, in

parallel, and from the dashpot with the viscosgy

VA~
b
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> |-
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-

4]

Figure 5: Four-element model of Creep [17].

Total elongation is the summation of individual elongation of the three individual parts.

Therefore, we can write,

o O O
e=—"+ (- )+ 2t (4)
E. E 4

Here applied stress &g andz = 7,/E; is the retardation time. During the recovery test,

when the load is removed at tihethe creep is recoverable except for the viscous part
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due to dashpois. Instant reduction in the elongation of the mod@E%z) can be found
1

as soon as the load is removed. A Creep recovery equation can be shown as,

—(t- ot
£=¢,€ (t-t)/z ST b S (5)

73

Whereg, = 2o (1-e /")
E2

Creep and recovery of a four-element model is illustratedgar€i6, and in Figure 7, for
some particular constant [17]. In the model, most of the recoveraddp occurs within
about one decade of the retardation time [17]. Figure 7 depictsheosutve is changed

along with different constants in the model.

Ty ) )
18O 200

'-—FI'"- i i i I‘ i L :
20 40 60 B0 mol 120 140 180
TIME (SEC)

Figure 6: Creep strain and recovery strain of a four-element model



0 20 30 40 S0 € 70 80 %0 %0
TIME (SEC)
Figure 7: Creep of a four-element model: Curve 1 is the same as Frgu5, curve 2

shows only a small amount of viscous creep, curve 3 shows creep with prominen
viscous flow [17].
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CHAPTER Il

2. OPTIMIZATION OF HDPE PROPERTIES

2.1. Motivation

Due to its low cost, excellent properties, and recyclabiliyPH is being used as
plastic containers and bottles for containing consumer products, lbsesvedustrial
chemicals like, alcohols and acid for long times. HDPE is noften used in the
container of liquids that are stored at atmospheric pressure [18,1#R6}.production,
these containers are stored in plant or distribution center waeshdas extended
periods. Stacked containers experience static loading and défmmrstrain during their
entire storage time, so dimensional stability, and time dependepertes become
significant. For these reasons, particular attention should be detmtstudy the
stacking phenomena, to determine the time limit that HDPE cordagaer be stacked
without damage, and to determine the maximum tolerable deforma@omsidering a
polymer’s behavior and its response to long term loading, maximungstbnae can be
predicted from theoretical models [21,22]. Therefore, proper understaodlinige
viscoelastic properties of HDPE, with relevant FE simulati@m facilitate improved

designing, and can solve different practical problems associated with tongttgage of
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the final products in warehouses. Because of the time-dependent befigwadymers,
researchers focus on its viscoelastic behavior through expesitilatcreep and stress
relaxation. Provoked by all these reasons, mainly viscoelastientiexyy creep behavior
and stress relaxation of HDPE were investigated as pari®fthesis. Now, light
weighting is a driving force in plastic industries, which resuitmaterial removal from
existing designs. As a result, time dependent properties likeelasticity also need to
be understood and improved along with other engineering properties likagthtr
toughness, and load bearing capabilities. Motivated by this, we ioatest several
approaches described in section 2.3, to improve existing viscoghaspierties in neat
and untreated HDPE. HDPE used in the packaging industry regewesal important
properties such as, strength, chemical inertness, food grade approvgkrimeability,
and aesthetic appeal. Several approaches to improve viscoplagterties of HDPE
carried out in this thesis were carefully chosen, so that they dmweta negative impact

on the abovementioned properties.

2.2. Viscoelasticity of HDPE

Extensive works regarding the viscoelasticity of HDPE cafobed in literature.
It is usually assumed that a tensile creep test is a goosuneeaf viscoelasticity [23].
However, viscoelastic behavior of HDPE under compressive loadingalsasbeen
studied. Elleuch [24¢t al. studied the viscoelastic behavior of HDPE under tensile and
compressive loading and showed the influence of strain rates on menteosie and
compressive tests. They showed the mechanical response of HD&tingear at a wide

range of strain rates and depends on the strain rate. E#eathnvestigated long term
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creep and stress relaxation of HDPE and concluded that for both ceraprasd tensile
tests, the viscoelastic behavior of the HDPE at low stresgan level is linear within
monotonic domains. They showed that associated normalized curvedmndistress

or strain could be represented by a single curve, chamotethe compressive creep
compliance or stress relaxation versus time. Nakayatswal. [25]presented the
viscoelastic behavior of HDPE over a wide time scale and a @abid span of
temperature and measured creep and dynamic mechanical projpettiesson. Several
models can be found in literature to predict the creep andatelaxtests of polymers.
Findley [26] describes a theoretical model where the total mheftoon is used as the sum
of elastic §,) and inelasticg) elements, which depends on temperature, time and loading
intensity. Elleuchet al used Findley’s model to predict the tensile creep curves of
HDPE, but the experimental value did not match with the value founthdynodel.
Zhang et al. [27] developed nonlinear viscoelastic (NVE) and viscoplastic (VP)
constitutive models using their experimental data, and found the modptedict the
properties with some constrains. Ellewthal [28] also proposed a mathematical model
based on the gradient method and found the experimental compressive creep or relaxation
results at low stresses and strains are in good agreentlerihevvalues predicted by the
model. Elleuch predicted the maximum storage time of fille#ddao avoid the critical
value of deformation of filled tanks. Colak al [29] modeled the viscoelastic and
viscoplastic behaviors of HDPE under uniaxial monotonic and cyclic loading. Hnacess
conditions also influence the viscoelastic behavior of HDPE. Mamd[30] compared

the viscoelastic properties of HDPE samples processed at a donaérihjection

molding machine with the samples processed at Shear contralbedation in injection
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molding (SCORIM). They found higher creep strain for the HDPE made by caymant
injection molding. Mane@t al observed the wide spread of relaxation time for both types
of samples, which is ascribed to the molecular mobility of therpinous phasevolved

in the relaxation process.

2.3. Approaches

The quest for high mechanical and viscoelastic properties imoly materials
has resulted in several approaches. Synthesis of new nsateriahodification of
existing materials, with chemical (e.g. grafting, branchingross-linking) or physical
treatment (e.g. blending, compounding or annealing) facilitatesneetigproperties in
polymers [30]. Making composites using additives is one of the mospi@d methods

for improving properties of polymers.

2.3.1. Additives: CaCQ

Many industries have been trying for years to find cost effediller additives
for strengthening HDPE properties. But the main concern dilkiesearching process
is, the filler should not affect melt processability of thesin and should not be
detrimental to the quality or overall mechanical performancéefproduct [31,32,33].
Inexpensive inorganic substances, such as calcium carbonate HjCa@i@a,
wollastonite, glass fiber, glass beads, jute and silica(Sa€ widely used in plastic
industries to improve the mechanical and thermal properties [34,35,3&ro-Mnd
nano-fillers have been attracting researchers in recers, dagcause they exhibit
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remarkable improvement in material properties compared to convahttomposites
made by macro-fillers [37]. Compared to macro-fillers thaggo-or nano-composites
need lower loading of fillers. Different kinds of filler neatls have been used in
literature to reinforce HDPE [38,39,40]. Different kinds of min@aatticles can be used

in HDPE to improve dimensional stability, opacity and barrier pragsertBecause of its
low cost and abundance, Cag@ the largest volume mineral used in the polymer
industry. More than 80% of the fillers used in thermoplastichased on CaC{)41].

The effect of CaC@on the properties and performance of polymers with different
particle size, concentration, surface treatment, and microstruchsréeen studied and
reported in different scientific papers [42,43,44,45]. Motivated bythale reasons,

CaCQwas incorporated in HDPE to improve its time dependent properties.

Nielson et al. [46]suggested that particulate fillers affect the relaxatand
retardation time distribution, and showed a relationship betweep steen of the filled
system at a given time to the corresponding strain of the unfitdgmer in the

following way,

) &
&) E ©

Here E is the elastic modulug; is the strain, and is the elapsed time. The
subscriptl denotes the unfilled polymer, whitedenotes the composite. Equation (6) is
used to describe the creep behavior of kaoling filled polyethyié®e47] and is valid
only if no dewetting at the filler surface occurs. Creegirstwill exceed the prediction
of Equation (6) if dewetting takes place. Dewetting is often edtat high strain levels,
long times, and high filler concentrationi&ere is evidence that chemical and physical
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interaction between the polymer and the filler can significaatiigct the properties of
composites [48,49,50,51]. Surface treatment of filler materials camopnce these
interactions and can create an interphase region close to é¢nestitface with properties
different from that of the remaining polymeric matrix. Such imgbase regions can

cause deviation of the properties of the composite from predictions (6).

For unfilled polymers, the relation between the maximum slope aktaration

curve and the initial stress of the relaxation experiment can be expressed as [52,53]

do
F =[— mj ~ (01 006 —07) @

Whereo is the stress. Elet al [54] studied the effect of fillers on the internal
stress level ) of polyethylene and showed that, despite the variatiosn) ohused by
fillers, Equation (7) is valid for filled polymers too. They comgmhthe stress strain
curve of CaCQ@filled HDPE with unfilled HDPE, and compared experimental resofit
the tensile modulus vs. CagContent with the value found from Lewis Nielsen Equation
[46,55]. They assumed Cag@s spherical to apply the Lewis Nielsen’s equation and
found the predicted data in good agreement with the experimergal @aey found an
83% increase in the modulus by adding 50 wt% CatoDPE. For stress relaxation
tests, they found higher relaxation values of stress for 50 wi@®¢Chlled HDPE over

the unfilled HDPE at longer times. They evaluated intermasstby a method suggested

by Li [56], and also found that the power Iavir(:—B(a—ai)”) Is suitable for both

filled and unfilled HDPE. They found the internal stress levétutated from relaxation
data markedly increased with the filler content. eElal. stated that the presence of filler
particle might have induced a structure change of the polymmetiix close to the filler
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surface, which restricts the macroscopic flow. They mentionedagase in internal
stress with increasing filler content also justifies such ecmn@wh. The increase in
internal stress provides more restriction on the flow as a rdesuit creep strain is
observed with increasing filler content. They used dynamic mezlaanalysis to
explain change in structure of the surrounding area of GaC€®DPE, similar to the
process described by Kosfel al. [57]. From the loss modulus vs. temperature graph,
they found obvious peak for the-transition. Incorporation of CaGQhifts thelI-peak

to somewhat lower temperatures [54]. They observed noticgatvensition after
immersion the composites in CGClor 1 hour. They observed, addition of CaCO
broadened the-transition, and shifted it to somewhat higher temperatures. They
explained, reduction of the mobility of the polymer molecules absorbettheofiller
surface was responsible for the broadening and shifting of-trensition. Therefore
they concluded, structure of the polymers changed to some exten€Ca@Q and an
interphase region close to the filler surface was creatéteré&ht methods for measuring
internal stresses of polyethylene can be found in another paper ofé{#d68]. Some
other researchers also investigated the viscoelasticitgp caad stress relaxation in
HDPE-CaCQ@ composites. Yanget al. [59] investigated the relaxation and
crystallization of HDPE reinforced with CaG@articles. They observed the addition of
CaCQ significantly increases the storage modulus but it has vely é&ftect on tan
delta. They also observed treatment of Ca@l@r particles have very little effect on the
mechanical, viscoelastic, and morphological properties of the cormpodileithyet al.
[60] investigated the viscoelastic properties of injection moldéDPE-CaCQ

composites and neat HDPE, via torsional and rotational techniquekw Atequency,
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they observed higher shear modulus of the HDPE-Ga€posites than the shear
modulus of neat resin. However, at higher frequency they obsensedifessence in
shear modulus between the neat resin and HDPE-ge@fiposites. They also observed
higher complex viscosity for the HDPE-Cag@omposites than the neat HDPE.
Grabowskeet al [61] also found significant increase in viscosity at lower shatas for
the CaCQfilled HDPE. The creep behavior of HDPE-Cafomposite is dependent on
the amount of CaCgontent. Sahebiaet al. [62] suggested that the best creep behavior
of PE nanocomposites can be achieved with 10% of Ga@Orporated in it. Besides
viscoelastic properties, incorporation of CaCilso improves the mechanical properties
of HDPE resins. Grabowslkat al [61] showed that incorporation of Cag{nproves
modulus and impact strength of HDPE without detrimental effectheelongation and
break strength. The increase of modulus with Ca@l€o confirmed by Lazzeriet al
[63] and Yanget al [59]. Dai et al[64] reported that mechanical properties were
reduced for untreated CaGOn HDPE, but treated CaGOenhanced mechanical
properties. Grabowska [61] found that incorporation of Ca@fSo facilitates the
processing of recycled HDPE, by preventing segregation of palyolath different
MFIs, and by improving melt homogeneity, mechanical properties, anagsn output.
They showed that the extrusion processability of the filled HDRIA tdends would be

similar to the unfilled resins.

Crystallinity is an important parameter for the propertidhe dispersed nano-
scale filler can enhance the crystallization rate of the nPdrix by acting as a
heterogeneous nucleation agent, while, at the same time, hireder the transport of the

molecule chains to reduce the crystallization growth rate [&jabowskaet al [61]
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found that incorporation of CaG@n HDPE lowers the crystallinity. However [k al
[54] and Elleithyet al[60] found very little effect of CaC£in crystallinity and melting
point of HDPE. They found some agglomeration of Ca@@d suggested that due to its
higher polar nature and higher surface areas; GaS@ot easy to well disperse and
stabilize in the polymer matrix. CaG®as a great tendency to agglomerate. The
agglomeration of CaCf{increases with decreasing of the particle size [66]. Mechh
interlocking, electrostatic forces, and van der waals forces coultelinciple adhesive
forces between the particles [67,68]. Poor dispersion and adhesitaraiften results

in poor physical properties in the final products. Sometimes poosiadhguality of
CaCQ can be of beneficial effect on polymer matrix by enhancingthwebdity of
polymeric films [60]. However, Elet al. [54] did not find any dewetting or lack of
adhesion between the HDPE matrix and Cadfzr. They observed well dispersed

CaCQ in HDPE, without any tendency of filler agglomeration.

2.3.2 Ageing and Annealing

“Ageing” may be defined as the change of the properties of potymeer a
period of time. This change may be of engineering propetiies, strength and
toughness, or of physical characteristics, like density @hefical characteristics, like

reactivity towards aggressive chemicals [69].

Physical ageing is the most common form of ageing in polymers. Whengrslym
are in a non-equilibrium state, molecular relaxation drives tlaemal closer to

equilibrium, and as a result, physical ageing occurs. Non-equitibrsates are

23



encountered during the shaping of thermoplastics through extrusion, injection molding, or

blow molding when the polymer is cooled rapidly from an elevated temperature.

2.3.2.1. Ageing in Amorphous Material

If amorphous polymers are cooled below the glass transition tetmpgerdne rate
of molecular relaxation is too slow to keep pace with the clsamgquired, if the
materials are to remain at thermo-dynamic equilibrium. Sonwhe materials reach
thermal equilibrium with the surroundings, they are not at thermodgnequilibrium.
This instability provides a driving force so a material’'s propsrtnay change over an
extended ageing period. lacopi and White [70] showed the effect ioigage injection
molded polystyrene bar and found higher density of the bar with monegatyee. The
change of density depends on the ageing temperatrel{ T, is not far below the glass
transition temperaturel§), the ageing may be quite rapid, but still ageing effects can be
found after many years. T, is far below theTy, the kinetics slow with increasing
difference betweeilg and T,, and this will limit the rate of change. Struik [71] studied
the physical ageing of amorphous materials and examined creepdrebfaviaterials in
different states of ageing. Struik’'s data and analysigevin good agreement with the
engineering properties, and showed close connection with some other'samtorks;

including Kovacs, Hutchinson, McCrum, McKenna and others [72,73,74,75,76,77,78].
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2.3.2.2. Ageing in Semi-Crystalline Materials

Most research regarding ageing of polymers has been concemtnaa@torphous
polymers. Ageing in semi-crystalline polymers is more comglen ageing in
amorphous polymers. In semi-crystalline polymers, even thoughybsiline phase is
relatively inert with respect to ageing, it influences théaxaion process of the
surrounding amorphous phase. The crystalline phase restrictdakatiosn process in
the adjacent amorphous phase, which mainly depends on the morphology, and on the
interaction between the crystal, and amorphous region. So even thougfmatige of
properties due to ageing mainly depends on the amorphous phase niradiexb partly
by the presence of the crystalline phase. Moreover, crysiglliwhich has the main
impact on mechanical properties, may also get changed by agéuad)is why the effect
of ageing is as pronounced in semicrystalline polymers as amorpbtymsers. Besides
the contribution of amorphous phase of the semi-crystalline polymecandary

crystallinity [79,80], and molecular rearrangement can be potential sourgeinfja

During the processing of polymers, the rate of crystallizaonaximum at some
temperaturd. max Which is between the mold temperature and the melt tempe(@aire
Even atT,, the rate of crystallization is often quite slow and the istalso slow at
ambient temperature after demolding. Therefore, crystallisitpften incompletely
developed immediately after injection molding, extrusion, or blow mglgrocesses.
The molecular mobility often allows molecular segments in therphous phase to
realign, and to crystallize. This realignment and crygtdlbn could be either in the
form of new crystals between the pre-existing lamellartatysor by adding to the pre-

existing crystals. In highly crystalline polymers, such ayegibylene, the mobility is
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particularly high, where the glass transition temperaiyrés far below the ambient
temperature. In those cases, secondary crystallinity occurs fqsite Secondary
crystallization causes local shrinkage in materials and hidaesops residual stresses in
solid polymers. This has been observed and analyzed by White [80maBiegand
Kenig [79]. Very small change in crystallinity (of the orderl8b) can result in large
property changes in polymers. McCrum [81] considered the effexiystallinity in his
investigation, but Struik [82] claimed that secondary crystdidimas not strong enough

to explain his ageing observation with polypropylene. In some ©fother papers
[83,84,85,86] Struik concentrated on the behavior of the amorphous phase to intsrpret hi
data about the physical ageing of semi-crystalline polymeles.explained the effect of

the presence of the crystal unit in the amorphous phase on molecular relaxation [84].

2.3.2.3. Residual Stresses and Ageing

The rapid cooling during the processing of thermoplastics oftarses the
formation of strong temperature gradients, and as a resutlyaéstresses develop [87].
These residual stresses have significant effects on the pespeftpolymers and may
relax partially or completely over extended ageing. For phwars polymers, the
relaxation of residual stresses depend on the glass transitipertature, while, for semi-
crystalline polymers, it depends on the crystallinity. @alhethe residual stresses relax
relatively fast at short ageing times, and the rate slowshdoagressively. The final
residual stress level, after extended periods of time ane aftegnificant fraction of the
initial residual stresses values. This phenomenon can be bettestanden terms of the

stress-biased relaxation behavior [88,89,90,91]. The “site-model tH&pmyredicts that
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stress relaxation in a polymeric body does not reduce the $trezsro [88], and so
residual stresses are therefore expected to equilibrate atrsmmzero level [91]. The
site-model theory predicts behavior that is similar to that sthadard linear solid [89].
Elevated temperature changes both the equilibrium state and the rate atguilibhian

is reached. Several examples of change in residual stresludistr during ageing at

elevated temperature can be found in Refs. [92,93,94].

2.3.2.4. Annealing

Annealing of polyethylene involves reheating of the polymers fatefinite
period of time after they have been processed. Polymeric nhedeare kept in stressed
position during the manufacturing process such as injection moldimgtarsion. A
sudden drop of temperature during the demolding process freezes thmulemlat
whatever positions they were inside the mold. Annealing removes tihezen or
residual stresses and allows them to go back to their natndamestate. Crystallinity is
also related to annealing. Crystals can grow over time enptilibrium at the annealing
temperature. Relaxation of the residual or frozen stressesngaove tensile strength,
impact strength, and slow crack growth characteristics [9BYhile rapid cooling
suppresses the formation of crystals and gives tough, clear prodootsaling or slow
cooling provides relatively brittle and hazy products [96]. Anngadéit high pressure
also leads to the formation of large crystallites with rafiax of stressed chains, and

hence increases molecular mobility in amorphous regions [97].
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Tiemprateebat al [98] studied the effect of annealing on neat and CGdili€u
HDPE, and reported that melting temperature, crystallinity, modahdtensile strength
increase with increasing annealing temperature. They annbaledmples at different
temperatures for 1 hour and then furnace cooled them. For unfillech@lyboth the
degree of crystallinity, and melting temperature increasedth@hncrease of annealing
temperature. The improvement of these properties stabilizedatreealed temperature
of 135-140C, and further increases in temperature did not significatitly the thermal
properties. The modulus and yield stress of the samples increatseshnealing
temperatureT,) greater than 12C. Both the modulus, and yield stress increased with
the increasing of annealing temperature, and after 13%140 significant improvement
was observed. Yield strain did not show any relevance with angeahmperature. For
the filled composites, the degree of crystallinity, and mel@mgperature did not depend
on the percentage of filler materials, but depended on annealipgraiores (increased
as T, increases). Modulus was found to increase with increasinglef ¢ontents.
However, yield strains and tensile strengths were observddc@ase with increasing
filler contents. Annealing showed much higher modulus and tensile strength foreithe fill

composites.

Annealing can improve modulus more than radiation effects. Suwaapedtal
[99] examined annealing at 7. They showed that thermal ageing (annealing) can
improve modulus for both neat HDPE and hydroxyapatite (HA)-HDPE composites, whil
gamma radiation at 2%Gy did not show such significant improvements in modulus
values. They observed around 4% increases in crystallinity auanriealing of the

samples. They reported creep resistance can also be increased bpgnneal
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CHAPTER Il

3. MATERIALS AND METHOD

3.1. Dynamic Mechanical Analysis (DMA)

3.1.1. Introduction and Working Principle

Dynamic Mechanical Analysis (DMA) is becoming a more comnam in the
analytical laboratory. DMA is a material characterimatiechnique where the sample is
mechanically deformed in a cyclic manner, and the response ssiradanstantaneously.
The deformation and response is used to study material behavior umnees, s

temperature, frequency, and other values.

Figure 8 shows the working principle of DMA. It shows the simlel stress
created by oscillatory forces of DMA, which generatesasponding sinusoidal strains.
For purely elastic materials, the deformation will stags@sn as the force is applied. For
purely viscous materials, there should be agtase lag between the applied force and
the deformation (Figure 9). All viscoelastic materials fidoetween these two extremes,

and shows phase lag betweérafd 96.
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With the help of the sinusoidal force, DMA can measure the mo@dda in-
phase component: storage modulus, and as an out of phase component: loss. modulus
The storage modulus is a measure of elastic behavior of alatehile the ratio of the
loss to storage is called tan delta, which tells us the digsipatt material, and how well
a material will be at vibration energy absorption. The propevaeg with the state of
materials, temperature, and frequency. The phase differehwednethe applied stress
and resulting deformation can be used to determine other fundamardaigters like
complex and dynamic viscosity, transition temperature, creep, stressti@iaas well as
related performance attributes such as rate and degree pscungl absorption, impact

resistance, and morphology [100].
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Figure 8: Working Principle of DMA: a) Schematic of PerkinElImer DMA 800, b)

applied sinusoidal force and corresponding detected strain.
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Figure 9: Response of ideal extremes: a) Purely elastic respse (Hookean Solid), b)

Purely viscous response (Newtonian Liquid).

3.1.2. ASTM recommendation for Dynamic Mechanical Aalysis

According to ASTM standard [101], DMA practice is intended for maite
having an elastic modulus range from 0.5 MPa to 100 GPa. A commeom@tson of
this technique is the tests are conducted in the linear vistoakagion of a material’s
behavior. ASTM D 4065 [101] mentioned that, specimens of any unifzeros shape
can be analyzed for DMA in rectangular form. Recommended gteaik is less than
1%, and the test frequency should be from 0.01 to 500 Hz. DMA testr¢hednducted
over a range of temperatures, should be performed in an incrersipslor rates, slow

enough to allow temperature equilibrium throughout the entire specinbg time to
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reach equilibrium depends on the mass of the particular specimerthergtipping
arrangement. Generally a temperature program rate 9CA¥@n, or step a interval 225
C, held for 3-8C minutes are found suitable. Duplicate specimens are prefertest

and the mean results are suggested to report.

3.1.3 DMA Q800

A DMA Q800 was used for viscoelastic characterization, creep stress
relaxation tests. The DMA Q800 is th& generation of DMA from TA Instruments,
which offers a wide range of flexibility in choosing experiméptrameters. It utilizes
state-of-the-art, non-contact, linear drive technology to providesgre@cintrol of stress,
and an air bearing for low friction support. Optical encoder technol®gysed to
measure strain in the DMA Q800. General specifications of 8 @re given in Table

2.
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Table 2: Experimental Specifications

of the DMA Q800 [103]

Maximum Force 18 N
Minimum Force 0.0001 N
Force Resolution 0.00001 N
Strain Resolution I®m
Modulus Range To 3x10° Pa
Modulus Precision +1%
Tano Sensitivity 0.0001
Tano Resolution 0.00001

Frequency Range

0.01 to 200 Hz

Dynamic Sample Deformation Rang

e +0.5to 10000 pm

Temperature Range -150 to 6D
Heating Rate 0.1 to Z&/min
Cooling Rate 0.1 to 18C/min
Isothermal Stability +0.1°C
Time/Temperature Superposition Yes

3.1.3.1. Clamps of DMA Q800

Different types of clamps are available for the DMA Q800 tooawunodate
several types of samples. Selecting the appropriate clamp depernbte type of the
materials, plan, and objective of the experiment and expected modefohation. The

clamps can be classified as either tensioning clamps or nontensioning [1é4ips

Tensioning Clamps:

3-point bending

Film Tension
Compression

Penetration

Submersion compression

Submersion film/fiber
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Nontensioning clamps:

= Single cantilever

= Dual cantilever

=  Shear sandwich

3.1.3.1.1. Tension Film Clamp

As, samples used for characterizing viscoelastic propertiesp dsehavior and
stress relaxation of HDPE are film type; a film tensioangd was used for the
experimental part of this thesis (Figure 12). It has both mo\aldefixed parts. The
movable part was attached with the drive shaft of the stagdirs\tthe dovetail of the
movable part slides into the dovetail holder of the drive shaftn Tieehex key tightens
the setscrew in the center of the moveable part. Care hasakeannot to over tighten
the setscrew. Then the fixed part was attached with the mgymists of the stage and
four hex screws were tightened, enough to hold the fixed part metimbunting posts.

The thermocouple was positioned in a way so that it did not touch the sample.
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3.1.3.2.

|
l
F" ! | G

Fixed Part
ounted sample

|
!

A |
|
l

Movable Part

I
i

Mounting Post

Drive shaft

Thermocouple

Figure 12: Film Tension clamp

Calibration of DMA Q800

Proper calibrations should be done in DMA before starting any exgmerim

requiring precise results. . Calibration should be done periodicAllgrief description

of the calibration process has been described below, the dettiks cdlibration process

can be found in the online documentation accessed through the instruomém c

software [104].

3.1.3.2.1.

Electronics Calibration

Electronic calibration is used to calibrate the instrument’str@eics and drive

motor over the entire frequency range of the instrument. It locks the slide ¢daft) by
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automatically removing the air and applies a static forcéggaeforce) to the motor as a
calibration reference. The DMA Q800 then uses a serieegfiéncies to perform the
calibration. Electronics calibration is recommended when the @80 is moved or at

least once a month.

3.1.3.2.2. Force Calibration (Balance and Weight)

Force calibration provides the proper adjustment of the force dxgytthe clamp
on the samples and the force registered by the instrument espd@ment proceeds. It
involves two steps: balance and weight calibration. Like theretecs calibration, force

calibration should be done when the DMA Q800 is moved or at least once a month.

3.1.3.2.3. Dynamic Calibration
Dynamic calibration is used to characterize the dynamic pedoce of the
instruments. Several samples of known stiffness are used formeg this calibration

process. Dynamic calibration is needed when:

= The DMA is moved
= The feed hose for the GCA or Air Cool is either removed or installed

= At least once a month.
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3.1.3.2.4. Position Calibration
The position calibration is required to calibrate the absolute posititme drive
shaft (and slide) as read by the optical encoder. The posifibratian should be done

when the calibration is lost, the instrument is moved, or at least once a month.

3.1.3.2.5. Clamp Calibration

Clamp calibration helps the instrument with the specific propeofigsarticular
clamp installed on the stage. Clamp calibration involves three: stdpss calibration,
zero calibration, and compliance calibration. This calibration shouttbbe every time

when the clamp is changed.

3.1.4. Sample used for DMA Q800

3.1.4.1. HDPE-CaCQ Composites

CaCQ was incorporated in HDPE to investigate the change of timpendient
properties. Omayacarb FT-FL were used as a source of £aO@hayacarb FT-FL
contains high purity, fine, wet ground, and surface-treated nati@lim carbonate. It
can be used as an additive in food packaging applications under 21FORR 174.5,
175.300 and 178.3297. However Omayacarb FT-FL is not qualified as ansghsta
permitted for direct addition to human food or animal feed. The fag@n of
Omayacarb FT-FL can be found elsewhere [105]. Major applicatiorD&E are in
packaging industries, and properties of polymers depend on processidgions.

Therefore to compare, how HDPE will behave in end products, samptescallected
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from industrial scale equipment. 1.9 L (0.5 gal) bottles were blavded with
increasing weight fractions of CaG@ HDPE. Samples used for experiments were cut
from these bottles. Figure 13 shows a parallel cutter, whashused to ensure uniform
width of the samples. Four different weight fractions of Ca@@re compared for the
viscoelastic, creep and stress relaxation experiments. They were:

=  0%(Neat) CaC@HDPE

= 5% CaCQ-HDPE

= 10% CaC@HDPE

= 20% CaC@HDPE

Figure 13: Parallel cutter used to ensure uniform width of the sampke
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Figure 14: HDPE-CaCQO; composite samples used in DMA.

3.1.4.2. Neat HDPE from Closure

Another significant application area of HDPE is in closures, jcapdDPE
closures are frequently used in beverage packaging indusiribstfles made with PET.
Light weighting closures approaches limits in industry, like l@al ailure load over
long periods. This necessitates the analysis of viscoef@sterties of HDPE used in
closures. As Injection molding offers ultimate part designilfiety, consistency with
preform molding, and good tolerance in the final products; it is repleasonge other
manufacturing processes (such as compression molding) in closiustries. For
characterizing HDPE behaviors in ageing and annealing, neBEHias collected from
caps, manufactured by the injection molding. A HUSKY 300 (Fidis)ewas used for
injection molding, and the caps were collected immediately mfection molding when
they came out of the mold (Figure 16). Then, with the paralk&ic a rectangular strip

of neat HDPE was cut from the cap as shown in Figure 17.
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Figure 16: Caps were collected just after the mold of injection moldig machine.
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Figure 17: Neat HDPE samples (center strips) cut from closurdsr ageing and
annealing tests.

3.1.5. Tests and Parameters

Different modes of tests were conducted on HDPE-Gato@posites, and on
neat HDPE collected from closures to investigate viscoelpstjgerties, creep behavior,
stress relaxation, ageing, and annealing effects on HDPE.olltwihg section includes

detail description of the tests conducted, and parameters used in differenf tygsés. o
3.1.5.1. HDPE-CaCQ Composites

Stress Strain

Stress strain curves were generated by these experiments.strébg strain
curves give an idea about the linear viscoelastic range of HREdherally rheological
tests are recommended to conduct within the viscoelastic rarnpe ohaterial. Stress
strain curves generated by these experiments were used to detetreviscoelastic

range and to measure the modulus of the HDPE-GaG@posites.



Viscoelasticity

Viscoelastic properties were characterized in two diffenexyts: as a function of
frequency and as a function of temperature. These testsnpogtant to identify the
transition points of the polymers. The parameters used in the KMthese tests are

given below:

As a Function of Temperature:

Mode: Multi-Frequency — Strain

Test: Temperature Ramp-Frequency sweep
Clamp: Tension film

Amplitude: 1um

Static Force: 0.0100

Soak time: 5 min

Force track: 125%

Temperature range: 25 to 16

Ramp rate: 3.00 °C/min

As a Function of Frequency:

Mode: DMA Multi-Frequency — Strain
Test: Isothermal frequency sweep
Clamp: Tension film

Amplitude: 15um

Static Force: 0.0100
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Force Track: 125.0 %
Frequency range: 0.1 to 100 Hz

Temperature: 3T

Creep Tests

Two different types of creep tests were performed with different pagasnet

Short Term Creep and Recovery Test

Short term creep and recovery tests were performed withinr liis@oelastic
range of HDPE. Linear viscoelastic range was determiroed $tress strain curves. 10
minutes creep and 20 minutes recovery tests were conducted at 8.5tafie force to
observe creep performance of HDPE-Cg@0Omposites within the viscoelastic range.

The parameters for the tests are given below:

Mode: DMA Creep
Test: Creep

Clamp: Tension film
Creep stress: 0.5 MPa
Static Force: 0.001 N
Temperature: 3T
Soak time: 5 min
Creep time: 10 minutes

Recovery time: 20 minutes
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Long Term Creep and Recovery Test

In reality, products made with HDPE experience loads much highethkdoads
in the linear viscoelastic range. Moreover the productsueaed to load over long
times. For these reasons, to mimic the practical case,rtrstitec stress and longer time
periods are necessary for studying the creep behavior. tiééthvailable geometry of
samples, maximum 5.5 MPa static stress was possible to@xéhe samples due the
limitation of maximum load (18 N) available in DMA Q800. These higtieess creep
tests were conducted over 12 hour period. 3 Samples from each ggamdsites (0%,
5%, 10%, and 20%) were tested to investigate the distribution of gydsmh DMA

Q800. The parameters used for the tests are:

Mode: DMA Creep

Test: Creep

Clamp: Tension film
Creep stress: 5.5 MPa
Static Force: 0.001 N
Temperature: 3T

Soak time: 5 min

Creep time: 720 minutes

Recovery time: 0 minutes
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Stress Relaxation Test

ASTM standard recommends, strain should be less than 1% for Dynamic
Mechanical Analysis of materials [101]. Strain rate of 0.8% sedscted for the stress
relaxation tests. 3 samples for each type of composites (0%d®% and 20%) were
tested for stress relaxation experiments to have a betteroidéhe distribution of the
stress among different types of composites. All the tesi® werformed for 240

minutes. The parameters used for the stress relaxation tests are:

Mode: DMA Stress Relaxation
Test: Stress Relaxation
Clamp: Tension film

Displace: 0.8%

Static Force: 0.001 N
Temperature: 3T

Soak time: 5 min

Displace time: 240 minutes

3.1.5.2. Neat HDPE from Closure

Effect of ageing and annealing were investigated on samples orHD&E
samples collected from injection molded caps. For characteagieigg effects on fresh
HDPE, a bunch of caps were collected just after the injection ngplatiocess (Figure
16), and short term stress relaxation tests were performedraifteasing lengths of time

about 15 to 30 min each, as indicated in the results section. Tweedifi@nealing
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parameters were used to investigate the effect of annealitvgoosets of samples. The
first set was annealed at £25for 30 minutes and the second set was annealed 4 125
for 1 hours. Both sets were then air cooled bringing them out ofutimace after
designated time period. Then both sets were subjected to shuristress relaxation
tests after increasing lengths of time about 15 to 30 min. Tjese of tests also give an
idea about the effect of ageing on annealed samples. ForiagneaMemment model
UNB 400 Oven from Wisconsin Oven Distributors, LLC was used. Asitial trial, a

set of caps were set at £@0for 1 hour but all the caps were found completely melted.
Stress Relaxation tests parameters for aged and annealed samples

Mode: DMA Stress Relaxation
Test: Stress Relaxation
Clamp: Tension film

Displace: 0.9%

Static Force: 0.1 N
Temperature: 3T

Soak time: 1 minute

Displace time: 15 minutes or 20 minutes

3.2. Density of HDPE-CaCQ composites

The density of HDPE-CaCGOcomposites was measured by the Archimedes
principle. At first, the weight of the composite samples waaswmed using a XS204

Deltarange from Mettler Toledo. Then the composite samples wemersed into
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methanol and using the same balance, their weights in methanomeeseired. Then
using the following formula, the density of the composites witherfit weight fraction

of CaCQ, was calculated.

Weightinar

Density of HDPE-CaCgx ——— ——
Weightinar —Weightinméanol

x Density of Methanol

1.08

1.06

®20% CaCO-HDPE
= 10% CaCO-HDPE

5% CaCO3-HDPE
B 0% CaCO3-HDPE

1.04

1.02

0.98

0.96 -

Density (g/cn¥)

0.94

0.92 -

0.9 7

0.88 -

HDPE-CaCO;composites

Figure 18: Density of HDPE-CaCQ composites

3.3. Seal Failure from Squeeze Pressure

Seal failure, from squeeze pressure is a critical parani@temeasuring the
performance of bottles. Here, seal failure load refers toadh®pressive load on the side
walls of the bottles required to observe leakage. There is not yet ateacsigmdard for

measuring this property.

Leakage can be observed at different points depending on the desidgtagd.ea

near the seal of the cap is more common. Leakage can also beedbetethe injection
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gate on the base of the bottle. Due to its importance in industrgredit available
bottles were collected, and their seal failure loads and altlestiffness were

investigated.

ITi
Eﬂ|

I | S i T

a) !‘;
"1

[ o I i, T 1E I

[ I s i T 1TEH I

.1 E=mm . E Tm 15 I@m

Figure 19: a) Shrimpo TNP Torque Meter b) Seal failure testing in Mehanical
Tester

3.3.1. Methods

12 different types of 0.5 liter water bottles were collectéti different designs.
For each type of bottle, at least three samples were tiestedal failure. Failure loads
were measured using an INSTRON 5582 universal testing machineprésion testing
mode with a compression rate of 10 mm/min was used with 15.24 cmh(6diameter
compression platen shown in the Figure 19. Compressive loads weredapylihe
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machine until the first drop of water came out from the bottlar. nffost bottles, leakages
were observed near the seal of the caps. However, some bottlest thdk at the cap.
They leaked in the base, near the injection gate of the bbBtgaré 20). Few bottles
were observed to burst instead of leaking. Bottles that matgad of leaking showed
the most load reported in the results and discussion section. tAihdgpes of the
bottles used for seal failure testing were automatically capp&e particular types of
bottles were manually capped, monitored by a Shrimpo TNP torque witiea torque

range of 1.13 +/-0.12 N-m (10 +/-1 in-Ib) (Figure 19).

Figure 20: Failure of water bottles; a) leaking in the base, b) burstingf side walls
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CHAPTER IV

4. RESULTS AND DISCUSSION

4.1. HDPE-CaCQ, Composites

4.1.1. Stress Strain curves for HDPE-CaC®©

6 - e
5 //, ’/’,,
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’/,/’

g4 Ry - - -20% CaCO-HDPE
= .

Py S e 10% CaCO-HDPE
%] 7

% 3 S/ - 5% CaCO-HDPE

0% CaCO-HDPE

0 0.5 1 1.5 2 2.5
Strain (%)

Figure 21: Stress strain curve of HDPE with Calcium Carbonate.
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Figure 21 shows some effects of Ca@@ the constitutive response of HDPE.
The stress strain curve for 10% Ca£MIDPE composite almost coincides with the stress
strain curve for the control HDPE. The stress strain curve2@6 CaCQ@HDPE
confirms the expected increase in modulus with increasing ga@tent in HDPE. At
low strain levels (0.25% strain), 20% Ca&DPE showed a 14&increase in the
modulus over 0% CaCG&HDPE. The stress stain curves are important to find the linear

viscoelastic region of stress and strain for HDPE.

4.1.2. Viscoelastic properties

Viscoelastic properties of HDPE-Cag@omposites have been studied as a

function of temperature, and as a function of frequency.

4.1.2.1. As a Function of Temperature

Figure 22 and Figure 23 shows the storage modulus as a functionpafréane.
Storage modulus was observed to increase by addition of JaGPE. At 30 C, the
storage modulus increased around 236t the 20% CaC@®HDPE composite over the
control HDPE. No significant change of storage modulus was obsbgéttreasing
CaCQ weight fraction from 5% to 10%. Figure 22 and Figure 23 depict, that
incorporation of CaCe@increases storage modulus more at lower temperature than at

higher temperature ( at 1%, storage modulus was observed to increase by 220%

1 ((1.47MPa-1.269 MPa)/1.269 MPax100)
2 ((1395MPa-1135MPa)/1138Pa x100)
% ((240 MPa-215 MPa)/215 MPa)x100
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CaCQ-HDPE composite than the neat HDPE). Figure 24 shows tharlodslus at

different temperatures in CaG®IDPE. Incorporation of CaCGlso increased the loss

modulus in HDPE. Like storage modulus, no significant change ofntagkilus was

observed by increasing Cag®@eight fraction from 5% to 10%. The addition of CaCO

did not show significant change of the tan delta at differenpéeature (Figure 25). At

30°C, only 0.30% increase in tan delta was observed by increasing gaG@ent from

0% to 20%.

1000 -

Storage Modulus (MPa)

100

——20% CaCO3-HDPE
e 10% CaCO3-HDPE

- - 5% CaCO3-HDPE
s~ - 0% CaCO3-HDPE

.
e o,

20

30 40 50 60 70 80 90 100 110
Temperature (°C)

Figure 22: Storage Modulus of different CaCQ-HDPE composites as a function of

temperature (Log scale)

4((0.122742-.0122366)/0.122366)x100
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Figure 23: Storage modulus as a function of temperature (Normal scale)
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Figure 24: Plot of Loss Modulus as a function of temperature in differenCaCOs-
HDPE composites
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Figure 25: Plot of tan delta as a function of temperature in CaC@HDPE

composites

The results found from the viscoelastic properties vs. temperastse confirm

the findings of Yanget al. [59]. They also observed a significant increase in storage

modulus but very little effect on tan delta, by addition of Ca@®IDPE. As tan delta is

a measure of the dissipation of energy in materials unadic dgading [106], it can be

stated that incorporation of Cag@oes not improve the vibration energy damping ability

of HDPE.
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4.1.2.2. As a Function of Frequency

Viscoelastic properties of HDPE-Cag@omposites were also investigated as a
function of frequencies at 30 temperature. Figure 26, Figure 27 and Figure 28 show
the storage modulus and tan delta as a function of frequencies in d@spasth
increasing weight fraction of CaGO Only the 20% CaC£HDPE composite showed a
significantly higher storage modulus than the control HDPE atrdift frequencies. At
40 Hz, 20% CaC®HDPE showed 16%increase in storage modulus than the 0%
CaCQ-HDPE. Only one set of samples were tested to investifp@eviscoelastic
properties of HDPE-CaC{omposites. However, more sets of sample would provide
better statistics about the dispersion of the properties amongrediff types of

composites.

% (1515 MPa-1308 MPa)/1308 MPax100)
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Figure 26: Storage Modulus of HDPE-CaCQ composites as a function of frequency
(normal scale)
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Figure 27: Storage Modulus of HDPE-CaCO3 composites as a function of fregucy
(log scale)
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Figure 28: Plot of Tan Delta as a function of frequency

4.1.3. Creep Behavior

Creep behavior of HDPE-CaG@omposites was investigated both in linear and
non-linear viscoelastic ranges. Creep experiments were conductac icategories:

Short term creep and Long term creep.

4.1.3.1 Short Term Creep

Short term creep tests were performed to observe creep behavitre
composites in the linear viscoelastic range. Figure 29 showseiie compliance curves
for HDPE-CaCQ composites. Figure 30 represents the creep, and recoveryatridia

composites as a function of time. Both figures show significaptrovement of the
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creep behavior of HDPE, by adding 20% weight fraction of GaClaterestingly, the

creep and recovery strain for the 10% Cga®DPE was found higher than that of 5%

CaCQ-HDPE.
4500 -
4000 -
z
€ 3500 -
=
8 3000 -
[
©
2 2500 -
e
o
O 2000 - p
o / —— 20% CaCO3-HDPE
(]
o 15004/ 10% CaCO3-HDPE
1000 - — - 5% CaCO3-HDPE
500 - =~ 0% CaCO3-HDPE
O T T | T T
5 7 9 11 13 15

Time (min)

Figure 29: Plot of Creep Compliance vs. Temperature in HDPE- CaC§{composites.
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Figure 30: Plot of creep strain as a function of temperaturen HDPE-CaCOj;

composites.

Figure 29 and Figure 30 only depict the primary region of thepcoeeves.
Creep time and recovery time should be increased to get the seconddy\ssigaregion
of the creep curve for better understanding of the creep behavitee acfomposites.
Moreover, in practical life, products made with HDPE are stdjeto much higher
loads, which generate stress, outside the linear viscoelagtanrof HDPE. All these

reasons provoked us to conduct long term creep experiments as part of this thesis.

4.1.3.2 Long Term Creep

Figure 31 shows the individual creep strain vs. time curveshi®rcomposites

over a 12 hour period. For the 5% and 20% CaBDPE composites, the variation of
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creep strain among different samples was much less, compated @6 and 10%
CaCQ-HDPE composites. Reduced creep strain was observed for 200;-EIDPE
composites. Figure 32 shows the average (3 samples) creepcsinanfor HDPE-
CaCQ composites. Average creep strain for the 10% GadlOPE composite was
found slightly higher (after 12 hours, only 2pthan the creep strain for the 5% CacO
HDPE composite. The 5% and the 10% CgE&DPE composites also showed similar
viscoelastic properties. Figure 33 depicts the average dre@pa the composites after
12 hours. Error analysis was based on the standard deviation ofiube fa the each

sample set.
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Figure 31: Plot of individual creep strain vs. time curve at 5.5MPa static gtss

® ((4.80-4.70)/4.70)x100
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Figure 32: Average creep strain vs. time curves for HDPE-CaC{composites at 5.5
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Figure 33: Average creep strain after 12 hours at 5.5 MPa static stress
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After 12 hours, the average creep strain for the 20% G#IPE composite was
found 30% lower than the average creep strain of the control HDPE. dWecteep
strain in 20% CaC®HDPE can be explained by the interpretation of déEkal [54].
They interpreted that, structural changes of the polymer aroa@OCrestrict the
macroscopic flow of the polymer, and as a result, low creemst observed for higher

filler contents in the composites.

4.1.4. Stress Relaxation

Figure 34 shows the individual relaxation modulus vs. time curve faPEAD
CaCQ composites. The data show a higher value of relaxation modululkef@0%
CaCQ-HDPE than the relaxation modulus of the other 3 types of sampliggire 35
shows the average (of 2 samples) relaxation modulus vs. time dorvdse HDPE-
CaCQ composites. Figure 36 shows the average (3 samples) relaxatchrus of the

composites after 240 minutes.

" ((5.25-3.65)/5.25)x100
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Figure 34: Plot of individual relaxation modulus vs. time for diferent HDPE-
CaCO3; composites
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Figure 35: Plot of average relaxation modulus vs. time curve for HDPE- CaCO
composites
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Figure 36: Average relaxation modulus for HDPE- CaCQ composites after 240
min.

From the stress relaxation curves, it was observed that incagpoo&tCaCQ in
HDPE by 20% weight fraction increases the relaxation moduluger 240 min, the
average relaxation modulus for 20% Ca@DPE was found 25%higher than the
relaxation modulus of 0% CaG®IDPE. However, addition of 5% and 10% CaCi
fact lowered the relaxation modulus of the control HDPE. A#240® min of stress
relaxation tests, average relaxation modulus for 5% Ga@® found 20%lower than
that of the control HDPE, while for 10% Cag® was 27%"° lower than the control

HDPE.

8 ((105 MPa-84 MPa)/84 MPa)x100
° (67 MPa-84 MPa)/ 84 MPa)x100
19((61MPa-84 MPa)/84 MPa)x100
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4.2. Neat HDPE from Closure

For neat HDPE samples collected from caps, the effecg@ih@ and annealing
were investigated. Stress relaxation was set as a parafoetetermining ageing and

annealing effects.

4.2.1 Ageing

The ageing effect on neat HDPE was investigated for both noraladnand

annealed samples.

4.2.1.1 Non-annealed samples

Figure 37 shows the stress relaxation curves for non-annealedesamphe
samples were collected just after the injection molding machmtewere tested after
increasing lengths of time about 15 to 30 min each as indicatedanijles were tested
from the non-annealed batch. Figure 39 shows the stress aemliftest times for

samples aged at different times.
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Figure 37: Plot of relaxed stress in non annealed sample having increased &8P).
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Figure 39: Stress vs. ageing time at different test time (Non-annealsdmple).

Figure 38 shows a wide range of relaxed stresses for thanmmaled samples.
No definite relationship was observed between the ageing time andléxed stress.
Figure 39 shows the stress at different test times foraimples aged at different times.
More experiments should be conducted in the big gap of data pointsuoé B9. The
reason for getting a wide range of stress relaxation cuwraasbe explained by the
concept of molecular equilibrium. Samples were collected froattion molded caps.
In the injection molding process caps undergo rapid cooling and so ssiteat stress
could be trapped, so molecules of the polymers were not at equilibiTinexefore, for
non-annealed samples, polymeric molecules were running toward equilitmith time

and, as a result, a wide variety of stress relaxation behavior was observed.
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4.2.1.2 Annealed samples

Annealed for 30 minutes

Figure 40 and Figure 4dhow the stress relaxation curves for 30 minute annealed
samples. Figure 42 depicts the relaxed stress as a functigaionf aime at different test

time of stress relaxation tests. 7 samples were testhtfeaent times after the samples

were taken out of the oven.
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Figure 40: Plot of relaxed stress in annealed (30min) sanghaving increased age

(3D).
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Figure 42: Stress vs. ageing time at different test time. Samples wannealed at
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Annealed for 1 hour

Figure 43 and Figure 44 show the effect of ageing on 1 hour anneahgies.

Figure 45 shows effect of ageing time on stresses at different test tim
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Figure 43: Plot of relaxed stress in annealed (1 hour) sample having inased age
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Unlike non-annealed and 30 minutes annealed samples, the steesstionl
curves for 1 hour annealed samples are not widely distributed. e@berr of this kind of
behavior is annealing accelerates ageing. Annealing at 1 houdgsostfficient time
and energy to remove residual stress and the molecules of thmepddgttle in more
equilibrium states than the non-annealed and 30 minute annealed samipégsfore,
ageing after 1 hour annealing did not show any significant effethe stress relaxation
of the samples. On the other hand, the samples which were anned@@drorutes had
less time and energy to reach in equilibrium, than the samplek wiie annealed for 1
hour. As a result, they were not completely in equilibrium andsstitie residual stress
could exist. So, further ageing after annealing showed effectieostress relaxation
tests of these samples. The samples which were not annéaédshhowed a much
wider range of stress relaxation curves as their molecules e in equilibrium. With
time, their molecules were moving towards equilibrium. Figurehtgvs the standard
deviation of different samples as a function of annealing timer 4% min of stress
relaxation tests. Standard deviation of average stress was fourld 18886for 1 hour

annealed HDPE than the non-annealed HDPE.

1 ((0.195-0.131)/0.195)%x100

76



o

N
n
)

L

<
o
= 0.2 -
S
E 0.15 +
>
(D)
O 01 -
©
©
2 0.05-
8
n

0 -

1 0.5 0
Annealing Time (hours)

Figure 46: Standard deviation of stress among different samplegs a function of
annealing time after 15 min of stress relaxation tests

4.2.2. Annealing

Figure 47 shows the stress relaxation curves for annealed and non-annealed
samples. From the figure, the relaxation modulus for 1 hour anneald&E H®
significantly higher than that of non-annealed, and 30 minute anneale& HBigure 48
depicts the comparison of average stresses at differenpfisteess relaxation tests for
annealed and non-annealed HDPE. HDPE annealed for 1 hour showedstiggethan
the other two shorter times throughout the entire stress nelaxast. After 15 minutes
of stress relaxation, HDPE annealed for 1 hour held 24% highergavstt@ss than the
non-annealed HDPE. At the beginning of the relaxation tests, 30 mammealed
samples showed slightly higher values of stresses than the noneanseaples. But as
tests went on, stresses for 30 minute samples were found lowemdmaannealed

samples (Figure 48).
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From Figure 47 and Figure 48 it is evident that 1 hour annealing iesréias
stress for relaxation of neat HDPE. This is speculateddhdt hour annealing, residual
stresses were removed as molecules had enough time to reaidriequil As annealing
can also increase the crystallinity of HDPE [99], this could matheer reason for the

increase in relaxation modulus.
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For high speed manufacturing this one factor may be the most imiporia
uncovered in the present work. Ageing reduces variation through elimginasidual
stresses. Reduced variation is important when manufacturing oisgegh lines. Less
variation means less jam or other inconsistencies during the astbrhandling and
application of caps. Along with consistent leak pressures, the ggnecaeased stress

relaxation should lead to increased seal strength for HDPE used as caps.

4.3. Seal Failure from Squeeze Pressure

The importance of seal failure in industry and its relevancé wwiaterials
properties provoked us to study the closure seal failure from peeastwss different
finishes available in market. Figure 49 shows the comparison lofadaee load among
different closures and finishes. This figure also shows thevelpérformance. Figure
50 depicts the load required for 5mm side wall deformation duringsélaé failure
experiments. The side wall stiffness of different botlese determined until 10 mm

side wall displacement during the seal failure experiments, and are shoigoria %1.
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Figure 49: Comparison of seal failure load among different bottle designs
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Figure 49 shows a wide range of seal failure loads, amongrafitféottle
designs. This wide range of failure loads depicts over-engmh@eoelucts existed in the
market. Proper designing and understanding of material propeatidadailitate reducing
polymer usage in the bottle industry, and hence make it beneficial oerotbnmental
and economical fronts. Proper designing involves optimization of $éaetars such as
seal failure load, stiffness of the bottles, and material consompti manufacturing.
Observation from Figure 49, Figure 50, and Figure 51 showed tlsastiéfsbottles can

posses higher seal failure loads.

This work shows for HDPE, creep strain can be reduced andtielaxmodulus
can be increased by incorporating CaCOhis work also reveals relaxation modulus can
be increased by annealing heat treatment. Both creep strairlardtion moduli are
related to the final performance of the HDPE product. Soetleggproaches have
potential to increase the seal leak load of closures made \WBEHvithout increasing

polymer usage.
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CHAPTER V

5. Conclusions

Viscoelastic properties, creep behavior, and stress relaxatldBBE were investigated,

and improved by incorporation of Cagfiller content and annealing heat treatment.

= At 30° C, the storage modulus increased around'2386 20% CaC®@ HDPE
composite over the control HDPE. The loss modulus was also observed t
increase at higher weight fraction of Ca{J® HDPE, when tested as a function
of temperature.

= No significant change of storage and loss modulus was observieatregsing
CaCQ weight fraction from 5% to 10%.

= The addition of CaC@&did not show significant change in tan delta at different
temperatures. This observation concurs with the results of taaifb9]

= After 12 hours, the average creep strain for the 20% G&{IXPE composite was

found 30%° lower than the average creep strain of the control HDPE. Creep

12 ((1395-1138C)/1135C x100)
13 ((5.25-3.65)/5.25)*100
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strain did not change significantly as CaCentent was increased from 5% to
10%.

The relaxation modulus of HDPE was increased by ®2®B020% CaC@HDPE
over the control HDPE However, 5% and 10% CaG®IDPE composites
showed a lower relaxation modulus in stress relaxation testsht@#@?% CaCe
HDPE.

Ageing did not show any regular pattern or trend on the relaxation osdél
HDPE.

Annealing for 1 hour showed less variation of stress retaxatmong different
samples than the non-annealed HDPE. The standard deviation of asteesge
was found 32% less for 1 hour annealed HDPE than non-annealed HDPE>afte
minutes of stress relaxation.

After 15 minutes of stress relaxation, HDPE annealed &C1&% 1 hour, held

24% higher average stress than the non-annealed HDPE.
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CHAPTER VI

6. Future Work

Increasing the weight fraction of Cag@ore than 20% and analyzing the
corresponding properties changes for an optimal weight fraabiold extend this
work

Dispersion of CaC® in the composites can be related to the observed
performance and can be studied through SEM and TEM analysis.

Response of the materials by a large range of statgssdred strain in the creep,
and stress relaxation tests aids learning.

Other filler materials like Glass Fiber can be tested in HDPEadsdf CaC@for
comparison.

Annealing should be done at several other temperatures and tinoelspésrt

better prediction and optimization.
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