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ABSTRACT

Polymers have a long history of development and their application widely supports the
normal operation of industry and society. Yet, the environmental consequences of using
virgin plastics demand new sustainable solutions. In this quest, being capable of predict-
ing the mechanical behavior of post-consumer recycled plastics is essential to support the
adoption of these materials in engineering applications. This literature review focuses on
recycled polypropylene and its mechanical viability when used in closures, a common part
in packaging industry. Recycled polypropylene’s performance is found to be dependent on
crystallinity, which in turn is dependent on the length of the polymer chains, isotacticity
and other co-polymerization segments. This document also reviews constitutive models
applicable to predict the behavior of closures via the the finite element method. A suitable
thermo-viscoplastic model is selected, setting the stage for the finite element analyses to
be conducted during the dissertation work.

The application of recycled polypropylene is challenging due to its low mechanical prop-
erties. In the thesis, we demonstrate the possible aspects which decide the properties of
post consumer recycled polypropylene (PCR-PP), including molecular weight, tacticity, in-
terface structure and degradation. After discussing the material properties, the focus is to
testify the application of PCR-PP in closures for particular functionality. For active closures,
the weakest structure is the hinge, at the middle of lid. To verify if the material is applicable
to active closures. Finite element analysis are conducted to help develop new products in
a more efficient way, and also reduce the plastic waste.

In the thesis, the explicit dynamic method and the static general method are applied with
different boundary conditions in the model to simulate the differentiation of closures in-
cluding manufacturing conditions. The explicit dynamic simulation involves higher com-
putational cost, and due to the existence of inertial effect, the observed reaction force is
significantly higher than it should be when the mass scaling is over a certain region. Con-
sidering an implicit static analysis was found to be proper. Once the loading condition was
simplified and by carefully choosing an propriate thermo-visco-plastic constitutive model,
the finite element analysis can predict the snap through behavior of the closure. The snap-
through behavior also shows that the equivalent plastic strain at the hinge middle is higher
than the maximum tensile strain of polypropylene(QCP-300P) under room temperature.
However, when subjected to 69 degree Celsius, the closure is expected to deform without
failing. This result demonstrate the necessity of bending the closures right after injection
molding, which fit with the experimental result.
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1
INTRODUCTION

In 1867, the first human-synthesised plastic was introduced to the public by John Wesley
Hyatt. John invented a type of plastic by treating cellulose with camphor[1]. Later in 1907,
Leo Baekeland invented Bakelite which is regarded as the first fully synthetic plastic without
molecules found in nature. Beside being applied as an effective insulator, Bakelite exhibits
other properties, including durable, heat resistant, and ideally proper for mass production.
The production of plastics grows rapidly, especially after mid twentieth century.

Figure 1.1: World Plastic Production Statistics[1].

Later in the 1970s, Plastic’s reputation dept because of the waste increase[1]. So many
disposable plastic products are buried in the environment. At the moment, there is no al-
ternative that is cheap, available and flexible for industry. After debates and arguments, the
plastics industry began to seek for recycle solution for the products. 10 years later, the plas-
tics industry played a role in encouraging municipalities to collect and process recyclable
materials as part of their waste management system. In fact, recycling is still far from per-
fect, and most plastics still end up in landfills or the environment. The details of recycling
would be discussed in later chapters.
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2 1. INTRODUCTION

An important member of the plastic’s group, polypropylene is widely used in various
products around the world. It gains its popularity from its competitive properties.

Figure 1.2: The static data of plastics demand distribution by resin types in Europe[2].

After the synthesis of its resin in 1954, the polypropylene rapidly drew attention from the
industry because of its low density[1]. Polypropylene is widely used in packaging and many
other fields, such as automotive industry, special devices. In 2018, PP accounted for 19.9%
of total plastic consumption in Europe[2]. To avoid further destruction to environment
from plastic products, the recycling technology for plastic gains its necessity.

This thesis focuses on investigating the use of recycled PP at hinges, a very thin sheet-
like structure, which need to be bent without breaking, even it works through 180° rota-
tion. In addition, the hinge is active, i.e. they need to close by themselves without being
compressed by the thumb. The property indicates that the target products may includ-
ing a certain instability in its design because of buckling effects. Compared with the sim-
plest polyethylene, polypropylene has one more methyl group on the side chain of each
monomer.

1.1. EFFECTS OF RECYCLING POLYPROPYLENE

1.1.1. OVERVIEW ON POLYPROPYLENE
As a polymer with side chains, different to polyethylene, the molecular structures of PP

are divided into different groups when the monomers are limited to be propylenes. Upon
polymerization, it’s possible for PP to form three basic chain structures depending on the
position of the methyl groups. When methyl group stays in irregular sort, the polymer is
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Figure 1.3: The plastic demand by segments and polymer types in 2018[2].

Figure 1.4: molecular structure of polypropylene[3]

defined as atactic polypropylene (aPP). Isotactic PP implies that all methyl groups are at
the same side of carbon chain, which means all monomers are polymerized at same status.
In addition to these two types, if any adjacent polymer chain unit has opposite side chain
positions with its neighbors, then the polymer will be called syndiotactic PP (sPP).

All three types of polypropylene belongs to the polypropylene homo-polymers, which
occupy 65-75% of the market [4]. Polypropylene co-polymer has two main types in the mar-
ket. Block co-polymer polypropylene owns co-monomer units, such as ethylene, which are
arranged in blocks. The ratio of co-monomer units are typically around 10%. The other
type of monomers improves certain properties, like impact resistance while other addi-
tives enhance other properties. Random co-polymer polypropylene, different to block co-
polymer polypropylene, has the co-monomer units arranged in random segments along
the polypropylene molecule. Random co-polymer polypropylene are usually combined
with 1% to 7% ethylene. Based on it’s properties, random copolymer polypropylene is se-
lected for more malleable applications. In addition, the mixture of Homopolymers polypropy-
lene and 45%-65% polyethylene is defined as impact modified copolymer.
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Figure 1.5: slurry method of polypropylene production[4].

Figure 1.6: traditional process of polyolefin production.png[5].

1.1.2. SYNTHESIS OF POLYPROPYLENE

Before discuss the structure-properties relationship of PP materials, it’s necessary to have
a summary of the producing of PP.

The first commercial production of polypropylene was after the discovery of the Ziegler-
Natta catalyst in the 1950s. It was originally produced by the slurry method. Propylene,
solvent and catalyst are placed in series reactors. The polymerization reaction is carried out
under reaction conditions of 160°C to 175°C and 0.39 to 0.71 MPa. The polymer solution
is diverted into the evaporator to remove solvent and propylene, generating a mixture of
crystalline and amorphous polymer. The disadvantage of this route is that the catalyst must
be treated with alcohol to deactivate and extract it, while the unwanted atactic polymer
must be extracted and removed. Due to the high proportion of atactic polypropylene in
this production process, the production cost is high.
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Figure 1.7: mechanical recycling procedure of PP[6].

After further development, the applicable polymerization processes are introduced to
the industry. In addition to the solution method described above, the production methods
of polypropylene include gas phase method and bulk method. Among these three main-
stream methods, the liquid bulk method has shown the advantage of high conversion rate.
The bulk method uses liquid propylene as the reaction medium and raw material, avoiding
the interference of extra solvents in the slurry method. Under the action of the catalyst,
the reaction is performed at a lower temperature and a higher pressure. After the propy-
lene and catalyst are recovered, granulated polypropylene products are obtained through
granulation. In this production process, the proportion of atactic polypropylene is greatly
reduced, which accounts for only 5% of the total product. In the hexane solvent, because
the solubility of isotactic polypropylene and atactic polypropylene are different, they can
be separated by extraction. The isotacticity of polypropylene is defined as the mass fraction
of undissolved solids in the total product.

1.2. RECYCLING OF PP MATERIALS
As a major type of thermoplastic, polyolefin is used worldwide. Many common plastic

products are produced from polyolefin materials. In Western Europe alone, these three
polymers consume about 21.37 million tons per year, accounting for 56 percents of ther-
moplastic material [2].

1.2.1. RECYCLING METHODS
Unlike condensation polymers, thermoplastics cannot be recycled easily through simple

chemical methods . This feature stems from the irreversibility of addition polymerization.
Generally speaking, for the recycling of polypropylene materials, there are several differ-
ent ways to choose from. On the one hand, by creating a high-temperature environment,
long-chain polymers will undergo covalent bond breakage, resulting in thermal cracking
products such as small molecular olefins. These decomposition products can be used in
industry to re-synthesize other products. Different methods could be applied to realize
the purpose, including thermal cracking method, mechanical method, and dissolution/re-
precipitation method.

MECHANICAL RECYCLING METHOD

As the most applicable recycling method in worldwide, the later discussion of the PCR-PP
properties would based on mechanical recycling technique. Mechanical recycling refers to
operations that aim to recover plastics via mechanical processes (grinding, washing, sep-
arating, drying, re-granulating and compounding), thus producing products that can be
converted into plastics products, substituting virgin plastics. It is also known as material
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recycling, material recovery or, related to plastics, back-to-plastics recycling. In mechani-
cal recycling, plastic waste (sorted by material type) is milled and washed, passes a flota-
tion separation, and is dried. The plastic flakes are then either used directly to produce
new plastic materials or they are processed into granulates beforehand. Mechanical recy-
cling is used for the recovery of pre-consumer (post-industrial) material as well as for post-
consumer plastic waste. It is currently the dominating method of recycling post-consumer
plastic waste in Europe. For mechanical recycling, only thermoplastic materials are of in-
terest, i.e. polymeric materials that can be re-melted and re-processed into products via
techniques such as injection moulding or extrusion. It is a well-established technology for
the material recovery of plastic materials such as polypropylene (PP), polyethylene (PE) or
polyethylene terephthalate (PET).

The cost of perfectly filtering is rather high for mechanical recycling. Many products are
manufactured in a way that makes it difficult to separate the plastic components, which
makes them difficult to recycle. For example, for a commodity, it may be assembled from
different types of plastic parts. Such as a water bottle with a cap or a ballpoint pen. For their
users, it is not realistic to clearly distinguish different types of materials and to finely sort
waste, because this requires professional knowledge. What is even more troublesome is
that for some diaphragms or packaging materials, various polyolefins (polypropylene and
polyethylene) are often used in multiple layers, resulting in various plastics being mixed.
Traditionally, the cheapest way for companies to filter different types of plastic waste is the
soaking method. The density of the plastic materials varies from type to type, as a result,
a large difference of density between two types of materials push them to stay at top or
bottom of the solvent. Obviously, under the condition when plastic has similar density, it
would not be able to sort them out. Researchers has made efforts to improve the filtering ef-
ficiency of plastic recycling. Silvia Serranti et al. evaluate a recycling process to obtain high
quality polypropylene and polyethylene as secondary raw materials [7]. The technique is
based on magnetic density separation (MDS) and hyperspectral imaging (HSI). The ori-
gin of MDS technique is also based on the density difference among materials, but highly
improve the accuracy. While, as it mentioned, the cost of new techniques involved in the
procedures would significantly accumulate more financial cost for the whole recycle sys-
tem. So there is a trade between the cost and the quality of r-Plastic. In the later chapter,
the discussion based on how to predict the mechanical behavior of the r-PP, which might
improve the application status of r-PP based on limited financial support.

THERMAL CRACKING RECYCLING METHOD

According to the definition, thermal cracking recycling method could be defined as a
tertiary recycling method. By rising temperatures, it’s possible to decompose PP materials
into different thermal cracking products by adjust the temperature range[8]. At 700 ◦C ,
polypropylene is decomposed into aromatic compounds. And if the thermal cracking hap-
pens at 400-500 ◦C, the products are gas, condensate hydrocarbon oil and waxes.

DISSOLUTION/RE-PRECIPITATION METHOD

Dissolution/re-precipitation method belongs to secondary recovery methods. A solvent
technique has been developed whereby polypropylene may be converted to a form suit-
able for reprocessing. The method involves dissolution of the polymer in a suitable solvent
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with subsequent polymer recovery and drying to produce a free-flowing powder. The sol-
vent recycling method allows conversion of the polymer to a suitable form for reprocessing
without significant degradation of the polymer. That is, degradation was not evident in
the dissolution and drying stages. Degradation on recycling is then controlled by the re-
processing technique adopted. Reprocessing by extrusion of the stabilised polymer caused
only limited degradation. The solvent recycling technique, however, reduces the stabiliser
content of the polymer which may have an effect on film lifetime.

1.2.2. CHALLENGES TO RECYCLE PP MATERIALS
This review will not consider bio-compatibility, safety and other factors. It focuses on

changes in mechanical properties. According to the report of Official Energy Statistics from
the US Government[9], the amount of Polypropylene produced is 2.58 million tons while
the recycling amount is only 130 thousand tons. Such a low recovery rate is due to the high
process cost compared to the cost of producing polypropylene (PP). Economic constraints
limit the further separation or the application of expensive additives in recycle progress[9].

Figure 1.8: Recycling effect on the true stress-strain curve of PP under different strain rates[10].

The decrease of mechanical properties is a key reason to limit the application of post-
consumer polypropylene (PCR-PP) in structures. According to the research of Daniel Pessey
in the figure [10],the elastic properties are not significantly effected when comparing i-PP’s
property before and after the mechanical recycling procedure. However, they find that the
drop of plasticity influence the behavior of the material.

Notwithstanding the poor performance compared to virgin polypropylene, the proper-
ties of recycled PP could also vary with different batches[11][12]. According to the research
of M. Raj et al, recycled PP’s tensile properties of different batches are not stable[13]. The
data obtained from the tensile tests indicate that the third reprocessed material shows
lower tensile properties compared to the first and second reprocessing. In addition, the
durability and recycling potential are quite different among batches. It is unacceptable for
manufactures to use materials with unstable properties. Jansson et al analyzed the perfor-
mance of recycled PP materials through simulation experiments, and used simulated re-
cycling test procedures to check and compare two PCR-PP. It consists of repeated cycles of
alternating extrusion and accelerated thermal oxidation aging [14]. In each aging step, the
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elongation fluctuation due to subsequent extrusion. In addition, the combination of extru-
sion and aging lead to a faster degradation of the material than aging or repeated extrusion
alone. The researchers give the following three speculations to explain the difference in PP
material properties. First, this may be due to the change of crystallinity, second, to surface
degradation, and third, the dilution of degraded polymer chains after re-extrusion. They
speculate that the performance difference may be due to a combination of the above three
reasons.

Furthermore, the cost of separating mixed plastics is an important reason limiting the
commercial success of any recycling technology. The problem is that the price of virgin
plastic may be lower than the plastic recycled after consumption. Consumers that refuse to
pay a premium for recycled parts, or refuse to accept parts whose performance or quality
is inferior to that of virgin resin or recycled parts with poor performance[2].

1.3. STRUCTURE - PROPERTIES RELATIONSHIP OF PCR-PP
PCR-PP exhibits degradation of mechanical properties when compare to virgin PP. The

behavior of the PCR-PP related to the uncertain origin of plastic waste and the way to re-
cycle or to simulate the recycling procedure. Understanding what happens to PCR-PP re-
quires focusing on what happens to homo-polypropylene at beginning. PCR-PP has simple
polymer structure, without comprehensive side chains and various chemical bonds on the
main chain. For pure h-PP materials, the basic properties explaining degradation in me-
chanical behaviors of r-PP include molecular weight and tactility.

The sequence and classification of sub-chapters are based on the following order: the
properties of pure r-PP, the properties of r-PP blends, the other additives, manufacturing
conditions.

1.3.1. CRYSTALLINITY AND PHASE STRUCTURE
The common factor that determines the mechanical properties of PCR-PP is crystallinity[15].

Solid matter has two basic condensed states, crystalline state and amorphous state. The
amorphous state can also be called the glass state. When in the crystalline state, the molecules
are organized and fixed in a three-dimensional ordered periodic sequence[15]. In this case,
the system has the lowest thermodynamic energy and is in a stable state. This is not only
a characteristic form of ceramics or metal materials, but also one of the existing forms
of high molecular polymers. Some polymers can exist in a crystalline state, while some
polymers can only exist in an amorphous state. There are two conditions for determining
whether a polymer will crystallize. One is the appropriate temperature, which is no differ-
ent from small molecule materials. On the other hand, the regularity of the molecular chain
structure. Polymers with structural regularity can be crystallized under certain conditions,
and such polymers are also called crystalline polymers. However, it should be noted that
the crystallization of polymers is not an absolute concept, because for most crystallizable
polymers, their crystallization process is a result of tropism. Polypropylene under normal
circumstances will not be completely crystalline or amorphous[16]. Therefore, when dis-
cussing the crystallization of materials, researchers introduced the concept of crystallinity.
The degree of crystallinity is described as the percentage of crystalline material to the mass
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of the total material. Different polymer structures, different molecules, and different cool-
ing methods will all lead to different crystallinity.

Figure 1.9: crystalline structure of polymer[17].

The figure shows the crystalline model of semi- crystalline polymer. The system will be
completely crystalline only under conditions of infinite heat exchange that tends to zero,
otherwise it will be in the situation shown in the figure. When the reversibility of the heat
transfer process decreases, the relatively unstable amorphous state tends to expand. In the
thermodynamically stable region, because the molecules are highly crystallized, the van
der Waals force is at its maximum, so it exhibits higher stiffness when subjected to external
stress, that is, it has a higher Young’s modulus and a greater yield stress. At the same time,
because the polymer chain segments are fixed at the position under the crystalline struc-
ture, based on the inter-molecular force provided by the periodic structure, the resistance
that needs to be overcome when the adjacent polymer chains undergo relative displace-
ment will increase. This phenomenon can be explained from the perspective of thermody-
namics. A system with a high degree of regularity has a lower entropy than a system with a
low degree of regularity. According to the Gibbs free energy equation, in a thermodynamic
process, the thermodynamic energy barrier and entropy become negatively correlated. The
conversion from a low-entropy state to a high-entropy state requires additional work from
the external system. Therefore, compared with amorphous polypropylene, polypropylene
materials with higher crystallinity are more difficult to undergo plastic deformation, and
the maximum elongation strain is smaller on the stress-strain curve. Later we will analyze
how the relative molecular weight and crystallinity parameters affect crystallinity.

MOLECULAR WEIGHT

Crystallinity is a secondary property for materials, which means it is controlled by other
factors, including the manufacturing conditions, self-properties of the materials[18, 19].
The molecular weight of the polymer is one of the most basic factor which decide the ma-
terial behavior. In recent years, researchers has carried out relative experiments to test the
relationship between the molecular weight and properties of PP[17, 20–22]. However, most
of the research concerned on the effect between molecular weight and rheological proper-
ties, such as viscosity. The discussion about how the molecular weight affect the tensile/-
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compression behavior are relatively rare. Still, the published results prove the existence of
relationship between molecular weight and stress-strain curve.

Figure 1.10: Test of Melt Flow Index.png[23].

In actual industrial applications, the cost of accurately measuring the relative molecular
mass of polymers is too high, so MFI (Melt Flow Index) is specified as the grade of polymers
The MFI is a numerical value representing the flow properties of plastic materials during
processing. The MFI measurement method is generally measured according to the method
specified in ASTM D1238. Its principle is to put plastic or resin into a metal sleeve with a
fixed inner diameter, and heat the plastic or resin into melt, and then apply a load to the
piston, comparing the extension of molten plastic through a small hole, and calculating
the weight of the plastic extruded. This method can also be used to measure melt density,
viscosity, shear stress and other properties.

MFI has a correlation with relative molecular mass[24]. As the type of materials are set
as polypropylene, based on Pouiselle Equation[24].:

According to this model, when the environmental parameters are unchanged for a given
material, the MFI obtained from the measurement results is not only a rheological param-
eter, but also can represent the relative molecular mass, the two are reciprocal . The larger
the MFI, the smaller the relative molecular mass. In this way, the conclusions in the liter-
ature that discuss the relationship between material grade and mechanical properties can
also be understood as how the relative molecular mass of the material affects the tensile
mechanical curve. In addition, when we get a suitable range of relative molecular mass, we
can also convert it to grade according to the calculation result, which can be used to guide
the selection of materials in industrial production.
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Researchers from different groups reported similar tendency of how molecular weight
influence the mechanical behavior of PP. The study of Toshio Ocawa [25], verifying the
widespread empirical formula p = A + B/M for plastic products. Where P represents the
mechanical properties, A and B are empirical parameters, and M is the average molecular
mass. It should be noted here that A and B are numerical parameters, so the sign of B de-
termines the sign of the correlation between molecular mass and mechanical properties.
The interesting result is that the B parameter is positive in the flexural test and negative
in the tensile test. This result indicates that the increase in relative molecular weight pro-
motes the tensile properties of the material, but inhibits the improvement of compression
performance.

Jmal et al. test the tensile behavior of different grades r-PP[26]. The three tests from left
to right of the same sample represent faster and faster stretching rates. The indexes 3,10,54
here stands for the grade of material. The comparison shows that the PP-3 sample with
the lowest grade has the greatest ductility and exhibits much greater strain than the other
two r-PP samples at a lower stretching rate. At the same time, even if the stretching rate is
increased, the PP-3 sample can still maintain a good elongation rate. This shows that for
different materials of the same polypropylene, the material with a lower grade has better
ductility. In addition, the researchers changed the grade by adding polyethylene to r-PP.
This proved that in addition to directly changing the relative molecular mass, changing the
system composition is also an effective way to modify the grade. The samples which has
higher molecular weights perform better. For lower molecular weights, the ductility of the
system is better.

Similar to Polypropylene, PE also belongs to the group of polyolefin. As their structure are
similar, the result may help us understand PCR-PP’s behavior. The figure represent that the
grade of PE also decide both the elastic and plastic behavior of the material. As expected,
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Figure 1.11: Elongation and Flexural modulus of Elasticity [25].

the researchers observe that Young’s modulus and tensile strengths at yield and break de-
creased with increasing m-PE content. The MFI of m-PE(the lowest density polyethylene)
sample is 5.0 and for HDPE is 0.3.

A reason why grade or molecular weight influence mechanical properties is the correla-
tion with crystallinity. Aurrekoetxea et al. simulate the recycling procedure of PCR-PP by
repeatedly studying its injection procedure[28]. They observed that recycled PP exhibits
greater crystallisation rate, higher crystallinity and equilibrium melting temperature than
those measured for virgin PP. The explanation from them to the result is the mobility of
polymer chains are correlated to the molecular weight, the length of chains. It’s proved
in the test that the increasing molecular weight prevent further folding of the chain, which
caused a decreasing crystallinity. the higher elastic modulus and yield stress of the recycled
PP are believed to be correlated with higher degree of crystallinity.
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Figure 1.12: strain at break stress for different grade samples[26].

Figure 1.13: :PE grade-stress strain curve.png[27].

TACTICITY

Besides molecular weight, the stereo-regularity of PP also have an effect on the crys-
tallinity. The optical configuration of a polymer refers to the relationship between the
group connected to the main chain carbon atom and the reference plane. If the adjacent
groups are located on the same side of the reference plane, the polymer is considered to be
an isotactic polymer. In a similar way, if two adjacent groups are located on opposite sides
of the polymer reference plane, the polymer is considered to be syndiotactic. At present,
the artificial synthesis of polymers cannot completely control the formation of the optical
configuration of polymers. In fact, identical or syndiotactic structure in the polymer chain
segment only exists in a local area. Therefore, we can only use the degree of isotacticity
or syndiotacticity to express the configuration of polymers. According to the example in
the figure above, this part of the content is displayed as [mmmm] and [rr] defects. mmmm
indicates that the side chains on the adjacent four carbon atoms are located in the same
plane, so it indicates the degree of isotacticity. rr defects indicate the condition that the
neighboring side chains are on the opposite sites.
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Figure 1.14: configurational sequences[29].

The regularity of the structure is a necessary condition for polymer crystallization, and
the regularity includes chemical regularity and three-dimensional structure regularity. Qual-
itatively speaking, the higher the regularity, the higher the degree of crystallinity that can
be achieved[31–34]. Based on the studies of De Rosa, the various stress-strain curve could
be measured from different degree of isotacticity samples, which synthesised through de-
signed catalyst [42]. According to the figure, isotactic polypropylene with higher stereo-
regularity exhibits higher stiffness and yield stress, while polypropylene with higher rr de-
fect concentration exhibits greater elastic limit, which demonstrate the relationship be-
tween the crystallinity and mechanical behaviors.

PHASE CONDITION

Phase condition effects the mechanical behavior. The crystalline region of isotactic polypropy-
lene (i-PP) includes the monoclinic alpha form, trigonal beta form, orthorhombic gamma
form, and mesomorphic smectic form[18-21]. Under traditional industrial condition, the
i-PP products contains mainly alpha form phase. However through various recycling pro-
cedure, the phase structure of recycled mixture might change. The thermodynamically
stability of the monoclinic alpha form is high at normal conditions and the alpha-phase
behaves with relatively good mechanical property[22]. However, the impact strength of al-
pha phase is poor under low temperature condition. The beta phase exhibits a superior
impact performance compared with alpha-PP or amorphous i-PP. Similar to beta phase,
gamma phase and mesophase PP are only exist under specific synthesis condition.
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Figure 1.15: Mechanical behavior - tacticity.png[30]

Figure 1.16: phase-tacticity relationship of polypropylene[30].

From the upper figure, the irregularity of molecular chain has an impact on the phase
structure of the materials, not only on the crystallinity. With the decrease of PP’s tacticity,
the equilibrium phase structure changes from gamma to alpha. It could also be regarded
as a reason that the stress-strain curve have different shape for various [rr] concentration.

1.3.2. DEGRADATION OF PP
One of the significant environment effects on the recycled plastics is the degradation.

The existence of it is inevitable under the effect of cyclic stress and oxygen. Different to the
other polymers, the structure of polyolefins is much simpler, so that the degradation does
not lead to complex modification on the side chains. The chemical process is detailed in
researches[35, 36]

Degradation does not only occur after the polymers are in service. During manufacturing
procedures, after the polymerization of polyolefins, the resins are subjected to extrusion.
The temperature and shear employed for processing polyolefins lead to the occurrence of
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chemical reactions. Even a small degree reaction can have a strong effect on the PP’s phys-
ical properties. Degradation is able to be initiated by oxygen, shear, heat, catalyst residues
or any combination of these factors at any possible condition. The ratio of degraded PP
inside the system decides the result of molecular weight and its distribution, as the chains
are broken into shorter ones.

Figure 1.17: Possible Radicals of PP degradation.png[35]

In conclusion, variaty of reasons are summarized to explain mechanical properties dif-
ferences between virgin PP and recycled PP. The crystallisation changes because of recy-
cling, which might explain the effect on tensile properties. The degradation caused by ag-
ing are observed to lead a decreasing impact properties.

1.4. THE CLOSURE MANUFACTURING
Plastics could be divided into two groups which are thermoplastic and thermoset. The

majority of plastics are thermoplastic, meaning that once the plastic is formed it can be
heated and reformed repeatedly. This property allows for easy processing and facilitates
recycling. The other group, the thermoset, can not be remelted. Once these plastics are
formed, reheating will cause the material to decompose rather than melt. Plastics can be
molded into bottles or components of cars, such as dashboards and fenders. Some plastics
stretch and are very flexible. Other plastics, such as polystyrene and polyurethane, can be
foamed. Plastics are materials with a seemingly limitless range of characteristics and they
have many inherent properties that can be further enhanced by a wide range of additives
to broaden their application.

Closures are devices which designed to seal containers. Plastic closures are either ther-
moplastic - produced via injection molding, or thermoset produced via compression mold-
ing.

1.4.1. INJECTION MOLDED CLOSURES
Injection moulding is a common manufacturing technique to produce parts through in-

jecting the molten materials into a prepared mould. Injection moulding is applied in nu-
merous of materials mainly including metals, glasses, elastomers, confections, and most
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Figure 1.18: Injection Molding Overview[37].

commonly thermoplastic and thermoset polymers. Material is fed into a heated barrel,
mixed (using a helical screw), and injected into a mould cavity, where it cools and hardens
to the configuration of the cavity. After a product is designed, usually by an industrial de-
signer or an engineer, moulds are made by a mould-maker from metal, usually either steel
or aluminium, and precision-machined to form the features of the desired part. Injection
moulding is widely used for manufacturing a variety of parts, from the smallest compo-
nents to entire body panels of cars. Advances in 3D printing technology, using photopoly-
mers that do not melt during the injection moulding of some lower-temperature thermo-
plastics, can be used for some simple injection moulds.

The injection molding process mainly includes 6 stages: mold clamping, filling, pressure
holding, cooling, mold opening, demolding. These 6 stages directly determine the molding
quality of the product, and these 6 stages are a complete continuous process. The pro-
cess conditions include temperature, pressure and corresponding action time that affect
plasticization, flow and cooling. Among these parameters, temperature and cooling speed
are the key to improve the product quality.The temperature that needs to be controlled in
the injection molding process includes barrel temperature, nozzle temperature, and mold
temperature. The first two temperatures mainly affect the plasticization and flow of the
plastic, while the latter temperature mainly affects the flow and cooling of the plastic.

Through Injection molded methods, the manufactures produce thermoplastic closure
primarily from polypropylene, polyethylene or styrene. These closures are designed to be
stable and economical. Injection molded closures can be divided into two groups: un-
screwing and strip molded caps[38].

1.4.2. COMPRESSION MOLDED CLOSURES
Compression molding is a high-volume, high-pressure method suitable for molding com-

plex, high-strength fiberglass reinforcements. Advanced composite thermoplastics can
also be compression molded with unidirectional tapes, woven fabrics, randomly oriented
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fiber mat or chopped strand. The advantage of compression molding is its ability to mold
large, fairly intricate parts[39].The four main parameters of the compression molding pro-
cess are the amount of material, heating time, stress applied to the mold and cooling time.

Compression molded thermoset closures are produced from phenolic in dark colors or
urea in light colors. These closures are extremely hard and offer excellent dimensional sta-
bility and chemical resistance. Compression molded closures are stable at elevated tem-
peratures and are used for auto-claving when combined with a suitable lining material.
The processing object can also be vacuum metallized in silver or gold with superior adhe-
sion qualities. Compression molded closures are in general heavier and significantly more
expensive than injection molded closures.

In conclusion, it’s suitable to manufacture PP closures through injection molding pro-
cess, to control temperature and cooling speed precisely is essential to enhance the prop-
erties.

1.5. SIMULATION OF RECYCLED POLYPROPYLENE STRUCTURES
To produce reliable products from recycled PP, it’s essential to predict its behaviors. In

the thesis, the performance prediction of closures will be discussed emphatically. For a
successful closure product, the following factors are particularly important: (1) ductility,
is that, it can work normally under external force without breaking, (2) fatigue resistance.
For recycled materials, the fatigue fracture is the main failure situation. According to the
fact, it’s necessary to establish a model to predict the behavior of products based on several
basis mechanical test, then manufactures can fix the design for enhancing the structure.
In the case of PCR-PP, one needs to be able to predict its behavior and its reliability when
using it as a closure.

The application of FEM aims to replace traditional industrial experiments. Through the
comparison of the following aspects, the pros and cons of the two methods are listed. For
both of methods, to improve the products quality, engineers need to design a complete
test procedure, which include the product improvement direction, parameter changes and
the data necessary to interpret the results. In the case of industrial experiments, the real
products are required in the experiments, so the real materials, energy cost and a test sys-
tem would be considered. The advantage of using simulation is that as the data is output
from the instrument, so the errors only consist of experimental error. However, on the one
hand, the cost of materials and energy will lead to higher product iteration costs, and batch
testing of different parameters will greatly increase the time spent for design. Therefore, al-
though this process is more reliable, it is not conducive to improving production efficiency,
and it is not an environmentally friendly test method. As for the simulation based on FEM,
in principle it can be used to evaluation for more products and designs but the availability
of predictions depends on the proper constitutive model which is suitable for the mate-
rial, and on the availability of adaption to computational resources. Note that FEM does
not eliminated experimental testing. The validation of simulation is actually based on the
experiments, so its more Eco-friendly. To combine these two methods properly should sig-
nificantly improve the efficiency of industrial design progress.
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1.5.1. FINITE ELEMENT ANALYSIS

Figure 1.19: general outline of a FEA study on polymer properties[49]

The finite element method is a numerical solution method for elasticity problems. In
the early 1950s, it was first applied in the field of continuum mechanics-the analysis of the
static and dynamic characteristics of aircraft structures to obtain the deformation, stress,
natural frequency and mode shape of the structure. Due to the effectiveness of this method,
the application of the finite element method has been extended from linear problems to
nonlinear problems. The object of analysis has expanded from elastic materials to plastic,
viscoelastic, viscoplastic damage and crack propagation. For this investigation, identifying
a good constitutive model for virgin and PCR-PP is the most important task.

1.5.2. POLYMER CONSTITUTIVE MODELS

In general, for the mechanical properties of semi-crystalline polymers, influencing fac-
tors include stress state, strain rate and temperature. These three factors make the predic-
tion results inaccurate. In order to accurately match the experimental results, researchers
have constructed models with different levels of complexity to predict the viscoelasticity
and viscoplasticity of polymer materials. So to reduce the inaccuracies, the models need to
take strain hardening and thermal softening into account.

Haward and Thackey first introduced the two branched model to predict the polymeric
behavior with the consideration of strain hardening [40]. Some researchers focused on gen-
eralizing the uni-axial model into a multiaxial one. Bardenhagen establish a 3-dimensional
constitutive model to predict the viscoplastic behavior of polymeric materials [41]. They
validated their model with experimental data, and concluded that for modeling polymer
materials under various loading conditions. The accuracy of their model is not sufficient.

Thermal softening also needs to be considered to set a constitutive model of polymers.
During plastic deformation, mechanical work will transform into heat inside polymeric
structures. Boyce’s work has shown that the convertion ratio of mechanical work could
reach 80%[40]. The ratio for cross-linked polyethylene and HDPE is even higher. Such
large amount of heat would lead to the heat hardening which should not be ignored.
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1.5.3. INTRODUCTION TO JOHNSEN’S MODEL

To extend the accuracy and reliability of the simulation, a proper viscoplasticity model
are required to replace the participant of the simple elastic behavior of Polypropylene.

In the case of polypropylene, we choose the constitutive model published by Johnsen et
al. [42] to predict the viscoplasticity behavior. The figure 1.20 shows the general outline of
the model.

Figure 1.20: (a) Large deformation kinetics of the Johnsen’s model (b) rheological model

The multiplicative splitting of the deformation gradient tensor F is used to separate the
elastic and the plastic deformation. The unreformed element is mapped from unloaded
configuration to the intermediate plastic deformed configuration, and finally to the elastic-
plastic deformed configuration. The process is transformed into a matrix expression as the
following equation.

F=FeFp (1.1)

In Johnsen’s Model, the total response of the material is divided into two branches, in-
cluding the branch of inter-molecular properties (branch A), which contributes the vis-
coplastic and hyperelastic behavior, and the branch of orientational hardening (branch B),
which based on the networks’ alignment. As two branches share the same deformation
gradient

FA = FeFp = FB (1.2)

The result of polar decomposition of the elastic and plastic parts of the deformation gra-
dient of Part A shows

Fe
A = Ve

A Re
A = R e

A U e
A (1.3)

Fp
A = Vp

A Rp
A = R p

A U p
A (1.4)



1.5. SIMULATION OF RECYCLED POLYPROPYLENE STRUCTURES 21

Here R stands for the rotation tensor and U and V are right and left stretch tensor, respec-
tively. In view of the fact that this deformation process is defaulted to be an equal volume
process, the isochoric deformation gradient tensor

_
F equals to:

_
F = J−1/3F (1.5)

J is the Jacobian determinant, defined as determinant value of the tensor,thus det(
_
F ) = 1.

The isochoric left Cauchy-Green deformation tensor
_
B and the isochoric left stretch tensor_

V are the expressions:

_
B = _

F
_
F

T = J−2/3
_
F

_
F

T = B (1.6)

_
V =

√
_
B = J−1/3 V (1.7)

Based on the properties of isochoric deformation, Jp
A = 1.For plastic and elastic defor-

mation, the Jacobian determinant reads J = det(F) = Jp
AJe

A, which indicates Je
A = 1. According

to the relationships above, the equations are obtained.

F
e
A = J−1/3Fe

A (1.8)

B
e
A = J−2/3Be

A (1.9)

V
e
A = J−1/3Ve

A (1.10)

F
p
A = Fp

A (1.11)

B
p
A = Bp

A (1.12)

V
p
A = Vp

A (1.13)

1.5.4. INTERMOLECULAR PART
As stated before, the elastic and plastic properties at branch A are regarded as isochoric.

According to Hencky free energy, the elastic response is[43]:

ρ0ψA = µA(θ) tr[(ln(V
e
A))2] (1.14)

ρ0 here is the initial density of the material, and θ represents the absolute temperature.
The temperature dependency of shear modulus is summarized as follows:

µA(θ) =µA,ref exp[−aA (θ−θref)] (1.15)

θr e f is the reference temperature, and the µA,r e f is the shear modulus at the reference
temperature. Based on the equation of energy[44], The Kirchhoff stress tensor is:

τA = 2ρ0
∂ψA

∂Be
A

Be
A = ρ0

∂ψA

∂ ln(Ve
A)

= 2µA(θ) ln(Ve
A) (1.16)
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The Cauchy stress tensor follows as

σA=
1

J
τA (1.17)

Then the discussion focuses on the viscoplastic properties. The von Mises equivalent
stress are expressed by following equation.

σvm
D =

√
σ

′
D :σ

′
D (1.18)

σ
′
D is the deviatoric part of the driving stress, σD =σA.It is essential to be balanced by

additional viscous stress related to the Ree-Eyring dashpots[45].

According to the rhelogical model, which is essential here is that the equivalent driving
stress of the deformation has to be viscous stress related to the dashpots.

σv =σv1 +σv2 =
∑

x=α,β

kBθ

Vx
ar sinh

( .
P

.
P ∗

0,x

exp

[△Hx

Rθ

])
=σvm

D (1.19)

The alpha and beta represent the main and the secondary relaxation process. Vx stands
for the activation volume,

.
P is the equivalent plastic strain, and△Hx is the activation en-

thalpy.The deformation-dependent equivalent plastic strain rate,
.

P ∗
0,x , are obtained through

the following equation.

P∗
0,x = P0,x exp

(
−

√
2

3
bx ∥ ln(VP

A) ∥2

)
(1.20)

P0,x equals to the value of P∗
0,x when VP

A = 1, which represent that the system is in the state

where is no plastic deformation. bx controls the deformation dependency. ∥ ln(VP
A) ∥2

The deposition of velocity gradient L A is given by the following equation.

LA = .
FA +F−1

A = De
A +We

A +Dp
A +Wp

A (1.21)

D is the rate of deformation tensor, and W is the spin tensor. Then we have the plastic
rate of deformation tensor.

Dp
A = Lp

A =
.
λ
∂g(σD)

∂σD
(1.22)

.
λ and σD here stand for a plastic multiplier and plastic potential in turn. If the plastic

flow is assumed to be isotropic, the plastic potential is given by

g (σD) =
√

3

2
σ′

D :σ′
D =σvm

D ≥ 0 (1.23)
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After the inertion of
.
λ= .

p, it is able to obtain the plastic deformation gradient.

.
F

p
A = .

p(Fe
A)−1∂g(σD)

∂σD
(1.24)

1.5.5. ORIENTATIONAL HARDENING

The orientational hardening of polypropylene orinate from the alignment of polymer
chains. In Johnsen’s model, the chains are modeled through the eight chains model [46].
The entropic free energy is settled based on the research by Miehé [47].

ρ0ψB = κ(θ)

2
(ln(J ))2 −3κ(θ)α ln(J )(θ−θ0)+ρ0ψT (θ)+µB (θ)λ2

l ock [(

_
λc

λlock
)ξ+ ln(

ξ

sinhξ
)]

(1.25)

In the part of orientational hardening, the shear modulus is defined as rubbery modulus.

µB(θ) = nkBθ =µB,ref
θ

θref
(1.26)

n is the chain density in the bulk material, kB is Boltzmann’s constant.µB,ref represents
the shear modulus at the reference temperature. To standardize the discussion, the refer-
ence temperature is usually picked at room temperature, 298.15K, which is also picked in
the study. In addition, the bulk modulus would be set as a constant independent to the
temperature, and the same for the linear thermal expansion coefficient α. The average
chain stretch is given by

_
λc =

√
tr(

_
B)/3 (1.27)

ξ is obtained through

ξ=L −1

_
λc

λlock
(1.28)

L is the inverse Langevin function, which describe the behavior of rubber-like materials.

The Kirchhoff stress tensor is given by the following equation [48].

τB = 2ρ0
∂ψB

∂B
B = µB(θ)λlock

3
_
λc

L −1(

_
λc

λlock
)

_
B
′+κB ln(J)−3κBα(θ−θ0) (1.29)

here is the second order identity tensor,
_
B
′
is the deviatoric part of

_
B.

Also, the Cauchy-stress tensor is given by

σB = 1

J
τB (1.30)
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1.5.6. SELF HEATING AND DISSIPATION
The self heating effect through the mechanical load is considered in the model. The

changing rate of free energy and the entropy are given by Miehé [47].

ρ0ψ̇=τA : De
A +τB : D−ρ0θ̇s (1.31)

ρ0θṡ =−θ∂τA

∂θ
: De

A −θ
∂τB

∂θ
: D+ρ0C̄vθ̇ (1.32)

C̄V, the specific heat capacity is given by the following equation. In addition, it is required
to be noticed that the specific heat capacity is also related to the deformation.

C̄v = θ ∂s

∂θ
=Cv − 1

ρ0
θa2

AµA(θ) tr

[(
ln

(
V

e
A

))2
]

(1.33)

The local deformation power is able to be decomposed into

τ : D =τA :
(
De

A +Dp
A

)+τB : D =τA : De
A +τD : Dp

A +τB : D (1.34)

1.6. CONCLUSION
This review, analysis the physical, chemical and crystalline properties of r-PP materials

at the level of pure polypropylene, polypropylene co-block polymers and polypropylene
mixtures. The physical properties of recycled polypropylene are summarized. The perfor-
mance of recycled polypropylene is controlled by crystallinity, and its crystallinity is con-
trolled by the length of the polymer chain. Since the length of the polymer chain affects its
rheological properties at the same time, we can determine the grade of the polymer chain
through rheological experiments and use this as a reference for crystallinity. In addition,
isotacticity and other co-polymerization segments will affect the final result of crystalliza-
tion. The mixture is based on the properties of the interface between polypropylene and
other substances, and its mechanical properties are somewhat different from those of pure
polypropylene.

A suitable thermo-visco-plastic model is selected to predict the mechanical behavior of
polypropylene. The reason why the Johnsen’s model is applied here is that it is developed to
simulate the mechanical properties of high density polyethylene (PE). As the chain struc-
ture of PP is very similar to PE, so its reasonable to use the model in PP’s prediction. Till now,
there are no literature to discuss whether or not the PCR-PP is available in a over bending
structure like active closures for the packaging industry. Therefore, the goal of the thesis is
to develop a reliable simulation method which is able to find out the answer.
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EXPERIMENTS AND SIMULATION METHODS

2.1. DESCRIPTION OF ACTIVE CLOSURES

Figure 2.1: Closure overview

Low mechanical properties of PCR-PP has been limiting its aplication in complex loading
conditions, . In this project, the focus is on whether or not it is possible to apply PCR-PP in
active closures. The goal for the thesis is to develop a finite element model to simulate the
deformation of active closures, considering in manufacturing condition and assess if the
specific material can be used in them. In the thesis, the closures made by two types of PP,
HF840MO and QCP-300P, are discussed in results.The Polypropylene which currently used
used in the industrial products of this project (Weener Plastics) is HF840MO. The tensile
properties of the PP are shown in the table 2.1. The Young’s Modulus of the PP is 1300 MPa.
However, the lack of detailed data-sheet made it impossible to to calibrate the viscoplas-
ticity model. So the behavior of HF840MO will only be applied to attempt the boundary

25
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137270 Et σy εy σm εm σb εb εtb σx b h A0

n = 10 MPa MPa % MPa % MPa % % MPa mm mm mm2

x 1301 31,06 10,80 31,06 10,80 21,69 − 505,14 17,63 9,92 3,95 39,175
s 9 0,13 0,09 0,13 0,09 6,36 − 78,84 0,10 0,01 0,00 0,040
V 0,67 0,42 0,82 0,42 0,82 29,31 − 15,61 0,55 0,05 0,12 0,10

Table 2.1: Mechanical Properties of Polypropylene HF840MO

conditions and to see if the linear elastic simulation could foresee the mechanical behav-
ior of closure. Later in chapter-3, the discussion of viscoplasticity is based on the material
property of the PCR-PP grade, QCP-300P.

The structure of active closures is shown in figure 2.1. There are two major challenges for
PCR-PP to be applied as the base of active closures. The first challenge is that the allowed
maximum tensile strain decreases after recycling. This means that the closure might break
because of excersi at the hinge middle, or have a shorter lifetime than virgin PP. Meanwhile,
even for the virgin PP, if the closures aren’t experience the heat treatment that closing it at
69 °C right after the injection molding, it would also break at room temperature. For an
injection molded closure, if its cap was opened at original horizontal position without pre-
closing before cooling down, it would break at room temperature too. The phenomenon is
caused by the residual stress at the hinge. Therefore, the FEM simulation should reflect the
necessity of heat treatment during the manufacturing progress.

The manufacturing process could be divided into two significant steps. The first step is
right after injection molding. In the processing, through compression provided by the steel
cylinder in the machine, the lid is transformed from a horizontally unfolded state of 180
degrees to a closed shape that is just closed. The closure would experience natural cooling
down due to convection in the atmosphere, the field temperature at the closure reduced
to 25°C. As the closure retains its change during this cool down from 69 °C (342K) to 25
°C(298K), the residual stress at the hinge permanently influences the structural resistance
to deformation. In this condition, if customers wish to open the closure, the applied force
shall be different compared with higher temperature, as the residual stress remains, and
the viscoplastic response of Polypropylene changes at different temperatures. In the thesis,
the closing force and the equivalent plastic strain are the key quantities of demonstration.

The other challenge is to predict the snap through angle. The definition of a snap through
angle is that after a particular rotation movement of the closure’s top cap, there is a specific
angle for each active closure’s design, where compression force will disappear. The resis-
tance according to the plastic deformation in polymer materials is suppressed due to the
buckling effect at the hinge. The observed loose point is defined as the snap through angle.
To facilitate a later discussion, the snap through angle is defined as the rotational displace-
ment of the lid. When the closure is closing, the rotation is measured by the angle between
the horizontal plain and the lid, and in the case of opening, the rotation is defined as the
angle between the bottom of the closure and the lid.
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The mechanical behavior of HF840MO closures is tested through a uniaxial compression
test. The closure is fixed through the screw-thread skirt perpendicular to the horizontal
direction. The direction of the compression force is limited in the y-direction. Through the
progress, a set of compression forces at the top of the pressure rod is captured. When snap-
through behavior happens, the reaction force will reduce to 0, and the contact between two
surfaces disappears. The experiment’s basis is to simulate the progress of using hands to
close. The test results show the maximum reaction force y-y in a set of compression tests,
which is useful for us to calibrate the simulation result. Also, the snap through angle and
the closing rest angle at 25 °C is recorded in the table.

Cap
Practice:

snap-through
Simulation:

snap-through
Practice:
Close rest

Simulation:
Close rest

Rev.08 130◦ 130◦ 165◦ 175◦

Figure 2.2: uniaxial compression test on the closure

2.2. SIMULATION METHOD EVALUATION IN ELASTICALLY RANGE
There exists various options to close the closure. For example, a steel cylinder applies

pressure on the cap’s top in manufacturing progress, where the following rotation is ob-
served through 180 degrees. After producing, when customers use the products at room
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1 2 3 4 5 6 7
Max Reaction Force y-y (N) 0.8 0.8 0.6 0.6 0.6 0.8 0.6

8 9 10 max min avg
Max Reaction Force y-y (N) 0.6 0.8 0.6 0.8 0.6 0.68

Table 2.2: Reaction Force Values in uniaxial compression test

temperature ( 298 K), the phenomenon is also observed. As the modified loading condi-
tion introduces deviation to the simulation result, we will discuss the development under
specific assumptions.

As mentioned in chapter 1, Polypropylene is a semi-crystalline polymer material in a
wide temperature range. The viscoplasticity behavior of Polypropylene closures increase
the simulation cost. Different to viscoplasticity, linear relationship between stress and
strain are calculated with higher efficiency and also allow us to utilize the same bound-
ary condition and settings before formal simulation. To shorten the time of developing the
FEM model, its reasonable to test boundary conditions considering on elasticity conditions
model for PP before considering the comoputationally coostly thermo-plastic model.

The two major branch of general finite element analysis is the explicit dynamic simula-
tion and the static general simulation. Explicit dynamic simulation is used for the instan-
taneous analysis of the model under dynamic conditions and the analysis of highly discon-
tinuous time. The static general is used to deal with static analysis under linear or nonlinear
conditions, without considering inertia and time-dependent material properties.

2.2.1. MESH QUALITY
The mesh quality is important to both explicit dynamic simulation and static general

simulation, A coarse mesh would lead to local stress concentration which are not realistic
compared with the mechanical test.

Given the challenges of simulating snap through in thermo-plastic structures, a careful
meshing strategy has to be followed, suitable for the division of very complex model ar-
eas. Because the closure part during this simulation has a morphological structure with
multiple local curvatures, a free-form meshing technique is be selected as the method of
division. Among the 3D models, the tetrahedral elements are the only structural unit al-
lowed to be used.

The seed distribution, mesh control parameters and element type are key points to mesh
a part properly. These three parameters directly determine the mesh quality of the 3D solid
model. First of all, the most important determinant is the grid density, which coordinates
the calculation accuracy and efficiency at the same time. In the model, in order to improve
the calculation efficiency, since the mesh is only used for comparison dynamics display
simulation and static general simulation, a relatively sparse seed distribution is applied to
obtain larger volume second-order tetrahedral mesh elements. Under current condition,
the local seed spacing of hinge is 0.8mm.
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The stiffness matrix of the three-bar articulated structure is positive definite, while the
stiffness matrix of the four-bar articulated structure is positive semi-definite. It is called
as the principle of stability of triangles. The above characteristics are based on the first-
order tetrahedral mesh. A.O. Cifuentes and A. Kalbag studied the characteristics of primary
and secondary tetrahedrons and hexahedral elements in different structural problems[49].
These structural problems include bending, deflection, torsion and axial deformation. It is
observed that the analysis using quadratic tetrahedral and hexahedral elements is equiva-
lent in solution accuracy and CPU time. But it is worth noting that due to the many limita-
tions of automatic hexahedron division, semi-automatic use will consume a lot of time, so
the use of quadratic tetrahedron is often the best choice.

By comparing the different results of static general simulation between a mesh of 0.8
mm seed distance and a refined mesh, the loss in accuracy is very clear. The contact force
of 0.8mm seeds has the maximum value of 80N, while the refined mesh is 0.3N. In the ex-
periments, the contact force in y direction is measured in the range 0.6-1.0 N, while the
maximum reaction force y-y in the simulation owns the value around 60 N. Except for the
deviation of elasticity compared with the actual viscoplastic material performance, in the
later chapter, it can be seen that the equivalent plastic strain at hinge middle is 80%, and
the yield strain is about 40% at room temperature. It’s reasonable to expect that for elas-
tic simulation, the measured reaction force is in the range under 2 times higher than the
experimental data. So it is illogical that the value of the force differs by two orders of mag-
nitude. The fact shows the importance to have a better mesh. The reason why coarse mesh
has a unreal result is that the hinge middle has only one layer of elements, and tetrahedral
elements are stable structure which is hard for bending. Also, there exist a shift of snap
through point, which is 107° in coarse mesh and 112° in refined mesh. Which means the
observed snap through kinetics are also different.

Figure 2.3: Reaction force comparision (left) coarsed mesh (right) refined mesh.

In the refined mesh simulation, the same elastic polypropylene with Young’s modulus
1250 MPa is considered.

The refined mesh shows in the figure 2.4. The seed distance decrease from 0.8mm to
0.1mm at the hinge middle, in order to allow the existence of three layers element. The
second-order tetrahedral elements are applied in the mesh. To reduce the calculation pres-
sure to the computer, the rest of body remains at 0.8mm. The transition layer between two
different density meshes is particularly important, because if the density transition is too
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Figure 2.4: local refined mesh

large, there will be sharp triangles in the tetrahedral elements, which will lead to infinite
amounts in the analysis process, thereby making the analysis results meaningless. How-
ever, there is a complex arc curve at the central turning point of the hinge, so the strategy
is to first cut into nearly regular geometric bodies of similar size, and then set up a transi-
tion layer between the block and the hinge, gradually transitioning from 0.1mm to 0.2mm,
0.4mm, 0.6 mm, the final transition is 0.8mm mesh element. The final calculation results
are shown in the figure below, which uses the same elastic material parameters. The force
is reduced to an acceptable range.

2.3. EVALUATION OF EXPLICIT DYNAMIC SIMULATION
Dynamic analysis is the most intuitive way to simulate the actual process. In the explicit

dynamic analysis, the displacement and velocity are calculated under the premise that the
increment is a known value. Therefore, in the explicit dynamic analysis, the overall mass
matrix and stiffness matrix are not inverted.

2.3.1. CENTRAL DIFFERENCE METHOD
The central difference method is based on substituting finite difference for the deriva-

tion of displacement with respect to time. The first-order derivation of the displacement is
used to obtain the velocity, and the second-order derivation of the displacement is used to
obtain the acceleration.

To explain the central difference method, a progress to show how the integration of phys-
ical properties are transformed into difference equations [50].

u̇N
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uN
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N
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In the expressions, uN stands for the degree of freedom. The reason why central differ-
ence method is explicit is that all the results in each increment are based on the steps right
before instead of the original physical quantity matrix.

2.3.2. PRE-PROCESSING

Figure 2.5: Close-up of the coarse mesh used at the hinge midle of the closure

Figure 2.6: Assembly in explicit dynamic simulation

The load isn the explicit dynamic simulation is applied via a discrete rigid cylinder in the
assembly, with 10 mm diameter, 60 mm length. Unfortunately, as the real trajectory of how
the rigid cylinder used in the mold moves is not available. Therefore, this cylinder in the
simulation is assumed to follow a semi-circle trajectory. The assumption of the contact in
the simulation for both the self contact and the general contact between cylinder and the
lid is a hard, friction less contact to avoid the disturbance from the friction force. To realise
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this rotation, the rotation centre is set at 1.5mm higher position than the middle point of
the hinge. Both the center of rotation and the inertia of the rigid cylinder are assigned
values that are much larger than the mass of the bottle cap to avoid bad contact and mutual
interference during rotation.

Based on this, a certain rotational displacement is set on the center of rotation, and the
rigid cylinder is controlled to move in the same motion mode through a coupling relation-
ship that locks the six degrees of freedom of motion.The cylinder is set right under the circle
centre of closure’s lid side. The distance between two parts are 3 mm.

In addition, in order to fix the closure structure, according to the actual process, the inner
skirt is set with pinned boundary conditions. The center of rotation only allows rotation
around the x-axis.

As mentioned, in a preliminary stays the simulation is to evaluate the feasibility of using
an explicit dynamic strategy, the elasticity properties are considered to simplify the simu-
lation. Therefore, no accumulation of plastic strain exists. In this case, the manufacturing-
applying progress are equivalent to a same closing step. The rotation step is defined as
Dynamic, Explicit, with time period 0.5, which is an estimation of the actual closing time.
The geometric non-linearity is considered through the progress, as large displacements
happen.

Figure 2.7: boundary condition of the fixed inner skirt in explicit dynamic simulation

2.3.3. RESULT IN EXPLICIT DYNAMIC SIMULATION
Before discussing the specific simulation results, it is necessary to determine whether

mass scaling of the model is necessary. The natural time scale plays an important role in
dynamic analysis, because an accurate representation of the physical mass and inertia in
the model is required to capture the transient response. However, for complex dynamic
models, it is common to include some very small elements, which will force Abaqus/Ex-
plicit to use a small time increment to integrate the entire model in time. These small el-
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ements are usually the result of difficult mesh generation tasks. By artificially increasing
the mass of these elements at the beginning of the step, the stable time increment can be
significantly increased, while the effect on the overall dynamic behavior of the model may
be negligible.

The inaccuracy caused by mass scaling will be directly reflected in the dynamic measure-
ment results. For the contact force, in this simulation, what we are concerned about is the
force in the y-axis direction, that is, when the force is positive, the external force object will
push the bottle cap to move in the closing direction. When the force is zero, it means that
the snap through phenomenon occurs, and the angle that drops to zero will be recorded as
the snap through point. Although the strain rate does not affect the stiffness matrix of the
material during the simulation of the elastic range, the rotation speed obviously affects the
deformation of the closure due to inertial effects. In each test process, a constant rotation
time is set as the production process reference value 0.5S, although this is just an estimate.

The approximate value of the stability limit is usually written as the minimum propaga-
tion time of the expansion wave through any element in the grid [50].

∆t ≈ Lmi n

cd
(2.1)

Here, the maximum stable time increment is Proportional to element size, inversely pro-
portional to dilatational wave speed. The expression of the wave speed is:

cd =
√
λ̂+2µ̂

ρ
(2.2)

where ρ is the density of material.

Figure 2.8: Time cost in explicit dynamic simulation



34 2. EXPERIMENTS AND SIMULATION METHODS

The actual time consumption of explicit dynamic simulations under different mass scal-
ing conditions is counted and compared. Target time increment stands for that if the mass
of each element will be scaled until the time increment reach the target value. The result
shows that before the increment 1E-7 are reached, the total time cost didn’t make much dif-
ference on the calculation efficiency, while as the mass are also scale up, the inertial force
of the system far more higher then it should be. The kinetic energy will increase due to
the extra inertial force. Figure 2.9 shows this increase when the target time increment 1E-6
and 1E-7. At the end of the contact between the cylinder and the closure, i.e. when snap
through occur and when the hinge will still undergo a lot of deformation, the kinetic en-
ergy grows relative to the elastic potential energy. The smaller the time increment is, the
lower kinetic energy is considered in the simulation. In figure 2.10, the kinetic energy is
neglectable in the energy distribution. The percentage of increased mass in the simulation
(DMass) of 1E-8, 1E-7 and 1E-6 is 3.4%, 8.7% and 25.9%, respectively.

Figure 2.9: energy distribution with target time increment (left)1E-7 (right)1E-6

In the simulation process with the target time increment of 1E-7, the total calculation
time of 1E-6 has been increased by about 10 times, corresponding to more accurate calcu-
lation results. While the time cost difference between 1E-8 and 1E-7 is about 3 times. By
integrating the elements of the contact force in the y-direction of the rigid cylindrical sur-
face, the distribution relationship of the contact force in the y-direction of the system over
time can be obtained.

From the model calculation results, we can get a part of valid information for analysis.
Including the lateral contact force, and the stress and strain of the hinge position element.
After considering a suitable failure model later, stress can be used to predict whether r-PP
material can be used as a suitable processing material. Compared with 0.6N in the experi-
mental results, the contact force of 4N is still too large in the results of target time increment
1E-6, which is caused by the existence of inertial force. It’s also shown in the energy distri-
bution figure 2.8 that the kinetic energy take a large part in the simulation. As for the results
of target time increment 1E-7 and 1E-8, the kinetic energy is relatively low compared to
the total external work. By comparing the maximum reaction force with the experimental
value, the value of 1E-8 and 1E-7 is acceptable while the result of 1E-6 is relatively too large.
As the experiment is carry out in a quasi-static loading condition, its reasonable to expect
that inertial effects take a little part in the necessary reaction force. So the result with lower
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Figure 2.10: energy distribution with target time increment 1E-8

target time increments is more reasonable. Notice that the time cost between 1E-8 and 1E-
7 has a large different, and the result of energy distribution and reaction force y-y is similar,
there is a tendency that maximum reaction force converge at 1.8 N. The target time incre-
ment 1E-7 is better to be applied as it combines with accuracy and efficiency. However,
There is no observed intersection between the zero line and the contact force y-y curve,
so the snap through point cannot be accurately predicted. When cancel the mass scaling,
the job is stop for the reason unknown, so it is not compared here about the result with no
mass scaling. Therefore, the application of explicit dynamics simulation is not a good way
to predict the mechanical properties of the closure, and it requires for further study. The
permanent conclusion is target time increment 1E-7 is a acceptable mass scaling condition
to reach the result. By refining the mesh locally or try the accurate loading trajectory might
improve the observed reaction force to capture the snap through point in explicit dynamic
simulations.

2.4. EVALUATION OF STATIC GENERAL SIMULATION
The core difference between the static analysis process and the dynamic explicit analysis

process is that it is a model that does not contain the internal history of previously applied
input values, internal variable values, or output values. The important advantage of statics
analysis is that it can avoid the effect of inertial force, so as to avoid the division of kinetic
energy and viscous dissipation for the total energy in the quasi-static calculation process,
to obtain the actual contact force more accurately.

Originally, the equation of motion of the system is:
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Figure 2.11: Measured reaction force in y direction of different target time increments

P – I = ma

m = Mass Matrix P = External Forces

I = Internal Forces a = Acceleration

v = Velocity u = Displacement
(2.3)

When inertial forces are small (m -> 0), the equation reduces to the static form of equi-
librium.

P – I = 0

I = Cv + Ku

C = Damping K = Stiffness

K = EM

E = Elastic Modulus M = Moment of Area
(2.4)

2.4.1. BOUNDARY CONDITIONS
In the dynamic simulations, it is observed that when the simulation runs upon a smaller

mass scaling factor, the kinetic energy only takes a low percentage of total system energy
and the inertial force is relatively low. And the kinetic energy finally approach 0 when the
target time increment is 1E-8, when the inertial force is also converged. So its reasonable to
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Figure 2.12: boundary condition of the fixed inner static general simulation

assume, that when the mass scaling ratio is very low or 0, which should have the same time
scale of the real processing, the total reaction force should include two parts, the first part
is the visco-plastic response of the hinge, and the other is a certain value decided by the
real density. By test the real processing, the inertial force is able to be calibrated through a
set of experiments of different rotational velocity for the same material. After removing the
inertial force part, if there is a certain way to predict the viscoplasticity response, it should
able to fully predict the processing of closures in PCR-PP. Therefore, the static general strat-
egy is applied to avoid high computational cost of explicit dynamic simulation. and also
gains a accurate response base on the constitutive model.

Since there is no need to consider the deformation caused by the collision of the cylin-
der, the overall closure structure can be simplified to half, which can be achieved through
symmetric conditions at y-z middle plane. In this simulation, a small area at the top of
the lid is coupled with the middle reference point. This coupling includes six degrees of
freedom of motion. This constraint replaces the original cylindrical loading method, and
directly drives the coupled area to move according to a specific circular curve through the
rotation of the reference point, thereby driving the entire continuum to move. According
to the equivalence of structural mechanics, we can think that the lid undergoes the same
rotation process, and the force provided by this reference point is equivalent to the contact
force of the rigid cylindrical surface, so the output reaction force in the simulation results
can be used to predict the force of the lid. In addition, the way of fixing the lid and the
reference point is the same as that of the dynamic simulation.

The time increment of static calculation is not limited by the stable time increment. By
default, the incremental step size of Abaqus/Explicit in the analysis process is completely
controlled by the solver automatically. This control method is called the automatic incre-
mental step method. In each static analysis step, when the deformation of the object is too
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large, geometric non-linearity needs to be considered, so the step will be divided into sev-
eral incremental steps, performing iterative calculations in each incremental step, which
involves convergence issues. A large time interval might lead to no convergence.

2.4.2. RESULTS IN STATIC GENERAL SIMULATION

Figure 2.13: distortion progress through static general analysis (a) 0° (b) 30° (c) 90° (d) 150°

In Fig 2.13, a unnatural distortion is observed at the top of cap, which is caused by the
coupling. Such a distortion shows the result that the current boundary condition is not
working with clean kinetics. In this case, the reaction force is always positive in several
simulations, which means the snap through point is not observed under current settings.
In order to eliminate this unnatural distortion, we cut the cap into three parts, the hinge in
the middle and the supporting structure without hinges on both sides. After the segmenta-
tion is completed, the hinge in the middle maintains the original elastic properties, while
the sections on both sides are given extremely high stiffness, E=1E6 MPa, which can be ap-
proximated as a rigid body. After repairing, the normal rotation process can be observed in
fugure 2.14, and the snap through behavior is shown in later results.

In the analysis results, RF2 represents the force component on the y-axis, and RF3 repre-
sents the force component on the z-axis of the reference point. To compare the differences
between the methods, the reaction force is compared at the top of the coupling or the bot-
tom of the coupling to observe which conclusions the selection of this position will affect.
Still, the chosen coupled area at the closure top will influence the result, which is shown in
figure 2.15. The fixed top and bot means the top or the bottom of lid’s tip is coupled with
the reference point.
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Figure 2.14: rotation progress with rigid body assumption (a) 0° (b) 30° (c) 90° (d) 150°

Figure 2.15: Different Coupled part (a) coupled top (b) coupled bottom

According to the analysis results, from both coupling methods, snap through occurs at
around 110°, while the component values of the force in the y direction and z direction are
significantly different. The closer the coupling position is to the top plane, the smaller the
force it is. It shows that various coupling strategy will not leave an observable shift on the
snap through point. A reasonable hypothesis to explain why the reaction force amplitude
are different is that the projection component of the torque of the bottom coupling on the
rotation plane is smaller, so the force consumed is greater.

As the simulation in the elastic range has no accumulated plastic strain and cannot ef-
fectively simulate the movement of the bottle cap after high temperature processing, it’s
still available for us to observe how the temperature effect the rotation performance of the
closures. At 69 degree Celsius, the Young’s Modulus of HF840MO is down to 230 MPa.
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Figure 2.16: (a) Reaction Force curves for various coupling strategy (b) Schematic diagram

Figure 2.17: Reaction Force on the reference point at room temperature.(left)/69°C (right)

The snap through point is observed later after the temperature rises.Therefore the buck-
ling effect in the plastic body is less likely to occur at higher temperatures. Since the Young’s
modulus of the material decreases at high temperatures, the two forces also have smaller
amplitudes in the elastic analysis. According to the experimental data, the closing snap
through happens at 100 degrees under room temperature, which seems to be in good agree-
ment with the experiments.



3
STRUCTURAL ANALYSIS BASED ON

VISCOPLASTICITY MODEL

3.1. RESULTS DISCUSSION OF VISCOPLASTICITY SIMULATION
This chapter includes the thermoplastic constitutive model in the finite element model.

Recall that the manufacturing of closure has 3 stages, the first stage is the closing at 342
K after the injection molding, follow by cooling down and openning at room temperature
298 K.Then the closure is ready to be used at room temperature. Due to computational
resource limits,simulation of the complete process with a fine mesh are not possible. So
only the first step is simulated with a fine mesh, to show the ability of current model. In
the following sections, the discussion will be based on the simulation with a coarse mesh,
to capture the tendency of the reaction force which allows a qualitative analysis on snap
through behavior.

Thanks to the work of my fellow college Manoj, who calibrated the Johnsen’s Model with
QCP-300P. The calibration is according to ASTM D638, the test method for tensile proper-
ties of plastics. This protocol is carried out on “dog bone” shaped samples, and the tests are
under different pre-treatment, temperature and humidity conditions as per the different
speeds of the testing machine. In FEM simulations, the dog bone sample is created as a
part. The loading is set on one side of the sample, to have a tension with certain strain rate.
After get the stress-strain curve of the element at sample’s middle, the parameters are fitted
to the curve through bayes optimization. The whole step is defined as the calibration. After
the calibration, the viscoplasticity model is able to predict the response of the material. The
calibrated properties is in table 3.1.

Figure 3.1 shows the FEM prediction with the calibrated thermoplastic model. The max-
imum reaction force y-y occurs at 45.4°, with value 0.92 N. After the peak, the buckling
effect happens due to the bending at the hinge, the reaction force decreases. Snap through
angle is observed at 104° at 342K. One significant difference between the result in elastic
range and the viscoplasticity model is that the snap through point moved left for about 30°,
the elastic snap through happens at 138° and the viscoplastic snap through point at 105°,
for the material QCP-300P at 342 K manufacturing condition. The strain hardening in the
polypropylene under a certain temperature and strain rate exhibit a significantly lower re-
sistance to the deformation when compared to perfect elastic material.The figure 3.2 shows

41
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position=above

Table 3.1: Calibrated material properties of QCP-300P

Property SI Units Cross-Linked PE

µA, ref MPa 480
aA K−1 0.02
θref K 298.15
∆Hα kJ/mol 2.48×105

Vα nm3 4.17
Part A ṗ0,α s−1 9.92×1034

bα − 1.75
∆Hβ kj/mol 2.41×105

Vβ nm3 3.02
ṗ0,β s−1 3.66×1036

bβ − 9.99
µB , ref MPa 3.8

Part B κB MPa 400
λlock − 5

the equivalent plastic strain in the deformation progress in the centre element of the hinge.

The equivalent plastic strain is a physical quantity used to determine the position of the
yield surface of the material after strengthening, At the snap through point, the equivalent
plastic strain is predicted to be 0.29.

In addition, since the closure is deformed at 342K and then it is cooled, it accumulates
a residual plastic strain. Therefore, after cooling, the closure is given a new characteristic
which is called open rest angle. Due to the existence of plastic strain, the opened cap does
not stay in a horizontal state, but there is a specific tilt angle derived from plastic deforma-
tion.

To capture the open rest angle, two additional steps are necessary to be added after the
original closing, including the opening at 298 K, and the closing at 298 K. To simplify the
simulation, the heat exchange between atmosphere and the closure’s surface is not in-
cluded in the interaction settings. The 0.8mm global size mesh is applied in the simulation,
so the following simulations are not accurate. The same material’s parameters are applied
in the model. So in this case, the goal is to reveal the tendency of shifted snap through
point, and the parameter sensitivity.

The figure 3.3 is the reaction force results for both closing and opening process. Different
to the black curve corresponding to closing the closure at 342 K, the red curve which de-
scribes the opening progress shows a new intersection at 10 degrees. This feature is defined
as the opening rest point, the stable angle without external force, where the lid will stay
open without further external force. The opening snap through is captured at 100 degrees.
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Figure 3.1: The reaction Force y-y in 342K simulation, viscoplastic/elastic properties

As the Young’s modulus and the equivalent plastic stress both increase at lower tempera-
ture, the peak of opening reaction force y-y is higher than during the closing process.

In figure 3.4, When the closure is closed again at room temperature, the larger snap
through angle compared with the original closing at 342K is observed. Based on the ac-
cumulated plasticity, the closed rest point is observed at 25 degrees, which is the stable
position at which it remains opening. The reaction force value become higher at 298K com-
pares with 342K.

Notice that there exists a diversity between the simulation result and the experiment
result. The closing/opening snap through in the experiment is 130/80 degrees, and the
closing/opening rest point is 15/5 degrees respectively. However, recall that the experiment
was conducted for a different material, i.e. HF840MO instead of QCP-300P. In addition, the
mesh used is coarse and the constitutive model has not been carefully calibrated, so its not
our main purpose to have a very accurate snap through behavior prediction. constitutive
model will also influence the accuracy of results, so its not our main purpose to have a exact
same snap through behavior in simulation with the experiment.

3.2. FAILURE CRITERIA OF POLYPROPYLENE
To reveal if the recycled polypropylene is a stable material for the closure, including a

failure model of PCR-PP is necessary. As reviewed previously, failure of polypropylene in-
cludes degradation, mechanical failure and oxidation. In the study of Wal [51], the fracture
behavior of PP is based on the testing condition and also material properties, crystallinity
and molecular weight. To simplify the discussion in the thesis, mechanical failure is the
only factor considered.

Due to the high simulation cost, the fatigue behavior of the closure is also not discussed
in this thesis. We are focusing on the failure at the first opening-closing round after the
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Figure 3.2: equivalent plastic strain at 342K in hinge middle

heat treatment. The maximum deformation happens at the downside of the corner of
hinge. The hinge structure is shown in the figure 3.6. According to the simulation result,
the equivalent plastic strain for this point during the simulation is already higher than the
onset strain of yielding. It’s reasonable to discuss about the ductile fracture on the closure.
The method here to predict the failure is the maximum strain criterion, due to the ductility
of PCR-PP. So the criterion is calibrated by the uniaxial tensile test result of QCP-300P. To
prevent failure, the limitation of extension is set at the maximum strain at different tem-
perature.

Through the simulation, the maximum equivalent plastic strain exists at the middle and
bottom of the hinge, where it has minimum thickness and undergoes maximum bending.
The equivalent plastic strain is shown in the figure 3.5. According to the result, among the
rotation at 69°C, the element will need to take 58% equivalent plastic strain. According to
the uniaxial tensile test, the plastic strain at that temperature can be much higher until
failure. So, the material is not expected to fracture at that temperature.

In the tensile test, the tensile behavior of QCP-300P is tested in two different tempera-
ture, including the heat treatment temperature and the room temperature. Recall that the
manufacturing process closes the closure right after the injection molding before the cool-
ing down. If the closure didn’t experience this, the hinge would break at room temperature
when closing it. This phenomenon is also explained in our results.

Under 69°C, The average maximum strain measureed for QCP-300P is 358% . Compared
with the simulation, the maximum equivalent plastic strain during closing progress is 58%
at 160°, and even at 180° the equivalent plastic strain is significantly lower than the limit.
While at 23°C, the average maximum strain is 35.8%, relatively lower than required strain.
So the bending at higher temperature works as a strain hardening to the product enable
it with higher resistance to breaking according to the maximum strain failure criteria. This
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Figure 3.3: The reaction force y-y of opening at 298K, after the original closing at 342K.

results explain the necessity of closing at 342K, so the maximum strain criteria is partly able
to explain the behavior of PP.
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Figure 3.4: Reaction force in re-closing progress

Figure 3.5: equivalent plastic strain at 342K in hinge middle

Figure 3.6: Hinge Structure
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Figure 3.7: Uniaxial tensile results of QCP 300. (a)69°C(b) 23°C





4
CONCLUSION

This thesis is concentrated on simulating the mechanical behavior of PCR-PP active clo-
sures. The weakest part of the structure is the hinge, which is corrolated for the snap
through behavior and the closing force.Finite element analysis demonstrated that inertial
effects may be non-neglectable during the closing process of the closure in the mold af-
ter injection molding. These simulations, however, are computationally expensive, There-
fore, implicit static finite element analysis was developed to predict the quasi-static clos-
ing process and compare it with a simple experimental measurement. These simulations
constructed simplified boundary conditions but they showed reasonable agreement with
experiments when considering an appropriate thermoplastic model. The model is able to
approach the behavior of real closures, predicting the snap through behavior point. A sim-
plified failure analysis was conducted focused on the maximum strain criteria to explain
the necessity of closing at high temperature after the injection molding step during manu-
facturing.

Still, there remains several questions for future study. The finite element model can be
improved by using better constitutive models, especially the failure criteria and damage
models. These models can be used to predict fatigue behavior. Additional improvements
of the boundary conditions would be beneficial. Furthermore, once high-quality simula-
tions are available, it would be interesting to use machine learning methods to design new
closures that cause smaller deformations at the hinge.
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