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Abstract

The protection of works of art even during transport is of primary importance, for this reason a
continuous evolution of protection systems is necessary. Hence the need to create a procedure for
the design and validation of solution to protect the works of art from the vibrations generated
during transport. This procedure, developed in the ambit of the project Tech4MUBAS, funded by
the Italian Ministry of Cultural Heritage and Activities, consists in the creation of a finite element
model which is then validated through experimental tests. A polymeric matrix material, called
Sorbothane, is considered to be used as an interface between the source of vibrations and the crate
in which the works of art to be transported is placed. In this case of study, as artwork to be
transported, an earthenware made vase is considered. It is chosen with shapes and dimensions that
can be representative of most of the works of art of this type. A study of the material is therefore
necessary in order to determine the information relating to its hyperelastic and viscoelastic
properties, obtaining the parameters necessary for the material definition in Abaqus CAE software,
used for the realization of the finite element model. Studies relating to the dynamics of the vase are
conducted in order to determine its resonance frequencies, identifying the first vibration modes at
a frequency equal to 950 Hz. This value is important since the protection system must be
implemented to filter below this frequency. The determined material parameters are than used for
the creation of finite element models for very simple configurations, composed of steel
parallelepipeds supported by Sorbothane pads of various shapes and sizes. Experimental tests on
these configurations are then conducted in order to validate the models, obtaining, with some
approximations, good results. It is then considered a more complex configuration which consists
of a wood crate, of dimensions suitable to contain the “typical” object represented by the vase,
supported by four Sorbothane pads. Also for this configuration, a finite element model is created
and then validated through experimental tests, obtaining a vertical proper frequency very close to
that obtained experimentally. The considered procedure can therefore be repeated for other case

studies and for other configurations.



Sommario

La salvaguardia delle opere d’arte anche durante il trasporto ¢ di primaria importanza, per tale
ragione ¢ necessaria una continua evoluzione dei sistemi di protezione. Da qui nasce I'esigenza di
realizzare una procedura per la progettazione e la validazione di soluzioni per proteggere le opere
d’arte dalle vibrazioni che si vengono a generare durante il trasporto. Tale procedura, sviluppata
nell’ambito del progetto Tech4MUBAS, fondato dal Ministero Italiano dei beni e delle attivita
culturali, consiste nella realizzazione di un modello ad elementi finiti che poi viene validato
attraverso test sperimentali. E stato considerato un materiale a matrice polimerica, denominato
Sorbothane, per essere utilizzato come interfaccia tra la sorgente delle vibrazioni e la cassa in cui &
contenuta 'opera d’arte da trasportare. In questo caso di studio, come opera da trasportare, ¢ stata
considerata un’anfora di terracotta, scelta con forme e dimensioni tali da poter essere
rappresentativa della maggior parte delle opere di questa tipologia. Si ¢ reso quindi necessario uno
studio del materiale con lo scopo di determinare le informazioni relative alle sue proprieta
iperelastiche e viscoelastiche, ottenendo i parametri necessari per la definizione del materiale
all'interno del software Abaqus CAE, utilizzato per la realizzazione del modello ad elementi finiti.
Studi relativi alla dinamica del vaso sono stati condotti in modo da determinare le sue frequenze
proprie, individuando il primo modo di vibrare alla frequenza di 950 Hz. Tale valore risulta essere
importante in quanto il sistema di protezione dovra essere realizzato per filtrare al di sotto di tale
frequenza. I parametri del materiale determinati sono quindi stati utilizzati per la creazione di
modelli ad elementi finiti per configurazioni molto semplici, composte da parallelepipedi di acciaio
supportati da tappetini di Sorbothane di varie forme e dimensioni. Successivi test sperimentali su
tali configurazioni sono stati condotti con lo scopo di validare il modello, ottenendo con alcune
approssimazioni, dei buoni risultati. Si ¢ passati quindi ad una configurazione piu complessa che
consiste in una cassa di legno, di dimensioni adatte a contenere I'oggetto “tipo” rappresentato
dall’anfora, supportata da quattro tappetini di Sorbothane. Anche per tale configurazione ¢ stato
realizzato un modello ad elementi finiti che & stato validato attraverso test sperimentali ottenendo
una frequenza propria verticale molto vicina a quella ottenuta sperimentalmente. La procedura

considerata puo essere quindi ripetuta per altri casi di studio e per altre configurazioni.
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Introduction

The safety of travelling works of art, especially during the phases of handling and transport, is a top
priority in implementing policies for cultural promotion in a period, like the one we are living in,
where globalization constitutes a characterizing phenomenon with a consequent increase of
relationships and exchanges in different contexts on a global scale, where often the concept of

fruition of a good goes to conflict of with that of its conservation.

For this reason, a project named Technology For the MUseum of the BASilicata (Tech4MUBAS)!
has the purpose of creating a procedure that allows to identify the most effective packaging and
damping system’s design starting from the knowledge of the information of the artwork that must

be handled (e.g. material, weight, weaknesses, etc.).

The companies involved in the project are the following:

Politecnico di Milano, Dipartimento di
NG . https://www.mecc.polimi.it/
POLITECNICO Meccanica
MILANO 1863

C.B.C. Conservazione Beni Culturali

http://cbccoop.it/
Soc. Coop. P P
AREERE Arteria S.r.l. http://www.arteria.it/
IE' — http: d h.i
W 3D Research S.r.l. ttp://www.3dresearch.it/

Each of these companies provides their own expertise in the various areas of the project.

Thanks to the experience acquired over the years in the area of restoration of works of art, the C.B.C.
company follows the aspects related to the restoration, cataloguing and risks assessment. 3D
Research company, instead, deals with 3D scans, FE modelling of works of art and for the design of
customized support solutions. Arteria, finally, is one of the major Italian companies in the field of
logistics of works of art, and it takes care of the problematic tied to the transport and the packaging

of such valuable objects, supplying indications regarding techniques and material mainly used in

! Project funded by the Ministero dei beni e delle attivita culturali, Istituto Superiore per la Conservazione ed
il Restauro, as a part of the project PON Cultura e Sviluppo ERDF 2014-2020 Asse I — ISCR Project
“Capolavori in 100 Km, un viaggio reale e virtuale nella cultura della Basilicata, per conoscere, conservare,
valorizzare”. Partnership procedure for innovation according to art. 65 of Legislative Decree 18 April 2016,
n. 50 for the development of services for the transport and exhibition of artistic artefacts of museums of
Basilicata to be realized with innovative systems of management and movement of the elements in relation to

the priority objective of vibration reduction.



this field to the Department of Mechanical Engineering of Politecnico di Milano, which then
perform experimental tests and modelling through FEM technique to find the best solution for the

vibration reduction during transport.

An important aspect of this project regards the crate protection. The idea is to design pads using
material with damping capabilities and to attach them at the base of the crate in order to reduce the

vibration transmission.

A preliminary research among the materials with damping behaviour available on the market and
a study of their properties is needed in order to select those that have characteristics suitable for our

purpose.
After this preliminary analysis the materials selected, and considered during the project, are:

1 Sorbothane

9 Plastazote

i Ethafom

1 Polyester Urethane Polymer

The materials considered are all polymeric. The intrinsic characteristics of this kind of materials
make them suitable for vibration absorption. The mechanical properties of this type of materials
depend on preload and frequency and this make difficult to understand the behaviour in different
situations. In particular, they usually show both viscoelastic and hyperelastic behaviour and so they
cannot be treated as pure solid or pure fluids materials. For this reason, it is useful to present the
static and dynamic characteristics and mechanical properties of this type of materials as well as the

various models found in literature that make possible a correctly characterization.

A correct material characterization is necessary for the creation of finite element models to predict
the damping capacity of the material under different load levels. The models must then be validated

experimentally.

In this thesis only Sorbothane is considered. Some simple predictive models are realized in Abaqus
CAE using the viscoelastic and hyperelastic properties determined through a characterization

procedure. These models are then experimentally tested in laboratory in order to be validate.

A study case of this project is related to the protection of an earthenware vase, 3D scanned by the
company 3D Research and faithfully reproduced by a ceramist. This vase is chosen because it has
very common dimensions and shapes resulting representative of many works of art of this category
usually transported. The characterization of this vase is important since in order to adequately
protect it, it is necessary to know its mechanical properties. In particular, in this thesis work, its
vibration modes are determined through experimental test, considering the deformed shapes
obtained by the FE model realized by 3D Research.

The knowledge of the dimension of the typical vase is important in this work since the crate
considered to be supported by Sorbothane pads, is chosen in order to be able to contains the

characterised vase. A FE model is realized for this configuration and the Sorbothane properties,



object of validation for simple configuration, are then reported in this model. To verify the

correctness of the model experimental tests also on this configuration are performed.

The Chapter 1 is divided in two main parts. In the first one the attention is focused on the problem
related to the undesired vibrations generated during transport of valuable artworks, analysing the
common adopted packaging techniques, the common transportation methods and the common
insulation methods used to reduce this problem, considering their evolution over the years. In the
second part of the chapter there is a detailed explanation of the polymer characteristics and
mechanical properties in order to understand the reason to choose this kind of material as vibration
absorber. Common methods find in literature to characterize viscoelastic and hyperelastic

properties are also described.

The Chapter 2 presents the Sorbothane material and the fitting procedure used to characterize this
polymeric material in terms of hyperelasticity and viscoelasticity obtaining the fundamental
parameters needed for the material definition in Abaqus CAE software used to create the FE model

and to perform the FE analysis.

The Chapter 3 describes the steps carried out to create the finite element models representative of
five simple configurations and the implementation of the Sorbothane properties previously
determined to model the pads. The results obtained after the FE simulations are then compared to
the ones obtained through an experimental testing procedure performed in laboratory, detailed
described in this chapter, on the same configurations modelled. The comparison of the results has

the aim of validating the FE models.

The Chapter 4 contains a detailed description of the experimental evaluation procedure used in
order to determine the vibration modes of a reproduction of an ancient ceramic vase. A comparison
between the transfer function obtained experimentally and the deformation obtained for each mode
from the FE simulation is performed in order to determine the frequency corresponding to each

mode.

The Chapter 5 presents the finite element model creation for a complex configuration composed
by a real crate supported by four Sorbothane pads modelled using the material parameters validated
in the chapter 3. The results obtained by the FE model simulations are than compared to the ones
obtained from experimental tests also described, in order to validate the material characterization

also for this configuration.
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1. Problem assessment and literature review

1.1Safety transportation of artworks

1.1.1 Introduction to transportation

The transport of unique priceless masterpieces is a delicate operation and there are several
specialized companies that work specifically on this field. A European standard [1] tries to regulate
all the aspects related to the collection mobility defining principles to be considered when
transporting movable cultural heritage. It is a result of a collaboration with a lot of professionals
from Europe regarding all the parties involved in the transport presenting the successive steps of
moving objects using relevant means of transport and providing recommendations for the safe and
secure transport of cultural heritage. In particular, it indicates the roles and the responsibilities of
the various parties involved and provides a guideline for choosing the type of transport considering
some factors as the dimensions and the weights of the objects and their conditions. In addition it is
also specified the requirement that the means of transport should have to guarantee greater safety

during transport.

Since the transport involves risks, the planning starts with the assessment of these risks in order to
choose the transportation method appropriate to the particular situation, to take necessary

measures to avoid damage to the objects.

In the previous reported standard there are no indications regarding the practices commonly used
for packaging artworks, for this reason the collaboration with Arteria, that is one of the most
important Italian companies that deals with the transport of artworks, is crucial since thanks to the

experience gained over the years can help us to understand the usually adopted solutions.

1.1.2 General packaging operations

Once is verified that an artwork can be moved without a huge increase of risk of damage, the
packaging phase can start. Each artefact is unique, it shows particularities and problems related to
constitutive materials, shape, weight and dimensions and in some cases alterations due to previous
impacts. For these reasons it is fundamental the collaboration between museum curators and
packing technicians. Objects have to be packed in a way that is in solidarity with the case [2]. Each
company use a different packaging strategy, but usually it is made up by three layers of protective

materials.

The first one is the one in contact with the object and protects it from dust and scratches. For this
important layer the material used must be chemically and physically neutral. It is also good to have

a transparent material in order to enable to see the object under this first protection. Depending on

11



case and budget the material that can be used are for example tissue paper, glassine, Melinex, or

polyester fiber based compound.

The second layer is an intermediate cushion material used to reduce vibrations, to absorb impacts
and to attenuate temperature variation. The temperature control during transport is very important
especially for paintings. The most used cushioning materials are polyethylene foam or polyurethane

in all its form, thickness and densities.

The last layer is a rigid shell, realized to be impact resistant and to facilitate the handling. This one
is practically the crate. The crates in which the artworks are transported are commonly made by
wood, especially plywood. The type of case is chosen as function of the artefact to be transported

and its fragility.

Not always are necessary all the three layers, it depends on the kind of work of art that has to be

transported.

The earthenware, marble and metallic sculpture are always transported in crate, single or double
[3]. The double crate is realized by inserting into the external crate another crate with a layer of

damping material in between. The choice is made on the specific case.

The object placed in the crate has to be generally fixed with shaped and padded wooden spacers or
partitions that have to be positioned in the points in which friction between the surface of the

artwork and the crate can occur, to avoid the consequent generation of stress due to the pressure.

It may also be necessary to provide a padding or a filling with polyurethane foam in the point of

weakness or fragility of the object; this represent the second layer of protection described above.

If the object to be transported is sensitive to humidity and temperature changes, it is necessary to
seal the crates and size them in order to contain also a sufficient quantity of stabilizing material to
maintain the relative humidity within the allowed range for the best conservation of the object. To
obtain better efficiency the stabilizing material has to be uniformly distributed in the crate to have

the largest exchange surface [2].

Particular attention must also be paid to the choice of material used to make the cases and those
that come into contact with the artwork (fills material, spacers, etc.) which must not emit harmful

substances.

When the artwork is correctly packed, the transport phase can start.

12



1.1.3 Types of transport

It is important to know all the phases of the operations to which the object is subjected during

transport. The shipper must be informed of all the particularities and the weaknesses of the artwork.

The total size of the packed object and the need to travel in a vertical or horizontal position must
also be specified. This information is relevant to choose the mode in which the transport can be

carried out. Usually the transport is carried out on the road or by airway.

The transport on the road, carried out using trucks, is chosen for relative short distance or where
the dimensions of the object does not permit the use of air carriers. To avoid transport “trauma”,
trucks used for this kind of transports are equipped with air suspension, temperature control and

with hydraulic tailgate for loading and unloading operation in safety conditions.

When the size of the crate allows it, it is better to use air transport because it is faster and less

expensive. Air shipment can be of two types:

Freight: In this case the artwork is placed in the hold of a passenger or cargo plane. This kind of
shipment is correlated to the crate dimension and positioning (vertically or horizontally directed)
in which it must travel. To ensure stability of the crates it is preferable to use flights that can
accommodate containers or pallets, but on most flight for European destinations it is possible to

load crates with a maximum height of 80 - 114 cm [3].

Hand-Carry: The artwork travel with the attendant in the cabin of the aircraft. For this kind of
transport, the size of the crate must be similar to that of a hand luggage. The artwork must be placed
under the front seat or on an extra seat next to the passenger seat [3].

Whichever types of transport is chosen, special attention must be given to the vibration transmitted

to the crate containing the artwork.

1.1.4 Crate design and configurations i Literature review

Over the years, various solutions have been proposed for the realization of crates designed to

transport valuable and fragile goods.

The first patent found in literature regards a crate capable of withstanding minimum force of 300G
and frequency from 0 Hz to 50 Hz [4]. This light weight, reusable crate with also humidity control
and breathing control have an internal crate suspended by means of cable-type isolators usually
composed by stainless steel cable and aluminium retaining bars. This kind of isolators are corrosion

resistant.

13



It can be considered as the first double crate configuration.

Figure 1.1: Schematic representation of the double crate configuration [4]

An evolution of the previous patent is presented many years later [5]. It consists in a double crate
configuration, composed by an outer housing that contains an inner housing realized by means of
a solid and ductile material. The outer housing is constituted by two parts which are a body and a
lid defining a meeting plane to connect the two parts through bolts. Shock absorbing suspensions

are realized in natural rubber and are placed between the two cases.

Figure 1.2: Schematic representation of the double crate configuration [5]

A patent registered in the last decade [6] can be considered as an alternative method for packing
valuable articles to protect them against damage during transportation and storage, with an
increased ease to construction and economy of materials. It maximises the effective protective
packaging tailored specifically to the particular dimensions and configuration of a valued article,

such as artwork, an antiquity or a collectible, with minimal expense.

It enables an increased ease of unpackaging valued articles with a minimize risk of damage during

this phase and with a reduced waste of materials.

14



The container is composed by an inner crate having an interior for receiving the article to be
transported with filler material interposed between the object and the outer wall of this box, and by
an outer wall including an exterior surface that extends circumferentially around the inner case.
The internal crate is separated by the outer one by means of suspenders dimensioned to ensure
precise insertion. The suspenders establish an open gap along circumferential distances between
adjacent suspenders in addition to suspending the inner crate from the outer crate. The suspender
is constructed of a shock absorbent material for deterring the transmission of shocks from the outer
crate to the inner crate; a material that can be considered for this purpose is the polyurethane foam
in fluid form injected into each corner in the space between the two crates. Spacers, realized using
a relative weak material, are used as dams to confine the fluid foam to the corner. To protect the
artwork in the internal crate, filler blocks are interposed; the preferred mode to package vessel is to
inject a fluid polyurethane foam into the inner case to establish the lower filler block, then the vessel,
covered by a suitable lower parting sheet, is pressed into the poured volume. Then an upper part of
parting sheet is placed over the vessel and a sufficient quantity of polyurethane foam is injected to
cover the vessel to realize the upper filler block. Once the polyurethane foam is dried, the artwork
results safety confined in the filler block. The successive removal of the artwork from the inner case
is facilitated by the parting sheets. Once the inner case is correctly isolated an outer cover member

is mounted in juxtaposition with the frame of the outer case.

-
o

' ’g?:’ %
&
=4

Figure 1.3: Schematic representation of the double crate configuration [6]
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1.1.5 Vibration isolation and impact protection

One of the main problems to face during the transport of the artwork is the vibration transmitted
from the source to the object. The range of vibration that can be considered during transport goes

from about 0 Hz to 300 Hz depending on the transportation method used.

Vibrations produced during transportation are controllable, with known and programmable times
and with the possibility of acting effectively by in reducing the produced stress, also through the use

of packaging and suspension systems correctly designed.

Previous illustrated methods to package and transport fragile articles such as artwork are studied to
reduce this problem. Lot of work is done in previous years in order to isolate internally the object
with respect to the crate but only in the last years, important galleries and companies specialized in
transport of works of art, start to consider the possibility to protect the crate (external crate in case
of double crate configuration) from vibration and impacts produced during the transport and

generally during the handling phase.

Recently, to improve the impact protection, devices called skid mates have been used. They consist
in an air dampened cushioning device made of polyethylene, a chemically inert material, for extra
shock absorption that can easily mounted on the base of the crate by bolted joint. Since they are
designed to avoid damages due to impacts from falling, their behaviour related to vibration

absorption has not been thoroughly analysed.

1.2 Polymeric materials
1.2.1 General description and classification
The commercial success of polymer based product has generated a demand that the total

production of plastics, by volume, has exceeded the combined production of all metals for more

than 20 years. [7] The Polymer Science evolved from the following five separated technologies:

{ Plastics

I Rubbers or Elastomers
{ Fibers

9 Surface Finishes

1 Protective Coatings.

In more recent years, polymers have become an engineering structural material of choice due to

low cost, ease of processing, weight savings, corrosion resistance and other advantages.

The knowledge of the natural polymer’s composition was generally unknown before the middle of

nineteenth century. At that time, the chemical or molecular character of a material’s composition

16



was defined in terms of its stoichiometric formula and its properties were defined in terms of colour,

crystal habit, specific gravity and other characteristics.

Only at the beginning of the twentieth century the attentions are carried to the chemical structure
of material, which together with advances in measurement techniques, led finally to understanding

and later to acceptance of polymers as consisting of large covalently bonded molecules.

In the late nineteenth century, materials now defined as molecular high polymers were thought to
be composed of large molecules or colloidal aggregates. These colloidal aggregates were said to form
from smaller molecules through the action of intermolecular forces of “mysterious origin” which
were responsible for the unusual properties such as high viscosity, long-range elasticity, and high

strength [8].

The critical problem in evaluating the molecular nature of polymers in the early twentieth century
was the lack of quantitative characterization methods. Perhaps the greatest limitation lies in the
limited ways available to accurately measure the high molecular weights of macromolecular
materials, since the vapor density method which was widely applied for low molecular weight
material could not be employed. After a lot of studies, polymer scientists introduced the concepts
of statistical thermodynamics to describe the characteristics of long chain polymers of high

molecular density.

More than 30 individuals have been awarded the Nobel prize for Chemistry for their contributions

either directly or indirectly to the development of polymer science and associated technology.

Nowadays it can be said that a polymer is composed of many simple molecules that are repeating
structural units called monomers. Each single polymer molecule consists of hundreds or of a million
of monomers and may have a linear branched, or network structure. The covalent bonds hold atoms
in the polymer molecules together and the secondary bonds holds groups of polymer chains
together to form the polymeric material. An example of molecular chain is present in the following

figure in which can be seen the molecular structure of polyurethane

Figure 1.4: 3D representation of polyurethane molecular structure

Exist a variety of way to characterize polymers accordingly to their molecular structure, but

generally most of the polymers can be divided in two important groups, thermoplastic and

17



thermosets. The fundamental physical difference is referred to the bonding between molecular

chains.

In particular, thermoplastics have only secondary bonds between molecular chains, while
thermosets also have primary bonds between chains. This difference can be seen by looking at the

material properties.

Thermoplastic polymers may be either amorphous or crystalline (rarely over 50% crystalline).
Crystalline polymers are often more dense than amorphous due to the closer packing of their long

molecular chain molecules. In general, the following properties are enhanced:

- Hardness
- Friction and wear
- Less creep or time dependent behaviour

- Corrosion resistance and/or resistance to environmental stress cracking
An example of this kind of polymers is polyethylene.
In general, this kind of polymers are easier to produce and cost less than thermosets.

A special subgroup is Thermoplastic Elastomers (TPE) that exhibit properties of both thermoplastic
and elastomers, which are typically thermosets. They consist of two different polymers in a block

copolymer arrangement which phase segregate into hard and soft domains.

Thermosetting polymers are used when high thermal and dimensional stability are required. They
show a glass transition temperature below the room temperature. This kind of polymers are

irreversibly hardened by curing from a soft solid or viscous liquid prepolymer or resin.
An example of this kind of polymers is polyurethane.

A particular class of thermosetting polymers is represented by elastomers that exhibit high
flexibility and are used in application such as seals, dampers, insulation and tires. This kind of
polymers are amorphous and molecular chains are held together by relatively weak intermolecular

bonds, which permit them to stretch in response to a macroscopic stresses.

Sometimes a pure synthetic polymer may not have desirable characteristic for a particular
application. With the use of some additive or fillers, various properties such as toughness can be
modified.

For the same reason two or more plastics are mixed (alloyed) to achieve special properties and are
known as polyblends. An example of this kind of plastic is the ABS (acrylonitrile butadiene and

styrene) often used in engineering applications with polycarbonate.

As result many structural plastics are composites, obtained by combination of several materials. In
this way engineers can obtain a material with desired properties by combining the effect of various

additives.

The additives alter the polymer, and this may cause a polymer to be both heterogeneous and

anisotropic and since most of the test made to measure properties are performed by considering the
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material homogeneous and isotropic, this can be not adequate to evaluate long-term structural

performance of a polymer used in engineering design.

1.2.2 Fields of applications

Polymers are widely used in all the common industries thanks to their intrinsic characteristics. We
have also to consider that the cost to produce polymers is sometime less than the cost to produce

certain metals.

Polymer products are replacing other material for a lot of non-structural applications, because the
modulus and strength of polymers are lower than the ones of the metal for example and cannot
work very well in some structural fields. The exception is for fiber reinforced polymers but then the

production cost is often much higher.

1.2.3 Mechanical properties of polymers

Polymers are materials that have unique response to mechanical loads and are treated so that in

some instances behave as elastic solids and, in some instances, behave as viscous fluids.

Considering that their properties (mechanical, optical, electrical, etc.) are time dependent and
cannot be treated mathematically by the laws of either solids or fluids, the study of such material

began long before the macromolecular nature of polymers was understood.

As the knowledge of the physical nature of polymers increased and synthesis techniques was
improved, many polymers of widespread usage were developed. Since these materials were
employed in devices and structures become necessary to analyse and understand from an
engineering point of view the response of polymers to load and other environmental variables, such

temperature and moisture.

Today, high performance polymer composites are used for critical applications, and thus the study

of the mechanics of polymers as a structural material is an important research area.

We are now able to say that the fundamental difference between polymers and other material resides
in the inherent rheological or viscoelastic properties of polymers. This can be seen by looking that
the mechanical properties of polymers such as Young Modulus, Poisson’s ratio vary with time. This
time dependent behaviour depends on their unique molecular structure. In particular, we can say
that the long chain molecular structure of polymer give rise to the phenomena of “fading memory”,
and this create the need to determine engineering properties in a different way compared to those

used for traditional structural materials.
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Generally, studying the mechanics of materials, there are five fundamental assumptions normally

made about the characteristics of the material for which analysis can be considered valid.
These are:

- Linear: Two types of linearity can be considered: Material linearity (Hookean stress-strain
behaviour) or linear relation between stress-strain, Geometrical linearity or small strain
deformation.

- Homogeneous: Material properties are the same at every point.

- Isotropic: Material which have same mechanical properties in in all directions.

- Elastic: Deformations due to external load are completely and instantaneously reversible
upon the load removal.

- Continuum: Matter is continuously distributed for all size scales, no holes or void in the

composition.

Under these assumptions the elementary analysis can be valid independently on the material
considered. However, if these assumptions cannot be satisfied, serious errors occur if the analysis

performed are not changed accordingly.

These elementary definitions are not always valid to determine the stress-strain characteristics of
polymers, for example if polymers are loaded varying the strain rate, the behaviour varies

significantly.

Sometimes the polymer manufacturer specifies elastic modulus, yield strength, strain to yield, etc.
as determined by these elementary techniques. So, we must pay attention to this, considering that

if we need more appropriate specifications, other consideration has to be made.

The mechanical properties of polymer are typically obtained by performing a uniaxial tensile test at

constant rate of strain or head motion, similarly to those used for metals and other materials.
We can find some stress- strain diagrams that indicates the types of solid polymers, for example the
following one [7].
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Figure 1.5: Stress-Strain diagrams for solid Polymers [7]

In the diagram we can see four curves, the curve 1 represent a linear elastic and brittle material (e.g.

polystyrene), curve 2 is similar to the one of a semi-ductile material (e.g. PMMA), curve 3 is similar
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to the one of a ductile material (e.g. PET), curve 4 is similar to the one of a typical elastomer (e.g.

flexible urethane).

For an elastomer, the stress-strain curve is highly non-linear, and the deformation is mostly
reversible up to elongation at break that can be several hundred percent. This behaviour is also

known as hyperelasticity.

The determination of mechanical parameters is usually performed toward the elementary
definitions as explained above except for the determination of yield stress for which the common
method used is to consider it equal to the proportional limit stress or the first peak in the stress-

strain diagram.

If some tests are performed at different constant strain rate or temperatures, resultant stress-strain
diagram will be different and so the modulus and yield stress vary with both temperature and rate

[7].
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Figure 1.6: Stress- Strain variation, function of temperature (a) and rate (b)

We can also say that the stress-strain response appears nonlinear even for low stress levels. In all
the cases we have to pay attention during the interpretation of the information obtained from

elementary tests.

Most industry specifications for properties are determined using standards provided by American
Standard of Testing Material (ASTM). By looking at the standard used, we can understand the kind
of test performed to obtain the value found on the datasheet, and this can be a good way to

understand the robustness of the data.

1.2.4 Viscoelasticity
Since the mechanical properties of polymers varies as function of the load application rate and
consequently the response of polymer-based materials, due to their unique molecular structure,

depends on time, it’s clear the difference from time dependence induced in other materials such as
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metals by fatigue, corrosion or other environmental factors. The same environmental factors affect
polymers with different results compared to other materials due to the intrinsic viscoelastic nature

of the molecular structure [7].

To understand the viscoelastic behaviour of a polymer a constant strain can be applied to a
specimen in a quasi-statically way. If the specimen is maintained fixed, so that the strain remains
constant, the stress needed to maintain this deformation decreases with time. This is also the aim

of the so called relaxation test.

The stress can go to zero for an ideal thermoplastic polymer. The following figure shows the typical

thermoset and thermoplastic material behaviour under relaxation test.
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Figure 1.7: Behaviour of Thermoplastic and Thermosetting polymers under Relaxation Test

It can now be said that since the stress is function of time and the strain is constant, the modulus
will also vary on time. The modulus obtained is defined as relaxation modulus of the polymer and

is given by the following relation:
oo — (1L.1)

or
., 0 - 00 (1.2)

Values of limiting moduli at time t=0 and time t=co are defined as,

06 m —— V¢ QONOBGaOI (1.3)
o~ W O b e aa s
00 b — 06 Q4 "Awél ‘ABOWO | (1.4)

Another example that can be used to explain the viscoelastic behaviour of polymers may be to take
a specimen and subject it to a constant stress. Maintaining the load constant it can be seen that the

strain increases with time.
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This is also the procedure used to perform the so called creep test and as result a quantity called

creep compliance can be defined as,
00 — (1.5)
so that,
(1.6)
In a creep test the strain will reach a constant value after long time for thermoset polymers and

increase without bound for thermoplastic polymers.

Values of initial and for equilibrium compliance can be defined similarly to initial and equilibrium

modulus

Performing a constant stress test can be important to analyse what happens to the strain if the stress
is removed, this is called creep recovery test. We can see in the following figure [7] that for an ideal
thermoset polymer the strain goes to zero after an enough time interval, long compared to loading
time. For an ideal thermoplastic polymer, a residual deformation will remain even after a very long

(or infinite) time.
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Figure 1.8: Behaviour of Thermoplastic and Thermosetting Polymers under creep test (a) and under creep

and recovery tests (b)

Deformation mechanisms associated to relaxation and creep are related to the long molecular chain
structure of polymers. Continuous loading induces gradually strain accumulation in creep as the
polymer molecules rotate and unwind to accommodate the load. In a relaxation test in which there
is a constant strain, the initial sudden strain occurs more rapidly than can be accommodated by the
molecular structure, but with time the molecules will again rotate and unwind so that low stress is

needed to maintain the constant strain level.

It is now clearer that polymers have some characteristic of solid and some characteristics of a fluid.
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In a relaxation test, the ratio of initial stress strain is:

0o m — (1.7)
and from creep test we obtain,
oo n — (1.8)

analogous to the behaviour of elastic solid.

On the other hand, in a creep test the rate of change of the strain (slope) for a thermoplastic material
is,
’Q'b H T oroa 7 o owox
—— WEEI OWE O (1.9)
Qo
after a sufficiently long time, which is a characteristic of fluid.

This flow characteristics of thermoplastic polymer are due to the lack of primary bonds between
molecular chains and the solid characteristics of thermoset polymers are due to the presence of

primary bonds between individual chains.

In both thermoset and thermoplastic polymer, creep is related to the motion of molecules between
entanglements, while the mechanism for creep are limited to motion between crosslinking sites for

thermosets.

We must pay attention that if a very soft material is tested in creep, the cross sectional area may
change as the material creeps, in that case the test may not be significant. In that case the load must

be changed in time such that the amount of load divided by the changing area remains constant.

1.2.5 Phenomenological models for viscoelastic materials

Elementary mechanical models can be used to describe the viscoelastic polymeric behaviour. These
simple models are very helpful in order to obtain physical understanding of the phenomena of
creep, relaxation and other procedures used to understand the stress-strain behaviour for this kind

of materials.

The simplest one consists of two elements: a spring to simulate the elastic behaviour and a damper

to simulate the viscous behaviour.

First it is introduced a model of a linear spring to represent an Hookean bar under axial tension

where the spring constant is the modulus of elasticity.
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Now considering a semi-infinite fluid. If a flat plate at the top of fluid is moved with a certain
velocity V, with the hypothesis of Newtonian fluid, that means that the viscosity is constant and
independent form the velocity at which is measured, or alternatively the shear deformation varies
linearly from top to bottom assuming a no slip boundary condition between fluid and plate and

between fluid and container [7].
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Figure 1.9: Physical description of simple phenomenological model for viscoelastic materials

The Newtonian law of viscosity for the shear process may be expressed as,
Q Qo6  Qr | F

T QOQw QO (1.10)

where * is the viscosity and — represents the strain in an infinitesimal element of the fluid.

A linear viscous damper can be used to model a Newtonian fluid such that it can form a uniaxial
fluid analogue to a tensile bar. The housing of the damper contains a fluid with viscosity * . The
diaphragm is perforated and when it is pulled through the fluid by a force, motion occurs following

the Newtonian Laws of viscosity.
Spring and damper element can be combined in order to simulate the viscoelastic response.

Maxwell model combine a linear spring in series with a Newtonian damper [7].

L 11

: (G

Maxwell fluid

Figure 1.10: Maxwell fluid model

As said before, this model is useful to describe mathematical relations between stress and strain in
viscoelastic polymers and in giving insight to their response to creep, relaxation and other types of

loading.

25



For Maxwell model the equation between stress and strain can be obtained using equilibrium and

kinematic equations for the system and constitutive equations for the elements.
In this case the equilibrium gives,

(1.11)

with ,, is the applied stress, ,, is the stress in the spring and,, is the stress in the damper
Kinematic condition is,

.. (1.12)
with - is the total strain in Maxwell element, - is the strain in the spring and - is the strain in the
damper.

Constitutive equations are,

” (03 . (1.13)

and

” ‘ S~ ‘- » (114)
Qo

Differentiating the kinematic condition and replacing the strain rate of the spring and of the
damper, the relation between stress and strain is obtained,

w o~ O (1.15)

This differential equation can be solved for particular cases of stresses and strains. Usually the
equation is written in standard form with the ascending derivatives from right to left on both sides

of the equation obtaining,

‘ (1.16)

” 6"
In this form the inverse of the coefficient of the stress rate is defined as the relaxation time T —.

To obtain the solution in case of creep test, in which the applied stress is constant and can be written

as,
., 0 , 00 (1.17)

with H(t) called Heavyside function and defined as,
Vo0 pQd ™

v n~e (1.18)
00 mQeo m
That means stress constant for time greater than zero. Having this input, the solution will be
. P .P
-0, = Or (1.19)
O ]
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or
-0 , 0o (1.20)

where

)

(1.21)

glo

represent the creep compliance.

The solution of equation (1.15) in case of relaxation test is obtained using a step input in strain,

S0 -00 (1.22)
with a resulting stress output,

, 0 -oaf” (1.23)
where

oo o7 (1.24)

represent the relaxation modulus.

The stress at time equal to the relaxation time is defined as,

. 0 T 6

(1.25)
This represent the definition of the relaxation time for a polymer, allowing to find the relaxation
time easily from experimental data without the use of a mathematical model.

Relaxation time can be used as material property to give an information of the time scale associated

with viscoelastic response of polymers.
We can say that Maxwell model provide a defining relationship for the viscosity of a material.

In order to understand better, we can consider the response to a Maxwell fluid under a constant

strain rate loading.

In case of constant strain rate, we have that,

- Yo (1.26)
—. Y weeEl oweoO (1.27)
Qo0
The differential equation becomes
— Y4 1.28
” lo,l ( )
with solution that has the form,
, 0 TOY Q° (1.29)
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or knowing that0  -¥Y
,» - TOY Q (1.30)

Hence for various constant strain rate, several results are obtained. This can be seen looking at the

figure below [7]

R3> R>> R1 (b) (c)

Figure 1.11: Constant strain rate - Strain VS time (a) - Stress VS time (b) - Apparent stress-strain

response (c)

While the stress versus time curves would be linear for a single spring (pure elastic material), the
result for the Maxwell element appears nonlinear since the damper continuously relaxes some of

the stress as time increases. The stress strain behaviour is shown in figure (c).

The stress strain response might be mistakenly interpreted as nonlinear, even though the model is
composed only by linear element; the reason for this is due to the relationship among strain and

time.

We can say that is not possible to determine if the material is linear only by looking at the shape of
an experimentally determined response to a constant strain rate test as generally conducted in
laboratory. Linearity can only be assessed by determining if the material response is independent of

stress regardless of loading type.

Now considering a viscoelastic material subjected to a constant stress imposed at the initial time 0,
defined ,, , as in case of the above described creep test, the elastic element of the Maxwell model is

suddenly deformed, and the viscous element deforms with a constant strain rate.

-0 9 )
o) : (1.31)

If at time O O the stress is released, the deformation of the elastic element is completely

recovered ( - ), instead the deformation of the viscous element is not recovered
(- )-
_ "_ (1.32)
(@]
- 0 — (1.33)
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Since no transient response is shown in a creep test, i.e. creep response is linear with time, for this

reason we can say that the Maxwell model is typically not able to describe real polymer behaviour.

This model can be used as building blocks of more general models. By coupling different models,
we can describe the more complicated time behaviour to mechanical load that can be different in

various parts of polymer chain. The result is a wide spectrum of relaxation times.

The differential equation governing the response for any mechanical model may be obtained
considering constitutive equations for each element as well as the overall equilibrium and kinematic
constraints of the network. The differential equation obtained can be solved for particular loading,
the solution for simple creep or relaxation loading provides the creep compliance or the relaxation

modulus.

1.2.6 Generalized Maxwell and Weichert models

To represent the behaviour of a polymer under the condition of relaxation as many as 5-15 or more

elements are necessary. A model with many elements is called Generalized Maxwell model.
The differential equation for this model can be expressed as,
» N, N, EN, n- A- EN- (1.34)

In which ,, O ,, N is taken equal to one and £ represent the number of parallel Maxwell

elements in the considered model.

Remembering that a mechanical model constructed by Maxwell element can in general represented

through a differential equation of the standard form
N —= N == (1.35)

With€=G andr}  Ttfor the generalized Maxwell model.

Figure 1.12: Generalized Maxwell Model representation [7]
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The solution of the Generalized Maxwell model for a given strain input- O, can be found by
superposition of € first order differential equation or equivalently by solution of the single €

order differential equation.
The first order differential equations are all expressed in the form

. TO, "0 o (1.36)
where j ranges from 1 to €.

The kinematic constraint provides that strain in each element is the same as the global strain

(- 6 -0)

The equilibrium constraint provides that the solution for the global stress is the sum of the

individual stresses

” (‘) ” C‘) ” (‘) E ” b (1'37)

For the condition of stress relaxation - 0 - O 0, the solutions of these linear differential

equations can be found by superposition

,0 - oQf7 (1.38)
Therefore, the relaxation modulus of a Generalized Maxwell Model is given by

00 oQ ¥ (1.39)

This representation can be called a Prony series expansion and it is often used to describe the

relaxation modulus of a viscoelastic material.

The generalized model described above can only be used to describe a thermoplastic polymer if all

the * wvalues are different from zero.

In order to represent thermoset polymer and also elastomers in which we are mainly interested in,
a free spring is often included obtaining as result the so called Wiechert model [7], reported in the

following figure
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Figure 1.13: Wiechert model representation
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For this model the solution for stress relaxation con be expressed as,

, 0 - 0oQ (@) (1.40)

where O represent the equilibrium modulus.

The exponential Prony series, already previously mentioned, and defined as,
06 © oqQ 7 (1.41)

or,

00 p Q (1.42)

LA
0O 0O
is an exact representation for this Weichert model and it usually implemented in the FEM software.

First of all, the coefficient can be related to simple spring and damper coefficients in a mathematical
model, and so easy to be interpreted. Second, the Prony series are simple exponential functions so
easy to manipulate and to store, since derivatives and integration of the terms are trivial. Third, if
we need to find a numerical solution for a particular boundary value problem, using Prony series
form for the material modulus makes possible the use of recursive algorithm for fast solution of
convolution integral law [9]. That consideration is important to calculate viscoelastic response at
long time, as integrating over time history sufficiently long, requires only to hold terms at the

previous time step.

Experimental data for a particular material produce modulus or compliance functions for a polymer
as a function of time (Relaxation or Creep data) or frequency (DMA test). Given also the time scale
of polymeric response, sometimes is needed to perform separate tests at different temperatures in
order to obtain a full spectrum needed to generate the master curve of the data in frequency or in

time domain.

The defiance is to find the parameters T and O to obtain a good fit over all time of the data. To
solve this problem were presented a lot of method in literature including Procedure X [10],
collocation method [11], windowing method [12] and the sign control method [13] based on

multidata method.

This last method work selecting as first step the time scale of the data. The selection of the relaxation

times is done by mathematical convenience.

Since real polymers have a continuous distribution of relaxation times, a subset of these are chosen

to provide a function that will fit the material data.
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Once relaxation times are selected, the problem is to find coefficients ‘O so that the Prony series
function matches the provided time domain data. The Least Squares approach [14] is commonly
used. The values provided for O are both positive and negative. The solution was given by iterative

Levemberg- Marquadt method based on the first derivatives relative to each unknown coefficient.

By this procedure at the end we have optimal values of O such that Prony series fits the entire data

range.

The sign control method [13] can also be used for fitting frequency domain data. That can be useful
since the most used method to measure storage and loss moduli for polymer, as said before, is the
DMA following presented. In this case storage and loss moduli function of frequency are used as
data to be fit.

1.2.7 Dynamic properties evaluation

In previous sections we analysed the Creep test and the Relaxation test performed to determine the
time behaviour of the viscoelastic materials. A different approach that can be used to determine the
viscoelastic properties, already mentioned in the last section, is called dynamic mechanic analysis
(DMA) test. In this procedure the viscoelastic properties are determined with steady state oscillation

or vibration tests using small compressive bars or thin cylinders.

The differential equations obtained from the generalized mechanical models can be valid also to

describe the dynamical properties.
Considering a small uniaxial sample that is load with a strain input of the form
-0 -0Q (1.43)

Only the real (or imaginary) part, sine or cosine wave, will be input, but the algebra associated to

exponential function is easy to manipulate and will be used for general derivation.

A simplification consists in neglecting the transient terms that in this moment are considered as

inertial terms, in other words we analyse the steady-state dynamic response.

Given the differential equation expressed by the formula,

s 2y L Q- (1.44)
oY) "9 '

valid for a general mechanical model of a viscoelastic material and considering the exponential

input above we obtain a stress output that is also of exponential form

” (‘) ” Z'Q (1'45)
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In which] represent the natural frequency and ,, * is a complex quantity that can be defined as,
A (1.46)

Where O is called complex modulus and can be decomposed into imaginary and real parts as

follows
O Q 0] QO (1.47)

In this formula the real part is represented by O 7  also called storage modulus and the imaginary

part is represented by O 1  also called loss modulus.
These two quantities can be associated to the energy stored and dissipated in a loading cycle.

We can also define a new quantity that express the phase lag since stress clearly lags the strain input

»  «

by a parameter in literature known as “loss angle”, “tan delta” or “damping ratio” and defined as

O 1

—_— 1.48
0 (1.48)

0 W&
Through DMA test it is possible to evaluate rapidly complex modulus, storage and loss modulus
and phase angle or damping.

Using this test, steady state viscoelastic response can be found over a wide range of frequencies by

sweeping (maintaining constant the temperature).

1.2.8 Hyperelasticity

Materials that tends to respond elastically when subjected to large strains are called hyperelastic.
They show both nonlinear material behaviour and large shape changes. This is a typical

characteristic of elastomers or rubber like materials. More important characteristics are:

- Large elastic deformations in order of around 100% to 700% which is fully recoverable, so
the initial shape can be recovered once load is removed.

- Incompressibility, so if they are subjected to huge loads, they change its shape, but the total
volume remains almost constant

- Show a highly nonlinear stress-strain relation
The relation between stress and strain can be generally expressed as

A "QR (1.49)

For linear elastic materials "(s a linear function and the stress-strain relation is simply A~ 'O 5 with

Oconstant elastic modulus of materials, also named Young modulus.

For hyperelastic material, function "(is nonlinear and there are different models that can be used to

define this function.
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This family of material is described in terms of a strain potential energy, @ R, defining the strain
energy stored in a material per unit of reference volume (volume at the initial configuration) as
function of strain at that point in the material. The stress-strain relation is function of strain energy
potential and can be written as,

£ 06 R (150

0 N~ 7 .
O o

In which 8 express the stretch tensor and ‘Oand Oare respectively the first and the second

invariant, defined as:

. 0
1 principal stretch in Edirection T P R

And under the hypothesis of incompressible material, there is no dependence on the third invariant

‘Othat results equal to one.
Considering the principle of virtual works, it is possible to write Fo A B and so the stress can
be expressed as

Tw Tw HO Tw FO

—_— —— 1.51
A A THOR TOMHR ()

There are a lot of forms of strain energy potentials to model incompressible isotropic elastomers. A

possibility is to use the Polynomial model expressed as,
&) 6 0 o O o (1.52)

Where O represent material coefficient to be experimentally determined.

Other models that are commonly used to express strain potential energy are the Neo-Hooke and

Money-Rivlin models, that represent particular cases of the polynomial one.

- Neo-Hookewwy 0 O o
- Money-Rivinw ¢ O o o6 O o

Since the material coefficient have to be determined experimentally, a uniaxial tensile or
compression test can be performed. Stress-strain curve can be obtained and model parameter that

best fit the experimental data can also find.
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For uniaxial tension or compression, considering the incompressibility assumption, we can write:

] ] (1.53)

(1.54)

O 1 ] | ] 15 (1.55)
o11 11 11 c1 2 (1.56)
and the stress can be expressed as,
Tw FO Tw RO p W pw
A —=—=— —=&== ¢ - = = (1.57)
TOR TOH ] B 1P

since he e —

A e 1w L)
]
A ] -
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