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ABSTRACT: This paper is aimed to introduce the reader with the specifics of viscoelastic materials, and physical background of their 
time-dependent behaviour during exploitation period. It points out, how the selection of viscoelastic material in combination with thermo-
mechanical conditions during the processing might affect the functionality and long-term behaviour of a product in use. Both can be 
considered and analysed by characterizing material properties through which material and technology effects are manifested in different 
mechanical responses to the certain loading conditions. In relation to this, fundamental viscoelastic material functions are presented in the 
article, as the main characteristics to evaluate functionality and long-term behaviour of time-dependent (viscoelastic) materials.
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RESUMEN: El propósito de este artículo es introducir al lector con las características específicas de los materiales viscoelásticos y las 
bases físicas del comportamiento dependiente del tiempo que se observa durante su vida útil. Se menciona que tanto la selección del material 
viscoelástico en combinación con las condiciones termo-mecánicas utilizadas durante el procesado pueden afectar la funcionalidad y el 
comportamiento de un producto a largo plazo. Ambos parámetros pueden ser considerados y analizados mediante la caracterización de 
las diferentes respuestas mecánicas del material bajo ciertas condiciones de carga. En relación a este punto, las funciones viscoelásticas 
fundamentales del material se presentan en este artículo, como las principales características para evaluar la funcionalidad y el comportamiento 
a largo plazo de las materiales dependientes del tiempo (viscoelásticos).

PALABRAS CLAVE: Polímeros, dependientes del tiempo, viscoelástico, comportamiento a largo plazo, funciones del material

1.  INTRODUCTION

Time-dependent materials, such as polymers are nowadays 
important structural materials, particularly in the aerospace 
and automotive industry. They belong to viscoelastic 
materials which are characterized by their time- and 
frequency-dependent mechanical properties ([1], [2], 
[3]). In practice, this means that the functionality and 
applicability of polymeric products can change considerably 
after a certain period of time. This may lead to appearance 
of defects and loss of product functionality over time.

When using time-dependent materials for designing 
of structural elements it is important to know how the 
mechanical properties of materials might change during the 
useful life of a product. The degree of change in mechanical 
properties for a polymeric material depends on many 
factors. These are pressure, temperature, humidity, and 
stress conditions to which the material is subjected during 
its manufacturing, and later in its application.

It is a well-established fact that macroscopic properties 
of any material generally depend on its morphology. 
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Morphological properties of the solid polymers are 
affected either by initial kinetics and/or the thermo-
mechanical boundary conditions to which they are s 
exposed during the technological process. The material 
initial kinetics include molecular characteristics such 
as chemical composition, topology of molecules and 
molecular mass distribution, while thermo-mechanical 
boundary conditions include temperature, pressure, 
mechanical loading (or their combined effect) during a 
technological process.

In this respect, the remaining sections of this article 
firstly provide an overview on how material inherent 
characteristics and processing technology can affect the 
functionality of viscoelastic materials, followed by a 
description of viscoelastic functions that can be used to 
evaluate the effect of material and technology selection on 
the final functionality of polymeric materials, as well as 
the different methodologies used to obtain such functions.

2.  THE EFFECT OF TECHNOLOGY ON MATERIAL 
PROPERTIES AND FUNCTIONALITY OF 
POLYMERIC PRODUCTS

The quality of polymeric products is defined by their 
functionality and durability (i.e., behaviour over a long 
period of time). During their use, polymeric products 
are frequently exposed to different loading in the form 
of force, which results in material creep, a change in 
geometry, and finally product failure. A typical example 
are the polyethylene films used to produce shopping 
bags, waste bags, packaging, car covers, greenhouse 
covers, and a number of other products. Shopping bags, 
for instance, often rupture during carrying as a result of 
the creep of the material under constant load imposed 
by the weight of goods in the bag. In the case of 
greenhouse cover films which are constantly stretched 
while in use, the tension of the film decreases because 
of material creep, and consequently, the functionality 
of the product deteriorates – cover film becomes loose.

When talking about cyclically loaded polymeric 
products, as for example transmission belts, and 
plastic gears, their macroscopic responses to the cyclic 
loading are basically governed by the two competitive 
mechanisms acting at the molecular level, which are 
both affected by the loading frequency. At higher 
frequencies usually dominates local overheating of the 
material due to the hysteresis dissipation of mechanical 

energy, whereas, at lower frequencies localized strain 
accumulation process occurs, which leads to the crack 
initiation, followed by its propagation, and failure of 
the product.

When considering the observations on the material 
behaviour under different loading conditions at the 
macro-scale, it is a well-established fact that what 
is observed as a macroscopic behaviour, it strongly 
depends on material structure at different space scales 
(nano-, micro-). Therefore, modification of material 
structure might serve as a suitable approach for tailoring 
mechanical and other physical properties of materials.

At the beginning of the 20th century, research in 
this field, particularly on materials with crystalline 
structure, led to realization that under extreme thermo-
mechanical conditions substances can form structures 
exhibiting completely different physical properties on 
a macro-scale. Pioneer work in this field was done by 
Percy W. Bridgman who was awarded a Nobel Prize 
in 1946 for his study of the influence of high pressures 
on material behaviour. His findings enabled, among 
others, manufacturing of diamonds in the laboratory 
environment. Further research in this area led to a 
realization that highly differing 2D and 3D structures 
can be created by applying respective extreme boundary 
conditions. These findings were awarded Nobel Prize 
in 1996 in chemistry for the discovery of fullerenes.

Significantly less is known about polymer structure 
formation, mainly due to their complex building blocks and 
the interactions between them. Polymers consist of linked 
basic units called monomers, which form a chain. The 
number of monomers in a chain can vary from thousands 
to millions. Chains in a polymer can be entangled or 
ordered into crystals. An important contribution to our 
understanding of polymer structure formation was set 
when Paul J. Flory (Nobel Prize 1974) described the size 
of a polymeric chain by taking into account that a certain 
volume occupied by the chain segments is not available to 
the other segments of the chain, which was later followed 
by Pierre-Gilles de Gennes which explained the way 
polymers chains move pass each other in the molten state, 
in a motion that de Gennes described as reptation. In 1991, 
de Gennes received the Nobel Prize in physics for showing 
that scaling laws which apply to simpler materials also 
apply to polymers.



Dyna, Edición Especial, 2012 99

In the case of polymeric materials the structure 
formation takes place in several phases and at different 
time-space scales (Figure 1). In the first phase, i.e., 
monomer synthesis, the basic building blocks are 
atoms. This phase results in monomers which are 
equal in size (mass) and topology for a certain type of 
material, e.g., caprolactam which is the basic element of 
the polyamide 6 macromolecules. Monomers represent 
“building blocks” of the second phase in the structure 
formation of polymeric materials, i.e., the phase of 
polymerization. This phase involves the formation of 
macromolecules of different length and topology. The 
result of this phase is a material, usually in the form of 
granulate, whose structure at molecular level is built 
of macromolecules with different mass distribution.

Macromolecules with different mass distribution (in 
the form of granulate) represent the building block 
of the last phase in the structure formation process, 
i.e., technological processing of polymers up to the 
end product using various technological procedures 
(extrusion, injection-moulding, blow-moulding, 
etc.). Structure of the polymeric product is formed 
during melt solidification in the polymer processing 
and defines the time-dependent properties of the final 
product in solid state (i.e., its mechanical and other 
physical properties). Figure 1 presents schematics 
of several phases of polymer product formation at 
different time-space scales.

 
Figure 1. Schematics of polymer product formation at different time-space scales

During the last phase of technological process, 
different structures can be formed, which on the 
macro-scale will result in physical properties that are 
different by several orders of magnitude. The effect 
of technology parameters on the physical properties 
was for example discussed in the papers ([4], [5]), 
where authors performed investigation with the low 
density polyethylene (LDPE). LDPE specimens were 
processed under four different (extreme) processing 
conditions using the laboratory extruder, which 
simulated real industrial processing conditions. Results 
of the morphological analysis of the extruded specimens 
indicated the nonlinear effects during material structure 
formation as a consequence of three effects: temperature, 
pressure and shear stress-strain state. The comparison 
of the time and temperature stability of mechanical 

properties of the extruded specimens showed an 
extremely nonlinear effect of the thermo-mechanical 
boundary conditions to which material has been exposed 
during the solidification. The comparison of the shear 
creep curves at a  selected  reference temperature showed 
that by changing the processing parameters within the 
operating range of the laboratory extruder one could 
improve the time dependence by as much as ten to 
more than one million times! These findings clearly 
demonstrate possibilities for tailoring the functionality 
of polymer products simply by changing the processing 
conditions. In order to evaluate the impact of technology 
on the viscoelastic properties of the final polymer 
product it is necessary to utilize proper characterization 
techniques and methodologies.
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The following section gives an overview on the 
basic viscoelastic properties that provide necessary 
information on the long-term viscoelastic behaviour of 
polymeric materials during the time period of their use. 

3.  CHARACTERIZATION OF VISCOELASTIC 
PROPERTIES

When a stress or a strain is impressed upon a body, 
molecular rearrangements take place inside the material 
by which it responds to the imposed excitation. In any 
real material these rearrangements necessarily require 
a finite time. When the internal time of molecular 
rearrangements is comparable to the macroscopic time 
scale of the experiment the material is considered to 
be viscoelastic [1].

Since the (viscoelastic) behaviour of polymers is 
time-dependent it will differ according to the form of 
excitation chosen to obtain the response. In principle 
there are two fundamental forms of excitations: static 

and dynamic. The step excitation, as a representative of 
the static group, and harmonic (sinusoidal steady-state) 
excitation representing the dynamic group are referred 
to as standard excitations.

Responses of viscoelastic materials are also categorized 
in two distinctive groups according to whether they 
arise from a strain or a stress excitation, i.e., either 
relaxation or creep behaviour, consequently. 

In the case of time-dependent materials the algebraic 
stress-strain relations known from the elasto- and 
plasto-mechanics are replaced by the convolution 
integrals, whereas the material constants (moduli) 
with the viscoelastic material functions. There are 21 
material functions that describe viscoelastic behaviour of 
materials in solid state, seven of them are determined by 
static, and 14 by dynamic methods of characterization. 
Material functions differ by type of loading, mode of 
loading, and domain (time or frequency) [6]. These 
material functions are listed in Table 1.

Table 1. Viscoelastic material functions

Mode of loading 
Shear 
Bulk

Type of loading

Uniaxial 
extension Poisson’s ratio

St
at

ic Relaxation G(t) K(t) E(t) ν(t)

Creep J(t) B(t) D(t)

D
yn

am
ic Relaxation

In phase G’(ω) K’(ω) E’(ω) ν’(ω)

Out of phase G’’(ω) K’’(ω) E’’(ω) ν’’(ω)

Creep
In phase J’(ω) B’(ω) D’(ω)

Out of phase J’’(ω) B’’(ω) D’’(ω)

It is known that within each set (static and/or 
dynamic) of time-dependent material properties in 
respect to the certain type of loading (shear, bulk 
(volumetric), or uniaxial) all material functions are 
mathematically equivalent. This means that if a 
material function is known within the whole time range, 
i.e., log t−∞ < < ∞ , it contains complete information 
on static and dynamic creep and relaxation for this 
particular type of loading.  Consequently, it is possible 
to interconvert one material function to another [1] 

regarding the same loading type by applying their 
interrelation through mathematical expressions. In 
practice, it means that knowing any of the functions 
related to the selected type of loading, e.g., ( )J t , ( )G t , 

'( )J ω , ''( )J ω , '( )G ω , ''( )G ω , over the entire range 
of time or frequency allows calculation of all the others 
within the listed set. Similarly, such interrelations are 
valid also for the material functions regarding the bulk 
and/or the uniaxial type of loading. 
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There are two modes of deformation that can be 
considered as fundamental and independent of one 
another; the bulk deformation (related to the changes in 
size) and the shear deformation (related to the changes in 
shape) [1]. For many time-dependent materials their bulk 
properties change several orders of magnitude less than 
the corresponding shear properties during the same time 
period [1]. Since uniaxial deformation and Poisson’s ratio 
combine both change in size and shape they cannot be 
considered fundamental. In respect to this, in the following 
sections of this entry we are discussing characterization 
of viscoelastic properties regarding only fundamental 
deformational modes, i.e., shear and bulk.

3.1.  Static creep and relaxation

Step loading in the form of a constant stress causes 
response of the material in the form of strain, which 
increases with time. The observed process is known as 
creep of the material.

If a step loading is applied in terms of a constant strain, the 
stress in the material will decrease with time. This process 
is commonly known as the stress relaxation process.

3.1.1.  Static creep and relaxation in shear

When the loading conditions are given as a constant 
shear strain, 0γ , stress-strain relation yields material 
time-dependent shear relaxation modulus, ( )G t , in 
the form of

 ( )
0

( )tG t τ
γ

= ,  (1)

where ( )tτ  is the time-dependent shear stress response.

When the loading conditions are given as a constant 
shear stress, 0τ , the stress-strain relation gives an 
algebraic equation from which one may calculate the 
time-dependent shear creep compliance, ( )J t , as 
follows

 
0

( )( ) tJ t γ
τ

= ,  (2)

where ( )tγ  is the shear strain response as function 
of time.

To attain creep compliance and the relaxation function 

it is usually required to either perform two independent 
experiments [2], or to determine one of the material 
functions, while the other one is obtained through the 
interconversion method [1], which requires inverse 
solution of an integral equation, known to be an ill-
posed problem.

An alternative to the traditional way of material 
creep and relaxation characterization was proposed 
by Nikonov et al. [7]. They presented the theoretical 
framework for development of a new apparatus, 
which allows simultaneous determination of the creep 
compliance and the relaxation modulus from a single 
experiment based on the underlying idea of applying 
the load to the specimen through a Hookean spring 
which initiates both, creep and relaxation processes 
simultaneously.

3.1.2.  Static creep and relaxation in bulk

Polymers are frequently subjected to rapid temperature 
and/or pressure changes during their exploitation. 
Understanding how the volume of the polymer 
responds in these circumstances is important in several 
engineering applications and manufacturing processes. 
Changes in volume (size) are associated with the bulk 
deformation mode, and can be characterized as material 
bulk properties, i.e., as bulk relaxation modulus, K , 
and/or bulk creep compliance, B , that may depend 
on time, frequency, temperature, pressure and/or other 
factors (e.g., humidity).

The bulk creep compliance, ( )B t , is determined from 
the time-dependent relative volumetric contraction in 
response to an instantly applied hydrostatic pressure 
drop (or increase), pδ , while the temperature is 
maintained constant. It is obtained from the expression 
[2],

 
0

( )( ) v tB t v p
δ
δ

= −
⋅

,  (3)

where ( )v tδ  is the specimen volume change at time 
t , while 0v  is its initial volume before deformational 
process occurs.

On the other hand, bulk relaxation modulus, ( )K t
, determines how much of hydrostatic pressure is 
generated in the material after instant change of its 
volume, 0vδ ,
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 0
0

( )( ) p tK t v vδ= − ⋅ ,  (4)

where ( )p t  stands for measured pressure inside the 
material (internal stress state) as a function of time [2]. 
It is known, that for any material that is in equilibrium 
at a given temperature and pressure, ( )B t  becomes 

the thermodynamic compressibility, 
1 v
v p

β  ∂  ⋅   ∂   
=  

at a given temperature, while ( )K t  becomes the 
corresponding equilibrium bulk modulus [2].

In the case of the bulk creep compliance it is 
important to emphasize, that pressure, p , acts as an 
environmental boundary condition, while pressure 
change, pδ , as a loading condition.

3.2.  Dynamic creep and relaxation

Creep and stress relaxation tests are convenient for 
providing information on the material response at long 
times (minutes to years), but are not useful at shorter times 
(seconds or less) because of inertial effects induced by 
the step loading input. When performing dynamic tests 
one applies loading in terms of sinusoidal oscillating 
stress or strain at a frequency ν  in Hz  or 2ω πν=  in 

/ secradians . Such tests are well-suited for covering 
the short-time (high frequencies) range in the response, 
but are inconvenient at long times (low frequencies).

3.2.1.  Dynamic creep and relaxation in shear

If the viscoelastic behaviour is linear, it is found that stress 
response of the material to sinusoidal strain loading at a 
particular frequency ω  will also alternate sinusoidally, 
but will be out of phase with the strain. If 0γ  is the 
amplitude of sinusoidal strain loading in shear, and 0τ  
is the amplitude of sinusoidal shear stress response at a 
given frequency ω , two dynamic independent properties 
can be determined from dynamic experiment,

 0 0'( ) ( / )cos( ( ))G ω τ γ δ ω= , (5)

and

 0 0''( ) ( / )sin( ( ))G ω τ γ δ ω= . (6)

'( )G ω  is the storage modulus, defined as the stress in 
phase with the strain in a sinusoidal shear deformation 
divided by the strain amplitude. It is a measure of the 

energy stored and recovered per cycle. On the other 
hand, ''( )G ω  is the loss modulus, defined as the stress 
of 90° out of phase with the strain divided by the strain 
amplitude. It is a measure of the energy dissipated or 
lost as heat per cycle of sinusoidal deformation. ( )δ ω  
denotes the phase angle between stress and strain.

Similarly, the storage compliance '( )J ω  is defined as 
the strain in sinusoidal deformation in phase with the 
stress divided by the stress amplitude. It is a measure of 
the energy stored and recovered per cycle, whereas loss 
compliance, ''( )J ω  , is the ratio of the strain of 90° out 
of phase with the stress divided by the stress amplitude. 
Definitions of both are presented with equations (7) and (8),

 0 0/'( ) ( )cos( ( ))J ω γ τ δ ω= , (7)

and

 0 0/''( ) ( )sin( ( ))J ω γ τ δ ω= . (8)

The storage modulus '( )G ω  and compliance '( )J ω  are 
directly proportional to the average energy storage in a cycle 
of deformation. The loss modulus ''( )G ω  and compliance 

''( )J ω  are directly proportional to the average dissipation 
or loss of energy as heat in a cycle of deformation.

As a measure of the ratio of energy lost to energy recovered 
in a cyclic deformation the parameter loss tangent is 
defined as tan ( ) ''( ) / '( ) ''( ) / '( )G G J Jδ ω ω ω ω ω= =
. The loss tangent determines such macroscopic 
physical properties as the damping of free vibrations, 
the attenuation of propagated waves, and the frequency 
range of a resonance response [2].

3.2.2.  Dynamic creep and relaxation in bulk

Measurement of bulk viscoelastic properties in 
sinusoidally oscillating deformations, like those of 
shear properties, can be classified depending on whether 
the ratio of sample dimensions to the wavelength of 
waves propagated at the chosen frequency is small, so 
the inertial effects can be neglected and the deformation 
is homogeneous throughout the sample, or large, so the 
sample contains a train of waves.

It needs to be told, that there is not many available 
measuring setups and consequently, accessible 
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experimental data regarding bulk viscoelastic properties. 
Viscoelastic solids require employment of non-trivial 
measuring equipment when it comes to dynamic bulk 
measurements. One of the possible measuring principles 
is based on placing a specimen into the stiff cavity, and 
after this filling the cavity with an appropriate liquid with 
which the specimen does not interact. A piezoelectric 
driver generates small sinusoidal pressure variations, 
which compress the specimen in a quasistatic manner 
as long as the cavity size is chosen appropriately. A 
separate piezoelectric sensor measures the pressure 
response with respect to both, amplitude and phase 
shift relatively to the input pressure. Before measuring 
dynamic properties of the specimen, compressibility of 
surrounding liquid needs to be determined as a reference 
by calibration procedure. When the specimen is placed 
in the cavity, filled with liquid, its compressibility will 
modify the cavity signal. From the difference one can 
derive dynamic bulk modulus and compliance, i.e., 
storage and loss bulk modulus, '( )K ω  and ''( )K ω , as 
well as storage and loss bulk compliance, '( )B ω  and 

''( )B ω , respectively [6].

3.3.  Temperature and pressure as means to extend 
experimental window

In order to obtain complete information on viscoelastic 
properties of a polymeric material it is necessary to 
perform experiments in a wide time range that can 
extend over several years. Since this is not acceptable 
from practical reasons, measurements are usually 
performed within a certain experimental time interval, 
the so called experimental window at different 
environmental conditions (temperatures and/or 
pressures). For practical reasons experimental window 
is typically limited to 410 s , which is approximately 
3h . However, these intervals do not cover the entire 
set of material’s viscoelastic properties. Therefore, 
a method of extrapolation which allows moving 
from one excitation time to another was developed. 
Such extrapolation is based on the principle of 
equivalency of time and temperature, and is called 
time-temperature superposition principle (TTSP) 
([1],[2],[3]). If the polymer of interest obeys TTSP, i.e., 
it is thermorheologically simple, then the viscoelastic 
properties measured at different temperatures, and 
constant pressure, over a fixed period of time, have 
similar shape within the superimposing interval, and 
can be exactly superimposed by shifting the curves 

horizontally along the time axis with respect to a 
certain reference temperature. In effect, by changing 
temperature one is able to rescale time. The curve 
created by superposition is called a master curve, while 
the amount of shifting along the horizontal axis for 
each curve is called a shift factor. TTSP asserts that 
the obtained master curve after shifting is identical to 
the response that would be found at longer times at 
the reference temperature, if one would be able to do 
the experiment. Thus, one effectively has a measure of 
the complete material behaviour by applying TTSP to 
isotherms measured within experimentally accessible 
time windows within the limitations of its validity [2].

The effect of pressure on the relaxation and retardation 
behaviour of polymers is analogous to the effect of 
temperature taking into account that the effect of higher 
temperature corresponds to effect of lower pressure and 
vice versa [8]. As for temperature, when all response times 
are equally affected by a change in pressure, the material 
is called piezorheologically simple, i.e., it permits time-
pressure superposition, when isobaric segments are shifted 
in the same manner as shifting of isotherms, by taking in 
consideration certain reference pressure.

In similar way, as generating the master curve of time-
dependent properties, frequency-dependent material 
functions can be determined by applying frequency-
temperature (-pressure) superposition principle to the 
segments measured in frequency domain at different 
temperatures and/or pressures.

Material viscoelastic property provided by the 
constructed master curve at a given reference 
conditions (temperature and pressure) brings over the 
information, how particular material property will 
change over time, if the material is exposed to certain 
reference temperature and pressure.

4.  CLOSING REMARKS

Polymeric materials are very important in our everyday 
life, they are viscoelastic materials due to their inherent 
structure and as a result different material properties are 
necessary to describe their mechanical behaviour. This 
paper presents an overview of viscoelastic properties 
that should be characterized in order to gain complete 
information on time- and frequency-dependent 
behaviour of materials during their exploitation.
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Several factors such as, for example, temperature 
and pressure to which the material is subjected 
during its manufacturing, and later in its application, 
might significantly change its mechanical properties. 
Therefore, it is important to consider the effect of these 
influences when performing experiments in order to 
characterize viscoelastic properties of the material 
properly.

One of the main limitations is that experimental 
procedures for complete characterization of viscoelastic 
behaviour are relatively time-consuming, and are 
therefore usually accompanied by theoretical-numerical 
approaches that enable prediction of long-term 
behaviour of material. However, as an effort to shorten 
experimental times, different methodologies involving 
mathematical and neural networks treatment of tensile 
testing results are currently under investigation.

Another factor that limits the use of viscoelastic properties 
to evaluate the functionality of polymeric materials 
is that measuring equipment is not readily available. 
For molten shear viscoelastic properties, rheometers 
are becoming more and more popular research tools. 
However, equipment to determine solid shear viscoelastic 
properties and bulk properties in general are difficult 
to find, with a few non-commercial apparatuses being 
available in selected laboratories around the world. 
Therefore, it can be seen that there is a need to develop 
new automatized experimental setups that would allow 
complete viscoelastic characterization of materials under 
different temperature and pressure conditions.

As a result of these two main limitations (equipment 
availability and lengthy tests), coupled to the notion 
that polymeric materials can be characterized the 
same way as metals, the currently available standards 
do not require complete viscoelastic characterization, 
and do not prescribe methodologies that would 
yield reliable information on materials’ viscoelastic 
behaviour. However, newly-establishing standards 

for characterization of time-dependent materials, 
which will require tests of creep and relaxation, are in 
preparation. On the way to their standardization it is 
important to define the experimental and theoretical 
characterization methodologies which are based 
on well-established physical laws. Only in this 
case one can expect valuable and reliable results of 
characterization.
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