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I 

 

PREFACE 

 

This publication is comprised of research papers, presented at the 4th AMES 

International Conference on Engineering - Development and Innovations for New 

Employments 2014 held at Ljubljana, Slovenia, October 23th, 2014. The publication as 

well as the conference was organized by AMES in cooperation with Metal Processing 

Association (Chamber of Commerce and Industry of Slovenia), Faculty of Mechanical 

Engineering (University of Ljubljana), and Faculty of Mechanical Engineering 

(University of Maribor). 

 

The cooperation of academic and industrial partners presents an excellent opportunity: 

for professional networking and exchange of expert opinions; to present the latest 

developments and innovations; to emphasize the achievements in the field of 

sustainable development in Slovenia. 

 

We would like to acknowledge the contribution of the International Advisory 

Committee for helping us to ensure the quality of the papers presented during the 4th 

AMES International Conference. Special thanks go to our sponsors, which enabled the 

realization of the conference and also to the Technical Editors. 
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New generation of viscoelastic granular adaptive damping 

elements 

Marko Bek
 a,b*
, Nikola Holeļek

 a
, Igor Emri

 b  

(a)
 Gorenje gospodinski aparati, d.d., Partizanska 12, 3503 Velenje, Slovenia. 

(b)
 University of Ljubljana, Faculty of Mechanical Engineering, Aġkerļeva 6, 1000 

Ljubljana, Slovenia. 

 

* Corresponding author: 

E-mail: marko.bek@fs-uni-lj.si 

Abstract 

Centre for Experimental Mechanics, Faculty of Mechanical Engineering, University of 

Ljubljana together with Gorenje gospodinjski aparati d.d., has developed adaptive 

granular damping elements for damping vibrations and consequently noise. Damping 

elements consist of flexible tube made out of glass, basalt or carbon fibers and are 

filled with polymeric granular material under high pressure. Hydrostatic pressure 

applied on polymeric material (inside damping elements) tunes frequency where 

material exhibits maximal energy absorptive properties to a frequency of maximum 

external vibrations. By using this novel idea we can exploit full damping potential of 

polymeric materials to reduce railway track vibrations and consequently noise. In this 

paper we present conceptual solution of new granular adaptive dampers. 

1 Introduction  

Railway transport is considered as one of the most environmentally friendly forms of 

transportation. In addition, rail transport is safer and more economical in comparison to 

other forms of transportation. It is expected that in coming years, the role of public 

transport will increase with the introduction of high-speed trains. It is also expected 

that cargo carried per kilometer in freight transportation will increase. The European 

Commission predicts that by the year 2020 the share of passenger traffic will increase 

by 40% and the share of freight transport by 70% [1]. 

One of the main problems of railway transportation is the environmental noise 

pollution. Longer period of exposure to excessive noise increases the risk of various 

diseases for human beings and negatively affects plants and animals.  

There are various sources of noise in railway transportation systems. They can be 

divided into 5 major groups, which are (i) rolling noise, (ii) noise at turns, (iii) noise on 

bridges, (iv) aerodynamic noise and (v) noise and vibration of the ground. However, 

from the literature it is known that at high-speed trains, rolling noise is the governing 

mechanism. Therefore, it is of key importance to control and reduce rolling noise, as it 

will reduce vibrations and consequently overall noise [2]. 

mailto:marko.bek@fs-uni-lj.si
mailto:marko.bek@fs-uni-lj.si
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Rolling noise is the consequence of vibrations caused by contact between train wheel 

and railway track. During the contact, part of the vibrations travels through the track 

and into the ground (vibrations of ground), second part of the vibrations travels in 

longitudinal and transverse directions of the track, which causes excessive noise. To 

prevent travelling of vibrations through the track in longitudinal and transverse 

directions, damping elements, which absorb mechanical energy of vibrations are used. 

Majority of solutions provide the use of polymeric materials, since polymers are 

known for their damping properties [3]. 

New generation damping elements consisting of viscoelastic granular material 

encapsulated in fiber reinforced tube made out of glass, basalt or carbon fibers were 

developed at the Centre of Experimental Mechanics, Faculty of Mechanical 

Engineering, University of Ljubljana in cooperation with Gorenje gospodinski aparati, 

d.d. By increasing the hydrostatic pressure within a closed tube one may adjust 

frequency at which polymeric granular material exhibits its extreme damping 

properties, and consequently obtain maximum energy absorption of rail vibrations at 

given frequency. New generation damping elements are designed for positioning along 

the railway track and underneath, as shown in Figure 1. 

    

Figure 1: Railway line with polymeric damping elements a) under the railway track 

and b) along the railway track. 

2 Theoretical background 

It is known that polymers are good damping materials. Their damping properties are 

usually presented with a damping factor, ὸὥὲ, which is profoundly affected by 

hydrostatic pressure to which material is exposed. 

Effect of hydrostatic pressure on damping properties of polymeric materials 

Damping factor, ὸὥὲ is a frequency-dependent material property, which further on 

depends on hydrostatic pressure to which material is exposed [4]. When polymeric 

material is exposed to high hydrostatic pressure, the mobility of molecules is reduced, 

which is on the macro-scale observed as frequency-dependent shift of damping 

properties as shown in Figure 2. 

a) b) 

Damping elements 
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Figure 2: Damping factor of polymeric material, ὸὥὲ depending on frequency and 

pressure. 

Effect of average granular size and size distribution on viscosity and sound 

transmission loss of granular materials 

Research on viscoelastic behavior of concentrated suspensions with granular material 

showed us that appropriate size and size distribution of granules can be used to 

improve viscosity Figure 3a. Moreover, it was found that granular materials with 

smaller average particle size and broad size distribution profoundly lower sound 

transmission and consequently noise, Figure 3b.  Therefore, adjusting the particle size 

distribution of granular materials we can adjust the characteristics required for 

manufacturing damping elements and their noise reduction capabilities. 

  

Figure 3: Example of effect of particle size distribution on (a) shear rate viscosity of 

concentrated suspensions and (b) sound transmission loss of granular materials. 

3 Conceptual solution 

On the basis of both findings we have developed the new generation damping 

elements, consisting of flexible tube made out of glass, basalt or carbon fibers filled 

with pressurized polymeric granular materials, Figure 4. By changing hydrostatic 

pressure within the flexible tube one can adjust frequency characteristics of material 

damping properties such so to match the frequency of mechanical vibrations we want 
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to reduce. Adaptive viscoelastic granular damping elements are protected with two 

European patents [5,6]. 

   

p>>p0 Pressurized 
elastomeric 

granular 
material

Flexible fiber 
tube

 

Figure 4: New generation damping elements consisting of fiber tube and pressurized 

elastomeric material. 

Basic principle is schematically presented in Figure 5. Hydrostatic pressure applied on 

polymeric material within the pressure resistance flexible tube shifts the frequency 

peak where material exhibits maximal energy absorptive properties such so to match 

the frequency of maximum rail vibrations. Invented approach allows ultimate 

exploitation of polymeric material energy absorption properties.  
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Figure 5: Basic principle for optimizing performance of new generation damping 

elements. 

4 Conclusion 

Paper briefly summarizes practical aspects of the research conducted in collaboration 

between Centre for Experimental Mechanics, Faculty of Mechanical Engineering, 

University of Ljubljana, and Gorenje gospodinski aparati, d.d.,. The invented damping 

elements converge research results on the effect of pressure on mechanical behavior of 

time-dependent polymeric materials, and new findings related to behavior of granular 

dissipative systems.  
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(a)
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(b)
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* Corresponding author: 

E-mail: joamin.gonzalez@fs.uni-lj.si 

Abstract 

Powder injection moulding (PIM) is a versatile technology for manufacturing small 

parts of complex geometry made of metal or ceramic. In PIM, first a mixture of a 

polymeric binder and metal or ceramic powder is prepared and then injection moulded. 

Afterwards the binder is removed and metallic or ceramic powder is fused by sintering.  

Despite many advantages of PIM, conventional removal of a polymer binder via 

melting requires long time. This problem has been partially resolved with the use of 

polymers, which under appropriate conditions undergo rapid degradation, i.e., 

sublimate (for example polyoxymethylene ï POM). Use of POM as a binder, however, 

greatly complicates the process of injection moulding due to its high viscosity. 

The aim of the collaboration between the Center for Experimental Mechanics (CEM) 

and BASF is to reduce viscosity of the material used in PIM, and at the same time to 

maintain the good mechanical properties of the material in the solid state. The paper 

presents results on viscosity and creep compliance measurements of commercial and 

feedstock materials developed at CEM. 

1 Introduction  

Powder injection moulding (PIM) technology combines the advantages of polymer 

injection moulding with the advantages of powder metallurgy; therefore waste material 

generated and energy consumption are reduced compared to other techniques such as 

warm extrusion, casting and machining. The PIM process consists of four steps as 

shown in Figure 1: (i) Feedstock preparation which consists of mixing a polymeric 

binder with metal or ceramic powders; (ii) injection moulding to give the feedstock the 

desired shape; (iii) removal of the polymeric binder or debinding and; (iv) sintering to 

fuse together the metallic or ceramic powders [1].  

mailto:joamin.gonzalez@fs.uni-lj.si
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Figure 1: Scheme of PIM process. 

When size of the metal and ceramic particles is in the "nano" range we are talking 

about nano- powder injection moulding technology or nPIM technology. Key benefits 

of products made with nPIM are their improved mechanical properties (especially 

fatigue and crack resistance) and their surface quality, which comes into class products 

with "polished surface". Technology of nPIM is suitable for use in aerospace, 

automotive, electronic, jewelry and medical industries. 

Despite many advantages, some factors significantly inhibit the spread of this 

technology. One of these is the long time required to remove the polymer binder that is 

used during the injection moulding phase. This problem has been partially resolved 

with the use of polymers that undergo rapid degradation under acidic conditions, for 

example polyoxymethylene POM. This solution was developed and patented by BASF. 

In doing so, there are new restrictions: Feedstock material has a higher viscosity, which 

greatly complicates the production of major products primarily during the injection 

molding stage. The key problem of nPIM technology are very large processing 

pressures due to poor flowability of polymer-metal or polymer-ceramic (nano) 

composite mixtures. 

The Center for Experimental Mechanics and BASF corporation are collaboratively 

investigating "the composition" of POM-based feedstock with the aim of reducing the 

viscosity of the nano-composite material (feedstock), which is used in PIM and nPIM; 

while maintaining good mechanical properties of the material in the solid state.  

Reduction of the viscosity and good mechanical properties of the material in the solid 

state can be achieved by (i) manipulating the distribution of the molecular weights of 
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the polymer matrix, and (ii) selecting the appropriate size distribution of the filler 

particles in the powder, which contains nano- and micro-sized particles. 

2 Materials and methods 

In order to estimate flowability of the commercially available feedstock and feedstock 

developed at CEM, viscosity tests were done, while mechanical properties were 

estimated via shear creep experiment in the solid state. 

Feedstock materials 

Two feedstock materials were used in the current investigation: commercial feedstock 

and experimental feedstock named X92 prepared specially for this investigation. The 

name of commercial feedstock material is Catamold
È
, produced by BASF (Germany). 

Due to confidentiality, information on composition of Catamold
È
 cannot be 

disseminated; all that can be said is that it consists of a POM binder with an average 

molecular weight of approximately 92000 g/mol with addition of a polyolefin and 

approximately 90wt% of 316LW stainless steel powder. Second material, feedstock 

X92, was composed of a multimodal POM binder with an average molecular weight of 

around 24000 g/mol and 92 wt% of 316LW stainless steel powder. Particle size 

distribution of metal powder for observed feedstock is different, but due to 

confidentially it cannot be published. 

Viscosity measurements 

Constant rotation viscosity measurements were performed in a Haake MARS II 

(Thermo Scientific, Karlsruhe, Germany). A plate-plate measuring geometry with a 20 

mm diameter was used. The measuring gap was set to 0.2 mm. Measurements were 

performed in strain-rate-control mode starting at  0.1 s
-1
 and finishing at 100 s

-1
 with 25 

steps in between. Each step had duration of 20 s, which was sufficient for the stress to 

stabilize at all shear rates selected. Measurements were performed at 180ÁC. Six 

repetitions on fresh samples were performed for each material. The weight of each 

sample was approximately 600 mg. 

Creep compliance measurements 

Shear creep compliance measurements were performed in a HAAKE MARS II 

controlled stress rheometer fitted with solid clamps. Initial part of the creep measuring 

procedure started with an annealing phase at high temperature (120 ÁC for 2 h) to erase 

mechanical stressïstrain history of the material. Annealing was followed by slow 

cooling to the first measuring temperature, 40 ÁC at a rate of 0.028 ÁC/min to minimize 

the effects of physical aging. After cooling down, shear creep measurements were 

performed in segmental form at five different temperatures:  40, 60, 80, 100, and 

120 ÁC. Each specimen was loaded in shear with a constant stress of 30000 Pa for 

1000 s, once the desired temperature had stabilized for approximately 15 min. The 

level of applied stress was previously determined to be within the linear viscoelastic 

regime. The useful segment length was set from 1 to 1000 s. Three repetitions were 
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performed on different samples for each feedstock material under consideration and 

their results at a given temperature were averaged. Finally, following the time-

temperature superposition principle, averaged segments were shifted along the time-

scale in relation to the segment measured at Tref = 80 ÁC. Shifting was executed by 

using the closed-form shifting procedure [2].  

3 Results 

Viscosity of commercial and improved feedstock in dependence of shear rate is 

presented in Figure 2. Reduction of the average molecular weight of the binder from 

92000 g/mol to 24000 g/mol, together with the different particle size distribution, leads 

to a significant reduction of the viscosity [3]. 

 

 

Figure 2: Viscosity of commercial and improved feedstock. 

When comparing shear creep compliance of the commercial feedstock and feedstock 

X92, it can be seen that at short times (t < 100 s at 80 ÁC), the commercial feedstock 

and the experimental feedstock creep the same amount and at the same rate. At longer 

times (t > 1000 s at 80ÁC), the experimental feedstock actually creeps less than the 

commercial feedstock, Figure 3 [3].  
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Figure 3: Shear creep compliance of commercial and improved feedstock. 

4 Conclusions 

¶ Selection of the appropriate molecular weight and the appropriate particle size 

distribution leads to a significant improvement in the flowability of the 

feedstock material without deterioration of its mechanical properties. 

¶ By adding nanoparticles, we expect further improvements. 
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Abstract 

Injection molding is one of the widely spread methods for producing consumer and 

industrial goods. However, due to increasing complexity of products, injection molding 

is becoming more and more demanding and difficult to controll. Consequently 

manufacturers are often faced with a large amounts of scrap. 

Changing pressure and temperature, to which material is exposed during the injection 

molding, may be drastically reflected through changes in material rheological and 

mechanical properties. This consequently generates one of the biggest challenges - how 

to determine the proper settings of processing parameters. 

The aim of the collaboration between Center for Experimental Mechanics and ODELO 

Slovenia is establishment of the methodology for determining ultimate processing 

parameters utilizing the latest knowledge and theoretical models for predicting pressure 

and temperature effect on behaviour of polymers. The ultimate goal is to reduce the 

amount of scrap to the minimum possible level. 

1 Introduction  

Injection molding is one of the widely spread production methods for consumer and 

industrial goods. However, combining multiple materials, complex geometry and high 

dimensional requirements of products make injection molding more and more 

demanding and difficult to control, consiquently manufacturers are often faced with 

large amounts of scrap. 

In general, procedure of injection molding can be divided into two main phases: (i) 

material preparation and (ii) material injection stage. In material preparation phase, raw 

material is filled into the heated barrel, and transported through it by the rotating screw. 

In material injection phase, prepared melt is further injected into the tempered mold. 

This phase consists of two steps. In the first step melt is, by controlling the 

displacement of the piston, i.e., ñdisplacement controlledò, injected into the mold. In 

the second step, additional melt is, by ñpressure controlò, pushed into the mold to 

compensate shrinkage of the material during the cooling to room temperature.  

mailto:pavel.oblak@fs.uni-lj.si
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Properties of polymers strongly depend on temperature and pressure boundary 

conditions. Change of a pressure or a temperature, to which material is exposed, may 

be drastically reflected through changes in its rheological and mechanical properties. 

During the process of injection molding, material is exposed to changing temperature 

and pressure, shearing caused by the screw rotation, and extensional flow during the 

injection phase. These complex boundary conditions represent one of the biggest 

challenges for injection molders today: èHow to determine proper processing 

parameters?ç 

The aim of the collaboration between Center for Experimental Mechanics and ODELO 

Slovenia is establishment of the methodology for determing ultimate processing 

parameters utilizing the latest knowledge and theoretical models for predicting pressure 

and temperature effects on behaviour of polymers. This methodology will minimise 

person-dependency of technological process, reduce time required for establishing 

stable production process, and eliminate scrap due to improper settings of processing 

parameters. 

2 Phases of injection molding process 

In general, we can divide injection molding procedure into two main stages: (1) 

material preparation and (2) material injection stage. In material preparation stage raw 

material is filled into the heated barrel and transported through it by the rotating screw, 

Figure 1. At the end of this stage, molted material at selected temperature is packed in 

front of the screw, ready to be further injected into the mold. This stage is strictly 

ñmaterial dependentò; therefore, changes in set process parameters are not needed if 

there are no changes in used material.  

 

Figure 1: Schematic presentation of material preparation stage and present impacts on 

the resin. 

During material preparation stage, the material is exposed to elevated temperature, 

shear due rotation of the screw and pressure also caused by the screw, Figure 1. 

Second stage of the injection molding process is material injection. In material 

injection stage, melt prepared in previous, material preparation stage, is injected into 

the mold. This stage consists of two sub-stages; (2-a) primary or filling stage where 

melt is injected into the mold, and (2-b) secondary or packing stage where shrinkage of 

the material in the mold due to cooling is compensated. It is also important to mention 

that in primary or filling stage screw movement is displacement controlled while in the 
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secondary or packing stage it is pressure controlled. Mentioned division is 

schematically presented in Figure 2. 

 

Figure 2: Schematic presentation of primary - filling stage (2-a), left, and secondary ï 

packing stage (2-b), right. 

During material injection stage the melt is exposed to elevated temperature, shearing 

during injection, and high pressure applied to compensate material shrinkage during 

cooling. 

3 Effect of temperature, pressure and shearing rate on PMMA 

Polymethyl methacrylate (PMMA) is amorphous polymer, frequently used for 

manufacturing of lenses for automotive rear lamps. Pressure and/or temperature 

variation, to which PMMA is exposed during the injection moulding, may be 

drastically reflected through changes in their rheological and mechanical properties. In 

addition material is exposed to extensive shearing caused by the screw rotation and 

elongation flow during the injection. As it will be demonstrated these parameters 

strongly affect behaviour of PMMA and consequently its processability.   

Effect of temperature on rheological properties of PMMA is presented in Figure 3, 

which shows complex viscosity as function of temperature. For example, if 

temperature is decreased from 260ÁC to 240ÁC, the complex viscosity will double, i.e., 

increases from 225Pa*s to 500Pa*s. Hence, temperature variation within 20ÁC will 

change material flowability twofold, which can seriously affect the moulding process.  

 
Figure 3: Complex viscosity in dependence of temperature. 
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Figure 4: Complex viscosity in dependence of frequency. 

Similarly as with increasing of temperature material viscosity is also decreasing with 

increasing the shear rate. Example for PMMA material is presented in Figure 4. This 

phenomena is commonly called shear thinning [1]. 

In addition, temperature and pressure affect volume of the material and its glass 

transition temperature, Tg. This effect is presented in Figure 5. It can be seen that 

increasing the pressure lowers specific volume of the material. Further, increasing of 

pressure shifts Tg towards higher temperatures. Material above the glass transition, in 

Figure 5 indicated as region A, is in ñsemi-liquid stateò and may be considered to be in 

thermo-dynamic equilibrium at all times. When the temperature drops below Tg, 

material becomes rigid and we commonly say that it enters glassy state, in Figure 5 

indicated as region B.    

 

Figure 5: Example of p-V-T relation on case of PMMA material [2]. 

If the melt is exposed to a certain pressure when it enters the glassy state, for example 

detail C in Figure 5, this pressure will be ñfrozenò into the material inherent structure 
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as internal residual stress. If we open the mold, this internal stress homogenously 

increases the volume of the injected part. This phenomenon allows us to shorten the 

technological process by opening the tool at higher than room temperature, which 

however should be below Tg. Details about this are explained in continuation. 

4 Discussion 

In a discussion, a method of determining thermal-pressure conditions which lead to the 

product with prescribed geometry is presented. Presented does not cover the complete 

injection moulding process, instead it is limited only to the secondary part of material 

injection stage, i.e. packing stage (2-b) as previously described and presented in Figure 

2. The final product contains certain amount of material which occupies certain volume 

and for the convenience of this discussion we will assume that the volume of the final 

product is the same as the volume of the mold cavity though in reality molds usually 

have cavities smaller in comparison to final products.  

Product at room conditions (Troom, p0) has an end volume (ɜend product). This is presented 

as point (g) in Figure 6. When the product is withdrawn from the tool its temperature is 

higher than Troom and due to temperature expansion also its volume ɜ (Tmold, p0) 

increases. This is presented with point (f) in Figure 6. 

 

Figure 6: Schematically presented pressure controlled stage. 

During cooling down from the temperature of the tool (f) to room temperature (g) in 

Figure 6, the product shrinks to its end size. In order to compensate this shrinkage (ɜ 

(Tmold, p0) - (ɜend product)), the product needs to be overpressured before mould opens. 

This is indicated with point (e) in Figure 6. That is how, pressure at which the material 

needs to be ''frozen'', mentioned in text above, is determined. This pressure is on 
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Figure 6 presented as p1.  Material is ''frozen'' at pressure p1 only if it is subjected to 

this pressure when entering its glassy region (passing Tg). In line with this we have to 

pass Tg under the same pressure, i.e. pressure p1, when cooling the material, that is 

from point (c) to point (d) in Figure 6.  

To repeat, material needs to be solidified (cooled below the Tg) at pressure p1 since 

this pressure required to compensate the shrinkage of the material upon cooling from 

the temperature at which the mold is opened to the room temperature.  

If we present the entire process from the beginning; firstly when the temperature of the 

material is increased to the temperature of the melt, point (a) in Figure 6, its volume 

will substantially increase. In order to push the required amount/mass of the material 

into the mold we need to increase its pressure as indicated by arrow in Figure 6. This 

condition will be achieved at pressure p2 which is indicated as point (b) in Figure 6. At 

these conditions material has the same volume and same density as the end product in 

room conditions. Further when material is cooling down, the pressure should be 

decreased from p2 to p1 because, as previously described, material should pass Tg 

under pressure p1 to compensate the shrinkage of the material upon cooling from the 

temperature at which the mold is opened to the room temperature. Decreasing of 

pressure from p2 to p1 is also presented as a transition from (b) to (c) in Figure 6. 

Pressure dropping can be continuous or stepwise, depends on machine capabilities, 

what is the most important is that the material does not pass Tg before reaching 

pressure p1. After the material reaches pressure p1 at point (c) it further passes Tg, that 

is from (c) to (d) and it is further cooled down to the temperature of the mold Tmold or 

point (e) in Figure 6. At point (e), pressure p1 represents pressure at which material was 

''frozen'' when passing Tg. After mold opens, product volume expands, from (e) to (f) 

and further shrinks due to cooling from the mold to room temperature, from (f) to (g). 

Point (g) represents end product at room conditions.  

5 Conclusions 

It is common practice that manufacturers using injection moulding are trying to 

stabilize the production via resetting processing parameters. Changes are often done 

based on experience, sometimes also with trial and error procedure. To assure uniform 

procedure of setting the processing parameters, universal methodology based on 

material properties will be established.  

The methodology will: 

¶ minimize person (technologist) dependency 

¶ reduce the time for establishment of stable production process  

¶ eliminate a scrap due to improper settings of processing parameters 

The methodology can be universally implemented in any process of injection molding.   
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Abstract 

With implementation of polymeric materials into products of district cooling and 

heating, the manufacturing process would be cheaper and faster, which represents 

profound technological and economical breakthrough in this field. These products will 

be exposed to high temperatures (over100 ÁC), hydrostatic pressures (over 100 bar) and 

longer operating periods (more than 25 years). At this environmental and working 

conditions time- or frequency- dependent mechanical properties of polymeric materials 

change significantly (by orders of magnitude), which may lead to failure of a product. 

Therefore prediction of structural lifetime of these products present a major problem. 

In this paper we present advanced experimental (CMS and DBC setup) and analytical 

methods (FMT and KE model) used for predicting long-term behaviour of polymeric 

material and structural lifetime of products exposed to combined temperature and 

pressure conditions. 

1 Introduction  

Traditionally, district cooling and heating products (e.g., pipes, pressure regulators etc.) 

are made out of metallic materials (brass, steel, etc.). The main reason for utilizing 

metallic materials is that these products are exposed to relatively high temperatures 

(over 100ėC), hydrostatic pressure (over 100 bar) and longer operating periods (more 

than 25 years). With implementation of polymeric materials, the manufacturing process 

of these products will be cheaper and faster, which represents a significant 

technological and economical breakthrough in this field. Since behaviour of polymeric 

materials is time- and frequency- dependent, the lifetime prediction of these products 

through longer operating periods presents a major problem. 

Moreover, it is known that environmental conditions, such as temperature, pressure, 

under which these products will be operating, profoundly affect (in orders of 

mailto:alen.oseli@isit.si
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magnitude) time- and frequency- dependent mechanical properties of polymeric 

materials [1]. These changes may cause adverse stress-strain response, which can lead 

to functional (loss of functionality) and structural (large deformations causing leakage, 

and fracture) failure [2]. Therefore, it is of key importance to understand the effect of 

temperature and pressure on long-term behaviour of polymeric materials in order to 

optimize the design and predict lifetime of these products. 

Centre for Experimental Mechanics (CEM), at the Faculty of Mechanical Engineering, 

University of Ljubljana, has developed two unique experimental setups, which allow 

studying temperature and pressure effects on time- or frequency-dependent mechanical 

properties of polymeric materials (in shear and bulk). Measured material functions 

represent an input information for linear and non-linear modelling of long-term 

behavior of polymeric materials and lifetime prediction of products. Basic analytical 

tools for these predictions are Fillers-Moonan-Tschoegl (FMT) and Knauss-Emri (KE) 

model. In this paper we will present unique experimental setups and analytical tools 

used for long-term characterization of polymeric materials and structural lifetime 

prediction of products exposed to combined effect of temperature and pressure. 

2 Theoretical background 

In order to understand the effect of temperature and pressure on long-term behaviour of 

polymeric materials, one should understand the underlying governing processes that  

happen on molecular level. Polymeric materials are composed of long molecules or 

molecular chains. These chains occupy their ñown volumeò, called the ñoccupied 

volume.ò However, between molecules, there is a vast empty space. The sum of this 

empty areas (holes) is commonly called the ñfree volumeò [1].  

By increasing temperature of a bulk material, the free volume will increase due to  

higher molecular mobility resulting in macroscopic increase of volume, as shown in 

Figure 1a.  

 

Figure 1: Effect of a) temperature and b) pressure on volume and mechanical 

properties (shear relaxation modulus) in time and frequency domain. 

This will accelerate global molecular rearrangements when material is exposed to an 

external load, i.e. creep and relaxation processes are accelerated. On the other hand, the 
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hydrostatic pressure reduces the free volume that hampers mobility of molecules and 

therefore slows down creep and relaxation processes [1], shown in Figure 1b. On the 

macro scale, both effects, i.e. temperature and pressure, are manifested via shifting of 

mechanical properties along the logarithmic time and frequency axis, as presented in 

Figure 1. 

3 Experimental equipment 

Effect of temperature and pressure on time- and/or frequency- dependent mechanical 

properties of polymeric materials and their composites can be studied with the unique 

experimental setups, developed at CEM. 

CEM Measuring System 

Experimental setup, called CMS (CEM Measuring System) was developed to study the 

combined effects of temperature and pressure on mechanical behaviour of polymers, 

Figure 2 [3, 4]. The measuring system can measure volumetric (bulk) and shear 

properties of solid polymer specimens through a wide range of temperatures (from -

20ÁC to +120ÁC) and pressures (from atmospheric to 4000 bar).  

 

Figure 2: Schematic representation of CMS experimental setup. 

For demonstration purpose we show in Figure 3 results on shear relaxation modulus, 

G(t) of Polyvinyl acetate (PVAc), measured on CMS experimental setup. 

Measurements were conducted at different temperature and pressure conditions [4]. 

From these results it is clearly seen that temperature of 100ÁC accelerates shear 

relaxation process  times, which moves the relaxation curve along the logarithmic 

time-axis 11 decades to the left, as shown in Figure 3. Similar but opposite effect has 

pressure of 100 bar that slows the relaxation process and consequently shifts the 

relaxation curve to the right for approximately 8 decades.  
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Figure 3: Effect of temperature and pressure on shear relaxation modulus, G(t) for 

PVAc. 

Experimental setup for measuring dynamic bulk compliance ï DBC experimental setup 

Another measuring system developed by CEM is the experimental setup for measuring 

dynamic bulk compliance, B*(ɤ) also called DBC experimental setup [5]. DBC was 

developed to study combined effect of temperature and pressure on volumetric (bulk) 

properties in frequency domain [6, 7], i.e. dynamic bulk compliance B*(ɤ) in wide 

range of temperatures (from room temperature to 150 ÁC) and pressures (from 

atmospheric pressure to 2000 bar). DBC experimental setup is schematically shown in 

Figure 4. 

 

Figure 4: Schematic representation of DBC experimental setup [5] 

Dynamic bulk creep compliance, B*(ɤ) is a material function that describes volumetric 

creep process of polymeric materials under dynamic excitation. When a polymeric 

sample is loaded with dynamic hydrostatic pressure the response is a dynamic change 

of volume. Since polymers are generally dissipative systems their response under 

dynamic excitations is delayed in time or, in other words, phase shifted. This shifted 

response is mathematically presented with two components, one component is in-phase 
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with excitation, whereas the second component is out-of-phase with excitation. 

Dynamic bulk compliance, B*(ɤ) is divided into dynamic bulk storage compliance, 

Bô(ɤ), describing average stored energy (elastic component) during one loading cycle, 

and dynamic bulk loss compliance, Bôô(ɤ), which describes average energy dissipation 

during one loading cycle.   

Examples of the dynamic bulk storage Bô(ɤ) and loss, Bôô(ɤ) compliance, measured on 

DBC experimental setup, are presented in Figure 4. Measurements were conducted on 

polyvinyl acetate (PVAc) through wide range of temperatures and pressures [7]. The 

results show that temperature affects bulk properties by shifting components of B*(ɤ) 

to the right in logarithmic frequency axis for app. 4 decades. On the other hand the 

results show that pressure causes vertical shifting which contradicts the current 

understanding of the effect of pressure on behaviour of polymeric materials, Figure 5. 

These findings demand further research of these phenomena.  

 

Figure 5: Effect of pressure on master curves obtained through frequency-temperature 

superposition of dynamic bulk compliance, B*(ɤ) for PVAc [7]. 

4 Linear and non-linear modelling effect of temperature and pressure 

Filler-Moonan-Tschoegl (FMT) model 

Today, many models are based on free volume concept for modelling the effect of 

thermodynamic parameters, such as temperature or pressure, on behaviour of 

polymeric materials [1]. One of such models is well establish Fillers-Moonan-Tschoegl 

(FMT) model, which incorporates both parameters, temperature and pressure. FMT 

model assumes that shifting of mechanical properties in time or frequency domain is 

related to the effect of temperature and pressure via fractional free volume, caused by 

temperature, fP(T), and by pressure, fT0(P) change, respectively. In this model time 

and/or frequency shifts are modelled with the shift factor, aT,p as 
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Shift factors can be determined experimentally by shifting segments (measured within 

experimental window) along the logarithmic time- or frequency- axis in order to 

construct a master curve at a specified reference temperature, Tref and pressure, Pref, as 

shown in Figure 6. It has to be stressed that FMT model is valid only for shifting 

between two thermodynamic equilibrium states.  When material is exposed to time-

varying temperature and pressure boundary conditions the FMT model can not be used.  

    

Figure 6: Segments, master curve and shift factors representing a) effect of temperature 

and b) effect of pressure on time-dependent behaviour of PVAc [4]. 

Knauss-Emri (KE) model 

Effect of temperature, pressure, and mechanically induced stress dilatation on product 

stress-strain response can be predicted by using non-linear Knauss-Emri (KE) model 

[2]. Beside mentioned effects, model also incorporates the effect of moisture which is 

similar to the effect of temperature. KE model is derived from the free volume concept 

and allows predictions of material time-dependent behaviour in equilibrium as well as 

in non-equilibrium thermodynamic conditions. Therefore, particular model is most 

suitable analytical tool for predicting structural lifetime of products, such as products 

for district cooling and heating systems.  

Dilatational and deviatoric forms of the KE model can be expressed as 

 „ ὸ σ᷿ ὑὸὸ ‗ὸ Ä‗, (3) 

 Ὓ ὸ ς᷿ Ὃὸὸ ‗ὸ Ä‗, (4) 

where K and G represent bulk and shear relaxation modulus respectively. Internal time, 

denoted with tô, reduced or extended due to the effect of temperature, pressure, induced 

stress dilatation and moisture, is expressed true integral relation as 

 ὸὸ ‗ὸ ᷿ . (5) 

Where ū(t) is the shift factor, which encompass the effect of temperature, pressure 

(and induced stress dilatation) and moisture through their effect on free volume, 

expressed by fT, fɗ: pressure, induced stress dilatation and fC respectively, 

a) b) 
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Figure 7 demonstrates the applicability of the KE model for the case of physical aging 

of PVAc. Diagram shows changing of PVAc specific volume as function of time after 

exposing material to different temperature jumps from the equilibrium state at 40C̄. 

The end temperatures are indicated above the individual curves. Experimental data 

obtained by Kovacs [8] are shown as circles, whereas the solid line shows the 

corresponding analytical predictions. Details on modelling are given elsewhere [2].  

 

Figure 7: Physical aging of PVAc exposed to different temperature jumps from the 

equilibrium state at 40̄C.  The end temperatures are given above the individual curve.  

5 Conclusions 

Each polymer has unique time-dependent mechanical properties and different 

susceptibility to temperature and pressure effects. Therefore it is of key importance to 

measure their mechanical properties at different temperature and pressure conditions in 

order exploit their full potential, and extend useful range and durability of the products. 

Two advance experimental setups were presented, i.e. CMS and DBC experimental 

setup, capable of measuring shear and volumetric (bulk) properties at different 

temperature and pressure conditions in time and frequency domain. Measured material 

functions serve as an input information for linear (FMT) and non-linear (KE) models 

for predicting long term behaviour of polymeric material and structural lifetime of 

products made of these materials. These advance experimental approaches and 

analytical tools are necessary to design durable products in the field of district heating 

and cooling systems, exposed to various temperature and pressure conditions. 
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