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PREFACE

This publication is comprised ofesearch paperspresented at th&th AMES
International Conferencen Engineering- Development andnhovations for New
Employment2014held at Ljubljana, Sloveni&ctober23th, 2014. The publication as

well as the confence wasrganized byAMES 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
sustanable deelopment 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 duriig the
AMES International Conferenc&pecial thanks go to our sponsors, Whénabled the
realization of the conference and also to the Technical Editors.

l zt ok Gol obi | FrancCimerman
University of Ljubljana, Plinovodi d.o.o.,
Ljubljana, Slovenia. Ljubljana, Slovenia.
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Marko Bek*™, Ni k o | & Igot &mrie®] e k
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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 consigtf 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 usingiginovel 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 consideteas 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 increasevith the introduction of higispeed 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 she 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 @adtanimals.

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 oftiend. However,

from the literature it is known that at higlpeed 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
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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 i
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 glassltbar 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 ageadjust
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.

Damplng elements

a)‘

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 factory ¢ which is profoundly affected by
hydrostatic pressure to which material is exposed.

Effect of hydrostatic pressure on damgpiproperties of polymeric materials

Damping factor,0 ¢j¢€is a frequencyependent material property, which further on
depends on hydrostatic pressure to which material is exposed [4]. When polymeric
material is exposed to high hydrostatic pressue ntbbility of molecules is reduced,
which is on the macrecale observed as frequerigpendent shift of damping
properties as shown in Figure 2.
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Figure 2: Damping factor of polymeric material &j € depending on frequency and
pressure.

Effect of avemge 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 granutebecaused 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 péécl
distribution of granular materials we can adjust the characteristics required for
manufacturing damping elements and their noise reduction capabilities.
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Figure 3: Example of effect of particle size distribution on (a) sheavistesity 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 whin the flexible tube one can adjust frequency characteristics of material

damping properties such so to match the frequency of mechanical vibrations we want
3



to reduce. Adaptive viscoelastic granular damping elements are protected with two
European paten{s,6].

_ fiber tube Flexible fiber
pressurized
elastomeric tube

granular material
Pressurized
elastomeric
granular
material

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 whin 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 materi@nergy absorption properties.
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e 0 >
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Dynamic response
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©

e
‘Magnitude of mechanical vibration of

eric granular

educed magnitude

of railway track Absorptive energy

of polymeric
granular material

railway track

\

Frequency

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 @ntre 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-dependenpolymeric materials, and new findings related to behavior of granular
dissipative systems.
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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, whib under appropriate conditions undergo rapid degradation, i.e.,
sublimate (for example polyoxymethylen€>OM). Use of POM as a binder, however,
greatly complicates the process of injection moulding due to its high viscosity.

The aim of the collaborationebween 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 aogep 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 wadsteiah
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].
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] injection moulding
feedstock preparatlon ------------------------------------

S feedstock
/E*>® . z[)" > | E -"\'\':..'.

VNN Catalytic Debinding
end product ? g green part

........................

sintering catalytic deblndlng

Figure 1: Scheme of PIM press

When size of the metal and ceramic particles is in the "nano” range we are talking
about nanepowder 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 factagnificantly 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 rapabichdation 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 majoogucts primarily during the injection
molding stage. The key problem of nPIM technology are very large processing
pressures due to poor flowability of polymmetal or polymeiceramic (nano)
composite mixtures.

The Center for Experimental Mechanics and BA&rporation are collaboratively
investigating "the composition" of POlBsed feedstock with the aim of reducing the
viscosity of the nane@omposite material (feedstock), which is used in PIM and nPIM,;
while maintaining good mechanical properties of tlaenal 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 tlapropriate size distribution of the filler
particles in the powder, which contains naaond micresized particles.

2 Materials and methods

In order to estimate flowability of the commercially available feedstock and feedstock
developed at CEM, viscosity 9 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 experimentaleedstock named X92 preparspecially for this investigatiorThe

name of commercial feedstock materiaCiatamold, produced by BASFGermany).

Due to confidentiality, information on composition dfatamold cannot be
disseminated; all that can be saidhat it consists of #OM binder with an average
molecular weight of approximately 92000 g/mol with addition of a polyolefin and
approximately 90wt% of 316LW stainless steel powd@&acond material, feedstock
X92, was composed of a multimodal POM binder with an average molecuilgntvoé
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 measments were performed in a Haake MARS I
(Thermo Scientific, Karlsruhe, Germany). A phkatl@ate measuring geometry with a 20

mm diameter was used. The measuring gap was set to 0.2 mm. Measurements were
performed in straimate-control mode starting at.Ds" and finishing at 1005with 25

steps in between. Each step had duration of 20 s, which was sufficient for the stress to
stabilize at al | shear rates selected.
repetitions on fresh samples were performedefach material. The weight of each
sample was approximately 600 mg.

Creep compliance measurements

Shear creep compliance measurements were performed in a HAAKE MARS I
controlled stress rheometer fitted with solid clamps. Initial part of the creep nmegsuri

procedure started with an annealing phas
mechanical stregstrain history of the material. Annealing was followed by slow
cooling to the first measuring tempeer atu

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
120A C. Each specimen was | oaded iPafoshear
1000s, 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

8



performed ondifferent 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 tohe segment measuredB;= 80 AC. Shifting w.
using the closefbrm 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 moleadiyht 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].

100000 1

] 'P = Commercial feedstock
m ] e + Feedstock X92
s 10000 4 .,
l; E ﬁ\* g .'\I‘.‘
. 1 b <N L g
21000 - - T
3 ++~ F"“@.,
i 4 4
= ]

100 4 f“f/ +
1 T=180°C ﬁif 20
10 T T — T

0,1 1 10 100
Shear rate, y [s5-1]

Figure 2: Viscosity of commercial and improved feedstock

When comparing shear creep qdrance of the commercial feedstock and feedstock
X92, it can be seen that at shorttimes( 100 s at 80 AC), the
and the experimental feedstock creep the same amount and at the same rate. At longer
times ¢> 1000 s a tperidiéntdl@edstock acwiallyeckeeps less than the
commercial feedstock, Figure 3 [3].



3,E-08 ]
= Commercial feedstock
-+ Feedstock X92

3,E-09 -

T,r=80°C
7= 30000 Pa

Shear creep complience , J[Pa-1]

3,E'10 T T T T LERERIL T T T T
1,E-04 1,E-01 1,E+02 1,E+05 1,E+08 1,E+11

Time , t [s]

Figure 3: Shear creep compliance of commercial and improved feedstock
4 Conclusions

1 Selection of the appropriate molecular weight and the appropriate particle size
digribution leads to a significant improvement in the flowability of the
feedstock material without deterioration of its mechanical properties.

1 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 taieasing 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 exposad theiinjection
molding, may be drastically reflected through changes in material rheological and
mechanical properties. This consequently generates one of the biggest chalenges

to determine the proper settings of processing parameters.

The aim ofthe 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 temperatureffect 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 multipteaterials, 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 fdimg 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 phee, prepared melt is further injected into the tempered mold.

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

di spl acement of the piston, i . e. ., Adi spl
the second step, additidna me | t s, by fApressure contr
compensate shrinkage of the material during the cooling to room temperature.

11
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Properties of polymers strongly depend on temperature and pressure boundary
conditions. Change of a pressure or a teatpee, 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 scogation, and extensional flow during the
injection phase. These complex boundary conditions represent one of the biggest
chall enges for i njection mol der s today:
par ameters?cg¢

The aim of the collaboration between CentarExperimental 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 polymerss frethodology will minimise
persondependency 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,
Figurel. 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

Aimateri al dependent 0; t herefore, changes
there are no changes in used material.

Stage (1): material is prepared for injection

elevated temperature

pressure

shear due to screw rotation

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 screwd 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 twobstages; (&) primary or filling stage where

melt is injected into the mold, and-l 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 stag screw movement is displacement controlled while in the

12



secondary or packing stage it is pressure controlled. Mentioned division is

schematically presented in Figure 2.

Stage (2-a): material is injected

Stage (2-b): shrinkage due cooling is
compensated with pressure

N
1 k
speed

shear due to injection

. displacement

displacement
controlled

S

pressure (t)
temperature (t)

] pressure
controlled

pressure

time

Figure 2: Schematic presentation of primafijling stage (2a), left, and secondai

packing stage (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 shearingate on PMMA

Polymethyl methacrylate (PMMA) is amorphous polymer, frequently used for
manufacturing of lenses for automotive rear lamPsessure and/or temperature
variation, to which PMMA is exposed during the injection moulding, may be
drastically refécted 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 Bhaviour of PMMA and consequently its processability.

Effect of temperature on rheological properties of PMMA is presented in Rgure
which shows complex viscosity as function of temperature. For example, if
s decr gdhesomdlexViscasity wil do0bkGe.t o 2

temperature i
i ncreases

from

225Pa*s to

500Pa*s.

He nc

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

10000

1000

n* (Pas)

100

10

R —

example for PMMA material

w5 | Ceey,, .

200 220 240 260

Temperature (°C)

280 300

Figure 3: Complex viscosity in dependené¢éemperature
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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 isommonly 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 Figuie 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 indicatediagauirdegitarn eAd, aind imayi D
thermedynamic equilibrium at all times. When the temperature drops below Tg,
maerial becomes rigid and we commonly say that it enters glassy state, in Figure 5
indicated as region B.

0,94
o 092 —0,1MPA
4
& 0o — -20MPa
E 9
s — -40MPa
W o088 - — -80MPa
) - -120MPa
E 086 -
= ---160MPa
Q o088 — o ST T T T e 200MPa
2
£ 082
0
8
o 08

0,78 ‘ ‘ i ‘ ‘ ‘

0 50 100 150 200 250 300 350

Temperature (°C)

Figure 5: Example of{¥-T relation on case of PMMA material [2]

If the melt is exposed to a certain pressure when it enters the glassy stexanfple
det ai | C in Figure 5, this pressure wild.l
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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 allowsshsrten 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 therpraksure conditions whidbad 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 stagel(Ras previously described aptesented 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 thaugekallity molds usually

have cavities smaller in comparison to final products.

Product at room conditions (I, ) has an edhehd. Thoslisyrasented 3

as point(g) in Figure 6.When the product is withdrawn from the tool its temperagire
higher than Temand due to temperature gXPRNSIi Of
increases. This is presented with pdfhin Figure 6

(a) po=1bar
o g
£ Po<p1<p2 "
=
(o]
> o p1
o 7
%=
O
[0}
Q
(0]

V(Tmold, p0) + (9) — — — —= .
Vend product=Veavity L. - p—_ ¥ f p
_—

for the | (e) ™

convenience _ ‘

discussion

| |
| |
of this '*:"" — :
| |
| |

Troom Tmold Tof the melt
(when the cavity is filled)

Figure 6: Schematically presented pressure controlled.stage

During cooling down from the temperature of the tffplto room temperaturg) in

Figure 6t he product shrinks to its end size.

(Tmolar Po) - ( d proaud), the product needs to be overpressured before mowgldsop

This is indicated with poinfe) 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
15



Figure6 presented as,p Material is "frozen" at pressure pl only ifstdubjected 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. presgumhpn cooling the material, that is
from point (c) to point (d) in Figure 6.

To repeat, material negedo be solidified (cooled below the Tg) at pressursifce
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 frdme 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 increaits pressure as indicated by arrow in Figure 6. This
condition will be achieved at pressurewhich is indicated as point () Figure 6.At

these conditions material has the same volume and same density as the end product in
room conditions. Furthewhen material is cooling down, the pressure should be
decreased from,pto p, because, as previously described, material should pass Tg
under pressure; o compensate the shrinkage of the material upon cooling from the
temperature at which the mold is ope to the room temperature. Decreasing of
pressure from pto p, is also presenteds a transitiorfrom (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 matkiloes not pass Tg before reaching
pressure p After the material reaches pressure pl at point (c) it further passes Tg, that
is from (c) to (d) and it is further cooled down to the temperature of the mgldor

point (e) in Figure 6. At point (e), @ssure prepresents 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 prodlat 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 prooedure. To assure uniform
procedure of setting the processing parameters, universal methodology based on
material properties will be established.

The methodology will:

1 minimize person (technologist) dependency
9 reduce the time for establishment of &afroduction process
1 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 intoopucts 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 t e mp epreasurasroves 100 g ad 1 0 0
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 mad leefailure 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 lbeign belaviour 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 netals (brass, steel, etc.). The main reason for utilizing
metallic materials is that these products are exposed to relatively high temperatures
(over 100eC), hydrostatic pressure (over
than 25 years). With impheentation 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 timeand frequencydependent, 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, profoundifecaf(in orders of
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magnitude) time and frequency dependent mechanical properties of polymeric
materials [1]. These changes may cause adverse-strassresponse, which can lead

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

and fracture) failure [2]. Therefore, it is of key importance to understand the effect of
temperature and pressure on lgagm behaviour of polymeric materials in order to
optimize the design and predict lifetime of these products.

Centrefor 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 ontimé&equencydependent mechanical
properties b polymeric materials (in shear and bulk). Measured material functions
represent an input information for linear and 4ioear modelling of longerm
behavior of polymeric materials and lifetime prediction of products. Basic analytical
tools for these pudictions are FillerdvloonarTschoegl (FMT) and Knaudsmri (KE)
model. In this paper we will present unique experimental setups and analytical tools
used for longerm characterization of polymeric materials and structural lifetime
prediction of productsxposed to combined effect of temperature and pressure.

2 Theoretical background
In order to understand the effect of temperature and pressure etetongehaviour of

polymeric materials, one should understand the underlying governing processes that
happen on molecular level. Polymeric materials are composed of long molecules or

molecul ar chains. These chains occupy t he
vol ume. 0 However, bet ween mol ecul es, t he
empty areas (holes) is commonly called t|

By increasing temperature of a butkaterial, the free volume will increase due to
higher molecular mobility resulting in macroscopic increase of volume, as shown in
Figure 1a.
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Figure 1: Effect of a) temperature and b) pressure on volume and mechanical
properties (shear relaxation modsi 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 volunag tlampers 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 logarithmiodiand frequency axis, as presented in
Figure 1.

3 Experimental equipment

Effect of temperature and pressure on ti@ed/or frequencydependent mechanical
properties of polymeric materials and their composites can be studied with the unique
experimental geps, 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,
Figure2 [3, 4]. The measuring system can measuolumetric (bulk) and shear
properties of solid polymer specimens through a wide range of temperatures (from
20AC to +120AC) and pressures (from at mo:

— i Thermal System

: 3T
-
H Magnet and Motor
weeeest Charger
% -y
M ooo (<N T

PCand
DAQ card Carrier Amplifier

Hand pump

Data acquisition system

Pressurization System

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 s c¢cl early seen that temperatu
relaxation procesd0" times, which moves the relaxation curve along the logarithmic
time-axis 11 decades to the left, as shown in FiGu8imilar but opposite effect has
pressure of 100 bar thalows 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 mdsifi)dsr
PVAc.

Experimental setup for measuring dynamidimompliancé DBC experimental setup

Another measuring system developed by CEM is the experimental setup for measuring
dynamic bulk complianceB * ( atsp called DBC experimental setup [5]. DBC was
developed to study combined effect of temperature arsbyre on volumetric (bulk)
properties in frequency domain [6, 7], i.e. dynamic bulk complidh¢e( m wide
range of temperatures (from room temper
atmospheric pressure to 2000 bar). DBC experimental setup is schéynatioa/n in

Figure 4.
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e IETMASURsYsEm ) subsystem’

Charge .
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) Data Lock-in "

acquisiion amplifier | "wa . . . . Cee e
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. Personal | . | Function )
computer . generator -

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

Dynamic bulk creep compliancB,* ( i g 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
respnse is mathematically presented with two components, one componephéasin

21



with excitation, whereas the second component isobphase with excitation.
Dynamic bulk complianceB * ( % Yivided into dynamic bulk storage compliance,

B 0 (, de¥cribingaverage stored energy (elastic component) during one loading cycle,
and dynamic bulk loss compliand®,6 0, (whigh describes average energy dissipation
during one loading cycle.

Examples of the dynamic bulk storaged (amnd lossB 6 6 ¢ompliance, masured 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 compondstts(ofy )

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.
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Figure 5: Effect of pressure on master curves obtained through freefeemograture
superposition of dynamic bulk complian&} ( fer PVAc [7].

4 Linear and non-linear modelling effect oftemperature and pressure

Filler-MoonanTschoegl (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 mdsles well establish FillerMoonanrTschoeg|

(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 pressia fractional free volume, caused by
temperaturefs(T), and by pressuref;o(P) change,respectively. In this model time
and/or frequency shifts are modelled with the shift factpyas

116G 3 ; (1)
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Shift factors can be determined experimentally by shifting segments (measured within
experimental window) along the logarithmic timer frequency axis in order to
construct a master curve at a specified reference tempergtuesnd pressurel., 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.
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Figure 6: Segments, master curve and shift factors representing a) effect of temperature
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and b) effect of pressure on tirdependent behaviour of PVAc [4]

KnaussEmri (KE) model

Effect of temperature, pressure, and mechanically induced stress dilatation on product
stressstrain response can be predicted by usinglm@ar Knaus€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 tingdependent behaviour in equilibrium as well as
in norntequilibrium 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

Yo o

whereK andG represent bulk and shear relaxation modulus respectively. Internal time,
denoted witht , deduced or extended due to the effect of temperature, pressure, induced

00 0

_ o

stress dilatation and moisture, is expressael integral relation as

Where GO(t)

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

0

i s

0

_ 0

t he

shi ft factor ,

expressed bi, fy pressurejnduced stress dilatatioandfc respectively,
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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 specifiduwoe as function of time after
exposing material to different temperature jumps from the equilibrium state @t 40
The end temperatures are indicated above the individual curves. Experimental data
obtained by Kovacs [8] are shown as circles, whereas dlié kne 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 4€. The end temperatures are given abovénitigidual curve.

5 Conclusions

Each polymer has unique tirgependent mechanical properties and different
susceptibility to temperature and pressure effects. Therefore it is of key importance to
measure their mechanical properties at different temperamgr@ressure 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 (bulkpeptiies at different
temperature and pressure conditions in time and frequency domain. Measured material
functions serve as an input information for linear (FMT) and-livear (KE) models

for predicting long term behaviour of polymeric material and &trat 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 pressur@eendit
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