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Abstract. 
The ability of a material to absorb vibrational energy and dissipate it effectively is of 
considerable importance in many engineering applications where noise control is an 
issue. The overall damping in the case of free layer system is determined by (a) the 
energy coupled into the damping material, which is a function of the ratios of storage 
modulus and thickness of the beam and damping material, (b) the loss modulus of the 
damping material. It has been shown that the addition of moderately high aspect ratio 
fibrous filler to a urethane elastomer enhances the damping performance significantly. 
Furthermore it is shown that the addition of non-reinforcing filler material improves both 
viscosity of the uncured system and damping near the rubbery region of the glass 
transition. Also, the addition of a secondary filler significantly improves the tensile 
properties of the material. 
 
1. Introduction. 

The ability of a material to absorb energy and dissipate it effectively is of 
considerable importance in many engineering applications where noise control is an 
issue. Materials that possess the aforementioned properties are termed ‘damping 
materials’, and are classified depending on the type of perturbation, eg acoustic or 
vibration. All damping materials perform in much the same manner by coupling the 
energy into the system, then the molecular motion of the material dissipating that energy 
as heat. 

With regards to vibrational control, there is generally considered to be two classes 
of visco-elastic damping treatments; those in which extensional deformation of the 
damping layer accounts for the damping, and those in which shear motions are dominant. 
Extensional deformation accounts for losses when a single layer of damping material is 
applied to a plate and is commonly termed free layer damping, while shear damping is 
likely to dominate whenever a visco-elastic material is used in between the plate to be 
damped and a relatively stiff cover plate or septum.  

The discussion in this case will be limited to free layer damping, Oberst et al [1] 
and Liénard [2], developed expressions for the damping from a single homogeneous layer 
of damping material applied to a plate. They found that the damping depends upon the 
stiffness of the damping material, E’, as well as on the thickness, t, of the damping layer 
and its loss factor, E’’. The need for a free layer damping material to be able to couple the 
energy into the system through the stiffness, and to dissipate through molecular motion 
via loss leads to the automatic consideration of a polymer composite material.  



A molecular composite such as a phase separated PU, polyurethane, is ideal for 
such an application. The hard block will act to reinforce the material and the soft block, 
will allow the vibrational energy to be dissipated through molecular motion. The onset of 
Tg is an important consideration with regards to the effective damping capability of a 
given material. Since E’ (storage modulus) and E’’ (loss modulus) will vary with 
temperature and frequency. At a temperature on the lower side of Tg a large amount of 
energy will be coupled into the system due to the higher modulus, but less energy will be 
dissipated as heat with the free motion of the molecular segment. At a temperature on the 
higher side of Tg the ability of the material to couple the energy into the system will be 
compromised although the vibrational energy will be more easily dissipated. Therefore, 
one of the most important design criteria is the position of Tg with regards to frequency 
and temperature. Changing a number of factors given in Table 1 may readily vary the Tg 
in polyurethanes.  
 
Factor  Increase factor Decrease factor 
Cross linker/Chain extender  Tg will increase  Tg will decrease  
Molecular weight of polyester  Tg will decrease  Tg  will increase 
Functionality of di-isocyanate  Tg will increase Tg  will decrease  

Table 1. Effect of changing a number of factors on Tg during resin matrix design. 
 

Until now the discussion has been limited to the design of the resin matrix, it is 
desirable however to reinforce the resin with inorganic fillers to increase the modulus. 
Inorganic fillers in terms of damping material can be either reinforcing or non-
reinforcing. Reinforcing fillers will tend to be fibrous or laminar, high aspect ratio 
particles, non-reinforcing fillers will tend to be spherical particles.   

It is understandable that in marine applications a number of restrictions must be 
placed on the formulation of the resin, and on the fillers used. The most notable of which 
is that aromatic based soft block such as polyester may not be used. This is primarily due 
to the fact the ester linkage readily undergoes hydrolysis under wet conditions[3]. Also, 
the long term stability of physical cross linking agents such as 1,4-butanediol is not 
assured as the ingress of moisture can effect the hydrogen bonding of the physical cross 
links and cause the material properties to change over time. Other considerations such as 
the stability of the filler/resin interface under hydrothermal conditions must also be 
considered during formulation.  

Consideration must also be given to the processability of the materials. In most 
cases when large areas of flat substrate are to be coated, tiles can be produced and 
attached to the substrate for example by epoxy resin. However, when uneven surfaces 
and corners exist on the construction material direct application by a dual flow pump 
would be desirable to give the best coverage. This has implications for the formulation in 
terms of viscosity of the uncured resin, wettability of the fillers and overall filler fraction 
that can be added.   

This paper describes the formulation of a system that has all the above attributes, 
the rheology, filler/resin interaction, tensile properties and damping response with 
temperature and frequency will be detailed.  
 



Experimental 
Rheology; The rheological measurements were conducted using a CSL-2 TA 

instruments rheometer, with a 2cm parallel plate with a 500µm gap at 40˚C. The amount 
of filler was recorded as the weight percentage of poly(tetra-methylene glycol). 

 Dynamic Mechanical Thermal Analysis; The dynamic mechanical 
measurements were conducted on a Polymer Laboratories Ltd DMTA. Rectangular 
samples 10 mm x 20 mm and of approximately 2mm thickness were clamped using a 
single cantilever mode of action and knife-edge clamping arrangement.  Clamping torque 
was 40 N. Temperature scans were performed at various ranges defined in section.  The 
scanning frequency was 10Hz.The samples were re-clamped at low temperatures to 
minimise slippage. For multi-frequency DMTA , 0.3, 3, 10 and 30Hz were used.  
       Optical microscopy; The samples were prepared primarily in acetone and placed 
on a glass slide after sonicating for 5min in an ultrasonic bath and the acetone allowed to 
evaporate. 

Formulation; Poly(tetramethylene glycol), PTMEG, Mn ~1000, was heated to 
+60oC and degassed for 20minutes at <1mbar. The trimethylopropane, TMP, was added 
and the heating and degassing repeated. The fillers were then added and are detailed as 
weight of volume percentages of total resin weight is equal to (PTMEG + TMP + 
isocyanate) throughout. The mix is then stirred under vacuum at 12Hz for 10min. The 
isocyanate, Hyperlast M143 functionality 2, or Suprasec 5005, functionality 2.7, was 
added at the required ratio, mixed at room temperature under vacuum, for 12min, and 
then poured into the mould.  

Tensile Testing; Dog bone samples were cast, with dimensions of approximately 
100mm length 10mm width and 2mm thickness. They were tested on a servo-hydraulic 
test machine, Zwick REL model 2061 with a crosshead speed of 100mm/min using a 
calibrated extensometer. The resulting stress strain curves were obtained. 
 
2. Results and discussion.  
 
The following fillers table 2, were selected and contain a reinforcing filler such as 
wollastonite and a non-reinforcing filler such as barium sulphate. The reinforcing effect 
of wollastonite is well known [5]. The barium sulphate is included to act as a volume 
filling agent, the relevance of which will become clear. In figure 1 optical microscopy 
shows clearly the size and shape on the wollastonite and in figure 2 an SEM of the 
wollastonite and barium sulphate is shown.  

Table 2. Selected filler for use in formulation in damping material. 

Material  Supplier  mean 
particle 
size  

Particle Size  
Distribution or top 
size   

Pa3rticle Shape Density  
g/cm3

Wollastonite  Boud 
Minerals 

45µm % Retained on.;  
100 µm = 99.8; 
75 µm =86.1;  
45 µm = 57.2 

Fibre high aspect 
ratio 20:1  

2.6 

Barium 
Sulphate 

Boud 
Minerals  

12.1µm <2% Retained on 
45 µm sieve  

Nodular 4.4 



Wollastonite exists as long needles, of varying particle sizes and aspect ratios. The 
barium sulphate appears as a smaller granular material with very rough topography, the 
impact in the size and shape of the 
particles will be discussed in full in the 
rheology section.  

 
 
 

Figure 1. (left) Optical microscopy of Wollastonite showing needle like fibres of high aspect ratio. 
Figure 2. (right) Showing Wollastonite fibres and nodular barium sulphate. 

 
The surface chemistry of the fillers will determine the degree of interaction with 

resin matrix. To this end multi-frequency Dynamic Mechanical Thermal Analysis, 
DMTA was used to determine the effect of the fillers on the relaxation behaviour of the 
soft block and the activation energy of the relaxation.  

DMTA monitors the change in relaxation temperature at different frequencies 
Examples of multi-frequency DMTA are given in figure 3. From the variation in 
relaxation temperature with frequency Arrhenius plots are obtained and activation 
energies calculated from; 
 

)
303.2

(log
RT

EaAf −
+= Eq. 1  

 
where f is the frequency used in the experiment, T is the temperature at which the tan 
δ peak occurs, Ea is the activation energy, R is the gas constant and A is a constant. The 
Arrhenius plots from DMTA and the activation energies are given in table two.  

It is clear that the barium sulphate has little effect on either the dynamic mechanical 
relaxation of the resin. In comparison the Wollastonite has little effect on the activation 
energy of dynamic mechanical, although it can be seen that the activation energy of the 
relaxation decreases slightly with increasing volume fraction as seen in table 3. There is a 
definite temperature shift to a higher temperature suggesting that there is significant 
interaction with the resin. 
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Figure 3. Arrhenius plots of Multi frequency DMTA (left), example of DMTA (right) 
 

Test Sample.  
 

Wollastonite  
by % volume  

BaSO4 
by % volume 

Activation Energy 
DMTA Kj mol-1

DIE01 0 0 223 +/- 25 
DIE02 3 0 200 +/- 25 
DIE03 6 0 185 +/- 25 
DIE04 0 3 189 +/- 25 
DIE05 0 6 214 +/- 25 

Table 3. Summary of activation energies from DMTA 
 
The rheology of the polyol fraction has been stated to be of great importance in this 
particular application therefore, a series of additions of wollastonite have been added to 
the polyol and the shear rate varied from 0.6-600 s-1.  
 

 

 
 
 

Figure 4 (left) Increasing weight percentage of Wollastonite in polyol.  
Figure 5 (right) Pictorial description of the likely structure of Wollastonite fibres in polyol. a) Prior to shear 
with fibres in contact end to face; causing an inability to flow. b) After shear thinning with fibres aligned in 
the direction of the shear, allowing flow.   
 



 
Figure 6. Variation in viscosity with shear rate. 
For sample a) 80% Wollastonite. b) 80% 
Wollastonite + 2% silica and c) 80% 
Wollastonite + 2%silica + 40% barium sulphate.   
 
 
  
 
 
 
 
 

 
 

With increasing shear rate for the 80% by weight samples, the viscosity reduces 
markedly over three decades of shear rate. This is indicative of a log jam structure being 
destroyed, the Wollastonite having an aspect ratio typically of 20:1. Therefore, at high 
levels of Wollastonite there is a high probability of the volume filling limit being reached 
and significant structure being created at around 65-70% weight percentage. This 
structure is likely to exist as end to face fibre interaction exemplified by figure 5a. When 
significant shear is applied the fibres align in the direction of the shear and allow the 
alignment of the flow becomes possible figure 5b. 
  It is clear from Figure 6, that all samples shear thin and that the viscosities at low 
shear rates on the 0.6-600s-1 flow curve show marked differences. Sample 2, containing 
2% silica in addition to the Wollastonite has an initial viscosity approximately one 
decade below that of the Wollastonite alone. It is envisaged that the silica particles 
interfere with the structure build up of the Wollastonite fibres, and that the silica acts to 
lubricate the movement of the fibres as they pass one another. This will hinder the build 
up of a viscosity enhancing structure, as the nano-meter scale silica will be dispersed in 
between the fibre points and surface. Furthermore, the addition of a moderately large 
amount of barium sulphate decreases the initial viscosity still further. This is more 
surprising considering there is a concurrent decrease in the fraction of poly(tetra-
methylene glycol).      

Figure 7 shows the variation in E’ and tan δ with cross linker with high and low 
functionality respectively. The most notable difference between the MDIs is the breadth 
of the relaxation; with the high functionality MDI giving tan δ significantly broader than 
the lower functionality MDI. Also, the shift in the peak tan δ temperature with similar 
additions of cross linker is significantly greater for the higher functionality MDI. 
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Figure 7. Suprasec MDI, functionality 2.7, (left). Hyperlast MDI, functionality 2, (Right). Variation in E’ 

and tan δ with similar variations in cross linker (trimethylolpropane) 
 
Figure 8 shows the likely isomers of a di-functional MDI figure 8 a) 2,4’-MDI and b) 
4,4’-MDI. It should be noted that in a crude MDI system some 2,2’-MDI is also likely to 
exist but at no more than a trace amount. The lower functionality MDI (Hyperlast) that is 
of a higher purity than the suprasec MDI system is likely to be composed of purely di-
functional isomers giving an average functionality of 2 isocyanate groups per MDI 
molecule.  With suprasec, which is a polymeric MDI, system the average functionality is 
2.7. This infers that there is a greater proportion of tri-functional MDI molecules, figure 9 
c) tri-functional MDI; which will also exist as various isomers of the molecule shown.  

  
Figure 8 a) 2,4’-MDI b) 4,4’-MDI c) tri-
functional MDI. 
 
 
 
 
 
 

 
 
 
 



 

 
Figure 9. Variation of loss response with temperature and frequency for a low functionality isocyanate 

containing material (left) and a high functionality isocyanate (right). 
 
  The difference in breadth of the tan δ in the DMTA with varying the isocyanate is 
demonstrated in the variation in the loss response of the steel beams coated at a 1:1 
thickness with two different isocyanate containing systems. Although the breadth of the 
operational temperature frequency range is extended this is at a consequence of loss.  

The influence of the overall volume fraction is demonstrated at various 
temperatures via beam tests.  It is noticed that increasing the amount of non-reinforcing 
filler above what can be processed with Wollastonite alone. The following formulations 
contain the maximum amount of wollastonite figure 10 (sample 1) and the maximum 
level of wollastonite with a further 40% of resin weight Barium Sulphate figure 10 
(sample 2) and are compared to an uncoated test beam. It is clear that the effect of 
volume fraction is negligible at lower temperatures close to the glassy state. At higher 
temperatures and further into the visco-elastic region the effect of reinforcing fillers is 
more pronounced.  

This leads us to speculate that the addition of secondary filler to the formulation 
may impede the compliance of fibre within the resin matrix under external perturbation.  
Tensile tests also show a remarkable improvement in tensile modulus and the amount of 
energy absorbed for tough fracture, which equivalent to the area under the stress strain 
curve (figure 11).  
 



 

Figure 10. Influence of secondary filler level on the loss response at low and high temperature. 
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Figure 11. Tensile test results for samples 1, 40% Barium Sulphate. Samples 2, 80
samples 3, 80% Wollastonite and 40% Barium Sulphate. 



3. Conclusions 
• Wollastonite highly interacts with the resin matrix causing an increase in low and 

perature modulus; also, tan δ is shifted to a higher temperature.  Barium 

• 
m’ structure that impedes the 

• 
g the structure reforms.  

nd the viscosity is greatly 

• 
oelastic region is broadened. This is reflected in the vibrational beam 

• 
rall volume fraction with non-reinforcing filler 
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Sulphate on the other hand shows little interaction. 
Wollastonite exists as a high aspect ratio ‘needle like’ fibre, which above a 
volume fraction of around 24%, builds up a ‘log ja
flow of the polyol fraction. 
The wollastonite structure in the polyol fraction shear thins readily at high shear 
rates, however, after shearin

• Both silica and barium sulphate interfere with the structure build up by lubricating 
the movement of the fibres passed one another a
reduced. 
It has been shown that by using a higher functionality MDI the tan δ and the 
entire visc
test results, as the variations in loss response with temperature and frequency are 
small over the required range.      
The secondary filler also plays a part in the increase in bandwidth as it has been 
shown that by increasing the ove
the damping is improved. The secondary filler impedes the compliance of the 
fibre in the resin matrix with external perturbation. This is of greater importance 
at temperature closer to the rubbery region, as the variation with increased 
secondary filler close to the glassy region is negligible.   
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