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Abstract 

An overview on static and dynamic behavior of functional polymeric foams is presented. In particular, a PU (Poly Urethane) open 
cells foam was manufactured to obtain specimens with different nanostructured coatings.  
An experimental campaign was performed with 7 different kind of multilayer coatings.  
Quasi-static compression preconditioning and compression fatigue cycles were applied and 5 parameters were measured during 
cycling: Hysteresis loop area, Dissipated energy per cycle, Stiffness degradation, Secant modulus, Loss factor values. 
The results show the effect of the contribution of nanoink layers to the static and cyclic behavior of foams. 
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1. Introduction 

Polymer nanocomposite foams combine the energy absorption and lightweight properties of foams, with the added 
multifunctionalities of nanomaterials dispersed within their structure, with enhanced strength (Dolomanova et al. 
(2011), Chen et al. (2014), Chen et al. (2011)) and dielectric properties (Chen et al. (2014), Athanasopoulos et al. 
(2012), Dai et al. (2012)), sound and vibration damping (Verdejo  et al. 2009), Lee et al. (2012), Sung et al. (2007), 
Bandarian et al. (2011)), energy dissipation under compressive loading (Bezazi and Scarpa (2007)). This damping 
capacity is due to the energy dissipation mechanisms involved in the polymer/carbon nanotube (CNT) interface that 
is: nanotube/nanotube interfacial sliding and – in the case of multi-walled carbon nanotubes (MWCNTs) – the coaxial 
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sliding of the tube walls (Verdejo et al (2009), Zhang et al. (2014));  the formations of internal voids in the 
nanocomposite foam struts because of clustering and inhomogeneity (Bandarian et al. (2011)). 

These examples refer to open cell foams made from the dispersion of nanoparticles within the chemical compounds 
used in the foaming process. In (Kang et al. (2007), Chen et al. (2015), Zhang et al (2016)) an alternative approach is 
proposed and described to produce these particular nanocomposite foams is by dip coating the porous materials in 
nanoinks. These procedures allow to obtain a multilayer structured composite foam with coating well adherent to the 
foam substrate. The microscopic investigation of damage phenomena related to cyclic loading of polymeric foams at 
the author’s knowledge is poor. In Hu et al. (2018) an accurate microscopic analysis on the effect of cyclic compression 
on a metallic open cell foam with coating is applied to a metallic foam. The coating damage phenomena were described 
from a microscopic point of view in (Bandarian et al. (2011), Zhang et al. (2014), Zhang et al (2016)) where it was 
observed energy dissipation is related to nanotube-nanotube interfacial sliding of the tube walls within multiwall 
carbon nanotubes. However, to the author’s knowledge, very few studies were performed on damage phenomena of 
multilayer composite nanocoated open cell polyurethane foams. 

In the present paper an overview on static and dynamic behavior of functional polymeric foams is presented. In 
particular, A PU (Poly Urethane) open cells foam was cut to obtain specimens. 

Different layers of coating were applied to the foam: two samples were coated with one layer (1PU) and 4 layers 
(4PU) of PUD (polyurethane dispersion) respectively, while 4 samples, after being coated with 1 layer PU, were coated 
with 1 layer (1MW), 2 layers (2MW), 3 layers (3MW) 4 layers (4MW) of CNT (carbon nanotube). 

The tests aim at characterizing the materials behavior to calibrate the material constitutive models for future 
numerical simulations.  

More in detail, experimental analysis entails at investigating the effect of foams coating on static and dynamic 
parameters when frequency and compression amplitude is varied from linear to non-linear elastic behavior. 

Experimental procedures are defined according to International Standards. The following parameters were 
calculated by means of processing resulting data, for different number of cycles: the area of the hysteresis cycle, the 
dissipated energy per cycle, the secant modulus of the cycle, the stiffness degradation (rigidity loss) and the loss factor. 

2. Materials and method 

Seven different samples of materials were tested, one specimen per each material. A PU (Poly Urethane) open cells 
foam was cut to obtain specimens. Different layers of coating were applied to the foam: two samples were coated with 
one layer (1PU) and 4 layers (4PU) of PUD (polyurethane dispersion) respectively, while 4 samples, after being coated 
with 1 layer PU, were coated with 1 layer (1MW), 2 layers (2MW), 3 layers (3MW) 4 layers (4MW) of CNT (carbon 
nanotube). Each specimen was measured along the three main dimensions by means of a precision caliper. In Figure 
1 the specimens are reported, in the same figure, the measurement directions are indicated.  

Five specimens per material were used for quasi-static tests, one specimen per material was used for cyclic tests. 
Tests were run according to ASTM D4065. A preconditioning 5 cycle quasi-static loading was applied to 20% strain. 
Quasi-static preconditioning was run by means of a MTS QTest/10 testing machine, equipped with a 50 N load cell, 
in displacement control, with a 5 N preload and a maximum 20% strain. This value was selected to avoid the steep 
hardening phase in the stress-strain diagram. Then a sequence of 4 load blocks of 100000 cycles was applied to one 
specimen per sample: 0,5% strain and 1 Hz, 0,5% strain and 10 Hz, 1% strain and 1Hz and 1% strain and 10 Hz. These 
cycles were applied by means of a BOSE Electroforce 5500, load cell 200 N, in displacement control. Load [N] L and 
crosshead displacement [mm] l were acquired during testing. 

Nominal strain  was calculated as follows the ratio between crosshead displacement l and specimen initial length 
lo. Nominal stress  was calculated as the ratio between the load L and the specimen initial cross section A0. 

Transversal deformation effects were neglected. 
 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2019.12.042&domain=pdf
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Fig. 1. specimen designation and main dimensions. 

The following parameters were calculated by means of processing resulting data, for different number of cycles: 
the area of the hysteresis cycle, the dissipated energy per cycle, the secant modulus of the cycle, the stiffness 
degradation (rigidity loss) and the loss factor. 

The hysteresis cycle area was calculated by means of numerical integration by means of the trapezium rule (Davis 
and Rabinowitz (2007)) on the stress-strain diagram as already done in Curà and Sesana (2014).  

The dissipated energy is assumed to be related to the hysteresis cycle area (Lazan (1968)) for elastic materials; then 
it was obtained as the area of the hysteresis cycles times the specimen volume. 

The secant modulus was calculated as the ratio between the difference of maximum and minimum stress and the 
difference between the corresponding maximum and minimum strain of the cycle for hysteresis cycles with elliptical 
shape. 

The stiffness degradation SD was calculated as the ratio between the maximum stress in a cycle and the maximum 
stress that of the first cycle.  

The loss factor 𝜂𝜂 was calculated as the ratio between D, the energy dissipated per cycle (or the energy that must be 
supplied to the system to maintain steady state conditions) and W, the total (kinetic plus potential) energy associated 
with the vibration time 2 (Ungar and Kerwin (1962)): 

𝜂𝜂 = 𝐷𝐷
2𝜋𝜋𝜋𝜋 

3. Results and discussion 

The results of quasi-static cyclic preconditioning of specimens are reported in Figure 2 and 3. In Figure 2 the 5 
preconditioning cycles are reported for pure material PU, for 4PU and 4MW specimens as an example. The change in 
slope between the two linear trends occurs for strain values about 5%. Increasing the number of coating layers 
increases the maximum stress and the area of the hysteresis cycle. 

Figure 3 shows the average decrement Δmax of the maximum stress max on five specimens per material from the 
first to the fifth cycle in quasi-static cycling (Figure 3a). The same value, normalized with respect to the maximum 
stress in the first cycle and in % value, %Δnorm, is also reported (Figure 3b). It can be observed that this decrement 
of maximum stress (stress softening) corresponds to the hyperelastic behavior described by Mullin effect (Govindjee 
and Simo (1991), Ogden and Roxburg (1999)). 

This means that damage phenomena are taking place during uniaxial static compression. The contribution to 
damage may be split in two parts, the first part can be accounted to pure foam (PU) and it is constant for all specimens; 
the second one can be attributed to coating layers damage (Bandarian et al (2011), Zhang et al (2016), Zhang et al 
(2016)). 

This second contribution is quantitatively different for different specimens as demonstrated from the analysis of 
Figure 3. Similar results can be found in cyclic experiments. 

b 
s 

h 
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(a)                                                              (b)                                                            (c) 

Figure 2: average hysteresis cycles for PU (a) specimen, 4PU (b) and 4MW (c) specimens in quasi-static cycling 
 

  
(a) (b) 

Figure 3: average decrement in maximum stress in absolute value (a) and % normalized (b) in quasi-static cycling 
 
From the analysis of Figure 3 it can be observed that the presence of different coating layers strongly influences 

the foams behavior, providing in all cases a stiffening effect. This behavior changes substantially during the quasi-
static cyclic preconditioning; in particular, PU layers show a linear decrement in maximum stress by increasing the 
number of layers, while MW layers show a higher degradation that appears to not be influenced by the layers number 
increasing.  

In the following Tables 1-3 the results of the experimental cyclic tests are reported. In particular in Table 1 the 
stiffness degradation, in Table 2 the secant modulus, in Table 3 the loss factor. The area of the hysteresis cycle and 
the dissipated energy per cycle were used to calculate the loss factor values. 

     Table 1. Stiffness degradation [-]. 

 
PU 1PU 4PU 1MW 2MW 3MW 4MW 

1% 1 Hz 0,078 0,116 0,322 0,256 0,237 0,228 0,101 

1% 10 Hz 0,196 0,225 0,252 0,207 0,207 0,232 0,212 

0,5% 1 Hz 0,237 0,349 0,328 0,323 0,374 0,075 0,119 

0,5 % 10 Hz 0,169 0,268 0,288 0,230 0,264 0,293 0,194 

     Table 2. Secant modulus [kPa]. 

 PU 1PU 4PU 1MW 2MW 3MW 4MW 

1% 1 Hz 15034,3 30483,3 12614,9 3661,7 3537,0 3466,2 19492,0 

1% 10 Hz 10155,9 4554,2 15507,4 40279,0 2431,9 15695,7 98802,5 

0,5% 1 Hz 18653,7 22124,5 53449,1 27728,4 18286,3 47237,8 13994,6 

0,5 % 10 Hz 5626,6 3885,9 4329,0 13818,7 15626,1 24211,9 1842,3 
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     Table 3. Loss factor [-]. 

 PU 1PU 4PU 1MW 2MW 3MW 4MW 

1% 1 Hz 0,257 0,078 0,058 0,247 0,187 0,183 0,271 

1% 10 Hz 0,011 0,023 0,012 0,167 0,085 0,086 0,355 

0,5% 1 Hz 0,017 0,009 0,001 0,007 0,004 0,036 0,103 

0,5 % 10 Hz 0,015 0,003 0,010 0,004 0,003 0,006 0,002 

 
In Figure 4 and 5, as an example, the values of stiffness degradation to evaluate the effect of the PU and CNT 

coatings in different strain and frequency conditions are reported. In Figure 6 and 7 analogous results are shown for 
Loss factor.  

 

  

  

Fig. 4. Stiffness degradation in different strain and frequency conditions for different number of PU coating layers. 

  

  

Fig. 5. Stiffness degradation in different strain and frequency conditions for different number of CNT coating layers. 
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Fig. 6. Loss factor in different strain and frequency conditions for different number of PU coating layers. 

  

  

Fig. 7. Loss factor in different strain and frequency conditions for different number of CNT coating layers. 

From the analysis of Figures 4-7 it can be observed that the test frequency influences the foams characteristics. 
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     Table 3. Loss factor [-]. 

 PU 1PU 4PU 1MW 2MW 3MW 4MW 

1% 1 Hz 0,257 0,078 0,058 0,247 0,187 0,183 0,271 

1% 10 Hz 0,011 0,023 0,012 0,167 0,085 0,086 0,355 

0,5% 1 Hz 0,017 0,009 0,001 0,007 0,004 0,036 0,103 

0,5 % 10 Hz 0,015 0,003 0,010 0,004 0,003 0,006 0,002 

 
In Figure 4 and 5, as an example, the values of stiffness degradation to evaluate the effect of the PU and CNT 

coatings in different strain and frequency conditions are reported. In Figure 6 and 7 analogous results are shown for 
Loss factor.  

 

  

  

Fig. 4. Stiffness degradation in different strain and frequency conditions for different number of PU coating layers. 

  

  

Fig. 5. Stiffness degradation in different strain and frequency conditions for different number of CNT coating layers. 
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Fig. 7. Loss factor in different strain and frequency conditions for different number of CNT coating layers. 
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4. Conclusions 

In the present paper the results of an experimental activity on multilayer nanocoated PU open cell foams are 
presented. Quasi-static and cyclic compression tests were performed. The particular aim was to characterize the effect 
of different number and kind of layers: PU and CNT nanoinks. 

The results of quasi-static cyclic preconditioning of specimens show that an increasing number of coating layers 
increases the maximum stress and the area of the hysteresis cycle.  

It can also be observed for all specimens a decrement in the maximum stress with cycles (stress softening) and this 
phenomenon is more evident increasing the number of layers. This difference in damaging behavior can be attributed 
to the coating layer contribution. This trend is linear for PU layers and non-linear for MW layers.  

For cyclic characterization the following parameters, obtained from the hysteresis loops, were chosen: Stiffness 
degradation, Secant modulus and Loss factor. 

From this first analysis, it appears that both strain amplitude and test frequency influence the foams characteristics. 
Further tests will validate from a quantitative point of view these evidences. 
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