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Abstract 

This research aims to optimize the debonding of structural adhesives, for automotive 

applications, by the inclusion of TEPs (thermally expandable particles). The 

multiscale modelling technique was adopted to characterize TEPs mechanical 

properties and to simulate how different TEPs contents affect the structural 

behaviour of the adhesive. Retrieving the optimal percentage of inclusion particles in 

the adhesive matrix is an important step to reach the best trade-off between the 

preservation of good structural properties and a facilitated adhesive debonding. 

 

 

Acronyms 

CT computerized tomography 

E elasticity / Young modulus 

ELV end-life vehicles 

FE Finite element 

K hardening modulus 

n hardening exponent 

RSF residual stiffness factor 

RVE representative volume element 

TEP thermally expandible particle 

US ultimate strain / strength 

Y yelding 
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1. Structural adhesives 

The need of reducing weight and to improve the mechanical performances of the 

vehicle led to prompted research of new technologies. The joining of the vehicles 

structural components is one of the engaged fields. 

Classical techniques adopted for this kind of joining are: 

• Fusion welding: usage limited to steels, with its alloys, and to aluminium 

alloys. Cheap technique which presents, around the joint, a uniform stress 

distribution, but an altered metal microstructure due to the high heat input; 

 

Figure 1:  Fusion welding adoption for the chassis mounting 

• Friction element welding: usage extended to the joining of non-ferrous 

materials with ferrous ones (such as fibre composite), but with the addition of 

weight due to the metal joint used. Non-uniform stress distribution around 

the joint, due to the discontinuity that it creates, but the low heat input 

generated by the metal plastic deformation, during the process, doesn’t alter 

the metal microstructure; 

 

Figure 2: Friction element welding 

• Mechanical joining: possibility of joining whatever material, but expensive 

and heavy solution. 

 

Figure 3: Mechanical joining 

A very effective alternative to these joining techniques is the adhesive: epoxy 

resin (thermoset polymer) with heavy structural properties, lightweight if compared 

to some of the previous listed joining solutions. The adhesive ensures a uniform stress 

transfer from a work piece to the other, allowing also eventual thermal deformations 

of the base materials. 
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1.1. Adhesive 

There are several kinds of adhesive matrices, differing on chemical composition, 

which determines their structural properties and so their final application. The 

adhesive matrix used for this study is the SikaPower®-1277, a two-component 

structural epoxy adhesive. It can be applied to join aluminium and steel metal sheets, 

but also carbon fibre laminates, all applications where high mechanical and impact 

properties are required. 

1.2. Adhesive mechanical properties characterization 

The adhesive producer provides a datasheet [1] (see Appendix 1) with some of the 

most characterizing material properties. By the way, for the purposes of this study, 

some of these were computed again for a better accuracy, by a specimen tensile test, 

following the ISO standard procedure. 

 

Figure 4: Tensile test apparatus 

The specimen was composed by two composite sheets, bonded together by the 

concerned adhesive, through a lap joint: 

 

Figure 5: Specimen design characteristics 

 

𝐿0 = 26.289𝑚𝑚;     𝑆0 = 𝑤 ∙ 𝑡𝐴 = 16.8𝑚𝑚2. 
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As Figure 5 shows, the adhesive is subjected only to shear stresses. This should 

be the only possible working condition for this kind of joining technique, due to its 

weakness to withstand peel stresses. 

The tensile test data were analysed by Matlab, aiming to retrieve the following 

parameters: 

a) Young modulus (𝐸); 

b) Yelding strain and stress (𝜀𝑌, 𝜎𝑌); 

c) Ultimate strain and tensile strength (𝜀𝑈𝑆 , 𝜎𝑚); 

d) Hardening exponent and modulus (𝑛, 𝐾). 

The resulting tensile test by laboratory activities is the following: 

 

Figure 6: Adhesive tensile test result 

The mathematical expression, well representing the trend of this tensile test, 

follows: 

{
𝜎 = 𝐸 ∙ 𝜀;      𝜀 ∈ {0, 𝜀𝑌}     (1)

𝜎 = 𝜎𝑌 + 𝐾 ∙ 𝜀𝑛;      𝜀 ∈ {𝜀𝑌, 𝜀𝑈𝑆}     (2)
 

The curve plastic range can be approximated by different laws, but the power law 

is the simplest one and suits for the software implementation, as shown soon. 

a) The standard EN ISO 527-2 [2] states that the value of the elasticity modulus 

is measured as the average slope of the tensile test curve, between elastic 

strains of 0.05% and 0.25%: 

𝐸𝑚𝑎𝑡𝑟𝑖𝑥 =
𝜎0.25% − 𝜎0.05%

𝜀0.25% − 𝜀0.05%
= 2486.6𝑀𝑃𝑎. 

b) Starting from the strains in the tensile test, it’s possible to retrieve the 

yelding point as follows: 

𝜀 = 𝜀𝑒𝑙𝑎𝑠𝑡𝑖𝑐 + 𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐 =
𝜎

𝐸𝑚𝑎𝑡𝑟𝑖𝑥
+ 𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐  →  𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐 = 𝜀 −

𝜎

𝐸𝑚𝑎𝑡𝑟𝑖𝑥
 

The array of numbers returned by this equation corresponds only to the 

plastic deformation and can be split in two parts, characterized by: 
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• The starting values very close to zero, or at least negative, within 

the elastic region; 

• Positive values, within the plastic region. 

Thus, checking what is the first positive number, the index of the yelding 

point is determined. The final step consists in associating to this index the 

relative yelding strain and stress: 

𝜀𝑌 = 0.54%;     𝜎𝑌 = 13.5134𝑀𝑃𝑎. 

c) The values of the tensile strength of the ultimate strain correspond to the 

maximum values of the two relative arrays, correspondingly: 

𝜀𝑈𝑆 = 4.25%;     𝜎𝑚 = 36.6347𝑀𝑃𝑎. 

d) Eq. 2 is the starting point to retrieve, firstly, the plastic stress, and then the 

hardening parameters: 

𝜎𝑝𝑙𝑎𝑠𝑡𝑖𝑐 ≡ 𝜎(𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐) = 𝐾 ∙ 𝜀𝑛     (3)  

𝜎𝑝𝑙𝑎𝑠𝑡𝑖𝑐 = 𝜎 − 𝜎𝑌     (4) 

Once retrieved the plastic stresses, a minimization technique is adopted to 

optimize the fit of the analytical curve on the real one. The hardening 

modulus and exponent obtained follow: 

𝐾 = 107.1682𝑀𝑃𝑎;      𝑛 = 0.3735. 

Finally, having defined all the structural parameters, it’s possible to 

graphically represent the analytical model: 

 

Figure 7: Analytical model of the real tensile test 
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2. Need of debonding 

Nowadays, the environmental health care is one of the main focuses. The 

European Parliament established different guidelines that vehicles producers must 

follow to ensure their products to be the most sustainable possible. One important 

field concerning sustainability is the recyclability and/or reusability of the vehicle, 

with its components, and the Directive 2000/53/EC [3] on end-life vehicles (ELV) did 

set clear targets to be reached within next years. The key steps in recent years, with 

regard to this EU policy, are the following: 

 

Figure 8: Key dates of the directive on ELV 

The Directive 2000/53/EC, as reported on the official European Union website [4], 

sets out measures to prevent and limit waste from end-of-life vehicles and their 

components by ensuring their reuse, recycle and recovery. It also aims to improve the 

environmental performance of all economic operators involved in the life-cycle of the 

vehicles. 

Producers, when designing and producing their products, must ensure that new 

vehicles are: 

• reusable and/or recyclable to a minimum of 85% by weight per vehicle 

• reusable and/or recoverable to a minimum of 95% by weight per vehicle. 

To satisfy these requirements new solutions in different fields must be adopted. 

Joining of structural components is one of the concerned fields: the dismounting of 

vehicles parts must be guaranteed to allow their correct reuse and/or recover. 

As previously highlighted, the adoption of adhesives as a joining system is 

convenient, but the de-bonding phase is still quite tricky, especially if reusage of the 

surfaces must be guaranteed. An innovative technique able of solving quite well 

these troubles is the inclusion of thermally expandible particles (TEPs) within the 

adhesive matrix. 
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2.1. TEPs 

A single particle is composed of liquid hydrocarbon contained within a shell made 

of a co-polymeric material. The shell composition isn’t exactly known, but two main 

monomers may be the poly vinyl chloride (PVC) and the acrilonitrile-butadiene-

stirene, with the former one increasing the overall permanent deformation, as shown 

by Dobrotă et al [5]. 

When heat is provided to the adhesive, TEPs start to expand, reaching debonding 

at a temperature strictly dependent on the particles volume content and on the matrix 

adopted. The two main mechanisms concerned to the TEPs expansion are: softening of 

the shell and gasification of the hydrocarbon. 

 

Figure 9: TEPs structure and expansion 

Jorge Veloso [6] demonstrated that, for a 15% TEPs content, 143.3 ℃  is the 

temperature for an affective debonding of a SikaPower adhesive, like the one whose 

behaviour is investigated in this study. 

Heat is provided by means of an electromagnetic induction coil, which allows for a 

fast and localised heat input. 

 

Figure 10: Electromagnetic induction coil 

TEPs significantly affect the mechanical properties of the adhesive and it’s very 

important to predict how the material behaviour changes with different microspheres 

contents, that is the main goal of this study. 

2.2. TEPs characterization 

An important step is the characterization of the mechanical properties of the 

microspheres and of the volumetric space they occupy within the matrix, to later 

analyse how these inclusions affect the overall mechanical behaviour of the adhesive.  

The name of the analysed microspheres is Expancel® 093 DU 120. The producer 

provides only a few particles parameters useful for the current analysis [7] (see 

Appendix 2), such as density. By the way, some parameters needed to be recomputed 

more accurately, while others needed to be retrieved from the outset. 
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The dimensions distribution of the particles was characterized by a CT scan of a 

specimen charged with TEPs, whose data were analysed by Matlab. This non-

destructive examination is one of the most accurate and efficient ways to characterise 

particles diameters at such a small length scale. 

 

Figure 11: Specimen CT scan 

Starting from the raw data collected, a data cleansing is necessary to avoid 

improper results. From statistical theory, it’s known that the 98% of all the data are 

beneath the upper limit diameter defined as: 𝑑𝑚𝑎𝑥 = 𝜇 + 3 ∙ 𝑠, where μ is the mean 

diameter and 𝑠 is the standard deviation scalar, retrieved by a first data analysis of 

the whole data set. 

The main parameters of the cleansed statistical distribution follow: 

Mean diameter 

[μm] 

Standard 

deviation [μm] 

Minimum 

diameter [μm] 

Maximum 

diameter [μm] 

44.55 19.48 19.66 130.58 
Table 1: Statistical distribution parameters 

Starting from these parameters, this is the resulting statistical distribution: 

 

Figure 12: TEPs diameters statistical distribution 
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The last parameter to retrieve, and also the trickiest one, is the TEPs Young 

Modulus, but in order to do this, it is necessary to adopt a new technique called 

multiscale modelling. 
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3. Multiscale modelling 

To describe what is the material reaction to a specific load, there are two different 

approaches: 

 

Figure 13: Comparison between different analyses approaches 

The most used one is the bottom-up [8], which exploits numerical simulations 

starting from a microscopic length scale, avoiding a number of costly mechanical tests. 

From now on the focus will be set on this approach. 

3.1. Composite material 

The subject of this analysis is a composite material, defined as the assembly of 

two or more materials, with the matrix ensuring cohesion and orientation of the load. 

In this case, the second phase (TEPs), instead of being added to improve the final 

assembly mechanical properties, is added to improve the debonding of the matrix 

(SikaPower®-1277) when required, as previously described.  

 

Figure 14: Composite sample 

3.2. Digimat-FE 

The multiscale modelling software adopted for this study purposes is Digimat-FE. 

This software enables to predict the behaviour of heterogeneous and/or anisotropic 

materials, basing on the finite element homogenization module of Digimat [9]. A 
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representative volume element of the composite is initially set up and then meshed, 

solved and post-processed entirely within Digimat-FE. 

3.3. Main parameters 

To run a simulation, it’s necessary to set the different phases parameters and 

microstructures and then, the RVE dimension with the mechanical load applied and 

the failure model. 

Not all the parameters characterizing the following listed sections are known 

from the outset, but they can all be computed mainly through reverse engineering, as 

later explained in Section 4. 

a) Materials: 

All the mechanical parameters retrieved until now must be set in this 

section. 

• Matrix - SikaPower®-1277: 

Young modulus [MPa] 2486.6 

Yelding stress [MPa] 13.5134 

Ultimate strength [MPa] 36.6347 

Hardening modulus [MPa] 107.1682 

Yelding strain [%] 0.54 

Ultimate strain [%] 4.25 

Hardening exponent [-] 0.3735 

Poisson ratio [-] 0.4 

Density [kg/m^3] 1100 
Table 2: Matrix structural properties 

The matrix behaviour simulated by Digimat with these parameters is: 

 

Figure 15: Digimat matrix simulation 

As it’s possible to notice comparing this result with the original one from the 

tensile test carried out, it’s evident the similarity between the two curves, as 

expected. 

• TEPs - Expancel®093 DU 120: 

It’s worth it to highlight that the Poisson ratio is unknown but, starting from 

the microspheres shell material, with its constituent co-polymer Poisson 

ratio of 0.4, the TEPs one can be considered the same. On the other hand, 
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the Young modulus, as previously said, is unknown too, but it’s possible to 

retrieve it by Digimat simulations, as shown later on (Section 5). 

The parameters known until now are the density and the Poisson ratio: 

𝜌𝑇𝐸𝑃𝑠 = 6.5 𝑘𝑔/𝑚3;    𝜈𝑇𝐸𝑃𝑠 = 0.4. 

b) Microstructure: 

The only microstructure to be set with its proper parameters is the inclusion 

one: 

• The volume fraction considered is dependent on the goal of the 

simulation carried out; 

• The shape of the TEPs is set spherical, that is quite a good 

approximation of the realty; 

• The data about the distribution of the microspheres dimensions were 

retrieved in Section 2.2. 

 

c) RVE: 

The RVE size is initially suggested by Digimat (222.7513 𝜇𝑚3) and it can be a 

good starting point to carry out simulations to find initial needed parameters, 

such as the TEPs E-modulus. After all the mechanical properties are 

established, it’s necessary to conduct a study about what RVE size best 

simulates the realty, as it will be shown later (Section 6). 

d) Failure: 

The failure indicator is relevant for the simulation since it aims to prevent when 

the material will fail and how it will. Two different models are tested, with 

results reported in Section 7. 

e) Loadings: 

The loading type may be both the strain and the stress along the principal 

direction. The value selected corresponds to the maximum one the simulated 

material is expected to withstand until fracture.  

 

Figure 16: Load orientation 
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4. Adhesive charged with TEPs 

Another tensile test in laboratory was carried out on a SikaPower®-1277 adhesive 

matrix filled at the 17% with Expancel® 093 DU 120. 

The characterization procedure is the same as explained in Section 1.2 but, in this 

case, only the elasticity modulus and the ultimate strain are researched: 

𝐸𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =
𝜎0.25% − 𝜎0.05%

𝜀0.25% − 𝜀0.05%
= 2107𝑀𝑃𝑎;     𝜀𝑈𝑆 = 1.01%. 

 

 

Figure 17: Composite tensile test 

This composite test will be the reference for the next analyses, because it 

represents the real model that the simulation results must be able to emulate. Thus, a 

reverse engineering procedure will be adopted: start from the result to obtain 

information about the system. 
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5. TEPs Young modulus characterization 

The tests to retrieve the TEPs E-modulus start from a blank sheet, because no 

information about a hypothetical value is available. The first choice is a very low 

tentative value, considering that only the TEP shell is “rigid”, while the infill is liquid: 

𝐸𝑇𝐸𝑃𝑠
0 = 20𝑀𝑃𝑎. 

 A trial-and-error approach is adopted: simulations with different TEPs E-

modulus are undertaken to find a correspondence between the simulated composite 

Young modulus and the reference one previously characterized (𝐸𝑇𝐸𝑃𝑠 = 2107𝑀𝑃𝑎). 

Starting from the simulation results, the equation used to compute the E-modulus is 

the same used in Section 1.2: 

𝐸𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =
𝜎0.25% − 𝜎0.05%

𝜀0.25% − 𝜀0.05%
 

Since these required strain values aren’t precisely available in the results set of 

points, the closest values available are chosen. 

Starting from the first tentative modulus, 6 further simulations are necessary to 

reach a fine result: 

1) 𝐸𝑇𝐸𝑃𝑠
1 = 200𝑀𝑃𝑎; 

2) 𝐸𝑇𝐸𝑃𝑠
2 = 2000𝑀𝑃𝑎; 

3) 𝐸𝑇𝐸𝑃𝑠
3 = 1766𝑀𝑃𝑎; 

4) 𝐸𝑇𝐸𝑃𝑠
4 = 1300𝑀𝑃𝑎; 

5) 𝐸𝑇𝐸𝑃𝑠
5 = 800𝑀𝑃𝑎; 

6) 𝐸𝑇𝐸𝑃𝑠
6 = 850𝑀𝑃𝑎. 

 

Figure 18: TEPs E-modulus characterization 

With 𝐸𝑇𝐸𝑃𝑠 = 850𝑀𝑃𝑎, the simulated composite E-modulus computed is: 
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𝐸𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =
4.9851 − 1.4255

2.3658 ∙ 10−3 − 6.7652 ∙ 10−3
𝑀𝑃𝑎 = 2107.2𝑀𝑃𝑎. 

Once retrieved the optimal starting modulus, it is necessary to validate it. To do 

this, simulations with different RVE sizes are carried out. A different size corresponds 

to a different resolution of the result: a bigger representative volume is expected to 

better simulate the realty, due to the major space that the statistical distribution can 

exploit to reach the requirements imposed by the user. For each RVE size, 3 different 

RVEs are generated and simulated, to obtain an accurate result for each size. 

Each simulation is approached as previously done for the research of the starting 

TEPs E-modulus: trial-and-error until the correct value isn’t reached. 

TEPs Young 

Modulus 

[MPa] 

RVE side: 

200.476μm 

RVE side: 

222.751μm 

RVE side: 

245.026μm 

RVE side: 

267.301μm 

Structure 1 845 857.5 847.5 857 

Structure 2 817.5 882.5 848.5 840 

Structure 3 927.5 800 810 905 

Mean value 863 847 835 867 
Table 3: Simulations for the TEPs E-modulus validation 

Different simulations are discarded during the process, because not all the RVEs 

generated are able to precisely satisfy the requirements on the TEPs volume content, 

leading to wrong results. 

Computing the mean value of these different moduli, the validated value of the 

TEPs Young Modulus is: 

𝐸𝑇𝐸𝑃𝑠 = 853.1𝑀𝑃𝑎. 

This value completes all the materials mechanical properties required to run an 

affordable simulation. 
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6. Optimization of the RVE size 

As explained in the previous Section, RVEs of different dimensions may 

correspond to different quality results. To optimize this parameter, 4 different 

simulations are undertaken with the same RVE dimensions used for the tests in the 

previous Section. The TEPs volume content is fixed, as usual, to the reference value of 

17% and only RVEs of different dimensions with a TEPs content within the range of 

17 ∓ 0.25% are adopted. For each simulation the resulting composite E-modulus is 

computed and the deviation with respect to the real value is considered to compare 

the different results: 

 RVE side: 

200.476μm 

RVE side: 

222.751μm 

RVE side: 

245.026μm 

RVE side: 

267.301μm 

Volume content [%] 17.0095 17.0769 17.2177 17.192 

Composite Young 

modulus [MPa] 
2128 2100 2098 2111 

Deviation [MPa] 28 7 9 4 

RVE 

    
Table 4: RVE size optimization 

The RVE size with the smallest deviation is the biggest one: 267.3013 𝜇𝑚3. This 

result agrees with the previous considerations and it will be the dimension used for 

the simulations from now on. 



Failure indicator set up 

16 
 

7. Failure indicator set up 

Two different models are tested, both at matrix level: Von Mises and Stress 

Component. 

The Von Mises criterion [10] collects one input and returns 1 output: 

• Input: 

Von Mises strength: 𝑆 = 36.6347𝑀𝑃𝑎. 

• Output: 

Failure indicator: 

𝑓𝐴 −
𝐽2

𝑆2
 with 𝐽2 = [(𝜎11 − 𝜎22)2 + (𝜎22 − 𝜎33)2 + (𝜎33 − 𝜎11)2] + 3 ∙ [𝜎12

2 + 𝜎23
2 + 𝜎13

2 ] 

The Stress Component [11] is a model convenient for its usage simplicity and 

effectiveness. It requires 3 inputs and returns 2 outputs: 

• Input: 

1. Component of the stress tensor used: in this case there is only the presence 

of a uniaxial stress along the principal direction; 

2. Tensile strength of the matrix: 𝑋𝑡 = 36.6347𝑀𝑃𝑎; 

3. Compressive strength of the matrix: the value is arbitrary chosen much 

higher than the tensile strength one (𝑋𝑐 = 1000𝑀𝑃𝑎), in order to avoid 

misleading errors due to eventually compressive stresses, even if these 

may not occur. 

• Output: 

The failure indicator is computed in the principal axes of the stress tensor, 

thus, only the diagonal terms of the tensor are different from zero. In this 

case, the eigen values are ordered as follows: 𝜎11 ≥ 𝜎22 ≥ 𝜎33. 

1. Tensile failure indicator: 

𝑓𝐴 =  𝐹𝐴(𝜎) with 𝐹𝐴(𝜎) =
𝜎1

𝑋𝑡
 if 𝜎1 > 0, 0 otherwise; 

2. Compressive failure indicator: 

𝑓𝐵 =  𝐹𝐵(𝜎) with 𝐹𝐵(𝜎) = −
𝜎3

𝑋𝑐
 if 𝜎3 < 0, 0 otherwise. 

Failure is encountered if (at least) one of these two indicators reaches the 

critical value of 1. 

An important parameter determining the damage behaviour of the material is the 

Residual stiffness factor: 

𝑅𝑆𝐹 =
𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 𝑎𝑓𝑡𝑒𝑟 𝑑𝑎𝑚𝑎𝑔𝑒 𝑜𝑟 𝑓𝑎𝑖𝑙𝑢𝑟𝑒

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑚𝑝𝑜𝑖𝑠𝑡𝑒 𝑠𝑡𝑖𝑓𝑛𝑒𝑠𝑠
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To facilitate the understanding of how these two failure indicators work and of 

how the RSF affects the material behaviour, the strain load is extended to 𝜀𝑈𝑆 = 0.2. 

 

Figure 19: Failure indicator tests 

The Von Mises model misses the fracture point, returning a non-consistent result, 

while the Stress Component affects the material behaviour, getting closer to the real 

phenomenon, especially for lower RSF values. 

Thus, the failure indicator chosen is the Stress Component, selecting the lower 

limit of RSF available (𝑅𝑆𝐹 = 0.01). It’s noteworthy the damage starting point to be 

very close to the real composite ultimate strain (𝜀𝑈𝑆 = 0.0101), giving evidence of the 

simulation precision. Until strain values around 0.012, the trend follows the expected 

one, getting weird beyond this threshold. In order to have a better representation of 

the realty, the following simulations are going to be cut in the region attending this 

weird behaviour. 

In conclusion, Digimat allows to graphically visualize the stress concentration in 

the different RVE points and it allows to exaggerate the strain level too, to 

understand how the material deforms under the applied load: 

     

Figure 20: Comparison between the normal stress visualization and the exaggerated strain 
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8. Optimization of the TEPs content 

Once all the needed parameters to carry out an accurate simulation have been 

fixed, it’s possible to analyse how the different TEPs volume contents affect the 

material structural behaviour. Starting from the simulation with the reference 

volume content, 4 further simulations are undertaken. The target values of volume 

content are: 5%, 10%, 17%, 25%, 30%. Deviations of TEPs content, in the RVE 

generation, within a range of ∓0.3 are accepted. 

For each simulation, the mechanical properties of the resulting composite are 

analysed Matlab through, computing: 

a) Young modulus; 

b) Tensile stress; 

c) Ultimate strain; 

d) Yelding stress; 

e) Yelding strain. 

 

Before showing the simulation results, a recap of the matrix mechanical properties 

follows: 

TEPs 

volume 

content: 0% 

𝐸 [𝑀𝑃𝑎] 𝜎𝑚 [𝑀𝑃𝑎] 𝜀𝑈𝑆 [%] 𝜎𝑌 [𝑀𝑃𝑎] 𝜀𝑌 [%] 

2486.6 36.6347 4.25 13.5134 0.54 

 

 

TEPs 

volume 

content: 

5.05117% 

RVE Stress analysis 

 

  

𝐸 [𝑀𝑃𝑎] 𝜎𝑚 [𝑀𝑃𝑎] 𝜀𝑈𝑆 [%] 𝜎𝑌 [𝑀𝑃𝑎] 𝜀𝑌 [%] 

2369.8 21.794 1.4154 9.6518 0.4073 
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TEPs 

volume 

content: 

9.88283% 

RVE Stress analysis 

 

  

𝐸 [𝑀𝑃𝑎] 𝜎𝑚 [𝑀𝑃𝑎] 𝜀𝑈𝑆 [%] 𝜎𝑌 [𝑀𝑃𝑎] 𝜀𝑌 [%] 

2257.1 19.9 1.2582 13.153 0.6027 

TEPs 

volume 

content: 

17.192% 

RVE Stress analysis 

 

  

𝐸 [𝑀𝑃𝑎] 𝜎𝑚 [𝑀𝑃𝑎] 𝜀𝑈𝑆 [%] 𝜎𝑌 [𝑀𝑃𝑎] 𝜀𝑌 [%] 

2111.2 17.942 1.1662 12.443 0.6091 

TEPs 

volume 

content: 

24.7883% 

RVE Stress analysis 

 

  

𝐸 [𝑀𝑃𝑎] 𝜎𝑚 [𝑀𝑃𝑎] 𝜀𝑈𝑆 [%] 𝜎𝑌 [𝑀𝑃𝑎] 𝜀𝑌 [%] 



Optimization of the TEPs content 

20 
 

1946.7 15.229 1.0614 11.262 0.5908 

TEPs 

volume 

content: 

29.7158% 

RVE Stress analysis 

 

  

𝐸 [𝑀𝑃𝑎] 𝜎𝑚 [𝑀𝑃𝑎] 𝜀𝑈𝑆 [%] 𝜎𝑌 [𝑀𝑃𝑎] 𝜀𝑌 [%] 

1856.3 18.015 1.3999 11.031 0.6091 

Table 5: Simulation results at different TEPs volume content 

 

Figure 21: Tensile test results at different TEPs volume content 

 

To ease the understanding in the changes of the composite mechanical properties, it 

may be helpful to plot them: 
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Figure 22: Impact of TEPs volume content on the composite mechanical properties 

The difference between the ultimate strain and the yelding strain (𝜀𝑈𝑆 − 𝜀𝑌), is a 

useful parameter to track the material ductility. The result is a decreasing trend at 

increasing TEPs content, highlighting a decrease in the overall composite ductility. 

It’s also worth it to analyse the trend of the yelding stress and strain: for higher 

values of TEPs content, they feature an increasing trend, resulting in a wider 

material elastic zone. 

The Young modulus describes the stiffness of the material and its decreasing 

trend highlights a decreasing stiffness of the overall composite material. 

In conclusion, the maximum stress and strain, that the material can withstand, 

are lower for higher TEPs contents, resulting in a weaker compound. This trend holds 

except for the last simulation, which may present a misleading result, due to the high 

non-linearity of the model, especially close to the neighbourhood of the maximum 

microspheres content that the RVE can contain. 

To establish what the optimal value of TEPs volume content may be, a mechanical 

test alone isn’t enough, a thermal analysis should accompany. By the way, this study 

is the halfway point towards this optimization, understanding what main changes in 

mechanical properties adhesive may encounter with varying TEPs contents. 
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9. Conclusions 

This work has covered several steps to reach the final goal of optimizing the 

adhesive de-bonding under the mechanical point of view, but several other results 

have been obtained: 

• The statistical distribution parameters of the Expancel® 093 DU 120 

within an adhesive matrix were defined; 

• The TEPs Young modulus value, 𝐸𝑇𝐸𝑃𝑠 = 853.1𝑀𝑃𝑎, was computed; 

• The optimal RVE size (267.3013 𝜇𝑚3) was validated; 

• The failure indicator was properly tuned to obtain results the most 

reliable as possible; 

• The mechanical properties of the composite, with different TEPs volume 

contents, were retrieved, understanding how the TEPs affect the 

mechanical behaviour of the adhesive. 

Multiscale modelling adoption was crucial for the goals of this study, allowing to 

avoid a number of costly tests, that would have been necessary to obtain results with 

such a high accuracy. Nowadays tests are ever more shifted to a virtual environment, 

not only to save money, but also to save time and improve results accuracy. 
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10. Future work 

As anticipated in Section 8, the mechanical analysis alone for the adhesive de-

bonding optimization isn’t enough. A thermal study may be undertaken, to 

understand how much the TEPs volume content encourage debonding, reaching the 

trade-off between an eased de-bonding and a good preservation of the adhesive 

mechanical properties. 

Moreover, a further thermal analysis may be carried out, to understand how the 

material structural behaviour is affected at temperatures higher than the working 

condition ones. In this case, the thermomechanical analysis tool [12] by Digimat-FE 

may be adopted. 
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