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This study aims at presenting a new analysis method for adhesive (interfacial) and cohesive (bulk) 
failures in aluminum (Al) and high-density polyethylene (HDPE) sandwich composites. The samples 
were submitted to tensile strength tests, according to ASTM C297 so as to obtain the pull-off stresses. 
The delaminated aluminum surfaces were analyzed with SEM/EDS (Scanning Electronic Microscopy 
with Energy Dispersive Scanning). The images were calculated using a genetic algorithm (GA), where 
the areas with cohesive and adhesive failures were identified by the presence or absence of organic 
compounds. The proposed method also uses the data from the pull-off tests to determine the stress 
values of adhesion and cohesion separately. Applying the new method, the mean stress of cohesion 
was 4.17 MPa, and for adhesion it was 0.57 MPa. Thus, it was possible to distinguish and calculate 
the failure stresses applied to metal/polymer composites.
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1. Introduction
The manufacturing process of an aluminum and 

polyethylene composite is used in several areas, from the 
food industry packaging to construction and auto industry 
revetments1,2. However, adhesion between materials remains 
a challenge when the surfaces that are not treated delaminate 
easily2. Currently, polymer matrix composites have attracted 
the interest of researchers and industries because the 
combination of those materials present better properties 
than those obtained with the materials used individually3. 
Also, natural fillers are an option extensively applied for 
the natural fiber-reinforced composites in the packaging 
industry as excellent mechanical supports with functional 
electrical and bio-material features4-6.

The improvement in HDPE adhesion properties can be 
achieved through a series of surface treatments prior to the 
occurrence of the surfaces adhesion7. It is also important to 
register that the modification of surfaces and loads used for a 
composite can be adjusted with the results of adhesion properties, 
thus developing a more adequate material for the application8.

Considering adhesion as the interaction between surfaces, 
it can be studied microscopically or macroscopically. The 
intermolecular interactions depend mainly on the interface, 
while macroscopically it is characterized by the work necessary 
to separate the adhering sides9. The composite material 
interface surfaces may or may not need a developer for that 
interaction. The adhesion is considered direct when it occurs 
without a third layer on the interface, and indirect when there 
is a glue or tape on the surface of each sheet promoting the 
adhesion to the composite material. In the attempt to pull 
off this area, two types of failures might occur. One is the 

cohesive failure, or the internal (bulk) rupture of one of the 
components; the other is the adhesive failure, occurring on 
the interface of the adhered materials10.

The adhesive/cohesive failure, being a phenomenon that 
occurs between two surfaces, is generally categorized as adhesive 
when the separate materials are different, and cohesive when the 
adhering surfaces are of the same material. In some situations, 
adhesion and cohesion may occur simultaneously11. Figure 1 
represents a failure that occurs in a sandwich composite after 
a destructive test. In the last frame, presented in Figure 1, it is 
possible to observe the occurrence of both failures. The main 
purpose of this study is to quantify how much adhesive and 
cohesive stress there is in that situation.

The main problem in determining the adhesion stress is 
that the metal-polymer interface has two types of failures, 
which means that the stress to separate the materials is due to 
the interface delamination and to the cohesion of one of the 
composite parts only12. There are several tests to determine 
the adhesion stress, but most of them do not quantify or 
discriminate each of the failures, adhesion or cohesion, 
for obtaining information on the interface strength of the 
composite material13,14.

In a composite material where there is 100% cohesive 
failure it becomes clear that the maximum adhesion stress 
in the interface is higher than the cohesion stress. However, 
how to have the dimensions or how to plan for a composite 
material in which both adhesive and cohesive interface 
failures occur? This kind of material could have a different 
approach, once the interface mechanical properties are 
known. One solution this study offers is by determining the 
maximum adhesion and cohesion stress separately by using 
the pull-off test results, SEM images and EDS chemical *e-mail: alexandre.gasparin@caxias.ifrs.edu.br.
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composition analyses to distinguish the respective stress 
areas, applying a genetic algorithm with a convergence 
criterion to characterize properly such failure.

This study presents the application of a technique to 
understand the adhesion phenomenon using surface analysis. 
Considering the adhesion between two materials as fundamental 
for the application in a sandwich composite, it was possible 
to correlate the surface composition of Al/HDPE interlaminar 
failure to the different form of rupture in the pull-off test: 
polymer adhered to the metal sheet (bulk) or naked metal 
(interfacial) after testing. Once, the aluminum sheet won’t 
rupture by the adhesion of the polyethylene, the absence 
of carbon on aluminum surface after testing provides the 
adhesion area, nevertheless, the presence of carbon indicates 
the polymer bulk rupture or the cohesion area.

2. Material and Methods

2.1 Characterization of materials
The sandwich composite was hot pressed with the 

following parameters: 350 °C heated aluminum sheet, 150 N 
compressive force for 2 minutes, and manufactured with 
two layers (Al/HDPE). All sheets had the same contact area 
(25x25 mm2), but the HDPE thickness was 5.0 mm, while 
the aluminum 1.2 mm. The contact surfaces were clean with 
alcohol isopropyl before pressing.

Fourier-transform infrared spectroscopy (FTIR) was 
performed in the equipment PerkinElmer FT-IT Frontier to 
characterize the HDPE, which presented a PE probability of 
98%. The HDPE was obtained with a density of 0.96 g/cm3. 
The aluminum sheet underwent a SEM/EDS test, with a 
TESCAN MIRA 3 equipment. A composition of aluminum 
sheets AA3105H16 was obtained, as specified by the supplier.

2.2 Experimental procedure
The research applied to investigate and validate the 

methodology was performed according to the sequence 
presented in Figure 2.

In the phase of surface analysis through SEM/EDS, the 
images obtained were processed with the use of Matlab© 
software. The application developed used the Equations 1, 2, 
and 3 to calculate the relation between the image generated 
and the composition given by the equipment, determining an 
area containing a particular chemical composition (energy 
in the carbon range).
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Equation 1 represents a comparison between the figures 
obtained by the equipment and the image analysis, where 
“ ( )_%E X tescan ” represents the chemical composition or the 
element “X” ratio, while “ ( )_ eval% E X im ” represents the 
composition obtained through the analysis of the application. 
The image evaluation equals the sum of the individual matrices 
for each primary color having a higher result to factor “ xr ”, 
“ xg ” or “ xb ” (colors red, green and blue, respectively, in 
quantities in the SEM/EDS image) and calculated according 
to the reference value. The individual matrices are the result 
of Equation 3, where the image is divided in three matrices, 
one for each corresponding primary color. In a simplified 
way, the calculation method developed by Matlab© will count 
the pixels in the image, correlating the value of its chemical 
composition to determine the position and distribution of 
the material represented in the matrix.

Figure 3 presents the application developed in Matlab©, 
named Adhesive Surface Image Processing (ASIP). First, 
an image of the chemical composition of each element is 
formed by the EDS data shown in Figure 3a. The table in 
Figure 3b shows the chemical composition (EDS), and the 
area (ASIP) of each element, and the unit is the sum of ASIP 

Figure 1. Adhesive/cohesive failure.

Figure 2. Sequence of the work phases.
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column values. The column EDS of Figure 3c sums 1.0137, 
a residual value of .0137 (approximately 1.4%) is considered 
part of the EDS error. The SEM IMAGE shown in Figure 3c 
is the original image processed from the microscope.

The samples were tested according to the tensile strength 
pull-off test ASTM C29715, which determines the flatwise 
tensile strength of the core, the core-to-facing bond, or the 
facing of an assembled sandwich composite. Figure 4 shows 
a diagram of how samples are adhered in bonding blocks 
with high strength epoxy adhesive, the interfacial fracture, 
and the HDPE adhered residues over the aluminum surface. 
The testing method consists on the controlled application 
of a normal uniaxial stress to the external surface of each 
composite sheet until the delamination or rupture in the 
interface of the composite material occurs. Resistance to the 
maximum tensile strength is calculated as per Equation 4. 
The SEM images and EDS data are generated after testing, 
as indicates the Figure 4.

 ftu max
z

P
A

σ =   (4)

Where " ftu
z  σ is the ultimate flatwise tensile strength, “ max P ” 

is the maximum load and “A” is the section area16.
A second routine estimates the areas of adhesive and 

cohesive failures according to carbon distribution on the 
surface as per Equations 5 and 6.
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Where “ sizeIm ” equals the full matrix, “ failureAdh ” is the part of 
the matrix presenting the adhesive failure and “ failureCoh ” is the 
area showing the cohesive failure. The failures are calculated 
according to the sum of the cells containing energy values 

Figure 3. Results screen: a) EDS images; b) Composition of elements (EDS) and image analysis (ASIP); c) SEM image of gross surface 
being analyzed.

Figure 4. Pull-off test, interfacial fracture of Al/HDPE composite and the sample surface to SEM analysis.
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related to the carbon atoms. The processing results in a new 
image, as seen in Figure 5, where the areas in black represent 
the cohesive failure, the gray area represents a mixture of both 
failures and the area in white shows the adhesive failure. The 
differentiation of the failures is determined visually through 
the color variation and quantitatively through the chemical 
composition via EDS on the area analyzed.

In the test sequence, the separate surfaces were analyzed 
and classified in areas of cohesive and adhesive failures for 
application in the Equations 7 and 8, where “ ftu

zσ ” is the total 
tensile strength, “ ftu

adhσ ” is the maximum adhesive failure 
stress, and “ ftu

cohσ ” is the maximum cohesive failure stress. 
The maximum tensile strength equals “Pmax”, maximum load, 
divided by the total area in Equation 8. “Pmax” is the sum of 
“Padh” and “Pcoh”, adhesive and cohesive forces respectively, 
as per Equation 9.

 ftu ftuftu
z adh cohσ σ σ= +   (7)
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The method of genetic algorithm (GA) performs 
directed validations using a set of criteria expressed through 
conditioning functions14,17. In this study, those functions 
were applied in multiple analyses to be satisfactory to the 
results of pull-off tests and, using Equation 8 and the error 
function, those were the evolution criteria defined in the GA.

It was then possible to quantify the influence of the 
adhesion and cohesion tests individually, determining the 
composite interface mechanical properties. The quantification 
of the stresses influence was carried out through continuous 
interactions between the populations of adhesion and cohesion 
stress values in comparison to mechanical tests in relation to 
a pre-established error. Figure 6 shows the flowchart used for 
programming the genetic algorithm developed in Matlab©.

In Figure 7, a pseudo-code of optimization by genetic 
algorithm implementation represents the GA used in the new 
method. The algorithm works with an initial population (I) 
defined in the interface of possible results (n_lim). Through the 
selection of the population, each individual checked into the 
functions of mechanical conditions (mech_res). The objective 

Figure 5. Surface failure analysis, differentiation of adhesive and cohesive failures.

Figure 6. Genetic algorithm flowchart.
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function is the attendance of total stress obtained for each 
sample with the possible value of adhesion and cohesion 
strengths. After that, a new population is created based on 
the genetic operators. Each individual tested of each new 
generation has a relation to the allowed error (allow_error). 
The stopping criterium only is reached when all individuals 
have values below the failure limits.

3. Results and Discussion

3.1 Chemical composition evaluation
The application developed resulted in a set of chemical 

composition values correlated to the digitalized area obtained 
through SEM/EDS. The maximum error in the equipment 
results occurred due to the tolerance for the materials with 

concentration lower than 1.0%. The average difference 
between the number obtained through SEM/EDS and the 
image processing application was lower than 1.0% for all 
the chemical elements analyzed.

The results of the chemical analysis application are based 
on the direct relationship between the image generated in 
the form of a map and the discretization of the spectrogram 
energy. The image could deliver much more than the surface 
composition. It also determined and delimited the interface 
areas – aluminum adhesion and cohesion (bulk) of HDPE. 
That is due to the aluminum rupture stress being much higher 
than that of HDPE and also to adhesion in the interface18.

3.2 Evaluation of the surface and type of failure
Figure 8 presents the two percentages of the total area 

obtained through the SEM/EDS image analysis. The areas 

Figure 7. Pseudo code of genetic algorithm implementation.

Figure 8. Evaluation of the surface and types of failure.
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were organized according to the type of failure. In the images 
processed by the new method it was possible to identify the 
cohesive failure through pixels in color black, while the area 
in white was related to the adhesive failure. Quantitatively, 
by counting the pixels present in the image using Equations 
1, 2 and 3, it was possible to identify a higher presence of 
carbon for the predominant cohesion failure to the right 
(84%), whereas it was found that 91% of the total area to 
the left presented adhesive failure (9% cohesive).

3.3 Mechanical evaluation
Table 1 presents the results obtained according to the 

ASTM C29715. The maximum load during the tests was 
used to determine the maximum stress in the tensile tests, 
considering a cross section area of 625 mm2 for each sample. 
Table 1 maximum stress values were used in the genetic 
algorithm evolution programming criteria. Considering 
the study by Hussein et al. in composites made of PE and 
aluminum sheets using hot pressing, the maximum shear 
force was up to 2,800.00 N, where a ductile fracture was 
observed, predominant in the polymer18. The maximum 
tensile strength value seen on Table 1, which is 2,242.56 N, 
also presented the maximum stress with the larger cohesive 
failure area. Samples 1, 2 and 3 are correlated to the areas 
in Figure 6, from left to right respectively.

The multiple image analyses and failure areas met the 
tensile strength results of Table 2, once the different samples 
with different mechanical results and percentage of failures 
converge to identical contributions to cohesive and adhesive 
failures. Besides, for the result obtained using the new 
method, some PE and aluminum composite references and 
tests showed a great variability of results in the adhesion tests 
performed according to previous methods18,19. The numbers 

obtained depend on several factors, but it is important to 
correlate the failure areas (Figure 6) with maximum loads to 
define where the weak point in the structural composite is.

The results obtained through the multiple analysis of 
images presented on Table 2 can also be observed in Figure 9. 
The population values of the genetic algorithm are presented 
in the graphs. In the first graph of Figure 9 left side, there 
is a dashed circle in red indicating the programmed error 
convergence area, the three lines represent the specimen’s 
stresses before convergence. The graph on the right side of 
Figure 9 indicates the convergence into a point that satisfies 
all the specimens’ data. The result obtained considers a margin 
of error so as to meet a value where the pull-off test data is 
taken into consideration, if there were more specimens the 
convergence criteria will absorb these results to obtain the 
convergence point.

The pure HDPE tensile strength presents a higher 
value than any other result found in previous studies for 
Al/HDPE composites18-20. Those results suggest that even in 
a predominantly cohesive failure, as occurred in sample 3, 
the maximum stress applied to separate PE from aluminum 
is still smaller than the resistance to rupture the organic area 
of the polymer alone.

Previous studies presented a shear resistance of 1.86 MPa 
and, applying surface treatments to aluminum and polyethylene 
surfaces, the results were higher than 10.9 MPa21. In this 
study, however, although there was an improvement in the 
shear resistance with the acetone treatment, there was not 
a differentiation on the shear adhesive or cohesive stress.

The shear strength and the tensile strength are proportional 
by a factor of 0.577 using the von Mises equivalent stress 
equation, considering isotropic and homogeneous materials22. 
If there is a correlation between these stresses, it is possible 
to assert that the order of magnitude for pull-off tensile stress 
found in this study is within the results found in the double 
shearing19, as shown on Table 2.

In this study, the mixed adhesion and cohesion stresses was 
experientially proven by the results of the AI/HDPE tensile 
tests and, through the application of genetic algorithms in the 
SEM/EDS analyses, those stresses were distinguished. The 

Table 1. Tensile tests results.

Sample Maximum load (N) Tensile strength (MPa)
1 555.19 0.89
2 1,399.55 2.24
3 2,242.56 3.59

Table 2. Tensile strengths obtained through image processing and the reference strengths.

Sample Result Method
Cohesion Strength: Al/HDPE 4.17 MPa ± 0.001 Tensile strength with image processing in 

Matlab©Adhesion Strength: Al/HDPE 0.57 MPa ± 0.005
Al/HDPE: no treatment 1.86 MPa Double shear test (19)

Al/PE: PE surface treated with acetone 10.9 MPa
Shear stress test20

(ASTM D1002)

Figure 9. Graphical representation of the convergence region, with predetermined error and refinement, respectively.
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use of the genetic algorithm to optimize mechanical properties 
had already been applied in the modeling of materials such 
as steel23 and sandwich composites14, as well as the image 
analyses using SEM to analyze the areas with mechanical 
failures such as in fatigue cracks24. The combination of those 
techniques was implemented in this study, allowing for a 
new approach in the composite materials interface design.

4. Conclusions
The application developed was able to approximate 

the quantity of each element in the image generated by the 
SEM/EDS analysis and to calculate the relation between the 
carbon layer in the delamination area and the type of failure. 
As expected, as per the images results, the adhesive failure 
contributed less for the total stress. In pull-off tests for the 
composite tensile strength, the adhesive area varied from 
16% up to 91%, and the maximum stress up to rupture from 
0.89 up to 3.59 MPa. The maximum stress found in adhesive 
failure was 0.57 MPa and for the cohesive failure it was 
4.17 MPa, using the GA. The results obtained in this study 
showed that the SEM/EDS images can also be used in the 
quantitative evaluation in the distribution of the adhesive and 
cohesive failure areas and to its effective distinction. After 
the distribution and quantitative evaluation, the correlation 
with the mechanical stress results was effective through 
the genetic algorithm created. The validation is due to the 
comparison between the areas and the mechanical results, that 
is, all the samples must be evaluated regarding the type of 
failure, percentage of area and the pull-off test stress values. 
The application proved to be a relevant tool to understand 
the adhesion phenomenon. There was a new approach to use 
SEM/EDS to evaluate the areas and stresses of failure sites 
to apply in the metal/polymer composites manufacture and 
design processes. It also proved to be a robust method since 
the genetic algorithm developed meets the minimum point 
through the convergence criteria. However, the analyses 
require to verify the achievement of these criteria. Some 
suggestions for future work can similarly apply to the 
reliability-based design optimization. In this way, the model 
can present the optimal point and the value of the reliability 
at the same time.
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