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Abstract

This study was conducted with the aim of improving fiber-metal laminates (FMLs) by
strengthening the interface between layers using 2D materials such as the a-Zirconium
phosphate (a-ZrP). The importance of this topic is emphasized by an analysis of the
literature, which reveals a gap in research in the field of application of a-ZrP
nanomaterials. Even though a-ZrP was discovered and synthesized a long time ago,
there is a lack of studies in using it as a reinforcement for fiber metal laminates. To
achieve this goal a research were conducted to synthesize and characterize a-ZrP
nanoparticles. Then some experiments were performed to find the best composition of
the polymer starting from 0 wt% to 2 wt% of these nanoparticles by using the
commercial polyurethane. Several single lap joint samples using the aluminum sheets
were made and additionally pure polyurethane polymers were examined for the extra
information about the adhesive layer. Mechanical and electrochemical treatments were
implemented for the improvement of the interlocking mechanism between the metal
and adhesive polymer. In addition, the synergetic effect of their combination with
nanoparticles was studied. The behavior of the composite was studied using different
testing types such as the single lap shear strength test and tensile strength test for pure
polyurethane as well as it was analyzed by the Finite Element Analysis (FEA) using the
ABAQUS software. Ultimate tensile strengths were determined for the comparison of
the experimental and numerical parts’ results and the best concentration for the pure
polymer was found to be 1.0 wt% of a-ZrP with 3.5 times enhanced tensile strength,
while for single lap joints it was 0.5 wt% which increased the shear strength by 91.8%.
Mechanical treatment by itself significantly increases the shear strength of lap joints by
35%, although it reduces efficiency in combination with nanoparticles. Conversely,
electrochemical treatment, especially combined with nano reinforcement showed
superior performance in terms of increase of the shear strength by 174% compared to
all other treatments. Although the combination of nanoparticles with both treatments
provided a slight increase in strength by 18.9%, this did not correspond to the
significant increase achieved by electrochemical treatment. The initial hypothesis was

proved and supported with numerical modeling.
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Chapter 1

Introduction

Advanced materials have become one of the most compelling research areas
since the 1980s, gaining increasing attention in recent years from both the scientific and
industrial communities. This significant rise of interest in advanced materials stems
from their unique properties, often referred to as 'smart' or 'intelligent," which can be
manipulated to suit specific applications. For researchers aiming to develop these types
of materials with improved multifunctionality, durability, and customization, it's crucial
to carefully consider their microstructure and composition. By controlling these factors,
there is potential to create the next generation of materials with enhanced reliability and
efficiency [1]. There are a lot of different types of smart materials, however, one subset
that are of primary importance for this project is composites materials. Their
exceptional abilities of structural integrity and unmatched level of customization
through material blending distinguish them from other intelligent materials.

Composite materials are formed by combining two or more different materials,
with one acting as the matrix, while the second as a phase is dispersed within the first.
This combination results in a material that inherits the properties of each individual
component, creating a composite with superior characteristics compared to the original
materials. While the dispersed phase may take the form of particles, flakes, in
significant examples, it is in the form of fibers. Consequently, fiber composites become
one of the most promising subdivisions within this class of engineering materials for
many industrial sectors [2].

Nowadays, due to the environmental situation worldwide, the European
Commission is setting environmental, safety, and fuel efficiency standards for advanced
transportation technology [3]. This, in turn, pushes the technological industries, such as
aerospace and automotive, to develop and utilize more composite materials in the
design and manufacturing of structural components. As per Trzepiecinski et al.'s
analysis, for example, each Boeing 787 aircraft has over 32,000 kg of carbon
fiber-reinforced polymer (CFRP) composites, which make up almost 80% of the
aircraft's volume by composites (Figure 1.1) [4]. However, not all critical structural
components, like the fuselage, can be fabricated from single-fiber composites, as they

require improved fatigue resistance, higher damage tolerance, and better thermal
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stability, given their role in passenger safety and the mitigation of catastrophic failures.
Therefore, one way to address two major concerns related to high weight and fatigue
strength is the utilization of a combined material consisting of lightweight metal and
fiber-reinforced polymer composites. The use of aluminum, which has a density of
about 2.7 g/cm?, provides a 30-50% weight reduction [3]. However, because aluminum
(Al) is susceptible to fatigue stress, strategies for prolonging its fatigue life without
sacrificing its lightweight and workability have been developed. Fiber metal laminates
(FMLs), in particular, have produced some of the most successful and affordable
components when aluminum is used in composites. That is why, in the context of fiber
composites, the current industry emphasis is on the investigation of Fiber Metal

Laminates (FMLs).
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Figure 1.1. Use of composite materials in Airbus aircraft [4]

The structural materials known as FMLs is a specific class of composite
materials that combine metal layers with fibers and provide special benefits in terms of
strength, flexibility, and customized functions. FMLs stand out for having excellent
stiffness-to-weight and strength-to-weight ratios. They have exceptional resistance to
corrosion and moisture, great fracture toughness, outstanding fatigue resistance, and
excellent impact strength. These materials are hybrid composites made of layers of
fiber-reinforced polymers and thin metal sheets [5]. The qualities and failure

characteristics of these materials can be customized based on the type of metal, fiber,



and polymer. The general structure of FMLs is illustrated in Figure 1.2 and the most
widely available FMLs, according to Tamer et.al., are CARALL (Carbon Reinforced
Aluminium Laminate), GLARE (Glass Reinforced Aluminium Laminate), and ARALL

(Aramid Reinforced Aluminium Laminate) [5].

Metal

Fiber Metal Laminate

=)

Figure 1.2. Schematic presentation of fiber metal laminate [6]

Polymer Composite

It is determined that the primary factor influencing the total mechanical
performance and service life of an FMLs component is the interface strength (bonding)
between laminates, fiber, and matrix. Recognizing this, researchers acknowledged the
necessity for nanoparticle reinforcement, through the incorporation of nanomaterials
and application of surface treatment in Fiber Metal Laminates (FMLs). Such
reinforcement or treatment procedures are anticipated not only to enhance interface
bonding strength but also to facilitate tailorable properties based on specific
applications. An illustrative example of nanomaterial utilization in FMLs can be found
in the research by Wang et al. In this study, graphene nanoplatelets (GnPs) were
incorporated to enhance the mechanical properties of FMLs. The results indicate higher
impact strength, flexural strength, and flexural modulus for FMLs with nanoparticles
compared to those without [7]. Similarly, another research paper highlights that metal
surface treatment provides higher adhesion between layers and increases free surface
energy in the FMLs [8]. So, these studies provide valuable information about the impact

of various interface strengthening techniques on the mechanical performance of FMLs.
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In this research project, the focus is on a-Zirconium phosphate (a-ZrP)
nanoparticles to strengthen polymers and the interface between the layers. The
crystalline form of a-ZrP nanomaterial was initially synthesized in 1964, and since
then, these nanoparticles have been widely applied across various fields due to their
versatile and commendable characteristics [9]. One of the notable features of the a-ZrP
is that it has quite good thermal stability properties, which are of utmost importance in
aerospace or automotive industries.

After conducting a thorough review of the existing literature on FMLs, it is
evident that a significant research gap exists with regard to the application of a-ZrP
nanomaterials in FMLs, which shows the novelty of the given research. FMLs are in
common use in major spheres like plane construction and building the bodywork for
vehicles. Thus, this identified gap underscores the critical significance of our research
topic.

Due to the complex structure and the need for specific equipment setups in
FMLs fabrication, the study will be conducted using single-lap joint specimens. We use
them because they enable us to predict trends in the data from FMLs, ensuring that our
findings from the simpler single-lap joints (SLJ) are applicable to the more complex
structures like FMLs.

The main aims and objectives of the research project are the following

Aim: To address existing issues in FMLs by utilizing the special qualities of 2D
materials, improving these advanced composites as reinforcements for enhancing

interface strength.

Objectives:

e Investigate the effect of a-Zirconium phosphate (a-ZrP) nanoparticles by using
0-2 wt% concentrations in polyurethane Al alloy laminates through
experimental testing and finite element analysis (FEA)

e Analyze the effects of mechanical roughening and electrochemical surface
treatments on single lap joints through mechanical testing

e Identify Young modulus, Ultimate tensile strength, strain at break values and

damage models

Hypothesis: Incorporation of a - ZrP nanoparticles and application of surface treatment

improve the interlaminar strength in single-lap joints.
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The task distribution for the research project inside the team, was according to

the following table.

Table 1.1 The task distribution for the research project

Student Names Task Distribution
Experimental Part:
P tion of single-lap joint specimens and
Azamat Malgazhdar reparatio geap ) P

polyurethane samples
Testing of single-lap joint specimens
Mechanical treatment of specimens

Assel Nemerenova

Experimental Part:

Preparation of single-lap joint specimens and
polyurethane samples

Testing of polyurethane samples
Electrochemical treatment of specimens

Zhussip Sagitkhan

Numerical Part:

Setup of Simulations
Numerical Modeling
Numerical Calculations
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Chapter 2

Literature review
2.1 Nanomaterials in FMLs

In recent years there has been a paradigm shift in the search for the new
materials that will be able to provide improved mechanical qualities, including lighter
weight, and increased durability in the aerospace and automotive industries. In order to
increase the mechanical properties, different types of reinforcement (Figure 2.1) can be
implemented and one of the most popular products of such enhancement results is
considered to be fiber metal laminates that are reinforced by incorporation of fibers into

its matrix structure [10].

[ Reinforcement J

Particulates Fillers Flakes

[ A rope or string ] [ Small particles (<0.25 pm) ] Particles/Powders Flat components
Glass fiber Calcium carbonate Mica

{ Aramid fiber } { Copper ] Aluminum oxide Aluminum

{ Carbon ﬁber} ~[ Chromium} Lime Silver

Figure 2.1. The types of reinforcement

Fiber metal laminates (FMLs) are a potential new class of hybrid materials that
combine the best features of metal and fiber-reinforced composite materials that have
remarkable strength-to-weight and stiffness-to-weight ratios [5, 11-12]. As it was
mentioned above, they are widely used in the aerospace industry because of their

remarkable wear resistance and excellent damage tolerance [13-16].

Although FMLs have better mechanical properties than other monolithic
structural materials, such as aluminum alloys, under quasi-static, dynamic and shock
loads, their use for military and commercial purposes is less common than that of

conventional composites and metal alloys because there is still a problem of failure
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issues. The main reason for fiber metal laminates failure is unpredictable and complex.
However, interlaminar and intralaminar failures are often the two main types of
damage. Typical FMLs defects include matrix cracking, delamination and degumming
between the metal layer and the matrix material [17-22]. Delamination is one of the
most common forms of failure and could be caused by relatively weak interlaminar
strengths, high shear stress in the component and excessive peel stresses [23]. Wang et
al. [7] demonstrated that when a shock load is applied, laminates reinforced with carbon
fiber from epoxy resin/aluminum alloy are damaged as a result of delamination, fiber
rupture and metal destruction. Similar results were obtained in the study of Al-Azzawi
et al. [24], in which laminates made of fiberglass, epoxy resin and aluminum alloy were
studied during a 4-point bending test. Therefore, there is a high need for the further
improvement of the structure which could be reached with the help of the reinforcement
with the particulates as in Figure 2.1. Particle reinforcement is usually used due to low
cost and ease of production and forming [10]. This is the best type of the enhancement
which is useful when dealing with the delamination issues due to cracks. As it is seen in
Figure 2.2 nanoparticles can block the way of the propagation of the crack and stop it,

preventing the failure.

L 1 1 |

H M_ Adhesive

’> Metal -‘ ’> Metal Nanoparticles-‘

Figure 2.2. Nanoparticles preventing crack propagation in composite materials

Several researchers tried to accomplish this new method to get better results and
they used different nanoparticles. For example, Megahed et al. [25] enhanced the
mechanical characteristics of GLARE laminates by incorporating 1 wt% nanofillers,
which included Al, Cu, TiO2, SiO2, AI203, and nanoclay, into the resin matrix of
GLARE laminates. Apart from that, multi-walled carbon nanotubes (MWCNT) were
studied by Aghamohammadi et al. [26] in connection with their influence on the
bending and high-speed impact characteristics of FMLs. They concluded that there was
a significant improvement in bending characteristics due to the effective connection of
MWCNT in the FMLs structure. In particular, the flexural strength and modulus of
elasticity of FMLs increased by 36.62% and 60.16% correspondingly, when 0.5 wt%
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MWCNTs was added. However, as it turned out, the inclusion of MWCNT has a
negative impact on the characteristics of a high-speed impact. Askin and Touren [27], in
turn, used graphene platelets (GnPs) and found that the addition of 1 wt% of GnP
increased the interlayer shear strength by 24% and the tensile strength by 9%.
Moreover, the constant compressive strength of the composite material has increased by
about 50%. Zarei et al. [28] added nylon 6.6 nanofibre non-woven mats between the
aluminum plate and fiberglass prepreg. Even though they found no significant effect on
the dynamic impact response of GLARE, the bonding strength of the composite was

increased.

Several tests were performed to evaluate the FMLs strengthened with the
nanoparticles. Wang et al. [7] tested their samples under quasi-static loading
(three-point flexure) and dynamic loading (Charpy impact). Khurram et al. [22]
evaluated the performance of mechanical properties of FMLs enhanced with the carbon
nanotubes with the help of the single lap shear strength test and tensile test that were
conducted to evaluate the changes in the interlaminar strength and strength of pure
polymer material with presence of nanomaterials. After a number of tests, authors
identified the highest value was shown with the 2.0% of the weight percentage of
MWNCT. Furthermore, based on the results researchers suggest that increased weight
percentage of carbon nanotubes significantly improved the strength of the composite
structure.

a-ZrP is an inorganic layered compound that is used in many fields due to its
extraordinary characteristics [29]. It has been used as a filler for the creation of polymer
nanocomposites, which, compared with a pure polymer, had better physico-chemical
characteristics [30]. This nanoparticle is quite unique due to its wide range of
applications, flame retardancy, anti-corrosive characteristics and it is even
biocompatible [29]. Despite the fact that there are many research papers on a topic of
reinforcement of fiber metal laminates with nanoparticles and the method of
introducing a-ZrP is not new, there is still a lack of studies about the enhancement with
this nanoparticle. Moreover these nanoparticles were mainly used before as
reinforcement for the polymer but not for the fiber metal laminates [31], which opened
the way for new research and discoveries. That is why, the a-ZrP is used as a

nanomaterial for reinforcement of the composite material for our research.
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Apart from particulate reinforcement there are also other factors such as surface
treatment that can affect the interlaminar strength of the fiber metal laminates. The
surface treatment of metals can lead to the optimizing the adhesion between the faces
through increase of active chemical groups. Various methods have been used by several
researchers: chemical etching, mechanical, anodizing, etc [32].

Mechanical treatment creates greater surface area and improves the mechanical
interlocking between the metal and the adhesive [32]. Mohammad et al. [33]
investigated the effect of mechanical abrasion on the mechanical properties of carbon
fiber aluminum laminates. They found out that the surface made by the sandpaper of the
highest roughness showed better strength results.

The electrochemical and chemical treatments change the chemical nature of the
metal. The better adhesion is formed due to the porous nanostructure of the oxide
surface layer created by this method and where the polymer can penetrate [32]. For
example, Arrowsmith and Clifford [34] used anodizing based on sulfuric acid and on
phosphoric acid. They studied the surface morphology and found out that sulfuric acid
anodizing formed an anodic oxide layer on a metal surface with pore diameter of about
23.5 nm, while phosphoric acid anodizing produced even wider pores. Moreover,
Ahmad Marzuki et al. [35] reported that the strength of the FML after phosphoric acid
anodizing can increase up to 26% when compared to the reference sample without any
treatment. In a research of Fiore et al. [36] anodizing by tartaric sulfuric acid solution
gave an increase in mechanical strength up to 130% in comparison to the reference
samples .

Aghamohammadi et al. [32] conducted a study where they investigated the
effect of different surface treatment on a mechanical strength of the FML. They
concluded that Forest Products Laboratory etching (FPL-etching) and anodizing with
sulfuric acid demonstrated better results in terms of toughness and strain to failure,
while mechanical abrasion and alkaline etching had weaker interfacial bonding
strength. Zheng et al. [37] in their turn reported that anodizing enhanced the shear
strength by 61% when compared to mechanical treatment with sandpaper.

The influence of the surface treatment as well as the nanoparticle reinforcement
can be studied with the analysis of the failure modes of the specimens after the
mechanical testing. The reason is that failure type is highly important when dealing

with the delamination of fiber metal laminates and primarily there are three of them:
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adhesive, cohesive and mixed failure mechanisms. Adhesive failure is the failure
between the adhesive and the metal, when the adhesive is stuck only on one side.
Cohesive failure appears as a layer of adhesive remains on both surfaces. In a mixed
failure both previous failures occur at the same time [38]. The failure mechanisms are

visualized in Figure 2.3.

Adhesive

fanlure

TR TR g P S b
T PR s bt R

Cohesive
failure

Mixed
failure

Figure 2.3. Failure mechanisms

Cohesive failure is preferred as it indicates the excellent adhesion and it is
observed mainly in samples after electrochemical and chemical treatment, while
mechanical abrasion specimens had adhesive failures [32, 35-37] .

The reviewed literature is directly related to our research in terms of the chosen
procedure and the conducted tests. Similarly, the single-lap shear strength test and
tensile strength test for pure polymer were conducted to evaluate the strength, Young’s

Modulus, etc. of our own samples to expand the subject.
2.2 Numerical modeling

The application of adhesives in bonded joints has increased significantly in
recent years, due to its advantages over traditional joining methods, such as more
efficient load transfer, the ability to conform to lightweight structures, enhanced fatigue
properties, improved corrosion resistance, and smoother surfaces. There are many
analytical methods for calculating stress distributions in adhesively bonded joints [39].
According to them, the maximum stress should be concentrated, where the edges of the

adhesive layer are in contact with lap joints. This can be seen in Figure 2.4.
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Figure 2.4. Stress distribution on the adhesive layer [39]

Besides that, it was highlighted that the plastic zone increases from the edges to the
center of the adhesive layer, which is also linked with the fact that maximum stress is

expected to be on the edges. In other words, failure must start at the edges (Figure 2.5) .

«— | _Increasing plastic zone

[ Plastic region
[ Elastic region

=
P

>

A
Y

|
]

Figure 2.5. Failure in adhesive layer [39]

The single-lap joint test is usually used in research as the main one to study the
displacement and failure load capacity of adhesive. So, analyzing adhesively bonded
joints through both experimental and numerical methods and comparison of the results
have significant importance for general understanding of their mechanical behavior
[40]. A literature review reveals that finite element (FE) analyses give similar results as
experimental ones in damage load, but usually, uncertainty can be observed in
displacement. These differences are caused by factors such as friction between the
adherend and the grips of the tensile testing device, as well as gaps between the
fasteners of the devices [40]. For the numerical part, 2 models were used: the Cohesive
Zone Model (CZM) and the Multilinear Isotropic Hardening model. Results showed

that using cohesive zone models improves accuracy for the adhesive section, showing a
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7% difference in load and a 32% difference in displacement compared to other models
[40]. Due to the better accuracy of the CZM, a traction system was used for this project
for the numerical part. The tensile (E) and shear (G) moduli of the adhesive, as well
as, their respective strength values were known. However, researchers were unable to

obtain to parameters, such as the critical strain energy release rate for mode I (GIC) and
mode II (G” C), which made it impossible to predict the behavior of the material under

the load by using advanced modeling techniques like cohesive zone modeling (CZM)
[41].

The reviewed literature is directly related to our research because the
polyurethane tested in the paper had similar Young’s Modulus and density properties to
the ones used in this paper. Usage of the properties of SikaForceTM 7752-L60 for mode
I and mode II found in one of the papers was significant since these values were not

obtained experimentally.
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Chapter 3

Research Methodology

3.1 Materials

Polyurethane resin

The commercial molding polyurethane PU-A80 (component A) is used for the
formation of the resin. It is a white viscous liquid which immediately thickens upon
contact with water. The component was sourced from the local supplier.

Hardener

The commercial molding polyurethane PU-A80 (component B) plays a role of
the hardener for the polymer. It is a yellow viscous liquid. In the cured state and after
mixing the components, the density of the resulting transparent yellow polyurethane is
1.18 kg/l with the shore hardness of 80 units. Similarly, the component was acquired
from the local industrial market.

a - Zirconium phosphate (a-ZrP)

The a-ZrP is the nanoparticle used in the project in a form of the white powder
for the reinforcement of the polyurethane adhesive polymer. a-ZrP nanoparticles were
synthesized by the oxalic acid method described in the Capitani et al. [30].

Sulfuric acid

Sulfuric acid, also known as hydrogen sulfate, is a mineral strong acid with the
molecular formula H,SO,. It is clear, colorless and soluble in a water compound that
was used as an electrolyte for the anodizing process. The acid is odorless and highly
corrosive for metals.

Sodium hydroxide

Sodium hydroxide is a metallic base and alkali chemical compound. It has the
chemical formula NaOH. The colorless solution had a concentration of 0.2 M, after
being mixed with distilled water. It served as an etching reagent to remove any
contaminants.

Nitric acid

Nitric acid is a highly corrosive mineral acid that has a chemical formula of

HNO:s. It is a colorless and fuming compound that was used for the secondary cleaning

and surface activation.
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Sandpaper
Sandpaper is an abrasive material used for roughening surfaces. In the
experimental work, sandpapers with three different grit sizes (#80, #100, and #120),

purchased from a local supplier, were used to treat aluminum sheets.

3.2 Experimental

3.2.1 Design of experiment

The diagram below (Figure 3.1) provides detailed information on the methods,
procedures, and tests used to determine an adhesive with improved characteristics. All
steps were conducted in experimental laboratories, involving different types of
equipment and materials. So, the description includes information about the adhesive

preparation, as well as details about the tests and testing machines.

Y
Experimental

part

J——

Synthesis of
a-ZrP

—
v v

[ Preparation of SLT } [ Preparation of PU J

(0-2 Wt%) (0-2 Wt%)

v r v

Mechanical Electrochemical Combined
treatment treatment treatment

| | |

Mechanical
testing

Figure 3.1. Structure of experimental design

The project primarily aims to gather data demonstrating that o-ZrP
nanoparticles, along with various surface treatment methods, significantly enhance the
interlayer shear strength of single lap joint specimens. The first step involves
identifying the optimal nanoparticle content through mechanical testing. Next, it is
important to determine the most effective treatment method among mechanical,

electrochemical, or combined treatments. Lastly, to determine whether the combination
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produces greater strength than individual interface enhancement procedures, the study
evaluates the synergistic effect of applying surface treatment and incorporating
nanomaterials with other approaches. From these data and results analysis, conclusions
for the experimental part will be drawn.

The overall timeline of the experimental work and numerical modeling, with
detailed periodic tasks, is illustrated in the Gantt chart below (Figure 3.2). All tasks
were structured with a specific amount of time allocation in accordance with

methodology of the research project.

AUG SEP ocT NOV DEC JAN FEB MAR APR

wrererere QD
JOINTS
POLYURETHANE SAMPLES
TESTING (SINGLE LAP SHEAR
STRENGTH TEST & TENSILE TEST)

D
STUDYING ABAQUS .
SIMULATION SET-UP FOR SINGLE —
LAP JOINTS
ANALYSIS OF THE RESULTS C ]
WRITING THE INTERIM REPORT (]

SURFACE TREATMENT

PREPARING AND RUNNIG SET UP
FOR NEW SIMULATIONS

WRITITNG THE FINAL REPORT

Figure 3.2. Gantt chart

3.2.2 Synthesis of a-ZrP

At room temperature zirconium oxide chloride (ZrClO,) was solubilized under
stirring in 35 mL of an aqueous solution of oxalic acid so that the Zr (IV) concentration
was 0.1 M and the H,C,0,/Zr molar ratio was in the range 4 to 10 (Figure 3.3). Then a
14.8 M of H;PO, was added so that the H;PO,/Zr molar ratio was in the range 2 to 6.
The resulting solution was heated for 24 h at 80°C. Then the obtained precipitate was
separated from the solution by centrifugation at 3000 rpm and washed three times with
107 M of HCI. Everything was left to dry overnight at 80°C in vacuum oven and then
grinded to have a powder of a-ZrP [30].
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L. ZiClO, + (COOH), 5= 2 Heating 24 h at 80°C 3. Centrifugation 7 min at 3000
Solubilizing under stirring = | rpm (3 times)

4. Drying in vacuum oven overnight 3. Grinding

—

Figure 3.3. Synthesis of a-ZrP

3.2.3 Specimen fabrication procedure

The component A (8.5 g) of PU-A80 is mixed with a calculated amount of
nanomaterials using magnetic stirring with speed of 300 rpm for 20 minutes at room
temperature. Then, the component B (8.5 g) of PU-A80 is added to the mixture and
everything is stirred for 3 minutes. After that, the adhesive is applied to aluminum
sheets with the brush and the samples are pressed on both sides with paper clips to
maintain consistency in adhesive thickness and restrict the motion of sheets until the
adhesive is fully cured. Then single lap joint specimens are cured under a fume to avoid
occurrence of bubbles in the samples. The remaining polyurethane is poured into steel
mold for the preparation of pure polymer samples (Figure 3.4). In the end four SLJ and
four pure polyurethane samples were made for the further mechanical testing.

If surface treatment is required, it is applied to the aluminum sheets before the

adhesive application step.
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Figure 3.4. The preparation of SLJ and polyurethane samples

3.2.4 Calculations

The calculations for the mass of the nanomaterial corresponding to the certain
weight percentage and the overall mass of components A and B are determined by the
following formulas.

= 1
solution mA + mB + erP ( )

M
Mass % of a-ZrP in this solution = — ZF— x 100% (2)

solution

To built stress-strain graph for tensile test the following formulas were used:

Ad
€= 3)

Where, Ad stands for displacement [mm], D 0 is initial length of sample [mm] and € is a
strain.

o =—-— 4)

Where, F stands for Load [N], A 0 is initial cross sectional area of sample [mmz] and o

is stress [MPa].

In order to identify Young's Modulus, it is significant to determine the linear
part of the stress-strain curve, plotted by using formulas 3 and 4. By choosing two
points on the linear region on the curve, the Young's Modulus (E) can be calculated by

using the following equation:

_ 8o
E =2 (5)
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Where, Ao stands for difference in stress between chosen points [MPa], A¢ difference in

strain between chosen points and E is Young's Modulus [MPa].

3.2.5 Surface treatment
Mechanical treatment

One of the surface treatment methods used in this research is mechanical surface
treatment. The step-by-step procedure and initial setup, along with all necessary
dimensions, are shown in the diagram below (Figure 3.5). Initially, the aluminum
sample is placed on the designated spot on the wall, as indicated in the diagram. Then,
using a screwdriver with sandpaper connected to it, pressure is applied at full power for
10 seconds to roughen the surface of the sheet. For the roughening process, sandpaper
with three different grit sizes was used: 80, 100, and 120. These processes were
repeated for every sheet that was used for testing the effect of mechanical treatment on

interface strength.

Metal Plate

Screwdriver Metal Plate Sandpaper §
4H SLJ specimen

N N

12 mm

£
10 cm - —
Ne <>
Locker 1.5cm
\ 2. Surface Roughening 3. SLJ specimen
1. Hold the button of Wall Front view

screwdriver for 10 sec
Side view

Figure 3.5. Mechanical surface treatment setup

Electrochemical treatment

For the electrochemical treatment anodizing process was performed. As it is
shown in Figure 3.6, the aluminum sample was degreased in 20 ml of ethanol such that
about 15 mm of the metal was immersed in the solution. Then the etching is performed
with 20 ml of NaOH (0.2 M) for 2 minutes and after that the sample is subjected into 20
ml of HNO; (1 M) for 1 minute. The anodizing is performed in 100 ml of H,SO, (0.5
M) solution using the DC Power supply GW Instek GPS-18500. The red wire (anode)
was connected to the platinum electrode, while the black one (cathode) was connected

to the aluminum sample. After 45 min the sample is subjected into ethanol for a few
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minutes and then dried in a vacuum oven for 15-20 min. The solutions were replaced

after 5 samples each time.

15 mm

1. Degreasing 2. NaOH etching 3. HNO;
with Ethanol for 2 min for 1 min

J 5. Ethanol

4, Anodizing in 6. Drying samples in vaccuum oven
H,S0, for 45 min for 15-20 min

Figure 3.6. Anodizing procedure

Table 3.1. Specimen’s code

Specimen Code

No treatment and no reinforcement (0 wt% of a-ZrP) REF

Mechanical treatment (grit size M#) MS80, M100, M120
Electrochemical treatment EC

3.2.6 Testing procedure
Single-lap shear strength test

The Single-lap shear strength test measures an adhesive's shear strength on a
single-lap joint specimen in order to determine its suitability for bonding metals. In the
study, the test was applied for assessment of single lap joint samples prepared with both
pure polymer and polymer containing nanoparticles. The experimental measurements
were conducted using a Universal Testing Machine, as illustrated in Figure 3.7 (a). Lap
shear strength test setup and the testing conditions were setted in accordance with

ASTM D-1002 standard of Lap Shear Strength of Adhesively Bonded Metal
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Specimens. Figure 3.7 (c¢) show the dimensions of the single-lap shear strength test

specimens.
Tensile strength test for polymer:

In tensile strength testing, a sample is pulled apart until it breaks, and the tensile
strength is determined by measuring the required force. To ensure the integrity of the
material and understand the mechanical characteristics of pure polyurethane, tension
tests are conducted to identify the point of failure across the testing sample. The
machine used for tensile strength testing is Tensile Tester and is illustrated in Figure 3.7
(b). The tests were conducted in accordance with ASTM 412 Standard, which is the
Tensile Test on Rubber and Elastomer (tensile (tension) properties of vulcanized

thermoset rubber and thermoplastic elastomers). Figure 3.7 (d) show the dimensions of

the tensile test sample.

Specimen

ww ozt
Www g'Z1

ww oL

Ww 0=
ww ozt

25 mm

P
0.5 mm

Figure 3.7. Testing equipment: a) Lap shear strength test setup, b) Tensile Tester; and

Dimensions of specimen: ¢) SLJ, d) PU
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3.3 Numerical

3.3.1 Design of numerical simulation

The project includes a numerical simulation component, the results of which
support the experimental data. Moreover, it provides detailed insight into load transfer
mechanisms within the material, highlighting stress concentration regions and
demonstrating how materials deform under specific stress levels. Based on the obtained
data, it is possible to predict potential failure modes and analyze material properties.
Abaqus software is employed for the numerical simulation model. The numerical

simulation plan is summarized in the chart below (Figure 3.8).

Numerical
part

v v

Analytical ;

calculation { Modeling set-up ]
A vy
KObtaining values for\

mode I (Gyc), mode 1T
(Gyqc), strain (g),
Young Modulus (E) )

= |

Figure 3.8. Numerical modeling stages

The first step involves identifying values and properties of the materials
engaged in the simulation. To do that, it is necessary to analyze the data, obtained by
experimental parts. By doing so, Young’s modulus was identified by using calculation
from the experimental part. Besides, it was significant to search for data, which could
not be found experimentally, such as energy release rate for different modes (I and II).
After that, these values can be used to calculate the parameters used in simulation.
Moreover, there is a need to set-up the model properly to get required results. Modeling
set-up consists of choosing proper meshing, boundary conditions, geometry of all parts
and time increments’ size. Finally, the simulation can be tested and results can be

compared with the experimental one.
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3.3.2 Simulation setup for SLJ

2D parts were decided to be used for simulation due to the simplicity of the
single lap joint test. In other words, 2D elements require less computational resources
compared to 3D ones, while presenting data with necessary accuracy for this research.
The model consists of one 2D “Shell planar” part, but divided into sections: “cohesive”
and “Solid, Homogeneous”. It is divided into these sections to test the elongation
properties of an adhesive material which is a “cohesive” section. By using dimensions
from the experimental part, the parts' sketch was drawn. The thickness of the metal
plates were taken as 0.51 mm and length as 100 mm, which is the size of the ones used
in experiments (Figure 3.9).

Reference point was used to define the Load parameters: the right one was
defined for elongation with 60 mm/s speed uniformly distributed over right edge length
(Figure 3.9), which is equal to the one used for experiment works. Boundary conditions
were set as follows: we had zero degrees of freedom at the left side of the upper lap

(Figure 3.9).

Figure 3.9. Setup for SLJ

3.3.3 Simulation parameters

The following mechanical properties were set for a specimen for conducting
simulations:
e FElastic properties of solid sections: Young’s modulus & Poisson’s ratio
e Elastic properties of cohesive sections: Traction values
e Quad damage properties: Nominal stress at first and second directions and
normal-only mode one
e  Damage evolution: Linear displacement at failure

Due to experimental issues, values for GIC,G”Cand G0, Were taken from the

source described in the literature review. o and o, are values of strength in mode I

IC IC
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and mode II. GIC,G”C are values of critical strain energy release rates for mode I and

mode II.

Table 3.2. Values needed to find coefficients for simulation

E G G h
ic e

288.9 MPa [our work] 23.13 MPa[41] 54.8 MPa [41] 0.1 mm [our work]

Values for simulation elastic traction parameters were calculated by dividing

critical strain energy release rates by the thickness of the cohesive layer in a single lap

joint test:
G, = 5)
G, = e (6)
E, =% ™

Where, h is the thickness of the cohesive layer in a single lap joint test.
Quads' damage properties were taken as strength values from a single lap joint
test. Finally, the coefficient for damage evolution was calculated by multiplying

displacement at failure to the strength of the adhesive.
_ x ofail
D =1 Sn (8)
Since, mode II and mode III, properties are usually have very close values, it

was decided to use . value also as a strength in mode II1.

Table 3.3. Values for Simulation for lap joint test of polyethylene with 0 wt% o-ZrP

En Gl Gz Dn GIC Guc’ Gmc
2889 23.13 54.8[41] 0.388 5.79 MPa [41] 1.48 MPa [41]
3.3.4 Meshing

The constant mesh size was used for the whole part. In order to minimize the
time spent on each simulation, while getting accurate results, 0.1 was chosen as a global

size for mesh. Different meshes in the vertical direction for the adhesive layer zone
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were tested for this model. The number of elements in the vertical direction varied from

1 to 3 for different models.

Figure 3.10. Meshing of Part with 1 element in vertical direction

Table 3.4. Different meshings for simulation

Elements number in Minimum size of the Number of elements in
vertical direction element cohesive region

1 0.1 250

2 0.05 500

3 0.03 750

After running a few simulations, it was noticed that meshing with 1 element in
vertical direction gives much more stable results, while it also allowed to build
load-displacement graphs till failure of lap joint, while simulation with smaller vertical
meshing size result shows deformation process only till elongation reaches 0.1 mm. The
instability and inability to show the total deformation process of simulation with
smaller vertical mesh size, is linked with requirement for much smaller time step and
increments in comparison to the one we used. Due to that, it was decided to use

meshing with 1 element in vertical direction.

Table 3.5. Different meshings for simulation

Minimum size of the element Number of elements in the whole model
0.1 10125
0.05 11500
0.03 13337

Different meshes in the horizontal direction for the central zone were tested for
this model. The number of elements in the vertical direction varied from 1 to 3 for

different models. After running a few simulations, it was noticed that results of the
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simulation are independent of element size in horizontal direction. The only difference
is the fact that simulation took much longer time for running with the smaller meshing.
Based on this, it was decided to use meshing with 0.1, which was chosen as a global

size.
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Chapter 4

Results and discussion

4.1 Characteristics of a-ZrP

For the purpose of the experimental work, a-ZrP was synthesized according to the
methods described in the methodology. In order to obtain material characteristics results
the Fourier Transform Infrared Spectroscopy (FTIR) technique was utilized as
identification methods, demonstrating the compatibility of the synthesized ZrP
nanoparticle with data from the material database (Figure 4.1). Also, Scanning Electron
Microscopy (SEM) was done to provide a detailed view of the nanoparticles, revealing

their microstructure and visual characteristics (Figure 4.2).

100 ~
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Figure 4.1. FTIR spectra of a-ZrP

W B et ]

Figure 4.2. SEM images of a-ZrP a) 100 nm b) 200 nm
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4.2 Tensile properties

The tensile strength testing was performed in order to obtain necessary
information about the produced adhesive material. According to gathered data
(Figure 4.3 (a) and Table 4.1) tensile strength and modulus of the commercial
polyurethane shows significant increase after incorporation of the 0.5 wt% of
nanomaterial, reaching the peak value with 1.0 wt%. In particular, the polymers
containing 1.0 wt% a-ZrP showed an average tensile strength and modulus of 28.2 MPa
and 519.15 MPa, respectively, representing approximately 3.5 and 0.8 times
improvements compared to pure polyurethane (0.0 wt%) without any reinforcing agent.
Addition of nanomaterials with their even dispersion in the polymer matrix, enables
effective stress distribution within material [3, 42]. Improved stress transfer is achieved
through the properties of a-ZrP nanoparticles, which have a high surface area relative to
their volume, enabling a larger area for interaction and providing a more even stress
distribution from the polymer to the stiffer nanoparticles [43, 44]. Since the
nanoparticles operate as an obstacle, the a-ZrP was the main factor of the polymer's
high tensile performance and increased deformation resistance. However, with the
addition of more o-ZrP into the polymer, exceeding a certain threshold, a gradual
decrease in strength and tensile modulus can be observed for polymers containing 1.5-2
wt% o-ZrP. Although experimental results indicate a declining trend for these
parameters, with decreases of approximately 11.5% and 35.5% respectively compared
to those with 1 wt%, they still provide higher values than the control sample. Possibly,
it is due to the agglomeration process, when attractive forces, such as van der Waals
forces, start clustering nanoparticles together, creating a number of higher localized

stress points. As a result, it weakens the material [42].

Correspondingly, Figure 4.3 b illustrates that with the rise in the concentration
of nanomaterial, the maximum stress also appears to increase, signifying that
nanoparticles enhance the overall material strength, enabling it to withstand higher
forces. Moreover, the smoothness and similarity of the curves suggest consistent
experimental results and effective dispersion of the nanomaterial. The increased strain
not only indicates higher ductility and toughness but is also reflected in the larger area
under the curve, implying that the material can attain greater elongation at break and

absorb more energy. Furthermore, the graph shows that the curves get steeper as the

34



weight percentage (wt%) increases. This steepness means that the material has become
more resistant to deformation, demonstrating an increase in the elastic modulus.

Since the purpose of the tests is to find the most efficient concentration of a-ZrP,
which provides the highest tensile properties of the material, it is evident that
introduction of 1 wt% of nanoparticles produces the stiffest and strongest material. Kale
et al. [45] also reported such concentration (1 wt%) to have the highest tensile strength
in their study, where they reinforced the waterborne polyurethane with the amine
intercalated a-zirconium phosphate. In their work tensile strength value was about 25
MPa, while in our case it was 28.2 MP, meaning results reveal similar tendency in

findings.
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Figure 4.3. a) Tensile strength and b) Stress-strain graphs for commercial pure polymer

samples

Table 4.1. Young’s Modulus (E) values in MPa

n E(Owt%)  E(0.5wt%) E(1wt%)  E(1L5wt%) E(Q2 wt%)
Sample | 289.37 521.42 435.20 350.87 411.69
Sample2  298.30 385.60 611.24 500.50 280.73
Sample 3 279.81 334.43 540.76 396.13 478.72
Sample 4 288.11 350.78 489.40 344.79 426.80
Average 288.90 398.06 519.15 398.07 399.48

4.3 Single lap joints

Figure 4.6 (a) depicts the average results of the calculated interlaminar shear

strength (ILSS) values of the single lap joints with varying concentrations of
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nanoparticles. The bar chart clearly indicates a substantial enhancement in shear
strength upon the addition of a-ZrP. Specifically, specimens incorporating 0.5 wt% of
the nanomaterial demonstrate the highest strength, while those with 1 wt% and 1.5 wt%
show comparable improvements, with approximately 91.8%, 74.1%, and 78.4%
enhancements in strength, respectively, compared to the reference sample. The use of
nanomaterials allows for the development of robust interfaces, leading to improved
interfacial bonding between materials. Interestingly, the sample with 2 wt% exhibits a
strength value almost identical to that of the reference sample. Therefore, it is suggested
that adding more nanoparticles resulted in a decrease in shear strength of the samples,
due to the clusters formation among a-ZrP particles. Khurram et al. [22] had the similar
behavior in their results and reported that this could be due to the increase of the
viscosity of the epoxy resin at higher concentrations. Similarly this could be our case
too such that increase in the concentration of the nanoparticles significantly impacts the
bonding ability of the polyurethane to the aluminum sheets, hindering the penetration of
the polyurethane on the pores of the metal.

Overall the tests yielded even better results compared to the data presented by
Askin and Touren [27], who observed only a 24% maximum increase. This variance
could be attributed to their use of different nanoparticles, such as graphene platelets
(GnPs). Nevertheless, the overall trend of the results remains consistent, supporting the
fact that nanoparticles can effectively reinforce material properties and their
concentration play a critical role in determining the shear strength.

Using this testing method, the bonding strength between an adherend (aluminum
sheet) and an adhesive (polymer) can be assessed. Interlaminar cracking, a common
sign of a strong bonding mechanism in these shear studies, indicates successful
adhesive properties. However, achieving pure shear failure, particularly in the
adhesive's central plane, remains challenging as shear failure doesn't always occur there
[46]. This difficulty in achieving predictable failure patterns underscores the
significance of the experimental results, which revealed that despite an overall increase
in mechanical properties, adhesive failure was still prevalent in most samples. It's
interesting to note that cohesive failure, indicating superior interlocking, was mostly
seen when the adhesive was strengthened with 2 wt% of o-ZrP nanoparticles,
underscoring their impact on changing failure modes. The comparison of the failure

mechanisms between 0.5 wt% and 2 wt% is illustrated in the Figure 4.4 below. As can
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be seen, specimen a) experienced adhesive failure, while specimen b) exhibited a small

cohesive region.

Adhesive failure 37 Cohesive failure

Figure 4.4. Failure mechanisms of a) 0.5 wt%, b) 2 wt%

SEM images focusing on the damaged area after the shear test are shown in
Figure 4.5. These images showcase the failed response of the material after testing.
Although the 0.5 wt% specimen exhibited adhesive failure, the images reveal slight
indications of an adhesive pull-out mechanism. This mechanism is a condition where
the adhesive layer deforms or detaches from the substrate, which might leave adhesive
residue on aluminum surfaces after failure. Such pull-out is a sign that the polymer and
metal had strong adhesion, possibly stronger than the cohesive forces inside the
adhesive material itself. At the failure point, the adhesive pulls out of the substrate

rather than simply detaching (adhesive failure).

Adhesive pullout

Figure 4.5. SEM images of surfaces of 0.5wt% sample after testing

Analyzing Figure 4.6 (b), it can be noted that the polymer containing 0.5 wt% of
a-ZrP also exhibits the best elongation results and greater area under the curve
indicating more energy absorbed. Overall, the graph demonstrates similar trends,

showing that the addition of nanoparticles enhances the samples' ability to withstand
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forces. As the nanoparticle content approaches 1.5 wt%, the gradient angle increases,
indicating poorer elongation characteristics. However, even with the addition of 2.0
wt% of a-ZrP, which exhibits higher results compared to the reference sample, the
elongation characteristics still decline. Similar findings were obtained by Khurram et al.
[22] with MWCNTs nanomaterial, which show that the strength of FMLs are better
when they added 2.0 wt% of MWCNTs and further implementation of the nanoparticles

resulted in a decrease of the strength.
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Figure 4.6. a) Strength vs percentage graph for SLJ, b) Load vs displacement curve for
SLJ

4.4 Effect of surface treatment

Mechanical treatment

In Figure 4.7 (a) the surface roughness of the untreated reference sample is
shown. The heights of the peaks are relatively similar and the frequency is high, which
shows that the surface of the aluminum is relatively smooth. Treating the samples with
sandpapers created a new surface which has higher peaks and lower frequency of their
placement. Even though M100 had the highest peak in Figure 4.7, the surface structure
is not symmetrical and uniform from both sides which could create some difficulties
and non-uniformity of the bonding layer. Compared to it, M80 and M 120 showed better

results with more or less symmetrical roughness structure along the sample surface.
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Figure 4.7. Total roughness profile for: a) Untreated aluminum surface, b) M80, c)

M100, d) M120; e) Average roughness of all samples

Electrochemical treatment

The total roughness profiles are given in Figure 4.8, where Figure 4.8 (a) is the

roughness of the reference sample that experienced no surface treatment at all and

Figure 4.8 (b) corresponds to the sample that underwent electrochemical treatment. On

average the peaks of EC samples are greater and there is more roughness in Figure 4.8

(b), which results in more space where the adhesive can interlock. This shows that the

anodizing process created the roughness on a microscopic level, improving the bonding

between the metal and the adhesive layer.

In Figure 4.8 (c) it is clear that the surface has been roughened and the average

roughness of the treatment is 167.2 nm which is 60 nm more than that of the reference

sample.
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Figure 4.8. Total profile for a) Reference sample, b) EC sample

Comparison of mechanical and electrochemical treatments

In general, the introduction the surface treatment had a positive effect on both
the strength and elongation properties of the adhesive polymer in the single lap joints
(Figure 4.9). This improvement resulted due to enhanced interlocking mechanisms
providing the adhesive with greater bonding area. The mechanical treatment enhanced
the shear strength of the specimens by about 35%. The electrochemical treatment
showed the best results, even greater than for mechanical abrasion. This could be due to
the fact that the anodizing process provides less microroughness than for sandpaper
treatment which is more preferable for better bonding of the adhesive layer to the metal.
Indeed, comparing Figure 4.7 and Figure 4.8 the average roughness of the
electrochemical treatment is much less than that of mechanical one, 167.2 nm and
3037.34 nm respectively. The results also correspond with the findings of
Aghamohammadi et al. [32] and Zheng et al. [37], who found that samples that
underwent anodizing process had better strength results than those after mechanical
treatment. Electrochemical process improved the shear strength by 174% when
compared to another treatment, which is much higher than Zheng et al. 's [37] results,
who had only a 61% increase. The difference could result due to the fact that
researchers used magnesium alloy, not aluminum as in our case and they had another
grit size of the sandpaper. However, the overall tendency of the results is similar.

According to Figure 4.9 (b), EC and M120 samples stand out from the other
results. Interestingly, EC samples can withstand greater loads, while M120 has better

elongation. However, the areas under these two curves are approximately the same
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meaning that they absorb a similar amount of energy. This drives us to the conclusion
that anodizing process can enhance load-bearing capabilities, but it could not
significantly improve elongation characteristics of the material. Similarly, mechanically
treated samples may not withstand greater loads as electrochemically treated ones, but
certainly their ability to elongate could be efficient for some applications, where it plays
a crucial role.

For mechanical treatment the best grit size was identified to be #120
(Figure 4.9). However, in Figure 4.7 (e) M120 has the lowest average roughness value
and this contradicts with the findings of Mohammad et al [33], who reported that
sanpapers with higher roughness had better enhancement of the strength of the
composite material. It is worth noting that in this work, the difference between the grit
sizes of the sandpaper is greater than in our project, and the method of using sandpaper
as well as the material was different. This could give such different results. Moreover,
according to the Pan et al. [47] the shear strength of the specimens vary only slightly
when different grit sizes are applied. Similarly, our sandpapers’ grit sizes differed only
by 20 and expectedly the results of the average roughness along with the values of shear
strengths are pretty close. Average roughness values are all in a range of 3-3.7 um,
while the shear strengths’ values are approximately the same 1.3-1.5 MPa. That is why

it is better to use big intervals between the grit sizes to see more dramatic changes.
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Figure 4.9. The effect of different surface treatment on the a) shear strength (0 wt%), b)

displacement of 0 wt% samples

The effectiveness of the adhesive of electrochemically treated sample can also
be seen from Figure 4.10 where the failure mechanism of the samples is shown.

Compared with the failure fracture of the reference sample in Figure 4.10 (a), the
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adhesive is present on both surfaces of the single lap joint in Figure 4.10 (b) and this
gives the cohesive type of the failure. The result corresponds to the literature, where the
researchers also found that electrochemical treatment can give a cohesive failure,
showing greater results for interfacial bonding [32, 35-37]. The mechanical treatment
did not show any improvements in the failure mechanism compared to the reference

sample, also having an adhesive type of the failure (Figure 4.10 (c)).

Adhesive failure

—_—

Figure 4.10. Failure mechanisms of a) REF, b) EC, ¢) M120

4.5 Synergetic effect of surface treatment and o-ZrP

Mechanical treatment with a-ZrP

Mechanical treatment combined with a-ZrP showed higher results for the shear
strength of the samples than for pure sandpaper abrasion. The tendency of the
improvement of the strength starting from grit size #80 to #120 remained the same such
that samples with lower roughness (M120) had better ability to withstand loads.
Comparing with the reference sample (0 wt%) the shear strength of the M80, M100 and
M120 specimens increased by 69.6%, 73.7% and 81.5% respectively.

However, all these values were lower than the shear strength of the
nano-reinforced sample with 0.5 wt% of a-ZrP. As discussed earlier, mechanical
treatment provides even more roughness that could be seen by the naked eye. So, the

presence of nanoparticles only weakened the specimens because they agglomerated and
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got stuck in wider pores not bonding efficiently with the metal surface. Moreover, all

the samples had adhesive failures (Figure 4.12 (a)).

Electrochemical treatment with a-ZrP

Combining the electrochemical surface treatment with a-ZrP gave even better
data, having the result of 5.6 MPa shear strength which is much higher than that of the
reference samples. The strength was increased by 398.3% compared with 0 wt% and by
159.8% compared with the nano reinforced sample (0.5 wt%). Also, the ability to
withstand greater loads improved significantly compared to EC specimens (0 wt%),
which means that microroughness enhanced the interlocking mechanism and
nanoparticles hindered the crack propagation.

According to Figure 4.11 (b), EC samples can withstand the greatest load and
show the best elongation result with highest absorption of the energy. So, incorporating
the a-ZrP nanoparticles not only increased the load-bearing capability but enhanced the
elongation results compared to the 0 wt% treatment values (Figure 4.9 (b)). So
nanoparticles effectively dispersed in polyurethane matrix, hindering the crack
propagation and deformation under the load. They also affected the deformation
mechanism and the material’s resistance to fracture, enabling the polymer to deform
even more before reaching the ultimate strength. So, the treatment and reinforcement
are compatible, showing that synergistic effect positively affects the mechanical
properties of the single lap shear specimens (Figure 4.11).

Moreover, studying the failure type of the single lap joints showed that
electrochemical treatment with a-ZrP has a mixed failure mechanism. According to

Figure 4.12(b) the adhesive and cohesive failures occurred simultaneously.
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Figure 4.11. Effect of different treatment types on a) the shear strength (0 wt% and 0.5
wt%), b) displacement of the 0.5 wt% samples

Figure 4.12. The failure mode of a) M120 (0.5 wt%), b) EC (0.5 wt%) sample

The surface morphology of the samples were obtained and Figure 4.13 (a,b)
shows the surface of the untreated reference sample and Figure 4.13 (c-h) show the
samples treated with different methods. Compared to the smooth surface of the
aluminum, the mechanically treated (M120) and electrochemically treated (EC) samples
have visible roughness.

In Figure 4.13 (e), the mechanically treated specimen has scratches going in one
direction, while in Figure 4.13 (g) the surface has a porous structure of an oxide layer
formed by anodizing, which also corresponds to the findings in literature [34]. It is clear
that there is less adhesive on the smooth surface of the metal, while more polymer has
remained on the aluminum due to scratches and pores.

Importantly, the nanoparticles gather at the surface of the metal hindering the
polyurethane from penetrating to the large scratches (Figure 4.11(f)). They agglomerate
and stick together creating some air gaps. Due to this the polyurethane cannot bond
effectively to the metal surface and some of its torn pieces are seen in SEM image

(Figure 4.11(e)). On the contrary, the cavities created by the anodizing process are too
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small to allow the nanoparticles interfere with the bonding, which helps in eliminating
the air gaps in the pores. They also do not agglomerate on the surface of the metal and
the reinforcing agent is more uniformly dispersed in the polymer (Figure 4.11 (h)). That
is why the interlocking is strong between the adhesive and the metal and the
polyurethane connected to the pores undergoes more elongation (Figure 4.11(g)), so
that more force was needed to pull and break the sample. Compared to it, the polymer
on the mechanically treated surface is not evenly widespread, which implies less stress
distributed along the adhesive compared with the electrochemically treated case.
Consequently, the polymer structure is less stretched compared to the anodizing surface,

so EC samples can withstand more force than M 120 samples.

1pm

Mag = 10 KX

PU with a-ZrP

ith o-Z1rP
\ _
Aluminum Aluminum Aluminum Aluminum
surface surface surface surface

Figure 4.13 a) SEM of aluminum surface, b) Schematics of aluminum surface, c)SEM

of REF (0.5wt%) sample after testing, d) Aluminum surface with applied polyurethane
with nanoparticles, €) SEM of M120 (0.5 wt%) sample after testing, f) Mechanically

treated aluminum surface with applied polyurethane with nanoparticles, g) SEM of EC
(0.5 wt%) after testing, h) Electrochemically treated aluminum surface with applied

polyurethane with nanoparticles

Mechanical and electrochemical treatment with a-ZrP

Combining electrochemical treatment, mechanical treatment and reinforcement
with nanoparticles increased the shear strength by 18.9% and 25.6%, compared to the
reference sample (0.5 wt%) and M120 respectively. However, combined treatment’s
results were weaker than data for nano reinforced anodizing process (Figure 4.14(a)).
EC sample’s shear strength is greater than that of the combined one by 118.6%. Even
though its ability to withstand greater load was not improved, the elongation of such
kind of treatment was increased (Figure 4.14(b)). Thus, the combined treatment

involving nano reinforcement and both treatments is not so effective in enhancing shear
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strength as nano reinforced anodizing process, because electrochemical treatment more
specifically focuses on maximizing the shear strength. This type of treatment also

showed the mixed failure type (Figure 4.15).
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Figure 4.14. Effect of different treatment types on samples with 0.5 wt% o-ZrP: a)
Shear strength, b) Load and displacement

Figure 4.15. The mixed failure of Mechanical with EC (0.5 wt%) sample

4.6 Numerical

According to Figure 4.16, the degradation of the cohesive layer spreads from the
edges to the center, which leads to the separation of the laps. This result corresponds to

the expected damage distribution in Figure 2.5.
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Figure 4.16. Scalar stiffness degradation in a cohesive layer

According to the simulation results shown in Figure 4.17, the largest stress is
applied on laps, where edges of the adhesive layer connect laps to each other. It is
linked with discontinuity, since change in geometry at the edges creates stress
concentrations. Discontinuities are sources of stress intensification. They usually
produce peak stresses. If we compare it with Figure 2.4, it can be concluded that this
result satisfies the expected one which was based on the reviewed papers with similar
topics. Since stress is concentrated near the edges of the adhesive layer, most of the

damage is caused there.
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Figure 4.17. Stress distribution along length of adhesive zone of polyethylene with 0
wt% a-ZrP
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According to Figure 4.18, it can be noticed that the slope of experimental curve
decreases when displacement becomes larger than 0.05 mm. Moreover, the difference in
shape between the two curves is probably linked with the meshing of the simulation
model. On the other hand, it can be seen that the maximum load ( 434.3 N) is a little bit
larger than the experimental one (393.4 N). The difference in maximum load is about
9.42%. Moreover, the values of experimental and simulated strains at the peak loads are
close to each other (0.225 and 0.21 mm respectively). These factors are the most
significant ones, which shows reliability of the simulation, while also proving that the

experimental part was done correctly.
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Figure 4.18. Load vs displacement curve of polyethylene with 0 wt% o-ZrP
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Chapter 5

Conclusion and Future work

The aim of the research was to implement the nanoparticles in order to reinforce

the adhesive layer of the fiber-metal laminates. The commercial polyurethane polymers

were made and tested with a-ZrP nanoparticles in a percentage by weight from 0 wt%

to 2 wt%. The goal of the numerical part was to validify the experimental data.

Simulation was run for polyurethane with 0 wt% of a-ZrP.

During fabrication of the fiber-metal laminates several hypotheses were tested
and proved such that nanoparticles indeed can enhance the strength of the
polymer and the best concentration for the pure polymer was found to be 1.0
wt% of o-ZrP and the tensile strength was enhanced 3.5 times compared to the
reference sample with no nanoparticles (0 wt%)

The best concentration for the single lap joints was found to be the polymer of
0.5 wt% of a-ZrP with an increase in shear strength by 91.8%

Mechanical treatment improved the shear strength of the single lap joints by
35%. However, in combination with nanoparticles, the results were weaker,
leading to decrease in the strength. Therefore, it is recommended to use
sandpapers with greater intervals between the grit sizes

Electrochemical treatment also enhanced the load-bearing capabilities of SLJs
and combining it with nanoparticles resulted in even higher values, increasing
the strength by 174% compared to the mechanical treatment

Combining nano reinforcement and both treatments also increased the strength
by 18.9%, but showed weaker results than for nano reinforced EC treatment
Results of simulation showed that stress was concentrated on edges of the
adhesive layer, which makes the deformation region spread from edges to the
center of the cohesive region

The numerical maximum load of 434.3 N slightly surpasses the experimental
value of 393.4 N. The difference in strength between experimental and
simulation was less than 9.42%. That proved the reliability of experimental

results
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By doing the simulation some issues were faced, due to lack of data about
material properties in mode I and mode II, which is linked with inability to find those
values experimentally. Moreover, since use of a-ZrP nanoparticles as a reinforcing 2D
material is an innovative idea, no literature about polyurethane with added a-ZrP was
found to get needed coefficients for simulation.

For the future work is planned to conduct experimental tests such as
double-cantilever beam (DCB) and end-notched flexure (ENF) ones to get critical strain

energy release rate and strength for mode I (GI C) and mode II (G” C) for samples with

different percentages of added a-ZrP nanoparticles.
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