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Preface
Nanomaterials in Joining consists of chapters written by expert scientists and engi-

neers from the international materials community whocontribute important research

works in the field of materials science and related subjects with emphasis on com-

posite nanomaterials and dissimilar joints. These contributions focus on new appli-

cations of nanomaterials as fillers into polymeric and metallic matrices as well as on

mechanical and structural characterization.

Nanomaterials are synthesized and characterized by such tools and techniques

that combine multidisciplinary fields of physics, chemistry and engineering. By in-

corporating the appropriate nanomaterials as fillers into the matrices, enhancement

of specific material properties, especially of those that depend on surface microstruc-

ture, is achieved.

This book was prepared for those who are seeking the most up-to-date informa-

tion on the incorporation of carbon nanotubes into polymeric and metallic matrices,

corrosion issues, and mechanical characterization of composite nanomaterials and

dissimilar joints.

In the first chapter “Multiwalled carbon nanotubes – Strength to polymer com-

posites”, various carbon nanotubes are embedded inside epoxy resins with differ-

ent surface modifications, so as to improve the mechanical properties. Better carbon

nanotube dispersion (less agglomeration) and the absence of defects can achieve im-

proved mechanical strength. This work suggests that even low quantity multiwalled

carbon nanotubes could drastically change the behavior of the epoxy resin and open

a series of new possible applications for this material.

In the second chapter “Dissimilar friction stir welding of aluminum alloys rein-

forced with carbon nanotubes”, carbon nanotubes are incorporated as reinforcing

fillers into dissimilar metal joints produced by friction stir welding, after process pa-

rameter optimization. The impact of this incorporation on themicrostructure andme-

chanical properties of these joints is studied on both local and global level.

The next chapters are focused on the corrosion and corrosion protection of multi-

material assemblies.

In the chapter “Corrosion issues in joining lightweight materials: A review of the

latest achievements”, the author reviews the latest results of studies focused on corro-

sion issues while joining lightweightmaterials. Themost common corrosion phenom-

ena are observed and described in joined materials, emphasizing the corrosion issues

in assemblies combining different metals and in assemblies combining metals with

nonmetals. This chapter could prove to be particularly useful to a broader audience of

readerswhoare searching for the latest informationoncorrosion issues in light-weight

structures.

In the chapter “Protection of Multimaterial assemblies”, different strategies for

the protection of multimaterial structures are briefly overviewed. Themain focus is on
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VI | Preface

the new alternative protection systems that are based on a combination of synergistic

inhibiting mixtures introduced into protective coatings. A road mapwhich can be fol-

lowed in order to create an efficient active protection coating for hybrid structures is

suggested.

In the last chapter “Failure of dissimilar material bonded joints” the authors

present the basic failure mechanisms of bonded joints. The failure prediction of ad-

hesively bonded joints is a complex undertaking, as there are several parameters

that can cause premature failure. The recent developments in nanotechnology have

increased the complexity of the fracture mechanics assessment of such joints, since

the presence of nanoparticles introduces further parameters that influence crack

initiation and propagation.

To sum up, this book will be useful to everyone who is interested in applications

of nanomaterials and dissimilar joining, and is especially oriented towards graduate

students and young researchers, aiming to facilitate their introduction to this novel

area of research.

It is my pleasure to express my gratitude to all the contributors of the chapters

in this book. I would like to acknowledge the superb assistance that the staff of De

Gruyter has provided for the publication of this work.
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Pravin Jagdale, Aamer. A. Khan, Massimo Rovere, Carlo Rosso,
and Alberto Tagliaferro

1 Multiwalled Carbon nanotube – Strength to
polymer composite

Abstract: Carbon nanotubes (CNTs), a rather fascinating material, are among the pil-

lars of nanotechnology. CNTs exhibit unique electrical, mechanical, adsorption, and

thermal properties with high aspect ratio, exceptional stiffness, excellent strength,

and low density, which can be exploited in the manufacturing of revolutionary smart

nano composite materials. The demand for lighter and stronger polymer composite

material in various applications is increasing every day. Among all the possibilities

to research and exploit the exceptional properties of CNTs in polymer composites we

focused on the reinforcement of epoxy resin with different types of multiwalled car-

bon nano tubes (MWCNTs). We studied mechanical properties such as stress, strain,

ultimate tensile strength, yield point, modulus and fracture toughness, and Young’s

modulus by plotting and calculating by means of the off-set method. Themechanical

strength of epoxy composite is increased intensely with 1 and 3 wt.% of filler.

1.1 Introduction

Life on Earth is based on carbon. To create living matter from carbon, organisms carry

out chemical reactions such as photosynthesis. This knownmechanism of carbon fix-

ation represents the largest bridge between the earth’s nonliving chemistry and life.

Carbon is known to be the most versatile element on earth [1]. Several allotropes of

carbon are present in nature: the best known are graphite, diamond, and amorphous

carbon. New nanostructured allotropes of carbon such as Bucky balls and nanotubes

have been discovered in recent decades [2] and more recently other more exotic al-

lotropes such as graphene [3, 4]. Carbon nanotubes (CNTs) are one of the fascinating

carbon structureswhichhas attracted agreat deal of attention. CNTsof a nanoscaledi-

mension (1-D) have becomewell known over the past 15 years, but according toRobert

Floyd Curl, Jr., (chemistry, Nobel Prize in 1996), in ancient times Indian craftsmen

used nanotechnology in wootz steel as well as in paintings. Marianne Reibold et al.

(University of Dresden) discovered the dispersion of CNTs in Damascus steel, famous

during the middle ages, which was extraordinarily strong and flexible [5]. In 1952, the

Russian scientists Radushkevich et al. published clear imagesof tubesmade of carbon

50 nanometers in diameter [6]. The term ‘nanotubes’ for carbon nanotubes was first

usedbyWiles andAbrahamson in 1978. In 1987HyperionCatalysis International (USA)

published a series of patents on the production and the use of ‘nanofibrils’ in poly-

mers as fillers [7]. The world made an increased acquaintance with CNTs after Iijima’s

detailed informative rediscovery in 1991 [8]. The first observations which Sumio made
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2 | Pravin Jagdale, Aamer. A. Khan, Massimo Rovere, Carlo Rosso, and Alberto Tagliaferro

were of multiwallednanotubes [9]. Multiwalledcarbon nanotubes (MWCNTs) are gen-

erally described as a type of hollow and lengthy concentric cylinder ranging from 6 to

25 or more graphite sheets on a nanoscopic level [10]. The separation between the

graphene layers (interlayer spacing) is close to 0.34 nm [7, 11]. Graphene sheets are

rolled at specific and discrete angles known as “chiral angles”. The combination of

the radius of the CNTs and the rolling angle defines the properties of the nanotube

[12–15]. CNTs are available in three unique geometries (Fig. 1.1) which are armchair

(n, n), chiral (n, m) and zigzag (n, 0), the number in parenthesis indicating the num-

ber of primitive vectors needed to close the tube. Their electrical characteristics differ

depending on these variations, acting either as metals or as semiconductors.

Arm chair Chiral Zigzag
(a) (b) (c)

Fig. 1.1: Different form of chirality in CNT.

Who discovered carbon nanotubes is no longer as important as who can come up

with the most practical applications. CNTs can be considered to be the next gener-

ation of carbon fibers [16]. CNTs have extraordinary mechanical strength in terms

of tensile strength and elastic modulus. This property also made it popular in the

fields of composites. The use of CNTs as filler in composites has been given signif-

icant attention because of their remarkable thermal, mechanical, electrical, and

other properties [17–19]. A variety of matrices such as ceramics, metal, and poly-

mer for nanocomposite study has been under investigation. Polymer nanocomposites

are used in all industries ranging from civil, infrastructure, automobiles, electronic

equipment, aerospace, andsmart textile andmilitary equipment. Lighter and stronger

materials are what is needed at present, and polymer nanocomposites are perfect for

this purpose. Polymer nanocomposite materials save energy, are easy to handle and

process, possess a long life, and have adequate resistance to atmospheric conditions

and chemicals [16, 22, 29].

The CNT filler used for polymer nano composite have different morphology,

structure, and composition [20]. Even very small volume fractions of CNT in com-

posites dramatically alter the composite properties such as electrical, optoelectronic,
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1 Multiwalled Carbon nanotube – Strength to polymer composite | 3

thermal, and mechanical properties [21–24]. Polymer nanocomposite materials are

organic polymer matrices containing dispersed inorganic/organic particulates hav-

ing at least one dimension below 100 nm. The dispersion is aimed at improving

the structural morphology, properties and the overall performance of the polymer

(Table 1.1) [11, 12, 25–27]. Nanocomposites having outstanding mechanical properties

and ultralight weight are already on the market [7, 20, 28–30].

Tab. 1.1: Characteristics and applications of nanofillers in polymer matrix composite materials [22].

Characteristics Applications

Physical strength,

specific toughness,

light weight

Aerospace, construction, sporting goods

High dimensional stability,

low coefficient of thermal

expansion, low abrasion

Printed circuit boards, missile structures, aircraft brakes,

aerospace antennas and support structures, large telescopes, op-

tical benches, waveguides for stable high-frequency (gigahertz)

precision measurement frames

Vibration damping,

strength, toughness

Audio equipment, including microphones and speakers; robotic

arms

Electrical conductivity Airframes and aircraft skin materials, novel tooling, casings and

bases for electronic equipment, electromagnetic interference (EMI)

and radio frequency (RF) shielding, brushes

Low biological reactivity,

permeability by x-rays

Medical prostheses, surgery and x-ray equipment, implants, ten-

don/ligament repair

Fatigue resistance,

self-lubrication

General engineering applications with moving parts, such as auto-

mobiles

Low chemical reactivity,

high corrosion resistance

Chemical exposure; radiation fields; valves, seals, and pump com-

ponents

Electromagnetic properties Electronic devices; motor and generator parts; radiological equip-

ment

Aswe are considering nanocomposites based on epoxy resin, let us spend a fewwords

on it here. The first commercial exploration of the properties of epoxy resins was by

I.G. Farben Industries inGermanyduring the 1930s, and from that time onepoxy resins

have been put to industrial uses more than any other resins. Epoxy resins adhere well

to a wide variety of reinforcing agents. Their very low shrinkage [31–33] make them

popular in composite industry. Epoxy resins in a cured state are very resistant to chem-

ical influences and offer excellent electrical insulation.

The rising global demand for industrial applications like aerospace and wind

energy industries is propelling research in epoxy resin composites. Epoxy resin-based

composites provide flexibility and reduction of the overall weight of the material,

enhancing the creep and fatigue resistance. The main applications of epoxy resin

are found in formulations for mortars, screeds, and polymer concretes for adhesion

primers and coatings in civil as well as mechanical engineering for corrosion protec-

 EBSCOhost - printed on 2/14/2023 1:24 PM via . All use subject to https://www.ebsco.com/terms-of-use



4 | Pravin Jagdale, Aamer. A. Khan, Massimo Rovere, Carlo Rosso, and Alberto Tagliaferro

tion [13], etc. Epoxy composites are used in specialized sophisticated structures and

are the preferred choice where functionality is most importanct [34]. Epoxy resins do

have some disadvantages, e.g. they are sensitive to moisture, and the heat distortion

point, the dimensions, and the physical properties decrease with moisture take-up.

High temperature affects their toughness: they have a high coefficient of thermal

expansion when compared to other thermosets, are sensitive to UV, etc. There is still

much need for researching and exploiting the exceptional properties of MWCNTs in

epoxy polymer composites to tackle such limitations.

The focus in this chapter is on the reinforcement of epoxy resin with several types

of MWCNTs to study theirmechanical properties such as stress, strain, ultimate tensile

strength, yield point, modulus, and fracture toughness.

1.2 Material and methods

1.2.1 Epoxy resin in general

Epoxy resins are thermosetting polymers that contain an epoxide ring of the basic

functional group. The basic raw materials required for the production of epoxy resins

include bisphenol A (BPA), epichlorohydrin, phenols, aromatic amines, and aliphatic

alcohols. Epoxides are three-membered rings with two carbon atoms and one oxygen

atom (Fig. 1.2).

O

C R

H

H2C

Fig. 1.2: Epoxide ring.

Epoxides can be classified as difunctional to polyfunctional epoxides. A curing

agent/cross linker hardens the epoxides without releasing any byproduct compounds

and with a minimal shrinkage to form a rigid material bearing high resistance to sol-

vents and stable dimensions at elevated temperatures. Diglycidyl ether of bisphenol

A with its repeating units is the most widely used difunctional epoxy, as shown in the

Fig. 1.3.

Polyfunctional epoxy with aromatic and heterocyclic glycidyl amine groups

are used for high-temperature aerospace applications. These compounds contain

tetraglycidyl methylene dianiline, (TGMDA) groups which guarantee performance in

such conditions [31, 32].
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C

CH3
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OCH2 OCH2CH2O

CH3
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CH3

CH3
n

CH2O
O O

Fig. 1.3: Di-functional epoxy resin.

CH2

CH2

CH2

CH2

CH2

O

O

O

O

N N

Fig. 1.4: Tetraglycidyl Methylene Dianiline (TGMDA).

1.2.2 Epoxy resin in sample preparation

Commerciallymodified Epilox resin (T 19-36/700, LEUNA-Harze GmbH, Germany) was

used for this study. It is a colorless, low viscosity (650–750mPa/s at 25 °C) epoxy resin

with a reduced crystallization tendency and a density of 1.14 g ⋅ cm−3. Its chemi-

cal composition is Bisphenol-A epichloro hydrine (50–100 wt.%) and oxirane, mono-

{(C12-14-alkyloxy) methyl derivatives (10–25 wt.%). To complete thepolymerization re-

action, a cross linker was used.

Epilox cross linker (H10-31, LEUNA-Harze GmbH, Germany) is a liquid, colorless,

low viscosity (400–600 mPa s) modified cycloaliphatic polyamine epoxide adduct

with a density of 1 g ⋅ cm−3 and containing 3-aminomethyl-3,5,5-trimethylcyclohexyl

(25–50 wt.%), benzyl alcohol (25–50 wt.%), and nonyl phenol (<5 wt.%). 3-amino-

methyl-3,5,5-tri-methylcyclohexyl was in a clear liquid with a density (0.24 g/ml at

200°C).

1.2.3 Multi walled carbon nanotubes (MWCNTs)

MWCNTs can be synthesized by various processes. The three most widely used meth-

ods are visible light vaporization, arc discharge, and catalytic chemical vapor deposi-

tion (often abbreviated to chemical vapor deposition (CVD)).

The visible-light method can be further classified into three separate methods of

synthesis namely: (i) laser ablation, in which a pulsed laser is used to carry out the

synthesis of carbon nano tubes, (ii) a continuous laser is used for synthesis in laser

vaporization method, while in (iii) the solar vaporization method a continuous mul-

tiwavelength light from a solar furnace source is used to carry out the process. Other

methods used to synthesize CNTs are flame synthesis, liquid hydrocarbon synthesis,
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and catalytic plastic pyrolysis. These methods are not used for bulk production, so

they are of less significance compared to the widely-used CVDmethod.

CVD is a thermal reaction in which a gaseous hydrocarbon is cracked into carbon

and other constituents in the presence of a catalyst. The catalyst is usually a transition

metal such as cobalt, iron, or nickel. The MWCNT growth reaction is aided by a cata-

lyst. In-house MWCNT growth was performed by using iron as a catalyst along with

camphor (Sigma Aldrich 99 % purity) and waste polyethylene granules as a carbon

source. The systemwas set to adopt the floating catalyst method. In the floating cata-

lyst method, the metal particles are transferred by an inert gas carrier (argon/helium)

to a nonreactive silicon dioxide surface. The temperature of the reactor is adjusted in a

way that allows the cracking of the carbon source but not the pyrolysis of the carbon-

containing species. For a given combination of the catalyst and gas mixture that is

effective in producing carbon nanotubes, MWCNTs formation is favored for the forma-

tion of SWCNTs at a lower temperature range of 700~800 °C and at a high temperature

range of 850~950 °C. The main advantage of this system is that it can easily be scaled

to commercial scale CNT production [7, 11, 12, 15]. Thismethodwas adopted to synthe-

size MWCNTs (FCCF340 and P3) in house (carbon group, Politecnico di Torino). Com-

mercial functionalized and graphitized MWCNTs were purchased from Cheaptubes,

USA, and normal MWCNTs (MW7) were provided by Nanothinx, Greece. The detailed

specifications of MWCNTs are listed in Table 1.2.

Tab. 1.2:MWCNTs characterisation.

Code Type Diameter nm Length μm Purity weight %

MW7 MWCNTs 25~45 >10 98.5

MWF3 -COOH functionalized <8 10~30 95

MWG2 Thin craphitized 8~15 10~50 99

FCCF340 In-house made from camphor 50 179 85

1.2.4 MWCNT Nanofiller epoxy composite preparation

Dispersion of the nano scale filler in the polymer matrix plays a key role in determin-

ing composites properties. Nano scale fillers exhibit a surface area of several orders

of magnitude larger than the surface area possessed by microscale particles. The sur-

face area of CNTs behaves as an interface to transfer the stress from polymer matrix to

the individual nanotube and dissipate the effect of the load applied. But in nanoscale

particles secondary forces are prevalent, and for this reason CNTs have a strong ten-

dency to form agglomerates. Exploitation of the remarkable properties of CNTs in poly-

mers is therefore dependant on their homogeneous dispersion in the polymer matrix,

goodbreakingupof the carbon nanotubeagglomerates, andadequatewetting of CNTs

with polymer. Parameters that affect the quality of dispersion are length, purity, sur-
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face modification such as functionalization, graphitisation such as the degree of en-

tanglement, polymer viscosity [15, 20, 23, 29]. This is why we choose different kinds

of MWCNTs to study the mechanical behavior in epoxy polymer. Good dispersion of

MWCNTs in polymermatrix can be achieved by either mechanical or chemical means.

In the first case MWCNTs can be dispersed into low-viscosity liquids (either polymer

or cross linker) by using mechanical shear mixing before polymerisation starts.

1.2.5 Preparation of epilox CNT nanocomposites

Epoxy resin (LEUNA-Harze GmbH, T 19-36/700) (63 wt.%), cross linker (LEUNA-Harze

GmbH, H 10–31) (37 wt.%) and filler CNTs (1 and 3 wt.%) (as shown in Table 1.3) were

thoroughly mixed with mechanical stirring (20,000 RPM for 2 min). High-speed me-

chanical mixing initiates the exothermic polymerisation between the resin and cross

linker, resulting in evolving entrapped gas bubbles in the composites. Sonication (ul-

trasonic frequency 37 kHz for 15 min) followed by degassing in the vacuum (50 mbar

for 30 min) steps have been subsequently undertaken in order to get rid of these en-

trapped gas bubbles before the composite completes its polymerisation reaction. Be-

fore the onset of polymerization, the composite mixturesweremoulded into dog-bone

shapes (ASTM D 638 standard) as shown in Fig. 1.5. Handling strength of these com-

posite occurred in 24 h (with temperature >25 °C), and complete curing was achieved

after 5–7 days at 25 °C. To cure the moulds faster, however, they were kept in the oven

at 70 °C for 4 h. As mentioned earlier the composites were prepared with 1 and 3 wt.%

of MWCNT filler concentrations. Before beginning analysis, the thickness, width, and

length of the composite samples were measured. These dimensions were approxi-

mately (±0.1 mm) the same for each sample. Defective samples (with uneven surfaces

and surface-entrapped air bubbles) were not considered for further analysis.

Tab. 1.3: Epoxy and epoxy composite component quantity required (in grams).

Epoxy composite Epoxy resin Cross linker Filler
(g)

Blank 63 37 –

1% Filler 62.37 36.63 1.0

3 % Filler 61.11 35.89 3.0

115 mm 3 mm

25 mm

33 mm

Fig. 1.5: Schematic diagram of dog-bone shaped composite samples for mechanical analysis.
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1.3 Mechanical analysis

For mechanical testing we used a Q-test 10 tensile tester by MTS, a very flexible ma-

chine. It can be used to investigate the mechanical properties of materials ranging

from plastics to composite materials to metals. It is equipped with multiple jaws to

hold the material specimens. The machine can be provided with several load cells,

ranging from 50 N to 10 kN. In the reported tests the machine was equipped with a

10 kN load cell. The machine is also equipped with an extensometer and automatic

control systems. The distance between the jaws can be adjusted manually. The ma-

chine operates on the working principle of a constant rate of traverse ranging from

0.025 mm/min to 1 m/min. One jaw is fixed at the bottom while the top jaw pulls the

specimen upwards it and measures the reaction force by means of the load cell. The

specimen is stretched at a uniform deformation velocity until it breaks. The load and

elongation graphs are displayed on the computer screen attached to themachine, and

these data are exported to an ASCII file for subsequent analysis. The whole arrange-

ment is shown in Fig. 1.6.

x

(a) (b) (c)

Fig. 1.6: (a) Q-test 10 analysis instrument; (b) proper sample fixing; (c) actual sample for analysis.

The traverse speed is set before testing the specimen. The valuewas set at 0.5 mm/min

traverse speed. The software requires thedimensions of the test specimen to be accord-

ing the ASTM D-638 standard. The dimensions provided for analysis were the length,

measuring length, thickness, andwidth of the specimen.Mechanical data (tensile load

F vs. displacement d) obtained from instrumental software was further elaborated to

determine elongation, stress, strain, Young’s modulus, and fracture toughness values.

As a first step the load and displacement values were converted to stress (MPa)

and strain (adimensional), respectively. The average stress σ is defined as “the ratio

of the tensile load applied to the area of the original cross section”[35]:

σ = F

Sinitial
. (1.1)
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Strain is a dimensionless quantity that describes the ratio of change in length (d) to

the original length of composite [35]

ε = d

Linitial
. (1.2)

Stress vs. strain plots are the most common way of reporting data. A typical data plot

(see Fig. 1.7) can be divided in three regions:

(1) elastic region: the linear (or quasi-linear) reversible part at low strain; removing

the stress will bring back the specimen to the initial geometry;

(2) plastic region: departure from linearity occurs and irreversible elongation enters

into play; a permanent elongation remains even if the stress is removed;

(3) fracture region: the final part of the plot leading to specimen failure through frac-

ture.

In order to classify the materials and to better describe their behavior, several quan-

tities are commonly defined and reported. The relevant quantities (see Fig. 1.7) are as

follows:

(1) Young’s modulus (E): its value corresponds to the slope of the fitting line of the

elastic region and gives information on the elasticity and rigidity of the material

(2) Yield point: around this point a transition from elastic to plastic behavior occurs.

The yield point is conventionally defined as the point of intersection between the

material curve and a line parallel to the elastic one having an offset strain of 0.2%.

The coordinates of the yield point give the information about yield stress (σY ) and

yield strain (εY ). Higher valuesσY and εY mean a higher load-bearing capability in

the elastic region. These twoquantities directly affect the capability of thematerial

to absorbing energy in the elastic region

(3) Modulus of resilience (uo). Resilience describes the ability of the material to ab-

sorb energy while being deformed elastically, and return the supplied energy on

unloading. It corresponds to themaximumvalue of the elastic energy density that

the material can withstand before the onset of plastic deformation. The parame-

ter uo can be calculated evaluating the area under the stress-strain curve from the

origin to the yield point, approximately equal to

uo = 1
2
σY ϵY = 1

2

σ2y

E
(1.3)

(4) Ultimate strength point: this is the point with the maximum stress value on the

stress-strain curve. A further increase of strain leads to relevant shrinking of the

specimen section ultimately leading to fracture

(5) Ultimate tensile strength (UTS, also known as “tensile strength”): this is the stress

value that corresponds to the ultimate strength point. Its value in a composite is

affected by preparation method, defects in the material, and temperature of the

material and the environment
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(6) Fracture point: this is the last point recorded for the stress-strain curve before

specimen failure. Strain at fracture point (also: strain at break) defines the ability

of a material to elongate under tensile loads. It also expresses the capability of a

material to resist changes of shape without crack formation.

(7) Fracture toughness (K, also known as “toughness”): this is the amount of energy

density thematerial can absorb before fracture occurs. Hence it describes theabil-

ity of a material to absorb energy and deform plastically without fracturing. Its

value is the area under the stress-strain curve from the origin to the fracture point

displacement εf

K =
εf

∫
0

σ dϵ. (1.4)

Adedicated softwarehas beendeveloped in-house that automatically identifies all the

relevant points and calculates the relevant quantities of the stress-strain curve.

The two extreme behaviors of materials are ductile (Fig. 1.7) and brittle (Fig. 1.8).

In the first case, after the ultimate strength point there is a wide plastic region. In the

second case, the failure occurs just after the end of the elastic region (i.e. the fracture

point is very close to the yield point and corresponds also to the ultimate strength

point). Plastic region is almost absent.

Yeld point

Fracture point

Ultimate strength point
Plastic region limit

0
0 Strain

St
re

ss

Fig. 1.7: Ductile behavior.

Yield point

Fracture point

Strain
0

0

St
re

ss

Fig. 1.8: Brittle behavior.
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1.4 FESEM details with sample preparation

A ZEISS SUPRA™ 40 field emission scanning electron microscope (FESEM) was used

to deliver high quality and high resolution images of nanoscale materials to meet the

demands and challenges involved in the study of application of nanoscale materi-

als. The mechanically fractured composite part was chosen for analysis. Generally the

specimens to be analysed are prepared by cryofracturing them in liquid nitrogen. In

this study, we prefer to cut the samples close to amechanically broken part. Care was

taken to keep the mechanically modified surface untouched and undamaged in sam-

ple preparation. The samples were mounted on aluminum studs in order to be able to

observe them from a top view. A chromium coating of 5–7nm thickness was deposited

by electron sputtering to avoid the charging effect.

FESEM analysis of epoxy polymer shows the slipping of the polymeric chain dur-

ing the application of the tensile forcewhich causes the composite tobreak. The epoxy

fractured surface (Fig. 1.9) is more uniform and defect free, which is ideally a bench-

mark condition for mechanical property of polymeric sample.

200μm WD = 5 mm
Mag = 200  X EHT = 5.00 kV Stage at T = 0.0 ° SALVATORE 

Aperture Size = 30.00 μm Signal  A = InLens Date: 25 Sep 2014 Time: 11:01:13 100μm WD = 5 mm
Mag = 500 X EHT = 5.00 kV Stage at T = 0.0 ° SALVATORE 

Aperture Size = 30.00 μm Signal  A = InLens Date: 25 Sep 2014 Time: 11:07:18 1μm WD = 5 mm
Mag = 50.00 K X EHT = 5.00 kV Stage at T = 0.0 ° SALVATORE 

Aperture Size = 30.00 μm Signal  A = InLens Date: 25 Sep 2014 Time: 11:03:27

(a) (b) (c)

Fig. 1.9: FESEM analysis of the epoxy resin specimens.

1.5 Results and discussion

All the produced specimens were tested, and the data were collected and analyzed. In

the following the different behaviors of the specimens are highlighted, the presence

of MWCNTs, is shown in the FESEM images of the fracture region for each specimen

type, and conclusions are drawn.

The first analyzed group of specimens is the MW7. In Fig. 1.10 the tensile behav-

ior of this group is compared with the blank epoxy. In Fig. 1.11 the FESEM analysis is

represented for showing the presence of MWCNTs. This approach is used also for the

other group of specimens.

Composites prepared with MW7 show the presence of microbubbles. They create

a weak point for fracture, leading to a premature failure of the composite during the

course of the application of stress. The microbubble size is larger in 3 % MW7 sam-

ple, with a consequent reduction of the plastic region. Moreover, MW7 CNTs have a

tendency to form big chunks due to Van der Waal’s forces (MW7 and also MWG2-1).
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Fig. 1.10: Tensile behavior of MW7.
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Stage at T = 0.0°

Date:25 Sep 2014 Time:11:21:26
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(b) (c)

(d) (e) (f)

Fig. 1.11: FESEMof MW7 specimens: CNTs are clearly visible in the rightmost column.

The agglomerations have a great impact on localizing the mechanical forces to create

a fracture point during the course of elongation by a tensile force. Chunks also reduce

the ability to stop the slippage of the polymer chains one over another. We speculate

that the two phenomena can be related, with big chunks leading to bubble formation

during the preparation procedure (the reasons for this still need to be investigated).

On the basis of Fig. 1.10, it is possible to conclude that the MW7 group presents an

increment of the UTS and a reduction of the Young’s modulus with respect to the

blank epoxy. In addition, a change of the behavior from brittle to ductile can be un-

derlined.

The same analysis is made for the MWF3 specimen group (Figs. 1.12 and 1.13). The

two percentages of CNTs lead to remarkably different behavior. The MWF3-3 specimen
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Fig. 1.12: Tensile behavior of MWF3.
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Fig. 1.13: FESEMof MWF3 specimens: CNTs are clearly visible in the rightmost column.

presents a brittle behavior, while the MWF3-1 has a more plastic one. The analysis of

FESEM images suggest that the reason for that behavior may be related to the presence

of chunks. On the other hand the values of the yield stress and Young’s modulus of

the two specimens are similar, suggesting that the main effect on the elastic region is

saturating at low CNT contents.

By considering the curves of the thirdgroup (MWG2 specimens, Figs. 1.15 and1.16),

we observe that the introduction ofMWCNTs in the epoxy matrix changes the behavior

of the material from brittle to ductile, increases the UTS, and decreases the Young’s

modulus, as depicted for the previous groups. In this case the higher values of UTS

and toughness are reached at a lower filler percentage, but the material with higher
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Fig. 1.14: Tensile behavior of MWG2.
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Fig. 1.15: FESEM of MWG2 specimens: CNTs are clearly visible in the rightmost column.

percentage of filler presents a higher Young’smodulus and a lowerUTS and toughness

with respect to the other filler percentage.

The FCCF340 group presents a perfect ductile behavior and no great difference in

terms of toughness. A little increase of UTS and Young’s modulus is presented by the

specimen with more filler (3 %) (see Figs. 1.16 and 1.17).

Good and evenly distributed filler (made and functionalized in-house) MWCNTs

add to the strength of the polymers and enhance the load-carrying capacity. In this

case it seems that there is a good interaction between the filler and thepolymermatrix.

There is significant interfacial bonding between the filler and thematrix. The stress is

transferred from the matrix to the filler particles, and the particles help transfer this

stress to single fibres, thus adding to the strength of the composite. A functionalized
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Fig. 1.16: Tensile behavior of FCCF340.
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Fig. 1.17: FESEMof FCCF340 specimens: CNTs are clearly visible in the rightmost column.

MWCNTs (MWF3) family has better tensile properties due to the better interaction be-

tween the filler and the matrix, thus preventing these layers from slipping over each

other during the application of the tensile force. Whereas in-house made MWCNTs

(FCCF340) have a high aspect ratio, with some round shape carbon growth which

allows for better interaction with epoxy resin result in getting better or comparable

mechanical property than other MWCNT families tried in this study.

By comparing all the extracteddata, some additional considerations canbe taken.
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1.6 Ultimate tensile stress (UTS)

The comparative study of UTS (Fig. 1.18) shows that MWCNTs of all kinds enhance the

UTS from 15.2 MPa (epoxy polymer) to 26–33 MPa. The maximum UTS was observed

for in-house made MWCNTs (FCCF340) with 3 wt.%. So in terms of UTS it is possible

to conclude that the MWCNTs, independent of their type and percentage, can nearly

double the UTS of the matrix material.
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Fig. 1.18: Ultimate tensile strength comparisons.

1.6.1 Strain at break

Almost 10 time better elongation under stress is observed (Fig. 1.19) in comparison

with epoxy polymer and compositewith in-housemade CNTs FCCF-340 (1 and 3wt.%),

Normal MW7 (1wt.%) and graphitized MWG2 (1 wt.%)nanofillers. Thismeans that the

filler increases theplastic regionof thematrixmaterial, increasing the capability of the

material to withstand a crack without failing.

1.6.2 Yield point

The ductile material, as the composite material that experiences a plastic zone in the

stress-strain chart, is usually preferred for the design of mechanical and structural

component, because a “reservoir” of strength is guaranteed by the plastic region. In

fact, the ultimate tensile strength (UTS) is usually higher than the yield limit, so fix-

ing the yield limit as the failure threshold, before having the complete failure of the

structure there is an additional increment of force. The design criteria are based on the

yield limit, so this value indicates the capability of thematerial to last. As an example,
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Fig. 1.19: Strain at break comparison.

consider a shaft for transmitting a torque. If the shaft is made in pure epoxy without

filler, the nominal transmitted torque can be considered as reference and set to 1 Nm.

If the same shaft ismade of epoxy filledwithMWCNT, the transmitted torque increases

to at least 2.4 Nm (MW7-3). This means that the same shaft with the same weight can

transmit more than double the reference torque.

By analyzing Fig. 1.20, it is possible to highlight that the presence of the filler al-

most always more than doubles the yield stress. A small variation with respect to the

filler percentage can be seen. In fact, for MW7, MWG2, and MWF3 a 1 % filler amount

leads to higher values of yield stress with respect to the 3% case. The trend is inverted

for FCCF340, as it occurs for traditional fillers in plastic material.
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Fig. 1.20: Yield stress comparison.
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1.6.3 Resilience

The highest value of resilience was shown by the MWF3 group with 1wt.% CNT addi-

tion (Fig. 1.21). Multiwall graphitized MWCNTs (MWG2-1) in 1 wt.% showed the second

best results, as depicted in the graph. The resilience could be considered as an indica-

tor of the elastic capability of thematerial. Let us consider the sameshaft as above. The

higher the resilience of the material, the higher is the elastic energy accumulated dur-

ing the loading process, so that a higher resilience material allows us to design a shaft

that, with the same external load, deforms less, or, with the same size of the shaft, can

accumulate more energy. This means that the presence of MWCNTs inside the epoxy

resin increases the possibility of accumulating elastic energy in the material.
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Fig. 1.21: Resilience comparison.

1.6.4 Toughness

Higher toughness indicates that a higher energy per unit volume can be absorbed in

the plastic region before breaking. The best results were shown by the in-house gen-

erated MWCNTs (FCCF340-3) in 3% by weight of the composite. Multiwall graphitized

CNTs showed the second-best results. An impact test is required for obtaining fully

reliable information about the fracture behavior, but the higher the toughness, the

higher is the capability of the material to guarantee safety of the design, because a

great plastic energy amount is present. On the basis of Fig. 1.22 and Figs. 1.10, 1.12,

1.14, and 1.16 we can clearly see evidence of the brittle or ductile behavior of the differ-

ent materials. Referring to Figs. 1.10, 1.12, 1.14, and 1.16, the base epoxy and MWF3-3

do not show a relevant plastic region, so they can be considered as brittle (in fact they

have lower values of toughness). On the basis of the chart in Fig. 1.22 a threshold for

transition between brittle and ductile behavior could be set at 0.5 MJ/m3. If the mate-
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Fig. 1.22: Tensile toughness comparisons.

rial has toughness lower than this value, it can be considered as brittle; otherwise it

presents an important plastic behavior.

1.6.5 Young’s modulus

The highest valueof Young’smodulus (1850MPa)was obtained (Fig. 1.23) by the com-

posite preparedbygraphitizedMWCNTs (MWG2-3) with 3wt.%of filler, but it is still ap-

proximately 1000 MPa less than the epoxy resin. The second-best results were shown

by in-house generated MWCNTs (FCCF340-3) with 3% byweight of filler. The value for

Young’smodulus was 1700 MPa.

Overall mechanical results show that in most of the analysis in-house made

MWCNTs (FCCF340) show better or comparable results as compared to commercial

MWCNT nanofillers. It is possible to underline that the presence of the filler decreases

in the same manner as the Young’s modulus, more or less halving it.

1.7 Conclusions

As highlighted in the previous discussion, the presence ofMWCNTs inside epoxy resin

changes its behavior from brittle to ductile and increases theUTS and the yield stress,

but it decreases the Young’s modulus. The mechanism that justifies this variation is

probably related to theMWCNTs capability toblock the crack propagationand support

the sliding of the polymeric chain. So the stress for breaking the material is increased,
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Fig. 1.23: Young’s modulus comparison.

the plastic deformation is favored, but at the same time the polymeric chain tends to

slide instead of react, so the Young’smodulus lowers.

MWCNTs with different surface modification with higher aspect ratios (length to

diameter ratio) showed improvement in the tensile properties. Better MWCNT disper-

sion (less agglomeration) and less or no defect may better achieve improved mechani-

cal strength. In-house madeMWCNTswith cheaper sources have better or comparable

mechanical properties, like commercial MWCNTs in composites. The nanostructural

dimensions have a great impact on dispersion in the matrix, which will continue to

impact on the mechanical property of the composite.

This work suggests that the presence of small quantities of MWCNT could dras-

tically change the behavior of the epoxy resin and open the way for a series of new

possible applications of this material.

1.8 Future trends

– The rheological behavior of carbon nanotubes reinforced polymer composites has

not been studied thoroughly until now. Investigation in this area will aid in the

further improvement of the properties of the polymer composite.

– CNTs can be used to substitute carbon fibers and carbon black in many applica-

tions.

– There is much room for work in the areas of CNT-polymer composites prepared by

coagulation, solution processing, and in-situ polymerization.
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– Comparison should be donewithother mechanical dispersion techniques such as

calendaring and sonication in order to find the best possible way to have a good

even dispersion of the carbon nanotubes in the polymer matrix.

– Cheaper and higher production of CNTs is needed to further increase the market

share in the composites sector.
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2 Dissimilar friction stir welding of aluminum alloys
reinforced with carbon nanotubes

Abstract: This chapter is devoted to studying the possibility of incorporating carbon

nanotubes (CNTs) as reinforcing fillers in dissimilar metal matrices joints produced

by friction stir welding (FSW), as well as the impact of this incorporation on the mi-

crostructural and mechanical properties of these joints. Carbon nanotubes are exten-

sively used as a reinforcingmaterial in nanocomposites, due to their high stiffness and

strength. FSW is a solid-state welding process of joining aluminumand other metallic

alloys and has been employed in the aerospace, rail, automotive, and marine indus-

tries. Recently, friction stir processing (FSP), a derivative method of FSW, has been

employed as an alternative for the production of metal matrix composites (MMCs). In

this work, the process parameters were optimized in order to achieve nondefective

welds, with and without the addition of CNTs. Two main cases were studied: (1) FSP

was optimized by changing the tool rotational and travel speed as well as the number

and direction of FSWpasses, and (2) a Taguchi design scheme was adopted to further

investigate the FSP in relevance to three factors (number, direction of passes, and tool

rotational speed). Mechanical behavior was studied, and the local mechanical prop-

erties of the produced MMCs were compared with their bulk counterparts and parent

materials. More specifically, the measured mechanical properties in the micro- and

nanoscale (namely hardness and elastic modulus) are correlated with the microstruc-

ture and the presence of fillers.

2.1 Introduction

Aluminum alloys play a major role in today’s manufacturing processes due to their

properties, such as good corrosion and wear resistance as well as their high strength-

to-weight ratio. Nevertheless, aluminum alloys tend to show low weldability while

using conventional welding methods, and as a result severe adhesive wear may be

observed. This drawback can be overcome by the incorporation of ceramic particles

into the metal matrix. Most of the methods for producing metal matrix composites

(MMCs) reported in literature, [1–4] require themelting of the metal matrix and hence

result in solidification-related drawbacks. In order to solve these issues friction stir

processing (FSP), a derivative method of friction stir welding (FSW), can be applied.

FSW is a solid-state welding method that was invented at The Welding Institute

(TWI) of the UK in 1991 [5]. Welding takes place as a nonconsumable rotating tool

travels down the joint line of metal plates (see Fig. 2.1). The tool consists of a specially

designed pin and an appropriate shoulder, which plays amajor role in the heat input,

 EBSCOhost - printed on 2/14/2023 1:24 PM via . All use subject to https://www.ebsco.com/terms-of-use



24 | D.I. Pantelis, P.N. Karakizis, D.A. Dragatogiannis, and C.A. Charitidis

and subsequently in the quality, of the welds and their mechanical properties (see

Fig. 2.1). This technique eliminates most of the drawbacks of fusion welding such as

porosity, inclusions, and solidification cracks, as no melting of the material occurs.

Advancing side
AS

Retreating 
side RS

Direction move

Cross section

Weld center

Weld zone

Fig. 2.1: Schematic drawing of friction stir welding.

Friction stir welding can also be used to weld dissimilar alloys. Jonckheere et al. [7]

studied the welding of AA2014-T6 with AA6061-T6 and observed that the temperature

is relative to the amount of each alloy in the weld nugget. Amancio-Filho et al. [8]

studied the mechanical properties of the welding between AA2024-T351 and AA6056-

T4, concluding that the welds fail in the area which is annealed by the heat gener-

ated by the FSW tool, while Steuwer et al. [9] focused on the residual stresses of the

welds of AA5083 with AA6082. Furthermore, Tanaka et al. [10] studied the welding of

mild steel with AA7075-T6 and the strength of the weld in relation to the intermetallic

compounds’ thickness and welding parameters. Regardless of the formation of lay-

ers thinner than those of the resolution of FE-SEM IMC, the specimens failed in the

AA7075/mild steel weld nugget. Murr et al. [11] studied the welding of AA1100 with

AA6061, reporting that the weld zones’ microstructure includes some degree of dy-

namic recrystallization, while in the welding of AA6061 with Cu the dissimilar alu-

minum/copper system manifested a more complex microstructure. Further work by

Murr et al. was conducted on intercalation vortices and related microstructural fea-

tures in the friction stir welding of dissimilar metals, such as AA2024 with AA6061

and AA6061 with Cu, at various rotational and transverse speeds [12]. They observed

that the mixing or vortex-like intercalations at the aluminum/copper weld zone is a

manifestation of the solid-state flow, facilitated by dynamic recrystallization in the

welds. Also, Cavaliere et al. studied the welding of AA2024 with AA7075, and both

the grain structure and precipitates’ distribution differences originated by the process

were investigated in depth via optical microscopy [13].
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Friction stir processing is a promising technique for producing MMCs, and it is

mostly used to modify and improve the microstructure, mainly near the surface (see

Fig. 2.2). By incorporating the appropriatemicro or nanoparticles as fillers into thema-

trices, enhancement of specific material properties, especially of those that depend on

the surface microstructure, is achieved. These particles are introduced into the ma-

terial’s near-surface layers, resulting in localized microstructural modification. As a

consequence, FSP technique is emerging to be a very effective solid-state processing

technique that can provide localized modification, as well as control of the material

microstructure, in the near-surface layers of the processed metallic component. Po-

tential applications of aluminum alloys reinforced with several nanoparticles may

include (but are not limited to): high performance structural components requiring

high durability, automotive engines and high speed machinery parts requiring high

wear and thermal resistance, armor and protection components with the ability to ab-

sorb high energy impacts and thermal shocks, aeronautic and aerospace components

requiring functionally graded material properties, as well as electronic and optical

instruments.

Grooves

(a) (b)

Travel
speed Rotational

speed

Rotational
speed

Travel
speed

Fig. 2.2: Schematic drawing of (a) FSP cover pass using pin-less tool (b) FSP pass.

Some of the advantages of FSP and FSW are listed below:

(a) FSP and FSW are green processes, as the heat generation originates from friction

and plastic deformation, in the absence of toxic fumes, radiation and noise, char-

acteristics that classify FSP as a green and energy-saving technique.

(b) FSP and FSWare short-route, solid-state processing techniqueswith one step pro-

cessing that achieve microstructural refinement, densification, and homogeneity.

(c) The microstructure and mechanical properties of the processed zone can be ac-

curately controlled by optimizing the FSP tool design, FSP parameters and the

application of active cooling/heating.

(d) The depth of the processed zone can be optionally adjusted by changing the

length of the tool pin, with the depth ranging from several hundred micrometers

to tens of millimeters; it is difficult to achieve a manually adjusted processed

depth using other metalworking techniques.
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(e) FSP and FSW are versatile techniques with a comprehensive function for the fab-

rication, processing, and synthesis of materials.

(f) FSP and FSW do not alter the shape and size of the processed components.

In comparison to unreinforced aluminum alloys, aluminum matrix composites re-

inforced with ceramic particles exhibit higher strength and stiffness, improved tri-

bological characteristics, as well as increased creep and fatigue strength [14–19].

Metal matrix composite materials are mainly being produced using aluminum alloy

substrates reinforced with SiC [20] and Al2O3 particles [21], as well as copper sub-

strates reinforced with particles of boron carbide [22]. Furthermore, surface hybrid

nanocomposites have been produced and studied; results show improved hardness

and mechanical properties when using aluminumalloys substrate and reinforcement

of graphite/Al2O3 [23]. Carbon nanotubes have been used as reinforcement in the

metal matrix as well. Liu et al. applied FSP on AA1016, which had surface holes filled

with multiwalled carbon nanotubes [24]. The resultedMMC had superior mechanical

properties when compared to the corresponding base metal. Lim et al. produced an

AA7075 matrix multi-walled carbon nanotubes (MWCNT) reinforced composite via

single pass FSP using a thin AA6111 plate as a cover for the MWCNT filled groove [25].

The distribution of nanoparticles in the metal matrix was inhomogeneous, with mul-

tiple FSP passes being a potential solution to that issue. Sun et al. applied FSW with

the addition of particles (before friction stir welding, SiC particles were incorporated

between two copper plates) [26]; this resulted in the improvement of the mechanical

properties of the Cu joints. The same technique was performed by Byung-Wook et

al. [27] and Bahrami et al. [28] who improved the mechanical properties of AA5083

and AA7075 joints, respectively, using SiC particles as a reinforcing material. Bahrami

et al. [29] also studied the influence of the tool pin design on the distribution of the

SiC powder in the weld nugget of AA7075 and the resulting mechanical properties.

Although the threaded tapered tool pin resulted in the lowest average microhardness

value, the most uniform particle distribution was achieved. Recently, Pantelis et al.

[30] incorporated SiC nanoparticles in the weld nugget of dissimilar Friction Stir Weds

of AA5083-H111 with AA6082-T6. The results showed improvement of the mechanical

properties of the welds as compared to the their reinforcement-lacking counterparts

without nanoparticle reinforcement.

2.2 Experimental procedure

Rolled plates of AA5083-H111 and AA6082-T6 with dimensions of 200 × 100 × 3 mm3

were used as parent materials. Their chemical composition is shown in Table 2.1.

The CNTs used as reinforcing material were produced via chemical vapor deposition

(CVD). They had an average diameter of 50 nm and length over 10 μm as presented in

Fig. 2.3.
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Tab. 2.1: Chemical composition of 5083-H111 and 6082-T6 Al alloys (wt.%).

Si Fe Cu Mn Mg Cr Zn Ti Ni Ga V Al

5083-H111 0.37 0.32 0.072 0.53 4.5 0.093 0.044 0.03 0.005 0.011 0.013 bal.

6082-T6 1.07 0.28 0.04 0.7 1.15 0.024 0.04 0.015 0.005 0.013 0.016 bal.
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Fig. 2.3: SEMmicrograph of the CNTs.

Themachine used in the procedure was a custom-made friction stir welding machine

of the Shipbuilding Technology Laboratory of the School of Naval Architecture and

Marine Engineering of the National Technical University of Athens. The FSW tool was

made of heat treated steel “SVERKER 21” (at 61 HRC) and consisted of a flat shoulder

with a diameter of 23 mm and a cylindrical left-handed threaded pin with a diameter

of 6 mm and height of 2.8 mm.

During the experiments the welding was conducted parallel to the rolling direc-

tion of the plates. The nanoparticles were incorporated into half grooves machined at

the joining faces of the plates. Fig. 2.4 depicts the groove with dimensions of 180 mm

length, 1 mm width and 2.5 mm depth that was created when the plates were rigidly

100 100

1

3 2,
50

Fig. 2.4: Geometric characteristics of the machined grooves.
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connected on the clamping arrangement. The CNTs after being mixed with ethanol to

become more manageable were pressed tightly into the groove. The central line of the

rotating pin was aligned along with the groove.

After friction stir welding was completed, the specimens were cut at a transverse

section in regard to the welding direction, and buffing and polishing was conducted.

In order to observe the specimens’ microstructure, they were etched with “modified

Poulton’s reagent” and macroscopically observed using an optical stereoscope (Leica

MZ6). The specimens with the best particle distribution were then selected and ob-

served using an optical microscope (Leica DMILM) and a scanning electron micro-

scope (Jeol JSM 6390LV) equipped with the energy dispersive spectroscopy system

Oxford Inca Energy 250. The software “Leica Application Suite” was used in order to

measure the grain size of the optimum specimen.

A Wolpert Wilson 402MVDmicrohardness tester was utilized in order to measure

the longitudinal Vickers microhardness distributions of the welds. The load applied

was 300 g. The average longitudinal microhardness measurements were made along

two lines residing 1 mm and 2 mm under the surface.

Tensile specimens were machined perpendicular to the welding direction accord-

ing to the ASTM E 8M-04 standard. An MTS hydraulic mechanical testing machine of

100 kN maximum load was employed in order to conduct the tensile tests. The elon-

gation wasmeasured with an Epsilon ±25mm extensometer at a deformation speed of

0.5 mm/min.

Nanoindentation testingwasperformed using a nanomechanical test instrument,

which allows the application of loads ranging from 1 to 30,000 μN and records the

displacement as a function of applied loads with high load (1 nN) and displacement

resolutions (0.04 nm). The nanomechanical test instrument employed in this study is

equipped with a scanning probemicroscope (SPM), in which a sharp probe tip moves

in a raster scan pattern across the sample surface, using a three-axis piezo positioner.

In all nanoindentation tests, a total of 10 indents are averaged to determine nanome-

chanical values for statistical purposes, with a spacing of 50 μm, in a clean area envi-

ronment with 45%humidity and 23°C ambient temperature. In order to operate under

closed loopdisplacement control (DC), feedback control optionwasused. Thenanoin-

dentation tests were conducted with a Berkovich (three-side pyramid) diamond in-

denter (average radius of 100 nm) with 40 s loading and unloading segment time

separately and 3 s of holding time at various penetration depths. All nanoindenta-

tion measurementswere performed 2mmunder thewelding substrate, longitudinally

and in transverse directions (in the middle of the weld nugget), at the cross-section of

the welds. Prior to indentation, the area function of the indenter tip was calibrated in

fused silica, a standard calibration material [31]. The surface of the samples prior to

conducting the nanoindentation measurements, was prepared by grinding and pol-

ishing.
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2.3 Results and discussion

To the best of the authors’ knowledge, there has been no study related to the FSW of

dissimilar aluminum alloys with the addition of CNTs. In this work, the optimization

of welding of the dissimilar aluminum alloys AA5083-H111 and AA6082-T6with incor-

poration of CNTs was studied by changing the tool rotational and travel speed as well

as the number and the direction of FSW passes, which affect the distribution of the

nanoparticles in the weld nugget. Also, the present work focuses on the mechanical

properties of the optimum joint by tensile and indentation methods. The results were

thencompared to an identical jointwithout reinforcement. Nanoindentationwasused

to elucidate the effect of reinforcing fillers on the mechanical properties taking into

account the microstructure. Two series of experiments were conducted. The choice

of parameters for the first experiment lies on on the authors’ experience from past

experiments with other nanofillers incorporated into metal matrices, whereas the pa-

rameters of the second one were determined by Taguchi analysis. Both of them are

analysed in the following paragraphs.

2.3.1 First series of experiments

First, the optimum parameters of welding AA5083-H111 to AA6082-T6 without car-

bon nanotube addition were determined by altering the rotational speed from 600

to 1180 RPM, the traverse speed from 60 to 85 mm/min and the tool tilt angle from 0

to 4 °. These parameters are presented in Table 2.2. It should be mentioned that the

resulting specimen was also used for comparison purposes.

Tab. 2.2: Optimum welding parameters of the unreinforced welding of AA5083-H111 with

AA6082-T6.

Passes
(mm)

Rotational
speed
(RPM)

Traverse
speed
(mm/min)

Shoulder
diameter
(mm)

Tool pin
height
(mm)

Tool Pin
diameter
(mm)

Tool pin
shape

Tilt
angle

Tool pin
penetration
Depth (mm)

1 750 85 23 3 6 cylindrical

threaded

3 ° 2.50

An FSW test with CNT addition was conducted adopting the above parameters (test

5 on Table 2.3), but it presented defects such as porosity and severe CNT agglomera-

tion. According to literature [32], a more uniform nanoparticle distribution in theweld

nugget can be achieved by increasing the number of FSP passes. Also, various studies

conducted in the Shipbuilding Technology Laboratory regarding friction stir process-

ing, indicated that alternating the direction of the FSP passes as well as increasing
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the rotational speed of the tool can have a positive impact on the distribution of the

nanoparticles. Based on this feedback, the authors concluded in the conditions pre-

sented in Table 2.3 for the various friction stir tests that they conducted. The same tool

was used in all experiments, namely one with a cylindrical left-hand threaded pin.

This was because the material flow created by this specific pin, results in very good

material mixing. The transverse speed, tool tilt angle and tool pin penetration depth

were also kept constant at 85mm/min, 3 °, and 2.50mmrespectively, because alternat-

ing the rotational speed is sufficient a variable in order to change the weld pitch. The

theoretical volume fraction (Vf) of the carbon nanotubes in the weld nugget, which is

calculated by equation (1) according to literature [22], was 13.8% in every experiment:

Vf = Area of groove

Projected area of tool pin
∗ 100 (2.1)

In all the tests the + and − symbols denote that the AA5083-H111 is located at the ad-

vancing and the retreating side, respectively. It should also be noted that, for all the

experiments, before the welding process the grooves were covered by one FSP pass

with a flat pinless tool 23 mm in diameter, using the same conditions of the welding,

in order to prevent the CNTs from being ejected out of the groove during FSW.

Tab. 2.3:Welding parameters of AA5083-H111 with AA6082-T6 with nanoparticle reinforcement.

No of specimens Number of passes (mm) Rotational speed (RPM) Direction of passes

1 3 750 + + +

2 2 750 +−

3 2 1180 +−

4 3 1180 + + +

5 1 750 +

6 2 750 ++

7 2 1180 ++

8 1 1180 +

9 4 750 + + ++

2.3.1.1 Macrostructural study
Themacrographs of the cross section of all the specimens (except specimen 9) are pre-

sented in Fig. 2.5. Specimen 9 presented amassive groove-like defect, and as a result it

could be neither buffed nor polished. By observing themicrographs at Figs. 2.5(a) and

(d), it is concluded that theapplicationof threepasses in the samedirection resulted in

a better distribution of the particles and exhibited lower particle agglomeration levels

than the application of less – as well as more – passes. It is also observed that the in-

crease of the rotational speed created amore homogeneous distribution and a thinner

flow arm. The application of two passes of the opposite direction creates an heteroge-

neous distribution as there were large particle-rich and particle-free areas (specimens
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2 and 3 presented at Figs. 2.5(b) and (c), respectively). Furthermore intense agglomer-

ation is observed, mainly in the advancing side. The presence of formed agglomerates

near the heat affected zone after the application of one and two passes (specimens 2,

5, 6, 7, 8), can mainly be attributed to the left-handed screw pin, which directed the

material downwards at the center and then upwards near the heat affected zone [33].

In fact, the application of the third pass of the same direction (specimen 4–Fig. 2.5(d))

improves the distribution, in comparison to the two-pass experiments, as only a small

area consisting of agglomerated particles can be observed in the upper area of the re-

treating side. Theweld nugget of specimen 4 is the best formedweld nugget compared

to all the other specimens.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 2.5: Optical stereoscopy macrographs of the cross sections of the specimens after etching.
Test: (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6, (g) 7, (h) 8.

After the observation of the macrographs for all the specimens, it is concluded that

specimen 4 presents the most uniform macrostructural morphology, and taking into

account the absence of defects, it comprises the optimum weld with nanoparticles;

therefore it was further studied, as shown in the next paragraphs.

In Fig. 2.6 the macrostructure of the weld nugget of the specimen without rein-

forcement is presented for comparison purposes. The absence of defects, a large flow

arm, and an onion ring structure can be observed. The microstructure of the weld

nugget is presented in Fig. 2.6(b). Good material mixing is observed in both micro-

graphs and theweld nugget (WN)microstructure characterized by small and equiaxial

grains with a grain size of ~13 μm.

The reduction of the grain size of theweld without reinforcement in theWN, com-

pared to that of the untreated base metals (5083: 26 μm and 6082: 40 μm), is a result
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of the dynamic recrystallization which, according to the literature [34, 35], took place

during FSW.

By comparing Figs. 2.5(d) and 2.6(a) it can be concluded that the material mixing

appears to be better in Fig. 2.5(d) (note that the carbon nanotubes appear as dark ar-

eas under the optical microscope). That is expected because of the higher number of

passes.

(a)

2 mm 200 μm

(b)

Fig. 2.6: (a) Optical macrograph of specimen 5; (b) optical micrograph of the weld nugget.

2.3.1.2 Microstructural study
In Fig. 2.7 areas of the weld nugget of specimen 4 are observed by means of optical

microscopy. In Fig. 2.7(a) the lower half of the weld nugget, which is poor in CNTs,

is depicted. It is observed that both the AA6082 and AA5083 are mechanically mixed

into themetal matrix. In Figs. 2.7(b) and (c) the upper half of theweld nugget,which is

rich in carbon nanotubes, is observed. It is also observed that the CNTs are arranged

in bands into the aforementioned metal matrix. Also, some agglomeration can be

noted, depicted with arrows in Figs. 2.7(b), (d) and will be further analysed with the

assistance of scanning electron microscopy and energy dispersive spectroscopy. In

Fig. 2.7(d) the CNT bands (dark areas) are shown in higher magnification.

Finally, the weld nugget consisted of equiaxial grains with an average grain size

of ~6 μm. The smaller grain size that is observed in this specimen in comparison to

the one of the specimen without CNTs is, according to the literature, a result of the

pinning effect [27, 28] that CNTs have had in this region, thus impeding grain growth.

In Fig. 2.8 secondary electron SEM images of areas of the weld nugget are pre-

sented. In Fig. 2.8(a) the particle poor region of the lower half of the weld nugget

is presented. The mixing of the two aluminum alloys is without pores or defects. In

Fig. 2.8(b) the aforementionedCNT bands are presented. In Figs. 2.8(c) and (d) clusters

formed by agglomerated CNTs are observed.

In Fig. 2.9 a backscatter electron SEM image of the CNT bands of Fig. 2.8(b) as well

as the EDS graphs of the two distinctive areas (CNTs and metal matrix) are presented.

In the metal matrix, no carbon content was measured, thus confirming the arrange-
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(a) (b)

(c) (d)

200 μm 200 μm

200 μm 20 μm

Fig. 2.7: Optical micrographs of several areas of the weld nugget of the specimen 4 (a,b,c) 100×
magnification, (d) 1000×magnification.

ments of CNTs in specific bands. The measured magnesium is an alloying element of

both the AA6082 and AA5083.

In Fig. 2.10 a backscatter electron SEM image of the CNT cluster of Fig. 2.8(c) as

well as the EDS graphs of the distinctive areas (CNTs and metal matrix) are presented.

The agglomeration of CNTs in specific areas that was observed by the optical and sec-

ondary electron SEM images is supported by the fact that a high amount of carbon is

measured in the aforementioned cluster.

It should be mentioned that the chemical composition of the elements arising

from of the EDS analysis is not listed, because carbon is a low atomic weight element

and the results present a large rate of error.

2.3.1.3 Microhardness study
Themicrohardness mean average of the base metal AA6082-T6was ~105HV0.3, while

this of the AA5083-H111 was ~80 HV0.3 (used as reference values). As observed in

Fig. 2.11, the microhardness of the optimum weld with nanoparticles was higher com-

pared to this of AA5083-H111, for twodifferent distances from the surface.Nevertheless

lowermicrohardness valueswere observed at 1mm from the surface, especially in the
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(a) (b)

(c) (d)

10μm

2μm 1μm

5μm

Fig. 2.8: Secondary electron SEMmicrographs of several areas of the weld nugget of specimen 4:

(a) 1000×magnification; (b) 3000×magnification, (c) 6500×magnification; (d) 20000×magnifica-

tion.

retreating side, because of the flow arm of the specimen which had larger grains than

the weld nugget and was not as rich in particles. In the other welding zones (thermo-

mechanically affected zone, heat affected zone) the microhardness distribution was

almost the same at all distances from the shoulder surface with the exception of the

6082 HAZ, which extends further as we get closer to the surface due to the annealing

effect that takes place.

As shown in Fig. 2.12, the microhardness distribution of the weld without the ad-

dition of nanoparticles at a distance of 2 mm from the surface presented lower values

(an average 70 HV0.3) in the weld nugget compared to these of the specimen with

CNTs at the same distance from the surface. This is a consequence of the fact that,

according to the Hall–Petch relation, the hardness increases as grain size decreases

[28], and in fact it was observed that the composite weld nugget consisted of smaller

grains than the weld nugget without reinforcement. The lowest values were observed

in the heat affected zone, at the side of AA6082-T6 (~54 HV0.3) due to the dissolution

of the strengthening precipitates, as referred in the literature [36].

 EBSCOhost - printed on 2/14/2023 1:24 PM via . All use subject to https://www.ebsco.com/terms-of-use



2 Dissimilar friction stir welding of aluminum alloys reinforced with carbon nanotubes | 35

0

5μm

2 4 6 8 10
KeV

KeV

Full scale 241 cts cursor: 3.160 (0cts)

Full scale 120 cts cursor: 3.746 (2cts)

Spectrum 21
Al

Mg

0 2 4 6 8 10

Spectrum 21AlC

Mg

Fig. 2.9: Backscatter SEMmicrograph and the EDS graphs of the areas shown with arrows.
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Fig. 2.10: Backscatter SEMmicrograph and the EDS graphs of the areas shown with arrows.

2.3.1.4 Tensile tests
The mechanical properties of the created welds are determined via several metallur-

gical mechanisms (dissolution and precipitation of secondary phases, dynamic re-

crystallization) as well as the material flow during FSP. Three tensile specimens were

created using the welding conditions of specimen 4. The representative stress-strain

curves for that specimen, as well as for the one without reinforcing particle addition,
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Fig. 2.11:Microhardness distribution of the weld with the addition of CNTs. The transverse lines
referred to the limits of the zones for the case of hardness distribution realized at 2 mm under the

surface.
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Fig. 2.12:Microhardness distribution (2 mm under the surface) of the welds, with and without CNTs.
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are presented in Fig. 2.13. Table 2.4 shows the average values for the elastic modulus,

yield stress, ultimate tensile strength (UTS), and percentage of elongation. The val-

ues of all the magnitudes dropped with nanoparticle addition. That is because all the

specimens failed in theweld nugget, probably due to the fact that the CNTs get tangled

during the stirring actionof the tool resulting in severe agglomeration, as confirmedby

the SEMmicrographs and the EDS analysis. On the other hand, the unreinforced weld

failed in the HAZ. Failure took place exactly at the location of the minimum hardness

value that is in the HAZ of 6082 aluminum alloy.

Tab. 2.4:Mechanical properties (average values of three tests for each case) of the welds, with and
without the addition of CNTs.

Specimen Elastic modulus (GPa) Yield stress (MPa) UTS (MPa) Elongation (%)

with CNTs 70± 0.05 128±2.8 155 ±2 0,95 ±0.1

without CNTs 65± 0.1 140±3.6 193 ±2 3 ±0.05

220
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Fig. 2.13: Stress-strain curves for the welds with and without CNT reinforcement.

2.3.1.5 Fractography
The fracture surface of the weld of specimen 4 is presented in Fig. 2.14. It is situ-

ated at the WN. Although an overall brittle fracture morphology can be observed

(Fig. 2.14(a,b,d)), there are some small areas that are characterized by the presence

of small dimples, indicative of ductile fracture (Fig. 2.14(c)). The large dark colored

cavities that are presented in Fig. 2.14(a) and (b) may be CNT clusters. These may act

as sites that trigger the fracture.
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(a)

(c) (d)

(b)

Fig. 2.14: Backscatter electron SEMmicrographs of the fracture plane at the WN of the specimen 4

(c, d) Further magnification of the areas shown with arrows.

2.3.1.6 Mechanical properties measured by nanoindentation
Basic theory
Nanoindentation tests involve the contact of an indenter with a material surface and

its penetration due to a specified load or depth. According to the Oliver and Pharr

(O&P) method, the nanoindentation hardness (nanohardness (Hnano) hereafter) can

be determined as a function of the final penetration depth of indent by [37]:

H = Pmax
A(hc) , (2.2)

where Pmax is the maximum applied load measured at the maximum depth of pene-

tration (hmax), A(hc) is the projected contact area between the indenter and the spec-
imen. For a Berkovich indenter A(hc) can be expressed as a function of the contact

indentation depth hc as

A(hc) = 24, 5h2c + a1hc + a1/2h1/2c + ⋅ ⋅ ⋅ + a1/16h1/16c . (2.3)

The contact indentation depth, hc, can be determined from the following equation:

hc = hmax − ε Pmax
S

, (2.4)
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where ε is an indenter geometry constant equal to0.75, for Berkovich indenter, S is the

contact stiffness which can be determined as the initial slope of the unloading curve

at the maximum penetration depth, i.e.

S = (dP
dh
)
h=hmax

. (2.5)

Based on Sneddon’s [38] elastic contact theory, the reduced elastic modulus, Er, is

given by the following expression:

Er = S

2β
√ π

A (hc) , (2.6)

where β is a constant that depends on the geometry of the indenter. For the Berkovich

indenter, β is equal to 1.167 [38, 39]. The Elastic modulus of the specimen, E, can be

calculated as follows:
1

Er
= 1 − ν2

E
+ 1 − ν2i

Ei
, (2.7)

where v, E are the Poisson ratio and the elastic modulus of the specimen, respectively,

and vi, Ei are the Poisson ration and elastic modulus of the indenter, respectively (for

a diamond indenter, Ei is 1140 GPa and νi is 0.07).

Nanohardness and elastic modulus distribution
Nanoindentation tests were performed in order to study the deformation mechanism

of the composite (AA5083-H111/AA6082-T6with CNTs) in the weld nugget and tomea-

sure the elastic modulus and nanohardness values of the different weld areas. Mea-

surementswere performed across theweld zone 2mmunder the shoulder surface and

perpendicular to the middle of the weld nugget, at the cross-section of the welds.

The mean average of nanohardness (Hnano) distribution across the weld was cal-

culated to be lower than that of the parent materials, mainly at the side of AA6082-

T6 parent material. Decreased values were observed in the HAZ, at the side where

AA6082-T6 was located, due to the dissolution of the strengthening precipitates, as

discussed in the literature [36]. However, the values were found to increase in theWN

because of thepresence of CNTs, but theywere still found tobe lower than, if not equal

to, the nanohardness of AA5083-H111 parent material (Fig. 2.15).

The overall micro- and nanohardness distributions (Figs. 2.11 and 2.15) across the

weld showed almost the same trend: hardness reduction from the BM, starting from

theHAZ, reaching a local minimumat theHAZ from the side of AA6082-T6 and a rise to

higher values in the SZ. However, comparing the two distributions (Figs. 2.11 and 2.15)

in theweldnugget, thehardness resultswere significantly different in theweldnugget,

taking into account the hardness values of parent materials as reference points. More

precisely, the microhardness values were found to be slightly higher (8 %) than the

microhardness values of theAA5083-H111 parent material, whereas the nanohardness
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Fig. 2.15: Nanohardness distribution of the weld with the addition of CNTs obtained from nanoin-

dentation experiments at 400 nm maximum penetration depth (2 mm under the surface).

valueswere found tobe lower thanor equal to thenanohardness values of theAA5083-

H111 parent material.

This divergent behavior can be attributed to the size of the probed volume during

indentation. Duringmicrohardness testing, the volumeof the deformed plastic region

is sufficiently large (thediameter of the residual impression is ~85 μm), as compared to

the grain size, and the deformation is influenced by both the grain boundaries and the

presence of reinforcing particles. On the other hand, the plastic zone during nanoin-

dentation, which is related to the nanohardness values, is much smaller (the diam-

eter of the residual impression is ~1.5 μm). Details and discussion of the volumes of

plastic and elastic deformation under contact indentation loading have already been

presented elsewhere [40]. In order to reveal the reinforcing mechanisms and the test-

ing method’s dependence on the hardness values, it is necessary to establish the re-

lations between the micro- and nanohardness for both particle reinforced and unre-

inforced joints. Further investigation should be conducted in order to elucidate this

phenomenon, which is beyond the scope of this chapter.

Also, it is critical to explain that the probed volume for the elastically deformed

region is not the same as that of the plastically deformed region. The size of the elasti-

cally deformed region is larger than that of the plastically deformed region. This is also

supported from the results presented in Fig. 2.16 and discussed below. It is depicted

in Fig. 2.16 that thewelding process results in lower elastic modulus values in the side

of 6082 HAZ. However, the values were found to increase in the WN because of the

presence of CNTs. The mean average elastic modulus, measured with tensile tests, of
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bothbasemetals was 71.7 GPa. The reference lines illustrated in Fig. 2.16 correspond to

the elasticmoduli, measured by tensile tests, of the specimens with andwithout CNTs.

It is evidenced that the addition of CNTs results in higher elastic modulus (the elastic

modulus increased up to 15 %) in the SZ, equal in the advancing side and lower in the

HAZ from the retreating side, compared to the elastic moduli of the parent materials.
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Fig. 2.16: Elastic modulus distribution of the weld with the addition of CNTs obtained from nanoin-

dentation experiments at 400 nmmaximum penetration depth (2 mm under the surface).

2.3.2 Second series of experiments

All the specimens of the first series of experiments failed in the weld nugget, suggest-

ing that the chosen conditions could possibly be improved. As a result the authors

proceeded to use the Taguchi method in order to further optimize the welding param-

eters of the first series of experiments.

The most significant process parameters of FSP are the following:

(1) rotational speed of the tool (rpm);

(2) welding speed or transverse speed (mm/min);

(3) number of processing passes;

(4) tool geometry: (a) pin profile, (b) tool shoulder diameter, D (mm), (c) pin diameter,

d (mm), (d) D/d ratio of tool, (e) pin length (mm), (f) tool inclination angle (°).

Taguchi addresses quality in two main areas: offline and online quality control. The

most important difference between a classical experimental design and a Taguchi-
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method-based robust design technique is that the former tends to focus solely on the

aspect of the quality characteristic while the latter takes into consideration the mini-

mization of the variance of the characteristic of interest. Althoughthe Taguchimethod

has drawn much criticism due to several major limitations, it has been able to effec-

tively solve single response problems.

In the second series of experiments the same FSWparameters as in the first series

were altered, namely the rotational speed, number of passes, and direction of passes

whereas the transverse speed, tool tilt angle, and tool pin penetration depth were kept

constant at 85 mm/min, 3 °, and 2.50 mm, respectively. The theoretical volume frac-

tion of the carbon nanotubes in the weld nugget was also 13.8 % in every experiment.

In total, 8 FSW joints of AA5083-H111 with AA6082-T6 were produced following the

Taguchi scheme presented in Table 2.5. Throughout the Taguchi statistical analysis,

only 24 (8x3) experiments for L8 orthogonal arrays are needed for microstructural ob-

servation and mechanical tests.

Tab. 2.5:Welding parameters of AA5083-H111 with AA6082-T6 with nanoparticle reinforcement.

N ° of specimen Number of passes
(mm)

Rotational speed
(RPM)

Direction of passes

1 1 1500 +

2 2 1500 +−

3 3 750 + − +

4 3 1180 + − −

5 3 1500 + + −

6 3 1500 + + +

7 3 1180 + − +

8 2 1500 ++

In all the tests the + and − symbols denote that the AA5083-H111 is located at the ad-

vancing and the retreating sides, respectively. It should also be noted that, as in the

first series of experiments, before the welding process the grooves were also covered

by one FSP pass with a flat pinless tool 23 mm in diameter in order to prevent the

CNT nanoparticles from being ejected out of the groove during FSW, using the same

conditions of welding.

2.3.2.1 Macrostructural study
In Fig. 2.17 the optical macrographs of the Taguchi optimized experiments are pre-

sented. All the specimens present a large flow arm that appears light colored and is

therefore characterized by a low CNT concentration. Also, by observing the micro-

graphs it is concluded that increasing the machine’s rotational speed to 1500 RPM

improves the nanoparticle distribution in the weld nugget. Despite the second speci-
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men’s large flow arm, it presents the least agglomeration and appears to have the best

microstructure of all the specimens, presenting the typical “onion ring” structure of

friction stir welding. This will be further examined by means of optical and electronic

microscopy, microhardness measurement, and tensile testing.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 2.17:Optical stereoscopy macrographs of the specimens after etching. Test: (a) 1, (b) 2, (c) 3,
(d) 4, (e) 5, (f) 6, (g) 7, (h) 8.

2.3.2.2 Microstructural study
In Fig. 2.18 the microstructure of several areas of the weld nugget of specimen 2 can

be observed by means of optical microscopy. The left side, right side, and center of

theweld nugget of Fig. 2.17(b) are presented in Fig. 2.18(a,b), and (c), respectively. The

weld nugget appears to be rich in CNTs and presents the typical onion ring structure,

consisting of alternating bands with different amounts of nanotubes. That can also be

observed in higher magnification in Fig. 2.18(d).

In Figs. 2.19(a) and (b), secondary electron SEM images of the center of the weld

nugget are presented. The mixing of the two aluminum alloys is without pores or de-

fects. The CNT agglomeration observed in the first series of experiments is absent, and

the CNTs are indistinguishable in the metal matrix as a result of the homogeneous

distribution that was achieved.

2.3.2.3 Microhardness study
In Fig. 2.20 the longitudinal microhardness distribution of specimen 2 at two different

distances, 1 and 2 mm from the tool surface, is presented. The microhardness values

in the weld nugget are lower in the first case because of the presence of the flow arm.
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200 μm 200 μm

20 μm200 μm

(a)

(c) (d)

(b)

Fig. 2.18: Optical micrographs of several areas of the weld nugget of the specimen 2: (a) the left side
of the wn, 100×magnification; (b) the right side of the wn, 100×magnification; (c) the center of the

weld nugget, 100×magnification; (d) alternating bands, 1000×magnification.

(a) (b)

Fig. 2.19: Secondary electron SEMmicrographs of (a) the center of the weld nugget, 1000×magnifi-

cation, (b) the center of the weld nugget, 3500×magnification.

In the first set of experiments, they are also lower, ranging from 60 HV0.3 to 80 HV0.3,

compared to the equivalent of specimen 4 of the first series of experiments, ranging

from 70 HV0.3 to 90 HV0.3 (see Fig. 2.11), but they present a flatter graph with fewer

low and high peaks. This is due to the more homogeneous nanotube distribution in the
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Fig. 2.20:Microhardness distribution of specimen 2 with the addition of CNTs. The transverse lines
referred to the limits of the zones for the case of hardness distribution realized at 2 mm under the

surface.

weld nugget, which can also be characterizedby the absenceof agglomeration, asmen-

tioned in Section 2.3.2.2. In the other welding zones (TMAZ, HAZ), the microhardness

distribution is in correlationwith the correspondingones of the first set of experiments.

InFig. 2.21 the longitudinalmicrohardness distributionof specimen2 is compared

with the equivalent of the specimen without CNTs, both taken at 2 mm from the tool

surface. The values of the reinforced specimen are slightly higher than the equivalent

of the unreinforced one.

2.3.2.4 Tensile tests
As can be observed fromTable 2.6 and Fig. 2.22, the average values for the ultimate ten-

sile strength (UTS) and percentage of elongation are improved in comparison to the

equivalent values of the first set of experiments (see Table 2.4 and Fig. 2.13). Despite

that, they are still inferior compared to the equivalent of the unreinforced specimen,

which failed in theheat affectedzone. It shouldbenoted that the reinforcedspecimens

failed at the weld nugget as it can be observed in Section 3.2.5 as well. On the other

hand, the values of the elastic modulus and the yield stress of the reinforced speci-

mens are very close, and within the error limits, to the equivalent of the unreinforced

ones. These results demonstrate that the carbon nanotube addition has a negative

impact mainly on the plastic (and not in the elastic) behavior of the material. Further

investigation should be conducted regarding this phenomenon.
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Fig. 2.21:Microhardness distribution (2 mm under the surface) of the welds, with and without CNTs.

220
FSW with CNT
FSW without CNT200

180

160

140

120

σ 
(M

Pa
)

100

80

60

40

20

0
0 1 2

ε (%)
3 4 5

Fig. 2.22: Stress – strain curves for the welds with and without CNT reinforcement.
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Tab. 2.6:Mechanical properties (average values of three tests for each case) of the welds, with and
without the addition of CNTs.

Specimen Elastic modulus (GPa) Yield stress (MPa) UTS (MPa) Elongation (%)

With CNTs 70±0.1 130 ±6.43 177 ±12 1,4 ±0.64

Without CNTs 65±0.1 140 ±3.6 193 ± 2 3 ±0.05

2.3.2.5 Fractography
The fracture surface of the weld of the specimen 2 is presented in Fig. 2.23. It is

situated at the WN. Although it presents an overall brittle fracture morphology

(Fig. 2.23(a,b,d)), there are some small areas that are characterized by the presence

of small dimples, indicating ductile fracture (Fig. 2.23(c)). The brittle fracture mor-

phology in combination to the fact that the specimens fractured at the weld nugget,

indicates that theCNT addition lowered the ductility of thematerial in theweldnugget

region.

(a) (b)

(c) (d)

20 kv X25

20 kv X1.000 10μm 15 60 BES 20 kv X1.000 10μm 15 60 BES

1 mm 14 60 BES 20 kv X25 1 mm 14 60 BES

Fig. 2.23: (a, b) Backscatter electron SEMmicrographs of the fracture plane at the WN of the speci-

men 2, (c, d) further magnification of the areas shown with arrows.
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2.3.2.6 Mechanical properties measured by nanoindentation
In Fig. 2.24 the longitudinal nanohardness distribution of second specimen at 2 mm

under the shoulder surface, at the cross-section of the weld, is presented. Nanohard-

ness valueswere extracted fromnanoindentation load-unload curves; the experimen-

tal set-up and method are presented above in Sections 3.1 and 3.2.5, respectively. The

mean average of nanohardness (Hnano) distribution across the weld was found lower

than this of the parent materials, mainly at the side of AA6082-T6 parent material. De-

creased values were observed in the HAZ, at the side where AA6082-T6 was located,

due to the dissolution of the strengthening precipitates, as referred in the literature

[36]. However, the valueswere found to increase in theWNbecause of the presence of

CNTs, but were still found to be lower than the nanohardness of AA5083-H111 parent

material (Fig. 2.24) Comparing the nanohardness distributions of the first and second

sets of experiment (Figs. 2.15 and 2.24) the same trend is observed. However, in the

case of the second set of experiments the microhardness values were found to reach

the microhardness values of the AA5083-H111 parent material, in the SZ, whereas

the nanohardness values were appear to be lower than the nanohardness value of

AA5083-H111 parent material.

1.8
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Fig. 2.24: Nanohardness distribution of the weld with the addition of CNTs obtained from nanoin-

dentation experiments at 400 nm maximum penetration depth (2 mm under the surface).

Concerning the elastic modulus, local values measured by nanoindentation, are pre-

sented in Fig. 2.25. The welding process results in lower elastic modulus values at the

side of 6082 HAZ. Comparing the elastic modulus distributions of the first and second
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set of experiments (Figs. 2.16 and 2.25) the same trend is observed. In both cases: the

valueswere found to increase in theWN up to 15 % compared to the elastic moduli of

the parent materials (71,7 GPa) because of the presence of CNTs.
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Fig. 2.25: Elastic modulus distribution of the weld with the addition of CNTs obtained from nanoin-

dentation experiments at 400 nmmaximum penetration depth (2 mm under the surface).

2.4 Conclusions

The aim of this work was to study the incorporation of carbon nanotubes in friction

stir welding joints of the dissimilar aluminum alloys AA5083-H111 and AA6082-T6, as

reinforcing fillers. This was accomplished by changing the tool rotational and travel

speed as well as the number and the direction of FSWpasses, whichmainly affect the

distribution of the nanoparticles in the weld nugget. Also, the present work focuses

on the evaluationof themechanical properties of the optimum joint bymicrohardness

measurements as well as tensile and indentation methods.

– The best distribution of CNTs was achieved after the application of two passes of

the opposite direction at 1500 RPM rotational speed. This led to the formation of a

relatively uniform distribution of CNTs as shown from both optical and scanning

electron microscopy.

– The hardness in the weld nugget in micro level was slightly improved (~7 %),

whereas in nano level was slightly lower (~15 %) in comparison to the weld

without reinforcing particles. This divergent behavior can be attributed to the
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difference between the probed volume during microhardness measurement and

nanoindentation.

– From the tensile tests, the elastic modulus and the yield stress of the reinforced

specimens are very close, and within the error limits, to the equivalent of the un-

reinforced ones. Also the elastic modulus of the reinforced specimen (70 GPa) is

similar to the equivalent of the parentmaterials (71.7 GPa for both the 5083-H111 as

well as the 6082-T6). From the nanoindentation experiments, the elastic modulus

of the weld nugget was found to increase up to 15 % compared to the elastic mod-

uli of the parent materials because of the presence of CNTs. That shows a trend

towards slight improvement of the elastic behavior of the stir zone of the material

in nano level after the incorporation of CNTs.

– The ultimate tensile strength and the percentage of elongation could not be im-

proved. The reinforced specimens failed in the weld nugget, while the unrein-

forced ones failed in the heat affected zone. This can be attributed to the geometry

of the CNTs. The length of the CNTs (10 μm) is very large compared to their diam-

eters (50 nm). This fact combined with their very high strength and the stirring

action of the tool results in the formation of agglomerates. Consequently, the dis-

persion of CNTs in the metal matrix has a negative impact in the plastic behavior

of the material, however this should be further investigated.
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3 Corrosion issues in joining lightweight materials:
A review of the latest achievements

Abstract: Multimaterials assemblies and, in particular, assemblies made of light-

weight components are of utmost relevance in many technical applications. These as-

semblies include multimetal, metal-polymer, metal-adhesive, and metal-composites

combinations, among others. Presently, the transportation sector is looking for lighter

materials that allow for reducing fuel consumption and the environmental footprint.

Aluminum and magnesium alloys, as well as composites and polymers, are consid-

ered strategic for such purposes, and their joining inmetal-metal or hybrid assemblies

has been explored to develop lightweight components. These multimaterial assem-

blies are often exposed to aggressive environments in which moisture and aggressive

species are present. Under these conditions corrosion phenomena are a major source

of material failures. Depending on the nature of the metals and nonmetals and of the

joining process, the mechanism and extent of corrosion can vary significantly. Thus,

it is essential to understand the impact of corrosion in joined materials and to know

which counter-measures can be adopted to mitigate corrosion events in the system of

concern.

This chapter aims at reviewing the latest results of studies focused in corrosion is-

sues in the joining of lightweight materials. It describes the most common corrosion

phenomena observed in joined materials, and it emphasizes corrosion issues in as-

semblies that combine different metals and that combine metals with nonmetals.

Moreover, it overviews the state-of-the-art in corrosion protection strategies that can

be applied and, finally, it overlooks the future trends.

3.1 Introduction

Joining is a technological process, which places together different materials to form

a single unit. The goal is to create a product displaying properties and performance

unattainable in the individual materials. Joining technology is based in three main

processes:mechanical joining thatmakes use of mechanical forces, adhesive bonding

that is based on chemical forces, and welding, resulting from physical forces.

Mechanical joining relies on mechanical forces to join distinct materials. Nor-

mally this process does not involve chemical reactions or atomic interactions. Adhe-

sive bonding makes use of foreign materials which promote the bonding between the

distinct materials that need tobe put in place. This additional material is the adhesive.

Weldingmakes use of a combination of heat and, when required, pressure and can be

classified as fusion or nonfusion type.
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Joining of dissimilar materials is of extreme relevance in many applications. The

process requires suitablematches concerning the chemical, physical, andmechanical

properties between thematerials placed together.When theseproperties do not have a

closer match, the process can be completed by using joining agents such as adhesives

or rubbers. In all the joining routines an interface is formed and its presence creates

areas susceptible to corrosion.

Ideally, the joining processes should not affect the mechanical properties of the

materials involved and should not create physical discontinuities, chemical modifica-

tions, or microstructural changes in the materials being joined. Regrettably, despite

many advances, the reality is that the joining methods do adversely affect the local

properties of the materials. When metallic materials are concerned, these changes

may affect the electrochemical activity of the metals and, in the presence of moisture

and aggressive agents, corrosion activity becomes amajor problem. Various corrosion

phenomena can be observed, depending upon the nature of the joined materials and

of the joint, composition of the environment and presence of mechanical stresses.

Presently, two of the most important lightweight metals are aluminum alloys and

magnesium alloys. The electrochemical behavior of these materials is very distinct,

as is its corrosion susceptibility. Research on corrosion issues in joining lightweight

materials has been evolving very fast, and the most recent trends are overviewed in

this chapter.

3.2 General aspects of corrosion in joints

Aluminum and magnesium alloys present a very favorable weight-to-strength ratio

which allows decreasing the weight of the components. Joined assemblies may in-

clude different aluminum alloys, different magnesium alloys, steel combined with

magnesium alloys, steel combined with aluminum alloys, and composites combined

either with aluminum alloys or magnesium alloys. Since both magnesium and alu-

minum alloys are very susceptible to corrosion, it is important to characterize the pos-

sible corrosionmechanisms thatmayarisewhen thesematerials are considered. Some

of the most relevant features related to the corrosion processes commonly found in

aluminum and magnesium alloys are summarized below.

The corrosion activity of magnesium alloys is governed by some well-known key

steps: (i) magnesium (or its alloys) are typically covered by a protective surface ox-

ide/hydroxide; (ii) In thepresence of oxygenandmoisture, the oxide film is not protec-

tive enough, magnesiumdissolves, and the process is accompanied by intense hydro-

gen release; (iii) magnesium is characterized by a negative free-corrosion potential,

and even more negative pitting potential in aggressive solutions such as NaCl, mak-

ing it very susceptible to localized corrosion attack. The high reactivity of magnesium

and the low protectiveness of the oxide layer are responsible for the low resistance

to localized corrosion attack. The lateral and in-depth spread of the corrosion process

 EBSCOhost - printed on 2/14/2023 1:24 PM via . All use subject to https://www.ebsco.com/terms-of-use



3 Corrosion issues in joining lightweight materials: A review of the latest achievements | 55

leads to undermining and falling off of parts of the attackedmaterial. In Mgalloys, the

local differences in composition and microstructure also promote local galvanic cor-

rosion cells which spread, leading to identical phenomena. Addition of some alloying

elements such as aluminum, zirconium, or rare-earths can improve the corrosion re-

sistance of magnesium alloys. Depending on the composition and microstructure of

the magnesium alloys, the corrosion processes can be slowed down and some partic-

ularities may arise in what concerns the corrosion-governing mechanisms.

Aluminum and its alloys are characterized by the presence of a stable and highly

protective thin oxide film that keeps the material in a passive state in many environ-

ments. However, this oxide film always presents some defects and flaws which create

fragile areas that can be attacked in the presence of aggressive ions (e.g. chlorides).

The local dissolution of the protective aluminum layer originates a pitting attack. The

diameter and the depth of the pitting depends on the alloy composition, the local pH,

and presence of aggressive species. Aluminum and its alloys are very susceptible to

pitting corrosion in near neutral pH, which is found in many environments. The pit-

ting process is typically characterized by two stages: (1) pitting onset, which involves

adsorption and attack of the oxide layer by chloride ions. Eventually during this stage

the oxide may repassivate and the pitting process does not enters the second stage;

(2) pit growth, characterized by intense aluminum (or alloying elements) dissolution

and precipitation of corrosion products such as Al(OH)3,

In Al alloys, the presence of alloying elements (such as Mg,Mn, Cu, Fe, Si, Li, . . . )

induces the formation of a multiplicity of intermetallic particles, of distinct compo-

sition, and different electrochemical behavior, compared to the pure Al matrix. The

presence of redox-active intermetallic creates preferential sites for localized corrosion

onset. In general, corrosion of Al and Al alloys is a localized process. Other forms of

corrosion in aluminum alloys include transgranular dissolution (the corrosion affects

the various metallurgical features, and it is not selective), intergranular corrosion (the

corrosion propagates in preferential paths), stress-induced corrosion, galvanic corro-

sion, and exfoliation corrosion.

The corrosion processes which may occur in the individual Mg and Al alloys de-

pend on several variables, and are extremely complex. Therefore, its joining is a chal-

lenge with regard to corrosion issues. In addition to the specificities of each single

material there is need to consider the joining area that may be considered as a “new”

material, bringing additional peculiarities and eventually new forms of corrosion.

The joining of twometals or a metal and a composite is characterized by the pres-

ence of a joint that places together the two individual parts. When two dissimilar met-

als are placed into contact there is formation of a galvanic cell. In the presence of

aggressive electrolytes, galvanic cells induce dissolution of the less noble metal (or

phase) in the assembly. This form of corrosion is known as galvanic corrosion. On

the other hand some joining process creates local changes, including modification of

microstructures and formation of new phases that may formmicrogalvanic corrosion

cells at the microstructural level.
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The presence of stress (even if residual) on and around the joint may, addition-

ally provoke stress corrosion cracking phenomena. This form of corrosion requires

the presence of stress, a corrosive media, and a corrosion-susceptible microstructure.

Corrosionnormally starts at thepoints of stress concentration, leading tonucleationof

cracks.When the cracksdevelop, there is formationof ananodic tip, and the corrosion

process propagates by branching. The presence of stress in high strength materials

may promote hydrogen embrittlement and hydrogen-induced cracking.

Joints and welded areas are quite susceptible to pitting corrosion. Pitting corro-

sion always starts in defects or “weak points” arising from microstructural features

existing in a passive layer. The pit works like an anode, and it is supported by a larger

cathodic area. The corrosion process inside the pitting is accompanied by strong acid-

ification, and in the presence of chloride ions an autocatalytic process may develop,

resulting in catastrophic failure of the material.

Crevice corrosion is also a phenomenon which can be observed in joined parts.

The joining process may create defects, microfissures, or occluded zones that can re-

sult in the formation of crevices in which localized concentration cells are formed.

Due to fast consumption of oxygen, the crevice becomes anodic and the surrounding

metal cathodic. The process may involve strong acidifications, and the effect can be

catastrophic in the presence of aggressive ions such as chlorides.

The differences in the chemical composition of the metals in the joined assembly

can also be sensitive to high temperature-induced corrosion. The different chemical

compositions across the interfaces and the microstructural changes can result in se-

lective oxidation when the assembly is exposed to a high-temperature environment.

Thus, the interfacial zone is very susceptible to high-temperature corrosion phenom-

ena.

Corrosion effects on joints can beminimized by cleaning the surfaces tobe joined,

applying the proper materials (fillers and adhesives), and by applying suitable pre-

and post-joining treatments. Galvanic corrosion effects can beminimized by selecting

appropriate fasteners andmaterials which are chemically and electrochemically com-

patible. It can also be prevented by adjusting the weld metal in such a way that it can

provide cathodic protection of the base metal which is more susceptible to galvanic

dissolution. Corrosionprevention canalsobeachieved byapplying coatings or surface

finishers.

3.3 Corrosion in lightweight metallic joints

The transportation industry, mainly the automotive industry and aeronautics, is one

of the most dynamic sectors with regard to envisaging of new lightweight material as-

semblies. Themain target is todecrease thevehicleweight, reducing fuel consumption

and CO2 emission, while optimizing the vehicle design and its overall performance.

Presently, steel, aluminum, magnesium, and composites are the most often consid-
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ered materials for these targets. These materials require a variety of joining technolo-

gies, which have been evolving and optimized. However, corrosion phenomena are

still amajor concern, and intense research activity has been carried out in this specific

field.

3.3.1 Steel and lightweight metals

N. Le Bozec at al. [1] studied the corrosion behavior of various automotive joined as-

semblies using standard corrosion tests, such as the N-VDA test. The conventional

steel materials tested included various carbon steel grades, hot dip galvanized steel,

and electrogalvanized steel. Lightweight materials tested were the magnesium alloy

AM 50 and various aluminum alloys. The joining techniques included adhesive join-

ing with epoxy, clinching, spot welding, laser welding, and arc welding. The loss of

mechanical properties was correlated to the extent of corrosion degradation. It was

demonstrated that the depth of attack was greatly increased during exposure to the

VDA test. The joint strength was evaluated, and it was found that clinching did not

affect this parameter. On the other hand, adhesives showed increased loss of strength

during the VDA test. The adhesives failed because of corrosion propagation at the in-

terface metal-adhesive and the subsequently generated stresses. It was demonstrated

that the assemblies made of steel and zinc-coated steel presented improved mechan-

ical properties. In another work [2], the same authors demonstrated that the corro-

sion in joined materials, particularly in adhesive-bonded interfaces, was potentiated

by the simultaneously application of fatigue loading during samples exposure to the

cyclic tests. It was also observed that weld-bonded and spot-welded samples did not

evidence failure during the combined fatigue-corrosion tests.

Automotive grade galvanized steel and the aluminum alloy 6016 were joined by

the laser keyhole welding technique. The microstructure of the joints formed in the

process was investigated in detail. The results showed the presence of a dendritic eu-

tectic structure and the presence of equi-axis crystals at the centre of thewelded area.

The results also revealed an interfacial layer formed with galvanized steel, with thick-

nesses ranging from 1.5 to 13 μm [3]. This layer was composed of three distinct phases

which were characterized by different mechanical properties.

The corrosion behavior of laser-beam joined steel and aluminumwas investigated

in salt spray tests. Hot dip galvanized steel and AA6016 were joined in the presence

of two different fillers [4]. The results showed that the fusion zone was the one most

susceptible to corrosion, and that the extent of corrosion damage was also dependent

upon the cathodic response of the surrounding metal, namely steel. The welding pro-

cess produced a Zn-rich runout area (Fig. 3.1(a)), which revealed itself to be the one

most susceptible to corrosion. TheZn-Almicrostructure in the runpresentedananodic

behavior and therefore was the first one to dissolve. The corrosion processes induced
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internal tensions and formation of cracks which affected the durability of the assem-

bly (Fig. 3.1(b)).

(a) (b)

200 μm 200 μm

Steel
sheet

Zinc
coating

Zinc enriched
runout

Zinc enriched
runout dissolved

Steel sheet

AIMg
brazed seam

Crack

Fig. 3.1: Cross sections obtained by SEM on the aluminum based filler (AlMg6Mn) material joint:

(a) Before corrosion test and (b) after 192 h in salt spray r. The zinc-enriched run out dissolves first

forming a crevice between brazed seam and steel sheet. From [4]

Galvanized steel and aluminumare dissimilar materials, and theirwelding can be per-

formed in different ways. Laser welding is a very promising method inmany industrial

applications. However, when these materials are joined, there are some risks, such

as the formation of pores and of brittle intermetallics. Zinc possesses a boiling point

much lower than that of aluminumand, consequently, iron and zinc vaporizationmay

occur. The quality of the welded materials and the corrosion susceptibility depends

upon the laser-processing parameters. This effect was investigated by H.-C. Chen et

al. [5], who found that the corrosion resistance of the joined parts was improved when

argon gaswas used as shielding gas.However, the shear strengthwas improved by us-

ing N2 gas. Laser joining of Al-plated steel and aluminum were investigated recently

[6]. Different parameters such as the laser intensity and the addition of fillers were

considered. The results showed that the addition of carbon and tungsten to the steel

could reduce the formation of intermetallic particles.

Adhesive bonding has several advantages, and this technique is often used in

the preparation of assemblies for automotive applications. Moreover, it can be eas-

ily applied over coatedmetals.When applied over coatedmetals, the properties of the

coating affect the bond strength andmust also be considered. Studies were performed

using various coated samples. The results of lap-shear and butt-joint tests showed that

failuresweremore prone tooccur at the interfacemetal coating and inside the coating.

The work demonstrated that softened adhesives were able to reduce peak stresses [7].
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3.3.2 Lightweight metals

Mg and Al alloys are among the most strategic alloys for developing lighter materials

for the automotive and aeronautic sectors.

Riveting, i.e. self-piercing riveting, is a plastic-joining process that can be applied

to join thin metallic sheets. It does not require drilling and is a cold process. How-

ever, one of the major limitations to its widespread use in automotive and aeronau-

tics has been the risk of localized corrosion damage. The cold forming processes may

induce local stresses, which potentiate stress corrosion cracking. Other surface het-

erogeneities may result in the formation of micro-occluded areas and consequently

crevice corrosion. AA 6082 was joined by this process, and its susceptibility to corro-

sion was investigated by L. Calabrese et al. [8]. The relation between the geometry, the

mechanical resistance, and the corrosion behavior was evaluated. The riveting pro-

cess induced local stress that increased the probability of crack formation and the

corrosion susceptibility. The local corrosion activity was associated with crevice cor-

rosion and pitting corrosion, and decreased the performance of the joined parts and

the resistance of the assembly during the pull-off tests.

The corrosion behavior of welded Mg parts (Mg alloy AZ61A) has been carried out

using various techniques such as friction stir welding (FSW). Given the high suscep-

tibility of Mg alloys to chloride-induced corrosion, the effect of pH, chloride concen-

tration, and immersion time was investigated in detail by A. Dhanapal et al. [9]. The

results showed that the corrosion rates decreased in alkaline pH conditions and in-

creased in more neutral/acidic pH ranges in the presence of chloride ions. The forma-

tion of a hydroxide layer over thewelded joints created a resistive pathway that slowed

down corrosion damage over time.

The FSW process results in the formation of different zones that present different

susceptibility to corrosion. These zones are: (i) the base metal; (ii) the weld nugget;

(iii) the heat-affected region; (iv) thermo- and mechanically-affected areas. The cor-

rosion susceptibility of stir welded joints on AlMgSiCu alloys (6xxx series) as well as

the microstructure and microhardness were investigated in detail by P. Dong et al.

[10]. The work demonstrated that there was a correlation betweenmicrostructure and

intergranular corrosion susceptibility. The fine precipitates resulted in higher hard-

ness, and the coarser precipitates increased softening. Coarsening of the intergranu-

lar precipitates decreased the susceptibility to intergranular corrosion, but seemed to

promote pitting corrosion in the zones affected by heating. The formation of micro-

galvanic cells occurred at the grain boundaries of the precipitates, which displayed

either a more active or a more noble character, compared to the aluminum matrix.

The corrosion resistance was increased in the areas showing more homogeneous mi-

crostructure [10].

The way corrosion develops in the different zones formed in the FSW process was

investigated by several authors, producing some controversial statements.The nugget

zones and the heat-affected zones have been identified as the most susceptible to cor-
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rosion onset [11]. However, other work carried out on FSW AA7108 proposed that the

thermomechanically affected zone was more susceptible to corrosion development

[12]. The corrosion process was associated with intergranular dissolution due to the

nonuniform distribution of MgZn2 intermetallics across the affected zone.

The corrosion behavior of FSW welded joints was investigated in various alloys

such as 2219-T87 plates. The thermomechanically affected zone revealed the presence

of Al2Cu intermetallics, and it was found that the welded areas exhibited identical

environmentally-assisted cracking corrosion susceptibility. Moreover, the work re-

ported that the joints seemed to be more resistant to corrosion then the unaffected

zones. The effect was attributed to the coarsening of the Al2Cu precipitates [13]. On

the other hand, polarization curves and electrochemical impedance measurements

obtained on FSW joint in AA 2024 panels revealed identical pitting tendency of the

heat-affected zone and thermomechanically affected zones.

J. Kang el al. [14] also investigated the pitting susceptibility of FSW-joined AA2024-

T3. The corrosion susceptibility was associated with the presence of Al-Cu-Fe-Mn-Si

and Al-Cu-Mg intermetallic particles. The particles induced the dissolution of the ad-

jacent aluminum matrix. The zones more susceptible to corrosion were the S-Phase

(Al-Cu-Mg). The corrosion activity was influenced by the parameters used in the FSW

process. For example it was demonstrated that the nugget zone was more suscepti-

ble to anodic dissolution under low rotation speeds, whereas the heat-affect zone be-

came more susceptible to corrosion at higher speeds. The propagation of intergranu-

lar attack occurred at the grain boundaries as result of their sensitization. The nugget

worked as cathode and enhanced cathodic reactivity that protected this area fromcor-

rosion [15].

The susceptibility to intergranular corrosion of the welded areas in AA2024 was

investigated by Bousquet et al. [16]. The corrosion process was investigated in the

various zones formed after FSW. Thus, in the bare alloy, corrosion of some grain

boundaries was observed, and the corrosion process (mainly pitting corrosion) was

attributed to the preferential dissolution of Cu-containing precipitates. On the heat-

affected zones, the pitting corrosion activity was similar to that observed in the bare

material. This was explained under consideration that the composition, size, distri-

bution and density of the intermetallics were quite similar to those observed on the

base alloy. However, when immersed in aggressive solutions, the potential gradients

across the heat-treated zone induced galvanic dissolution, with the weld behaving

anodically and the bare metal cathodically. Closer to the thermomechanical affected

zone, theprocesses changed. Pitting attack in the coarser intermetallicswasobserved,

but the intergranular corrosion attack became more pronounced with time. The most

sensitive area was the one in the transition zone, between both affected zones. It was

more susceptible to both pitting attack and intergranular corrosion [16].

The corrosion resistanceof FSW inAA7449-T7951 joints couldbe improvedby laser

melting. Such effect was reported by Padovani et al. [17]. Without the laser treatment,

the heat-affected zone revealed several pits, about 100 μm deep. The treatment with
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the laser created a homogeneous layer, which dissolved the intermetallic particles

within a solid solution. The corrosion damage at the nugget area was not significantly

affected by the laser treatment; however in the heat-affected zones, the pits formed

were not as deep as the ones observed in the untreated zone. The corrosion poten-

tial breakdown was assessed by d.c. potentiodynamic polarization using the micro

capillary cell. The findings showed that the laser treatment practically did not affect

that electrochemical parameter. The laser-treated zone exhibited lower open circuit

potential values, which seemed responsible for some sacrificial cathodic protection,

concentrating the corrosion in the laser affected zone, and hindering its propagation

to the unaffected areas (Fig. 3.2). Corrosion propagation caused partial delamination

of the treated zone, an effect that could be a serious drawback with regard to the laser

melting treatment of welded zones.
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Fig. 3.2: Open circuit potential evolution of untreated, intact laser-treated and scratched laser-
treated parent material specimens measured during immersion in 0.1 M NaCl. From [17].

Various surface treatments such as laser and shot peening were performed on FSW

7075 alloys to increase the resistance against stress corrosion cracking susceptibility.

It is known that the weld zones are subjected to different stresses, which are more

intense in the nugget zone, as demonstrated elsewhere [18]. Thewelded samples were

immersed in 3.5 % NaCl solutions for 2 months. The peened samples did not reveal

pitting corrosion or intergranular corrosion attack. The unpenned surfaces showed

severe pitting attack, but this form of corrosion was avoided in the laser treated sur-

face. For the tested period the effect of stress corrosion cracking was not evident.
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Microstructure, impurities, presence of residual stress, formation of intermetal-

lics, and corrosion onset are factors that determine the lifetime of joined components.

These issues were investigated in FSW joints formed on the Al-Zn-Mg alloys used in

aeronautic applications [19]. In the Al-Zn-Mg alloy the thermomechanically affected

zone was richer in Fe and Si, containing intermetallics that are more cathodic then

the surrounding Almatrix. This potential difference, which attained 400 mV, induced

microgalvanic corrosion activity. Thus, the localized corrosion process propagated as

intergranular corrosion, resulting in intergranular cracking. However, in the Al-Zn-

Mg-0.10Sc-0.10Zr alloy, there was formation of secondary Al3ScxZr1−x particles that

promoted the formation of more protective layers, decreasing the anodic dissolution

and therefore increasing the corrosion resistance of this alloy.

A correlation between the microstructure and the corrosion onset susceptibility

on Al-Cu joints was recently reported [20]. The study revealed that the microstructure

near the interface showed the presence of CuAl2 intermetallic particles and the α-

Al phase. In the transition zone it was possible to postulate the presence of a solid

solution composed of Cu-Al-Zn. The Volta potential of the surface was studied by

atomic forcemicroscopy (AFM) coupled to scanning Kelvin probe forcemeasurements

(SKPFM). The measurements showed that the initiation of the corrosion processes

(pitting) occurred on areas showing the largest differences in Volta potential. These

are, for example, the interface of Cu particles and Al-rich phases. Some evidence of

pitting was also found inside the Al-rich phase (in the vicinity of the intermetallic

particles). On the other hand, the presence of both Al and Zn in the interfacial region

could promote the formation of protective products in the transition zones, delaying

the corrosion propagation at initial stages.

The galvanic corrosion effects on polished FSW joints formed on AZ31 Mg alloys

and AA2024 were investigated by C. Liu et al. [21]. Water-based polishing routes cre-

ated surfaces that were more prone to galvanic corrosion attack compared to water-

free polishing solutions. The corrosion onset was mainly located on the AZ31 region

adjacent to the AA2024, where the area anode to cathode was lower. The accumula-

tion of porous corrosion products, mainly magnesium hydroxides, led a decrease of

the mechanical properties. No relevant corrosion was observed on the base alloys.

3.3.3 Coatings to minimize corrosion in multimetal assemblies

The corrosion resistance of welded parts can be improved by the presence of coatings.

Amicro-arc oxidation coatingwasdeposited over AA7075, and its corrosion resistance

was assessed by electrochemical techniques. The results revealed that the presence of

a Na2SiO3 coating could considerably improve the corrosion resistance of the welded

parts [22].

A protective ceramic coatingwas produced by plasma electrolytic oxidation (PEO)

on the friction stir welded joints of the magnesium alloy AZ31 B. This coating was
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composed of an inner protective layer and an outer porous layer. It was demonstrated

that the morphology of the PEO coating was not affected by the microstructure of the

welded Mg alloy. The corrosion behavior was studied by means of electrochemical

impedance spectroscopy and d.c. polarization on samples exposed to 3.5 wt.% NaCl.

The results demonstrated that the heat-affected zone was more prone to corrosion,

whereas the stir zone witha finer grain structure wasmore resistant. Overall, the pres-

ence of the PEO coating could protect the stir welded alloy AZ31 B [23]. The effect of

grain size on identical alloys was investigated by J.R. Kish et al. by combining differ-

ent electrochemical techniques, including localized electrochemical techniques. d.c.

Potentiodynamic studies revealed identical anodic kinetics and some differences in

the cathodic kinetics. The extent and kinetics of filiform corrosion was affected by the

grain size. Thus, the initiation of the filament occurred in the coarser-grained areas.

On the other hand, the grain size did not affect the kinetics of corrosion propagation

from the bare metal (coarser grains) across the stir zones, where the grain was more

refined [24].

Thermal sprayed coatings can also offer protection of joined aluminum and mag-

nesium plates in a salt spray corrosion test. However failure was still observed after

some time of exposure in the salt spray test [25].

Cold spraying could be used to deposit protective coatings over the FSW joints

in AA alloys as proposed by Li et al. [26] The pure Al coating with thicknesses be-

tween 90 and 100 μm was adherent to the joined surfaces, free of cracks, and showed

only little evidence of some outer pores. The presence of the coating contributed for

increased hardness and offered corrosion protection of the joined surfaces. Samples

without coating evidenced serious exfoliation and pitting corrosion, especially in the

thermomechanically affected zone. The pits grew and deepened with time and be-

came interconnected, leading to intergranular corrosion paths that finally resulted in

exfoliation of the material. However this process was absent on the coated samples.

Although corrosion was also observed in the Al coating, the process was not severe.

Thus, in the coated samples, corrosion started in the interfaces of the deposited par-

ticles. Then corrosion caused a decrease of the coating thickness, but the joints were

protected. It can be inferred that, if properly designed and applied, coatings may sig-

nificantly delay the corrosion attack in joints.

3.4 Corrosion in metal-nonmetal joints

The advantages of using metallic and nonmetallic materials, combining properties

unattainable by using any of the single materials, can be achieved by joining dissim-

ilar materials in a hybrid assembly. These hybrid combinations are foreseen for ap-

plications requiring the decrease of the weight of the components and, presently, are

used in a wide array of technical applications as structural components. The durabil-

ity of these structures is very much impacted by the durability of the interfaces within
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the hybrid assembly. The challenge of placing together distinct materials like metals,

ceramics, composites, plastics, and polymers that display different chemical, physi-

cal, andmechanical properties has not been solved yet, andmany solutions are being

proposed. Corrosion is once more a major source of failure.

Fiber-reinforced composites (FRP), because of their stiffness, decreased weight

mechanical properties, and corrosion resistance, are used in several engineering ap-

plications. The joint between metals and FRPs is sensitive to failure, and the main

causes of failure that have been identified include corrosion, delamination and/or de-

bonding, tensile failure, crack development, and bearing. Since most of the reinforced

composites contain carbon fibers and other conductive fillers, when in contact with

themetal there is an increased tendency for galvanic corrosion. The process can be ac-

celerated by the presence of moisture and oxygenand aggressive species such as chlo-

ride ions. Due to themore noble character, normally the compositeworks as a cathode

where oxygen reduction takes place. On the other hand, the metallic side acts as an

anode, and the metal dissolves. The mitigation of these detrimental events requires

profound development of new joining materials, such as adhesives and rubbers, and

improvement of the mechanical properties, adhesion behavior, and strategies to in-

crease the corrosion resistance of the composites and metals.

E. Sarlin et al. [27] investigated the adhesion performance of rubber joined stain-

less steel parts and glass fiber reinforced composites. This assembly aimed at combin-

ing the goodmechanical properties and the high corrosion resistance of steel with the

flexibility and good adhesion of rubber and decreased weight of the composite part.

Transmission electron microscopy experiments showed that close and high quality

contact was obtained in the joined parts. Although neither corrosion issues nor parts

durability were assessed, the use of rubbers demonstrated increased adhesion in the

bonded surfaces. It was also shown that none of the rubbers used was degraded. The

resistanceagainst environmental ageing effects (hot, hot/moisture, andmoisture) was

also investigated by FTIR and TGA in the same type of materials [28]. After exposure

to the testing environments, samples showed good adhesion, and the performance of

the material suggested that the behavior was independent of the surface treatment of

the steel prior to joining. This route suggests that corrosion impact can beminimized.

Nanotechnology and nanomaterials have been contributing to advances in the

materials properties, and this has been considered to improve the corrosion resistance

of joined parts. For example conductive carbon fillers, such as carbon nanotubes,

present good conductivity, thermal and electronic properties in addition to increased

mechanical resistance and have been explored as additives to the epoxy matrix of

the composites. Even in small amounts, the addition of carbon nanotubes to the ma-

trix may have an important benefit on several properties. Carbon nanotubes also pos-

sess an increased interfacial surface area that enhances the mechanical behavior of

the composite or of adhesives used in joints. Therefore there is an increased interest

in understanding the corrosion behavior of joints when carbon nanotubes are used

as fillers. Concerning corrosion related processes the following issues have been ad-
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dressed: (i) Does the addition of carbon nanotubes to FRPs increase the suscepti-

bility to galvanic corrosion between the modified composite and the metallic alloy?

(ii)Does thepresenceof carbonnanotubesdelay the ingress of aggressive electrolyte to

corrosion-susceptible areas? (iii) Do carbon nanotubes contribute to enhanced adhe-

sion and reduction of delamination effects in adhesive joints?Various studies have ad-

dressed these issues. For example, R. Ireland et al. [29] demonstrated that the addition

of conductivefillers to the compositematerial promoted the formationof galvanic cells

when the composite was placed into contact with the metallic part. Adhesives modi-

fied with carbon nanotubes were applied on the AA 2024 and the galvanic corrosion

effects were studied in detail [30]. The work demonstrated that the presence of carbon

could retard (and in some cases inhibit) electrolyte uptake through the interface. The

effect was explained, under consideration that the presence of nanotubes limited mi-

crocracking and water bonding. The extent of the galvanic coupling effect was depen-

dent upon thepercolation thresholdof nanotubes in themodified epoxy-basedmatrix.

It was also found that the addition of nanotubes to the adhesive decreased the corro-

sion current densities and also slightly nobler potential values. Oneof themost impor-

tant effects of the presence of nanotubes was related to adhesion enhancement; how-

ever, the effect was more pronounced when the alloy was previously anodized [30].

The addition of carbon nanotubes to metallic composites such as Mg-based com-

posites has been reported as a possible strategy to improve mechanical properties of

the material. However, in this case, the carbon filler was nobler then the magnesium

alloy, and galvanic corrosion susceptibility was increased. This can be minimized by

adding Al to the Mg-nanotubes composite. In this case the resulting composite (nan-

otubes containing alloy) should present increased corrosion resistance. This effect

was observed for AZ61 composites modified with carbon nanotubes [31]. It was pos-

sible to prepare amaterial in which the aluminumatoms, in solid solution, coated the

carbon nanoparticles. This preferential distribution resulted in a decrease of the gal-

vanic coupling effect, thus reducing the corrosion susceptibility of the Mgmatrix, and

retarding the corrosion effects of this material compared to magnesium composites.

The galvanic corrosion effects between the AA7075 and glass fiber reinforced com-

posites (GFRP) obtained from an epoxy matrix modified with carbon nanotubes were

investigated in samples exposed to different environments characterized by high hu-

midity and/or the presence of NaCl. The twomaterials were placed into direct contact

and the ratio composite to aluminum alloy was also investigated. Electrochemical

measurements confirmed that the presence of carbon nanotubes increased the gal-

vanic corrosion effects. The galvanic corrosion mechanism was investigated in detail

in galvanic couples made of a carbon fiber reinforced epoxy matrix and two different

aluminum alloys (AA 7075 and AA1050). The corrosion mechanism was detailed in

the presence of NaCl solutions with and without adding copper sulphates [32]. The

corrosion processes was examined by d.c. potentiodynamic polarization. The results

revealed very interesting findings: (i) the cathodic current was mainly originated in

exposed fibers; (ii) the presence of copper led to a significant increase of the cathodic
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current density due to Cu precipitation over the exposed fibers; (iii) the galvanic cur-

rent density was higher for the AA1050 compared with the AA7075. This behavior was

justified by the presence of an increased density of cathodic areas in the AA7075 com-

pared with tree AA1050.

The galvanic corrosion of rivet joints in a CFRP-aluminum alloy (Aw 6060) joint

was examined in the presence of chloride ions by M. Mandel et al. [33, 34]. The cor-

rosion studies were carried out by exposing the material to a 5 % NaCl solution and

revealed that anodic activity occurred in the metallic side, in direct contact with the

GFRP. Potentiodynamic polarization measurements showed the presence of a passive

and a transpassive region. The pitting potential was determined as well as the critical

potential difference for pitting corrosion that was approximately 100 mV. The electro-

chemical studies were combined by numerical simulations in which various aspects

such as joint geometry were considered. The results showed that the zone sensitive to

pitting attack was extended for 1.35 cm over the aluminum alloy. The pitting density

decreased as the distance from the joint was increased. A cyclic VDA test [34] allowed

identification of three stages of pitting corrosion development: in the first stage the

pitting process was initiated at the aluminum alloy, being characterized by little pit

volume change; in the second stage therewas a significant pit growth; in the last stage

the pitting growth was inhibited by the accumulation of corrosion products.

RivetCFRP

Electrolyte

EN AW-6060-T6

Anodic reaction

Anodic reaction

Anodic 
reaction

Cathodic 
reaction

Cathodic 
reaction

e–

e– e–

e–
e–

e–

e–

Fig. 3.3: Schematic view of a section in which the corrosion susceptible areas are marked. This is

a rivet joint between an aluminum alloy (EN AW-6060-T8) and the GFRP component. Adapted from

[33].

3.4.1 Coatings to minimize corrosion in hybrid assemblies

Despite the relevance of new coatings for protection of joints for metallic and non-

metallic materials, there are still very few works focusing on this specific issue. The

galvanic effects between the GFRP and the metallic parts can be reduced by the use

of corrosion inhibitors and/or coatings. This protective route was recently proposed

in [35]. This work investigated the cooperative behavior of two different corrosion in-
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hibitors: cerium nitrate, awell-knowncathodic inhibitor, and benzotriazole known as

an anodic/film-forming inhibitor. Both inhibitors were stored in ion exchange clays:

layered double hydroxides (LDHs) and bentonites. LDHs are anion exchangers, being

able to deliver an interleaved ion while capturing chlorides and hydroxyl ions; ben-

tonites are cation exchangers and capture metallic ions. The modified pigments were

added into an epoxy coating that was used to protect the GFRP-AA 2024assembly. The

coating was artificially damaged, and the corrosion inhibition processes was moni-

tored using the scanning vibrating electrode technique (SVET). The results showed

the cooperative inhibition mechanism of cerium ions, released from the bentonites

and BTA released from the LDH particles. The bentonites were able to exchange the

entrapped cerium cations with Al or Cu cations formed during the anodic dissolution

of the S-phase present in the AA2024. The released cerium ions reacted with the hy-

droxyl ions formed during the cathodic reaction, leading to the deposition of an insol-

uble layer of cerium hydroxides that blocked the cathodic sites formed on the galvanic

couple. This layer inhibited the cathodic reaction of oxygen reduction, and the overall

corrosion process was hindered. On the other hand, BTA was released by exchang-

ing with chlorides (thus, chlorides were trapped, while the inhibitor was released)

and/or hydroxyl ions, forming an adsorbed layer on the surface of the aluminumalloy

[35]. The corrosion protection effect of coatings modified with ion exchange pigments

loadedwith cooperative inhibitors was demonstrated for the first time, thus delivering

a concept that can be used to protect several metallic couples either on hybrid joints

or in multimetal joints.

Plasma electrolytic oxidation (PEO) coatings were investigated as possible routes

for the protection of galvanic couples and Ti and Al alloys [36]. The results demon-

strated that the galvanic effects were substantially reducedwhen the PEO coatingwas

deposited over the Al alloy. The beneficial effect was not so evidenced for Ti alloys,

because both the uncoated and coated Ti alloys revealed increased resistance against

galvanic corrosion.

Similarly to what has been observed for metal-metal joints, the presence of coat-

ings in metal-nonmetallic assemblies can be envisaged as a route tominimize the cor-

rosion susceptibility.

3.5 Future trends

Presently, the search for lightweight structures, characterized by improved mechani-

cal properties, is one of the top priorities in many industries, such as the automotive

and aeronautical industries. Metal-metal assemblies and the joining of metals with

very distinct properties such as steel and Al alloys or Mg and aluminum alloys are

critical and will evolve in the near future. These materials, because of their electro-

chemical behavior, are very susceptible to multiple corrosion problems. On the other

hand, the joining technologies also create interfaces that are very susceptible to the
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onset of corrosionand that create all the conditions for theonset of galvanic corrosion.

For example, friction stir welding (FSW) creates zones with different levels of stress

andmicrostructures that increase theprobability of corrosion-related problems. Thus,

post treatments, coatings, andother surface treatments becomecritical forminimizing

the problem.

The use of laser joining able to produce stable interfaces, including chemical (or

ionic) bonding between nonmetallic and metallic components is another promising

route to tailor interfaceswith improved behavior. The possibility of tailoring the prop-

erties of the joined materials by optimizing various laser welding parameters con-

tributes to the overcoming of corrosion-related issues in laser-joined parts.

Glue bonding is another form of joining that is considered, because it can be used

to join anykindofmaterials, especially verydissimilar ones. It allows for the reduction

of local corrosion effects, but there are still several disadvantages, such as fast ageing,

mechanical strength, and reduced stiffness.

Hybrid assemblies, joining metallic alloys and nonmetal composites, present a

real challenge. When they are directly jointed, there is an increased risk of galvanic

corrosion failure. Therefore, it is essential to design transition zones that can mini-

mize the corrosion susceptibility while ensuring mechanical integrity and strong ad-

hesion. Different transition zones must be studied. These include rubbers, polymers,

adhesives, and coatings. Moreover, there is a need of material manipulation at the

nanoscale level tominimize microcracking and microgalvanic effects. In this area the

controlled addition of fillers, such as carbon nanotubes, and metallic or composite

laminates, may play a critical role.

New adhesives, including adhesives modified with corrosion inhibitors either

freely dispersed or encapsulated, for symmetric and dissymmetric joined materials

can be a solution to overcome some localized corrosion effects. The introduction of

nanofillers in these additives, targeted to increase mechanical properties, adhesion,

and corrosion resistance are a step forward in advanced joining strategies. Certainly

these advanced interfaces can place together many distinct materials, combining the

best properties of the individual materials in a composite component.

Delamination and galvanic corrosion effects are major issues to be overcome

in order to deliver new materials with improved properties for critical components

in many sectors. For these purposes coatings and corrosion inhibitors are strategic

routes. However, very little is known in this field, and new advances are urgent. Such

new protection strategies will pave the way for a widespread use of these materials

and for its reliability in structurally high-risk components. These will certainly be

explored in the future.

There is undoubtedly a need for new multimetal combinations, either symmet-

ric or dissymmetric. However, in parallel, the joining technologiesmust be optimized

to overcome the multiple gaps related to corrosion performance. It is clear that all

these advances need a concerted interdisciplinary effort by material science, chem-

istry, nanomaterials, and engineering to findmore advanced solutionswhich canmin-
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imize the impact of corrosion in joined materials, while contributing for increased re-

liability of joined materials and its widespread application.
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4 Protection of multimaterial assemblies
Abstract: The light-weight design calls for broader utilization of multimaterial mixes

(M3) in different engineering structures, especially in the transportation area. To-

gether with joining technologies for hybrid structures, the optimization of the life

cycle of such systems is an issue of prime importance. Multimaterial structures are

often prone to faster degradation under service conditions because of galvanically

forced electrochemical corrosion. The protection technologies traditionally used for

single-material structures are not always applicable for multimaterial design because

of compatibility issues and a stronger thermodynamic driving force for degradation.

In this chapter different strategies for protection of multimaterials structures are

briefly overviewed. Themain focus is on new alternative protection systems based on

combination of synergistic inhibiting mixtures introduced into protective coatings.

A road map which can be followed in order to create an efficient active protection

coating for hybrid structures is suggested.

4.1 Demands on light weight engineering and associated issues

Nowadays the complex design of modern engineering structures frequently includes

various different materials in the same system.Metals and alloys are still among most

used construction materials for different applications. However, themodern concepts

of light design call fornew solutions, especially for the transport industries. The strate-

gies of the “light car” and“greenaircraft” promoted inEuropearebased on adesirable

significant weight reduction of future vehicles, aiming at the lower fuel consumption

and consequently also the reduction of carbon dioxide emission.

The lightweight design concept is grounded on usage of alternativematerials with

comparable mechanical properties and lower weight. Thus Mg alloys, Al alloys, Ti al-

loys, high-strength steels, and carbon fibre reinforced plastics (CFRP) are considered

by automotive and especially by aeronautical manufacturers for different primary and

secondary structural parts [1]. However, the combination of several different materials

in the same structure raises many challenges, such as the need for new forming and

joining technologies as well as surface protection processes. Among the most critical

issues is the galvanic incompatibility of different conductive materials in the same as-

sembly. Formation of galvanic coupling between the dissimilar materials can cause an

unpredictable and rapidcorrosiondegradationofmoreactivematerial. For instance, if

CFRP and Al alloy are in electrical contact, the dissolution of Al alloy will occur when

exposed to corrosive environment [2–4]. However, this phenomenon is inconsistent

with the objective of increasing maintenance intervals and optimized life cycle.
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Galvanic corrosion is an issue of great concern in both the automotive and

aerospace industries. One of the ways to estimate the importance of this problem is to

use simulation approaches in order to define the most critical galvanic combinations,

structure designs, and exploitation conditions. The fundamentals of galvanic corro-

sion are generally quite well understood. However, the difference between scientific

research and the performance of real system in real conditions can be notable. On the

other hand, reliable simulations can also contribute to proper design of protection

schemes for various scenarios appearing in multimaterials structures.

There were several attempts tomodel the galvanic corrosion processes in aircraft-

relevant aluminum+CFRPgalvanic couples. Palani et al. have tried todevelop amodel

which can adequately describe the galvanic corrosion processes in thin electrolyte

conditions that could occur in the upper part of an aircraft fuselage [5]. The numerical

model was based on solving the electroneutrality equation with a three-dimensional

boundary/finite element bethod. This approach can be applied to different hybrid

structures relevant for aircraft frames. Specific variations in the environmental condi-

tion can be considered, includingdifferent aggressiveness of electrolytes and different

thicknesses of electrolyte film. The use of multimaterial mixes is becoming increas-

ingly important in automotive body design. There are several relevant combinations

which can lead to serious galvanic corrosion issues. The Al+CFRPgalvanic couple dis-

cussed above and all the respective corrosion issues are also relevant for automotive

structures.

One of the attractive materials to be integrated within the car body is magnesium

becauseof its lowdensity andconsequently its highweight-savingpotential. However,

the galvanically induced corrosion of magnesium alloys is a primary concern in this

case. Of all the structural metals, magnesium has the most active galvanic potential

and suffers serious galvanic corrosion when coupled with a different metal or CFRP.

Jia et al. have used a similar boundary element method (BEM) simulation approach

to model the galvanic corrosion of magnesium alloy AZ91D coupled to a steel fastener

[6]. The total corrosion rate of the Mg part was composed by two additive components

consisting of galvanic corrosion and self-corrosion. The experimental measurements

were performed in order to validate the model and demonstrate good agreement be-

tween the experiment and BEM model. The model has predicted a similar distribu-

tion of the current density for AZ91D+steel galvanic couple: a maximum at the inter-

face with quickly decrease to zero within 1 to 2 cm from the interface, as shown in

Fig. 4.1.

The obtained results clearly demonstrate that utilization of steel fasteners can be

critical when joining theMgalloys. AA6xxx fasteners, for example, cause significantly

lower galvanic corrosion of Mg during salt spray tests [7]. An important factor in this

case is a significantly lower difference of galvanic potentials between the fastener and

Mg structure. Galvanic coating of steel with more active metallic layers can be also

used in order to reduce the galvanic couple in the case when steel fasteners or bolts

are not avoidable [8]. Zn-based Sn+Zn metallic coatings [9] have reasonable galvanic
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Fig. 4.1: Comparison of the galvanic corrosion area for BEM model and the immersion test for 10 mm

diameter steel cathode: (a) experimental immersion test; (b) the BEM model [6].

compatibility with Mg alloys when exposed to salt-containing electrolytes. The ap-

plication of additional polymer coatings to the fastener (or bolt) surface can also be

considered as a potential approach [10].

Different joining technologies can be applied for hybrid structures including

above mentioned mechanical fastening, adhesive bonding, laser-beam welding, and

friction stir joining [11].

One joining approach is the laser weld brazing (LWB)which can be used to galva-

nize steel with aluminum components by the use of either zinc- or aluminum-based

filler alloys [12]. This laser-based joining technology has a shorter processing time,

good adaptability, and a good weight reduction/cost ratio in serial production when

compared to adhesives and rivets for steel-aluminummixed structures. However, the

corrosion of used filler material can be significantly accelerated by galvanic coupling
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with respective substrates causing accelerated degradation of the brazed seam. More-

over, long-term galvanic effects are possible in a good conductive medium.

The testing ofmultimaterial assemblies in order to understand their susceptibility

to galvanically induced corrosion attack is another important challenge. The standard

electrochemical methods or accelerated corrosion tests are not always applicable. For

example, the interpretation of electrochemical impedance spectroscopy results ob-

tained on galvanically coupled multimaterial samples is not straight forward, since

the contribution from both substrates are difficult to separate. Moreover, the linearity

requirement is not always achieved because of the remarkable galvanic currents pass-

ing between the anode and the cathode. The test samples for accelerated corrosion

tests should be also designed in a different way when compared to the single-material

samples. One of the test sample geometry for brazed steel+Al sample is demonstrated

in Fig. 4.2.

Aluminium 
sheet

Brazing

Silicon 
sealant

Zinc coated steel

Fig. 4.2: Arrangement of brazed multi-material specimen for salt spray test, adopted from [12].

It is important to notice that the type of joining method and the sealing of the joint

can drastically influence the results in accelerated corrosion tests, since only rela-

tively thin films are present on the surface during the test. Thus the geometry of the

joint or its positioning in the chamber will influence the liquid film formed and its

conductivity, which is decisive for galvanic coupling. The geometrical factors such as

distance between the cathode and anode, cathode/anode area ratio, the thickness of

the electrolytefilm, and the shapes of the electrodes are important [13]. Moreover, sev-

eral galvanic couples can be present in the same structure, e.g. several steel fasters

for onemagnesium part. There can be an interaction/superimposition of the currents

resulting from each galvanic couple. One of the ways to test the galvanically coupled

materials and understand the geometrical effects on the local galvanic currents is to

use multielectrode assemblies with numerous electrodes, which can be coupled and
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decoupled on demand. A multielectrode arrangement to study the Mg+Fe galvanic

couple is demonstrated in Fig. 4.3.

Solution

(a) (b)

Solution

6 6
5 5

4 4
3 3

2 2
1 1

Depth(d)

Magnesium alloy Steel Epoxy

ZRA
connection

Anode Cathode

Fig. 4.3: (a) Schematic of idealised one-dimension galvanic couple. (b) Section through multielec-

trode Mg–steel galvanic corrosion assembly (GCA), adopted from [13].

The multimaterial approach also multiplies the amount of the required testing time,

especially when new corrosion inhibitor systems are to be developed. Therefore the

systematichigh-throughput concept has been considered [14] by Taylor et al. Themul-

tielectrode arrays of identical AA2024-T3 pairs were immersed in numerous separated

reaction cells, and a potentiodynamic analysis qA performed for estimation of po-

larization resistance. A large amount of different corrosion inhibitor solutions were

tested simultaneously. More recently Mol et al. [15] has proposed a multielectrode as-

semblywhich contains several different materials in the same epoxymount and could

be immersed in the same testing solution for simultaneous potentiodynamic analysis

(Fig. 4.4).

1 1

3 3
2
26

7 7
6

4 4

5
5

(a)

Working electrode

Potentiostat
Reference 2

Reference 1

Electrolyte solution

Counter electrode

(b)

Fig. 4.4: Face view of multielectrode assembly showing the layout of wire specimens (a) and

schematic of experimental setup for an individual electrode pair [15].
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Although the DC-polarization technique is destructive for the electrode surfaces, and

additionally due to the electrochemical excitation, cross-contamination of different

materials in the test cell may also occur. Therefore a noninvasive localized measure-

ment technique SVET (scanning vibrating electrode technique) has been considered

as a high-throughput electrochemical method for simultaneous corrosion inhibitor

screening for multimaterial applications. It measures the localized corrosion-related

ionic currents and allows observation of the distribution and evolution concurrently

for both anodic and cathodic processes. Also the conditions during the SVET opera-

tion are close to an undisturbed environment, as the natural corrosion process is not

influenced by any applied polarization. Historically the SVETmethodwas initially ap-

plied in the life sciences [16–19], and only later introduced in corrosion research [20–

22]. SVET has also been coupled with a wire beam electrode (WBE) by Battocchi et

al. (Fig. 4.5) [23]. The designed model cell contains eight Al and one Cu electrodes,

which are electrically connected and could therefore emulate the galvanic situation

on AA2024-T3 surface (Fig. 4.5). In Fig. 4.6 the ionic current distribution on this elec-

trode is presented. It can be seen how the localized cathode on Cu and anodes at Al

electrode were formed.

Svet probe

Electrolyte

Epoxy

Scan level

Al
 w

ire

Al
 w

ire

Al
 w

ire

Fig. 4.5: SVET measurement set-up, adopted from [23].

Reproducing the film electrolyte conditions over galvanically coupled materials is an

even more challenging task, especially when a controllable film thickness is required.

Recently Hack et al. patented a method and device which allow precise control of the

electrolyte film thickness [24]. The arrangement of the respective test sample and the

testing setup are shown in Fig. 4.7. The formation of a uniform thin film is based on

the theory of Nusselt for falling film-wise condensation on a vertical flat plate. In gen-

eral, the condensation of the electrolyte mist begins at the top and moves downward

with the force of gravity, creating a laminar flow. The tested substrates are connected
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Fig. 4.6: Current density map (left) and optical micrograph with current density vectors (right) of
8Al–1Cu WBE after 1h of immersion in 0.35 wt.% (NH4)2SO4 + 0.05 wt.% NaCl solution, adopted

from [23].
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Measurement
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Fig. 4.7: Schema of the setup used for thin film tests of multimaterials assemblies, adopted

from [11].

as electrodes to the ZRA, which allows in situ measurement of the galvanic current

passing between the cathode and the anode [11]. In this way, different material com-

binations can be tested under condensing conditions, which are relevant for many

applications of hybrid structures.
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The understanding of the galvanic corrosion issues for a specific combination of

materials, relevant geometries, and conditions is an important starting point for the

proper design of multimaterial structures. Moreover, the knowledge of these issues

creates a basis for the further development of protection strategies. The main ways

used for protection of multimaterial structures are briefly overviewed in the next sec-

tion, with particular focus on novel active protection approaches.

4.2 Approaches to mitigate corrosion issues in multimaterial
systems

4.2.1 Passive protection

The galvanic corrosion occurs only in the case where three important conditions are

met: (1) a significant difference of the galvanic potentials of joined materials, (2) elec-

trical contact between the dissimilar materials, and (3) the presence of electrolytes in

simultaneous contact with both materials. The main passive protection methods for

hybrid structures are based on strategies which try to eliminate one of these factors

from the equation.

The first logical approach to prevent the galvanic corrosion issues is to avoid the

electrical contact between the dissimilar materials in a hybrid structure. Most of the

joining methods create a direct contact between the materials, allowing electrons to

pass easily. However, the use of adhesive bonding can eliminate the electrical con-

tacts. In this situation the acceleration of corrosion processes due to the galvanic cou-

pling can beavoided. Inmost of the structural applications thepure adhesive bonding

is rarely applied, especially in the aeronautics industry. Instead, hybrid joints are pre-

ferred which combine the adhesive bonding with additional mechanical fastening. In

this case electrical contact is created, and the galvanic corrosion issue arises again.

In the case of aeronautical applications, one more obstacle in adhesive bonding may

occur as the electrical contact between all structural parts of aircrafts is desired in

order to avoid the problems of static discharging and lightning strikes.

Another possibility is to reduce the difference of the galvanic potentials between

the materials used in design. This possibility is often impossible, since selection of

the materials is defined by the required mechanical properties, weight, thermal con-

ductivity, etc. Therefore, flexibility in the choice of materials is often limited. In some

situations the potential difference can achieve extremevalues, as in the case of Fe+Mg

or CFRP+Al multimaterial mixes. The difference in the galvanic potentials is the main

driving force for accelerated corrosion. However, in the case of low electrolyte conduc-

tivity or very thin electrolyte layer, if dissimilar materials are positioned in the struc-

ture together, the potential drop can be significant. Thus the galvanic current can be

drastically reduced. Use of insulating spacers in critical zones is not always possible.

Therefore another metal with intermediate galvanic potential is often introduced as
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a spacer between the noble and active components. In the case of aeronautical struc-

tures Ti is often used for a transition between CFRP and Al alloys. In the case of auto-

motive structures, Al alloy spacers can be applied between of Mg alloy and steel com-

ponents, in order to avoid a sharp change of galvanic potential. Fig. 4.8 demonstrates

the design of the hinge connection to the Mg part of a car door. The aluminum alloy

is introduced between the steel and Mg parts in order to reduce the local potential

difference.

Fig. 4.8: Attachment of the steel hinge to the Mg inner part via an aluminum plate [25].

Application of sealants and barrier coatings is one of the main strategies utilized in

protectionof dissimilar joints against galvanic corrosion. Inbothautomotive andaero-

nautical structures the critical zones are often sealed with polymer sealants, which

prevent the direct contact of moisture with both dissimilar parts. The strategy func-

tions well in areas where only a very thin electrolyte film can be formed on the sur-

face. The sealing is also very important to protect the occluded zones susceptible to

the accumulation of electrolytes. However, the sealing of the joint area is not suffi-

cient in the situation where hybrid structures are used in immersed conditions, such
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as the bottom internal part of an aircraft fuselage, where a significant amount of liq-

uid can be accumulated during operation. The application of the protective coatings

can be considered to be an ultimate solution. The coating creates a physical barrier

between the electrolyte and substrate. Thus no corrosion can occur as long as there is

no failure of this ideal barrier. The problem is that different coating systems and vari-

ous often incompatible technologies are applied for different substrates, with the first

complications alreadyarising at the cleaning/pretreatment stage. Conditions suitable,

for example, for aluminum alloys can be too harsh for magnesium-based materials.

Therefore, pretreatments or even some coating layers can be applied before the join-

ing and the final coating is done over the joined and partially precoated components.

An example of such process suggested for the Mg+Al rear door of a Volkswagen car is

demonstrated in Fig. 4.9.

Magnesium

Aluminium

Pickling
E-coating

Bonding
and folding

Powder
coating

Cleaning Acid pickling Chromating

Hardening Cleaning Phosphating E-coating

Fig. 4.9: Schematic representation of the coating process for Al+Mg hybrid structure, adopted
from [26].

The magnesium panels are first degreased and rinsed. At the second step about 20–

30 μm of the casting crust is removed by acidic etching. Then the surface is rinsed,

chromate, and dried. All the chemicals are applied using the spray process. The eCoat

is applied in the next step and cured for 15 min at 180 °C. Finally, a powder coating is

applied and baked at 200 °C for 10 to 15 min.

The surface of aluminum panels is standardized by acidic pickling. Hybrid bod-

ies are then formed and bonded. In the next processing step, the hybrid body is put

through the eCoat in the steps of degreasing, phosphatization, eCoat application, and

baking at 180 °C for 14min. Only the aluminumsheet in the process absorbs the eCoat,

while the magnesium panel is electrically insulated by the coating powder [26]. As

one can see the total process is significantly more complicated than the one used for a

conventional car body. This fact leads to unfavorable cost aspects, especially for mass

production cars. The ideal scenario would be the application of the same surface treat-
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ment process for the entire multimaterial car body composed of different steels, Al

alloys, Mg alloys, and reinforced composites. Recent developments have focused on

surface treatment technologieswhich can be applied formultimaterial substrates. For

example, tuning the electrolyte composition and the electrical parameters of plasma

electrolytic oxidation allows the formation of anodic coatings on Al (AA7075) and Mg

(ZE41) substrates. Microdischarges were sustained on both metals for the optimized

conditions, and coatings were produced with thicknesses reasonably similar to those

of the coating on metals treated individually [27].

The important issue is that even when an “ideal” coating is applied to the hybrid

structure, with time the barrier can be disrupted during use and certain defects may

appear. A rapid degradation reinforced by galvanic coupling can then occur in the

coating defect. Fig. 4.10 demonstrates a coated Mg alloy sample galvanically coupled

to uncoated steel. One can clearly observe an intensive paint delamination and cor-

rosion of Mg substrate underneath. Thus, even a well-coated multimaterial assembly

can quickly begin to degrade when defects appear in the protective coatings. More-

over, the corrosion process can be of a very localized nature and lead to unpredictable

failure of the respective part.

Fig. 4.10: Coated Mg alloy coupled to steel after 30 cycles according to the Volkswagen testing regu-

lation PV 1210 [26].
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4.2.2 Active protective coatings with corrosion inhibitors

The introduction of active inhibiting compounds to the protection system is a promis-

ing approach which can add active protection to the passive protection methods re-

viewed above. Corrosion inhibitors can be introduced in hybrid structures incorpo-

rated in coatings, sealants, or structural adhesives. In the two last cases the inhibitor

is placed as near as possible to critical places such as confined environments and

multimaterial joints. In the case of aeronautical applications a chromate conversion

layer and chromated primer provide very effective corrosion inhibition ability for Al al-

loy structures [28, 29]. However, present regulations impose restrictions on the use of

chromates, and therefore new solutions are needed. Thus, the search for effective an-

ticorrosion coatings containing self-healing active species which could replace chro-

mates has been very much in the forefront [30–33].

The corrosion inhibitor can be introduced directly to the coating, but in that case

it must be compatible with the coatingmatrix, and it should be able to reach the active

surface in order to suppress corrosion. In the case of sol-gel and silane-based coatings

several successful systems have been discussed [33–35]. There are even some specific

cases recognizedwhere the coating barrier properties have been improvedwith the in-

troduction of inhibitors. However, there is always a risk of the uncontrollable leakage

of the inhibitor from the coating and loss of its long term effectiveness [36]. Moreover,

usually the stability and barrier properties of coatings will be significantly decreased

due to the unwanted interaction of corrosion inhibitors and coating formulations [37].

Application of highly soluble inhibitors can also give rise to issues around strong os-

motic blistering [38].

In order to diminish these negative effects, entrapping the corrosion inhibitor in

nanocontainers has been suggested. This approach can protect the coating forma-

tion during the paint application process from the destructive influence of corrosion

inhibitors. Later these nanocarriers, if they have specially designed functional prop-

erties, can release corrosion inhibitors on demand. The container release function

can be triggered in various ways to react to different corrosion relevant stimulus (pH,

chlorides, stress, mechanical damage, or UV light) [37, 39–41]. Recently several works

appeared suggesting various possibilities for selecting and designing containers for

corrosion inhibitors, for example oxide nanoparticles [34], β-cyclodextrin fillers,

plasmapolymer shells [42], cellular nanocontainers (diatomaceous earth, zeolite, or

carbon-based) [43], and ion (anion [44] and cation [45]) exchangers. Another promis-

ing possibility is to prepare nanoreservoirs with “smart” storage/release properties,

using the polyelectrolyte layer by layer (LbL) assembled shells, which change the per-

meability depending on the pH and ionic strength [37]. The layered double hydroxides

and mesoporous nanoparticles have also proven to be promising candidates for the

encapsulation of different corrosion inhibitors [46, 47].

The situation is even more complicated and demanding in the case of multimate-

rial substrates, where galvanic activities beneath the coating could be suspected. One
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possible option to deal with this is the incorporation of different functional nanocon-

tainers for each of the substrate materials, which is also more thoroughly discussed

in the present chapter, for instance one nanocontainer system dedicated to the sup-

pression of a cathodic reaction and another one for an anodic site. The synergistic

effect of encapsuled corrosion inhibitors is also desired [48]. Different inhibitors used

together can confer efficient inhibition at different conditions, one working at anodic

(acidic) conditions, and another at a cathode, where high pH levels are expected. This

approach is especially relevant in the case of coatings for multimaterial structures

where a clear separation between cathodic and anodic sites happens due to galvanic

effects. Using several inhibitors in the same system opens opportunities for cooper-

ative actions between them resulting in synergistic inhibition effect. This can allow

significant reduction of the minimal critical inhibitor concentration needed to ensure

suppression of corrosion processes in defects. Only a small number of papers have

been published recently which focus on this aspect. The best synergistic combina-

tions of corrosion inhibitors are yet to be found. There are two main possibilities of

how to implement this strategy in coatings: to use a low-soluble complex pigment

composed of two inhibiting constituents (cerium dibutylphosphate (Ce(dbp)3) [49],

praseodymium diphenylphosphate (Pr(dpp)3) [50], rare earth + mercaptoacetate [51],

cerium cinnamate [52], cerium molybdate [53, 54]); to introduce two inhibitors in the

same coating system separately in an encapsulated form (double doped zeolites [55],

LDH-BTA + Bentonite-Ce [48]).

The next part of the chapter concerns special example of the successful develop-

ment of an active protective coating for galvanically coupled multimaterial systems.

Different important steps are shown in order to suggest a road map which can be fol-

lowed for specific hybrid structures.

Step 1: Exploring synergistic mixtures of corrosion inhibitors
Galvanic corrosion is generally a very challenging phenomenon for corrosion in-

hibitors as the thermodynamic driving force to corrode can be very high [56]. Therefore

a majority of the current inhibitor systems are mostly only able to efficiently protect

single material structures. In the case of aeronautical grade Al alloys several inter-

metallic phases such as the widely investigated Al-Cu-Mg second phase behave like a

galvanic systems at the microlevel [57, 58] and for this particular case several highly

efficient solutions were developed. The usage of chromates [28, 29] for aluminum

alloys has been an efficient and robust solution, but also the selection of other, more

environmentally friendly and less toxic potential candidates is large [59]. However,

when the Al alloy is coupledwithmore noble conductive material like CFRP, advanced

synergistic corrosion inhibitor mixtures are desired.

Recently the synergistic behavior of two known corrosion inhibitors, 1,2,3-

benzotriazole (BTA) and Cerium (III) nitrate (Ce(NO3)3), has been demonstrated to be
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a suitable active protective combination for an Fe + Zn galvanic couple in a chloride

medium [60].

BTA is among the efficient corrosion inhibitors for different metals, especially for

copper and its alloys, and has have been well known for more than sixty years [61].

Mostly it acts as a mixed-type inhibitor through physical and chemical adsorption as

well as different Cu-BTA complex formation mechanisms providing its predominant

effect on inhibition of anodic corrosion reaction [62]. One possible structure of ad-

sorption BTA adsorption layer on Cu surface is described in Fig. 4.11.
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Fig. 4.11: Schematic presentation of chemisorbed layer formed by 1,2,3-benzotriazole adopted
from [63].

It is also known that BTA can form protective coatings with Zn [64–66] and Fe [67].

In some circumstances it has been found that BTA can cooperate synergistically with

other chemical species like benzylamine [68] and sodium dodecylsulphate (SDS) [69].

The synergism with iodide anions was also recently reported [70]. It is based on the

coadsorption of I− and BTA, which somewhat improves the complex formation with

Cu or Fe [67]. However, all these findings about BTA and synergistic cooperation was

discussed for suppression of single material corrosion, while the above mentioned

combination with Ce(NO3)3 has been especially designed for galvanic corrosion. The

cerium cations (Ce3+) are known as cathodic inhibitors. Similarly to some other rare

earth metal (La3+, Y3+) cations they form blocking hydroxide precipitates (reaction 3)

due to local pH increase at cathodic sites (reactions 1 and 2) [71–75].

O2 + 2H2O + 4e− → 4OH− (4.1)

2H2O + 2e−→ 2OH− + H2 (4.2)

Ce3+ (aq) + OH− (aq)→ Ce(OH)3 (s). (4.3)

The further oxidation of Ce(OH)3(s) leads to the formation of CeO2 according to the

reaction (2). This compound is also insoluble and prevents the contact of the surface

with the aggressive environment [75]:

4Ce(OH)3 + O2→ 4CeO2 + 6H2O. (4.4)
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However, the inhibition efficiency in this case also depends significantly on the in-

tensity of cathodic corrosion reaction, as the forming deposits may possess different

structures and composition, which can change the corrosion blocking barrier proper-

ties.

The driving idea to combine BTA with cerium nitrate for Zn+Fe galvanic couple

has been to find one suitable inhibitor for anodic and another for cathodic reactions.

Experimental approach for evaluation of the synergistic effect
The localized techniqueSVET coupledwith amultielectrode cell hasbeen also applied

for corrosion inhibitor screening simultaneously for different singlematerials [76], but

thegreat advantageof this approach is thepossibility to adequately andsystematically

observe the galvanic corrosion activities when the model electrode with the selected

galvanic couples is immersed in different corrosion inhibitor testing solutions or mix-

tures (Fig. 4.12).

Reference

Anode Cathode

Testing
solution

Epoxy
mount

Scanning SVET 
probe Vibrating probe

Ground and pseudo-reference 
electrodes

Metal electrodes

Testing solution

Epoxy mount rounded
with scotch tape1cm

Fig. 4.12: SVET setup for inhibitor testing on galvanic model system.

Using the above described experimental set-up, a screening of corrosion inhibitors

was performed for the aeronautically relevant CFRP+Al galvanic couple. The results

for two different corrosion inhibitors, which were discussed also above in the con-

text of Zn+Fe galvanic system are: 1,2,3-benzoriazole (BTA) and cerium (III) nitrate

were presented in Fig. 4.13. Themicrograph of the test-cell and SVET measured corro-

sion current density maps were all taken after 3 h of immersion in the selected corro-

sion inhibitor environment. The results clearly demonstrate that the addition of 5mM

Ce(NO3)3 inhibitor in 0.05 M NaCl electrolyte slightly decreases the cathodic and an-

odic corrosion activities in comparison to the reference NaCl solution (Fig. 4.13(d)).

With the 1,2,3-benzotriazole the process was even somewhat accelerated. However,

the combination of these two inhibitors leads to significantly more efficient corrosion

suppression on Al+CFRP couple. Only some hardly detectable electrochemical ionic

currents can be seen in Fig. 4.13(e).

 EBSCOhost - printed on 2/14/2023 1:24 PM via . All use subject to https://www.ebsco.com/terms-of-use



88 | Mikhail L. Zheludkevich, Silvar Kallip, and Maria Serdechnova

AI

a b c d e
60.8 79.5 23.6 5.5

CFRP

1mm NaCl base + BTA + Ce3+ + BTA +Ce3+

50
40
30
20
10
0
̵10

̵33.1 4̵8.4

μA cm–2

̵23.2
̵1.9

̵20
̵30
̵40
5̵0

Fig. 4.13:Microphotograph of Al-CFRP galvanic test cell (a), SVET maps taken after 3 h of immersion
in different inhibitor solutions with Al and CFRP electrodes electrically coupled in 0.05M NaCl (b),

and with addition of inhibitor 5 mM BTA (c), 5 mM Ce(NO3)3 (d), and the combination of inhibitors

2.5 mM BTA + 2.5 mM Ce(NO3)3 (e) [48].

With more detailed analysis some additional information about the inhibitor effi-

ciency and functioning kinetics can be also achieved. In Fig. 4.14 the same series

of experiments as in Fig. 4.13 is described. The evolution of maximal anodic and

cathodic ionic current densities (detected by SVET) is shown. It can be seen that both

the anodic and cathodic currents in BTA+Ce3+ containing 0.05MNaCl testingmedium

decrease rapidly during the first hour of immersion and also stay very close to zero

during further testing. However, the same inhibitors alone are unable to stop the

galvanic corrosion on an Al+CFRP couple.
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Fig. 4.14: Evolution of anodic and cathodic maximal ionic currents for different corrosion inhibitor

systems on Al+CFRP galvanic couple.
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Calculation of corrosion inhibition parameters from SVET values
Basedon the experimental results several characteristicparameters canbe calculated.

SVETas a localized techniquehasbeenhistoricallymostly applied forqualitative anal-

ysis of ionic currents, but with careful experimental set-up and experimental design

the qualitative information will be also available. Moreover, especially for studies of

galvanic corrosion model systems there are many advantages over the classical elec-

trochemical corrosion rate estimation methods [48, 60, 76, 77].

Maximal anodic and cathodic currents
The SVETmeasured localised ionic current density values can be an adequate reading

of corrosion at a selected measurement location point. Since the results can be pre-

sentedas three-dimensional spatial localized currentmaps, themaximal andminimal

values over the map usually can point very well to the most active zones. Therefore

the maximal anodic (Imax AN) and maximal cathodic (Imax CAT) current density values

are the first and simplest indicators for the characterisation of corrosion activity at a

selected sample.

In the case of a galvanic couple, when the single material corrosion separately

from galvanic system does not take place, usually tese values are strictly allocated

to the cathode and anode in the reaction cell. Therefore a good characteristic for the

whole galvanic couple could be the summarized maximal ionic current density (Isum),

which is the sum of the absolute values of cathodic and anodic maxima:

Isum = | Imax CAT |+ | Imax CAT |. (4.5)

Integrated ionic currents
An advanced approach is the integration of SVETmeasured ionic currents. Aswith the

scanning of a SVET probe, the ionic current measurement is not continuous, and the

map is presented as a raster of current density values the integration of these values

presumes the initial differentiation to the real allocated surface area related to each

data-point. For a characterization of a galvanic couple the integration of the absolute

values will again be the best solution, as it counts both the anodic and cathodic cur-

rents for the same system:

Iint = N∑
n=1

|in | ⋅ Sn, (4.6)

where |in| is the absolute value of the SVET current density measured at point n (at a

certain distance from the surface (usually 100–200 μm)), Sn is the surface area (cm
2)

corresponding to a singlemeasurement point, and N is the total number of data points

included in the calculation.
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Inhibition efficiency (IE)
The parameter for estimating the inhibition efficiency can be found as

IE = CR0 − CRinh
CR0

, (4.7)

where CR0 is the corrosion rate in the noninhibited medium and CRinh is the corrosion

rate in the presence of inhibitor. In the case of the SVET data the Isum and Iint are

proportional to the corrosion rate.

Synergistic parameter (S)
The parameter that numerically expresses the synergistic effect of two corrosion in-

hibitors can be found as suggested by Aramaki and Hackerman [78]:

S = 1 − IE1+2
1 − IE12 , (4.8)

where:

IE1+2 = (IE1 + IE2) − (IE1 ⋅ IE2). (4.9)

The parameters IE1, IE2 and IE12 are the calculated inhibition efficiencies for in-

hibitors 1, 2, and the mixture of 1 and 2, respectively. The values S > 1 indicate the

synergistic behavior of a selected inhibitor combination, while S = 1 refers simply to

the additive effect of inhibitors, and S < 1 is the case with antagonistic behavior of

selected inhibitors.

Calculation results for selected corrosion inhibitor mixtures
For an Al+CFRPgalvanic systemthe inhibition efficiencies (IE) and synergistic param-

eter (S) were calculated on the basis of the sums ofmaximal (Isum) and integrated (I
int)

ionic currents, as presented in Table 4.1. The difference between the two calculation

approaches can be noticed, while the parameters S (8.48) and Sint (2.77) are slightly

varied. However, as the values are clearly higher than unity (S >1) in both cases, the

evidence of the synergistic cooperation of Ce3+ andBTAon anAl+CFRPcouple in NaCl

corrosive media is proved.

Calculations based onmaximal SVET detected signal can be overestimated due to

the unevenly distributed corrosion activities on the surface, which can result in mul-

tiple current maxima, as was noticed also in Fig. 4.13(c). It shows that the comparison

of parameters from these two approaches could also give some additional information

about the grade of corrosion localization (possible pitting activities, for example), be-

cause in that case the multiple peak maxima can result in proportionally lower input

parameters for calculation, while the integrated current values are obviously closer to

the real situation.

An important factor to be taken into account when finding the synergistic inhibit-

ing mixtures is the concentration ratio between the components. The identification
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Tab. 4.1: Calculated inhibition efficiencies (IE) and synergistic parameter (S) for Al+CFRP galvanic
couple using maximal (Isum, IE, S) and integrated (Iint, IE int, Sint) ionic current values [48]

Al+CFRP
Solution Isum/μA cm−2 IE S Iint/mA cm−2 IEint Sint

Base solution NaCl 93.8 – 15.1 –

+ BTA

+ Ce(NO3)3

+ Ce(NO3)3+ BTA

127.9

46.8

7.5

–0.36

0.50

0.92

8.48 12.1

5.78

1.67

0.197

0.617

0.889

2.77

of inhibitor synergy and the characterization of many variables that affect inhibitor

performance (e.g., concentration, pH, T, etc.) cannot be predicted and must be deter-

mined experimentally. The influence of concentration on the synergistic effect of two

inhibitors can even lead to the situation when an antagonism is observed, as demon-

strated below (Fig. 4.15).

Synergy

Antagonism

A

A
0 50 100
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BFraction of B % in a mixture
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n 
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te
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.u
.

Fig. 4.15:Schematics representation of metal corrosion rate versus composition of a binary inhibitor
system (A:B) at a fixed pH (adapted from [14]).

Step 2. Encapsulation of corrosion inhibitors
After the efficient corrosion inhibitors or synergisticmixtures of inhibiting compounds

are found, thenext important step is the introductionof the inhibitors into the real pro-

tective system. The direct addition of inhibitors in polymer formulations often leads

to adverse effects, as mentioned above [79, 80]. Moreover, the release of inhibitors

in such cases is hard to control, which can be critical for synergistic mixtures since

an unfavorable concentration ratio between two components can be achieved. The
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synergism can become an antagonism in such a situation. This is the stage when the

application of nanomaterials can be a way to offer a solution. The encapsulation of

corrosion inhibitors in the form of nanocontainers can reduce the adverse effects on

polymer matrix and ensure a controllable release on demand. In this particular exam-

ple two types of functional nanocontainers were selected: layered double hydroxide

(LDH) and bentonite as functional cationic and anionic ion exchangers, respectively.

These nanoclay-based containers could confer a controllable delivery and functional

release of inhibitors by appearance of corrosion related species like Cl− or OH− in the

case of LDH [81, 82] and Men+ for bentonite [45].

Layered double hydroxides
Layered double hydroxides are known as hydrotalcite-like anion exchangers [81, 82].

This compound is formed with a layer-by-layer structure. Between two positively

charged layers of metallic cations/hydroxides there are negatively charged layers of

anions. Using the LDH capability for anionic exchange of some corrosion inhibitors,

like 2-mercaptobenzothialzole (MBT) or BTA, it could be incorporated into the struc-

ture in anionic form (Fig. 4.16).

NO3

BTA

BTA
BTA

BTA

BTA

NO3 NO3 NO3

NO3 NO3 NO3 NO3

BTA BTA BTA BTA

BTA BTA BTA

Fig. 4.16: The intercalation of the anticorrosion inhibitor (BTA) into the structure of LDH.

When LDH is loadedwith inhibitors and inserted into a protective coating structure, it

is supposed to be placed near a metallic surface. When corrosion of the substrate oc-

curs the formation of hydroxides begins concurrently. Then the anion-exchange capa-

bility of LDH is used again, as previously intercalated inhibitors can be replaced with

cathodically formed corrosion products (OH−), or even by invading corrosion agent

e.g. Cl− (Fig. 4.17).
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inh- inh- inh- inh-

inh- inh- inh- inh-

Nanocontainers (LDH)

CI–/OH–

Solution

Coating

Substrate

Fig. 4.17: Anion exchange reaction occurred with LDHs during corrosion protection mechanism in

active self-healing coating [83].

This leads to the main advantages of LDH use: (1) the controlled release of the in-

hibitor, and (2) the absorption of chlorides, whosepresence is critical for the corrosion

processes.

Bentonite
Bentonite is a natural clay mineral that can be used as a cation exchanger. It consists

of negatively charged alumosilicate sheets, between which the inhibiting cations can

be intercalated [45] (Fig. 4.18).

The release of the initially incorporated Ce3+ inhibitor can be triggered by metal

cations which are available in the locations of anodic corrosion process.

Step 3. Application of multifunctional coating
The next important stage is the introduction of encapsulated inhibitors into the poly-

mer formulation. The dispersion of nanocontainers can be an issue. Bad dispensabil-

ity can cause formation of agglomerates, which in turn negatively affects the barrier

properties of the coating. In this particular example bicomponent epoxy resin [48]

was used as a coating formulation. Fortunately the dispersion of the nanocontainers

was reasonably good, and no further surface modification was needed. The obtained

nanocontainer-containing polymer formulation can then be applied using different
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Al, Fe, Mg, Li

Li, Na, Rb, Cs

OH
O

Tetrahedral

Tetrahedral

Octahedral

Exchangeable cations

Fig. 4.18: Bentonite structure (adopted from [84]).

appropriate techniques in order to get a uniform nanocomposite coating. The formu-

lationwith 2wt.%of nanocontainerswas created. The coating tobe testedwasapplied

by a spiral bar coater with 40 μmwet coating thickness on top of a model galvanically

connected Al+CFRP planar substrate [48].

Step 4. Verification of active protection
The active protection functionality has to be verified after the coating is developed

for a specific multimaterial combination. One of the possibilities is to create artifi-

cial defects in the coating and observe the kinetics of corrosion processes in these

local zones. The systematic localized corrosion monitoring approach with SVET has

been applied to monitor corrosion protection properties of nanocontainers impreg-

nated coating. The self-healing abilitywas tested at artificially inducedneedle defects,

each located on both sides of an AA6061+CFRPgalvanic couple (Fig. 4.19(a)). The area

beyond the scan was isolated by wax to exclude any possibility of uncounted electro-

chemical activities, and the ionic current densities were monitored for up to 24 h of

immersion in 0.05 M NaCl corrosive medium (Fig. 4.19).

The typical SVET maps obtained in the case of two coatings, the blank one

(Fig. 4.19(c)) and the one containing a combination of nanocontainers (Fig. 4.19(d))

are presented. It can be seen that the anodic and cathodic activities are well defined
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Fig. 4.19: Schema of AA6061+CFRP microelectrode setup (a), microphotographs of coated gal-

vanic model-cell (b). The SVET maps for the sample with blank epoxy coating (c) and for the coating

loaded with combination of nanocontainers (LDH-BTA + bentonite-Ce3+ ) (d) obtained after 2 h, 12 h

and 24 h of immersion in 0.05 M NaCl [48].

and located strictly at the artificial defect zones over AA6061 and CFRP, in both cases

at thebeginning of immersion. Theblank systemdemonstrates relatively stable values

of corrosion currents in the defects, while in contrast awell-defined self-healing effect

is observed in the case of the nanocontainer impregnated coating. The activity at the

defect zones significantly decreased with time.

The average stabilized values of the anodic and cathodic ionic current densities

at the defect zones observed between 15 h and 24 h of immersion are presented in

Table 4.2. The system doped with LDH-BTA nanocontainers shows somewhat lower

activity than the blank coating, while the coating with Ce3+-bentonite demonstrates

even a slight increase of corrosion activity in the defect zones. The increase of activ-

ity can be related to a negative impact of the Ce-containing pigment on the barrier

properties of the coating, which is a commonly observed phenomenon [34].

Additionally the coated AA6061+CFRP galvanic cells were inspected during their

immersion in 0.5M NaCl in respect to the appearance of visible evidence of corro-

sion products or defects. In Table 4.2 the elapsed times without visible signs of cor-

rosion (no corrosion) are also reported. It can be seen that the blank reference coating
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Tab. 4.2: Time of immersion before appearance of visible corrosion defects (No corrosion) and SVET

parameters (anodic (IAN) and cathodic (ICAT )) for AA6061+CFRP model substrates with coating [48].

AA6061+CFRP with coating
Sample No corrosion / h IAN/μA cm−2 ICAT/μA cm−2

Blank coating
+Mg(2)Al-BTA
+ Bentonite-Ce3+
+Mg(2)Al-BTA+ Bentonite-Ce3+

12

192

48

408

12±1

5.4±0.4

14.7±1.3

2.1±0.2

– 8.9±0.5

– 8.5±0.7

– 9.8±0.7

– 1.1±0.1

rapidlydegraded during thefirst 12 h,while the coatingdopedwith the combination of

nanocontainers demonstrated the highest corrosion resistance: 408 hours until visi-

ble deterioration. This also clearly exceeds the coatingsdoped withonly BTA− or Ce3+-

loaded nanocontainers, which showed corrosion signs already after 192 h and 48 h,

respectively.

The observed self-healing effect can be clearly correlated to the synergistic inhibi-

tion effect of the mixture of cerium cations and benzotriazole released from bentonite

and LDH, respectively.

4.3 Concluding remarks

The brief overview presented in this chapter demonstrates that galvanic compatibility

is an issue which can significantly shorten the life of hybrid multimaterial structures

and can lead to unexpected premature failures. The design of structures, the correct

choice of joiningmethods, and the selection of proper materials can reduce the risk of

galvanic corrosion. Currentlymany technological solutions in thedirectionsdiscussed

have been developed to copewith this issue. However, most of these solutions assume

the additional application of different sealing or coating strategies in order to limit the

interaction of joined materials with moisture and corrosion agents coming from the

environment.

The coating technologies applied for single materials are being intensively trans-

ferred to thehybrid structures, althoughwithmany complications and important limi-

tations. The compatibility of the surface treatment process developed for onematerial

can be absolutely incompatible with another material in a hybrid structure. The new

path is to develop new surface treatment processes which can be applicable to multi-

material substrates. This can drastically improve the economical perspectives formul-

timaterial designs, especially in the automotive industry. However, passive protection

relying only on the barrier properties of sealants and coatings cannot be considered

as a final reliable solution. Different types of defects can appear during exploitation

leading to the degradation of barrier properties and unpredictable corrosion of joined

structure in such zones.
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The introduction of an active protection concept via the incorporation of “smart”

nanocontainers into protective coatings or sealants seems to be a promising approach

which allows control over the galvanic corrosion processes in multimaterial struc-

tures. The novel nanocomposite coatings can effectively respond to any change of

environment or to the beginning of corrosion processes by the release of corrosion in-

hibitors on demand, supressing the corrosion activities. The same approaches based

on active inhibitor-loaded nanocontainers can also be used in sealants and adhesives.

The development of such “smart” protective nanocoatings for multimaterial as-

semblies is a multistep process which should follow a certain procedure in order to

achieve a desirable performance. At the first stage themechanisms and the conditions

associated with the galvanic corrosion processes in a specific assembly should be un-

derstood. Later the efficient corrosion inhibitors should be selected for each particu-

lar case. The minimal and maximal concentration of the inhibitors as well as poten-

tial synergistic combinations should be explored. The use of synergistic mixtures can

ensure more efficient active protection even with lower inhibitor concentrations. The

inhibitors in most cases have to be encapsulated. Usually the functional nanocontain-

ers are preferable to microreservoirs, especially in the case of thin coatings where the

distribution of such pigments can be critical. The integration of nanocontainers into

the protective system is another challenge, and often some additional surface modifi-

cations of nanoadditives have to be performed in order to ensure good compatibility.

After completing all of these steps, it is possible to have a powerful tool for the design

of an active protective strategy for amultimaterial structure. The advantage of such an

approach is that active elements can be combined in different ways in order to ensure

a reliable protection for a wide range of material combinations. Ideally, onemulticom-

ponent active protection scheme can be applied for multimaterial structure such as a

complex car body.
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5 Failure of dissimilar material bonded joints
Abstract: Joining ofmaterials in structuraldesign has alwaysbeen a challenge for engi-

neers. Boltingand riveting has been used for many years, until the emergence of fusion

welding which revolutionised construction in areas such as shipbuilding, automotive,

infrastructure andconsumergoods. Extensive research in thepast 50years has resulted

in better understanding of theprocess andminimised the occurrence of failures associ-

ated with fusion welding such as, residual stress cracking, stress corrosion and corro-

sion fatigue cracking, localised reduction in mechanical properties due to microstruc-

tural changes (heat affected zone) etc. Bonding has been a technique that has been

proposed as an alternative because it eliminates several of the problems associated

with fusion welding. But, despite some applications it has not seen wide use. There

is however a renewed interest in adhesively bonded joints, as designers look for ever

more efficient structures which inevitably leads to the use and consequently joining of

combinations of lightweight materials, oftenwith fundamentally different mechanical

andphysical properties. This chapterprovides a reviewof adhesively bonded joints and

reports on improvements to bonded joint strength through the introduction of carbon

nanotubes at the bond interface. Results from various workers in the field are reported

aswell as thefindings of the authors in this area of research. It is obvious that there are

several challenges that need to be addressed to further enhance the strength of bonded

joints and worldwide research is currently underway to address those shortcomings

and build confidence in the implementation of these new techniques.

5.1 Introduction

Hybrid structures consisting of two or more dissimilar materials with fundamentally

different mechanical, thermal, and physical properties are increasingly making in-

roads in structural design, as it is the only way of pushing the boundaries in terms

of lightweighting and functionality that would not be possible with structures made

of a single material.

A fundamental aspect of this approach is the ability to join effectively such ma-

terials to achieve a smooth transfer of service loads from one material to the other.

The joining of any two materials requires the presence of an “interface” that adheres

strongly to both materials to be joined so as to transfer effectively the load between

the two components. This “interface” can have many forms, depending on the phys-

ical properties of the materials to be joined. A “welded” joint is produced by input

of heat to melt the material while simultaneously mixing in the moltenmaterial pool

a third material in the form of wire (normally called “filler wire”) that provides the

intermediate phase for joining of the twomaterials.
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Due to the different chemical, mechanical, and thermal behaviors of materials

in hybrid structures, joining presents challenges significantly different than those for

similar materials.

Bonding, bolting, and riveting have traditionally been the methods used for join-

ing dissimilar materials. Althoughall techniques have been used in the past, adhesive

bonding is considered the most efficient method, because it is the most lightweight

solution, it removes the stress raising effect of pins/rivets, it removes the possibility of

loosening of the joint due to vibration or compressive creep (for some materials), and

achieves a smooth transfer of stress from one material to the other. In addition, the

composition and properties of the region adjacent to the interface must be tailored in

such a way as to achieve an efficient and smooth transfer of stress without giving rise

to zones with high peel or shear stresses. This chapter will therefore concentrate on

the mechanical performance of adhesively bonded joints.

5.1.1 Adhesively bonded joints

“Adhesive bonding” was introduced into structural design approximately 70 years

ago, starting with metal/wood bonding in aircraft (phenolic resin, UK) and metal/

metal bonding (epoxy resin, Germany) in the early 1940s, which allowed more flex-

ibility in structural lightweight design. In the late 1960s rubber-like, hyperelastic

polyurethane adhesives were first used for bonding glass to steel structures in auto-

motive applications. These types of adhesives recently became, in new and improved

formulations, good candidates for FRP/metal structural bonding. To date there are

several structural adhesive types tailored for specific applications. The list of those

adhesives is exhaustive, and providing detailed information on those is beyond the

scope of this chapter.

The use of adhesive fracture mechanics is one of the most common and useful

typeof analysing a single-lap joint, taking into consideration themainparameters that

influence the failuremode, like the joint geometry and theproperties of adherends and

adhesives. Oneof the analyticalmodelswasfirst proposedby Volkersen in 1938 [1] also

known as the “shear-lag model”. The adhesive shear distribution τ is given by

τ = Pω
2b
⋅ cosh (ω x)
sinh (ω l

2 ) + (
tt − tb
tt + tb ) ⋅ (

ω l

2
) ⋅ sinh (ω x)

cosh ( ω l
2 ) ,

where ω = √ Ga

Ettta
(1 + tt

tb
).

The reciprocal ofω has units of lengthand is the characteristic shear-lag distance,

a measure of how quickly the load is transferred from one adherend to the other. tt is

the top adherend thickness, bt is the bottom adherend thickness, at is the adhesive

thickness, b is the bonded area width, l is the bonded area length, E is the adherend

modulus, a G is the adhesive shear modulus, and P is the force applied to the inner

adherend. The origin of x is the middle of the overlap and is shown in Fig. 5.1.
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Fig. 5.1: Volkersen model.

The model was then further extended by Goland and Reissner [2], who were the first

to consider the effects due to rotation of the adherends; see Fig. 5.2.
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Fig. 5.2: Goland & Reissner model.

The adhesive shear distribution τ according to Goland and Reissner is given by

τ = − 1
8

P

c
⋅ {{{

βc

t
(1 + 3k) cosh (

βc
t
x
c )

sinh ( βct ) + 3 (1 − k)
}}}
,

where P is the applied tensile load per unit width, c is half of the overlap length, t is

the adherend thickness, and k is the bending moment factor given by

k = cosh (u2c)
cosh (u2c) + 2√2 sinh (u2c) ,

where u2 = √ 3(1−ν2)
2

1
t
√ P

tE ; β
2 = 8 Ga

E
t
ta
and ν is the Poisson’s ratio.

Although the work of Volkersen and Goland and Reissner was a major step for-

ward in stress analysis of adhesively bonded joint, it faces several limitations. Some

analytical models are difficult to be incorporated because the analysis becomes very

complex, so most of the analyses are linear elastic for both adherends and adhesive.

Regarding the conditions of applicability and the stresses considered, the suitable

model can be applied. In a case where the joint bending is not neglected and the ad-

hesive is brittle, Volkersen’s analysis is sufficient, but when yield and peel stresses of
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the adhesive and/or the adherends are under consideration, a more complexmodel is

necessary.

The analysis by Goland and Reissner for the single lap joint has been generalized

by Bigwood and Crocombe [3, 4], so that it can be applied to an arbitrary end loaded

single overlap configuration and take account of adhesive nonlinear behavior. The

resulting analyses can be applied to single lap joints as well as to many other config-

urations, as shown in Fig. 5.3.

V11

x

V21 V22

T11
M11

M21

T21

T12
M12

M22

T22

V12

Fig. 5.3: Arbitrarily end loaded single overlap joint.

The resulting expressions for the adhesive shear and transverse direct stress in terms

of the adhesive strains and hence substrate displacements are:

τ = G𝛾 = G (u1−u2)
η

, s = Eε = E (ν1−ν2)
η

12
Shear stress

1.62 mm
1.62 mm
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Fig. 5.4: Goland & Reissner’s adhesive shear and peel stress distribution for aluminum alloy ad-

herends and an epoxy adhesive.

 EBSCOhost - printed on 2/14/2023 1:24 PM via . All use subject to https://www.ebsco.com/terms-of-use



5 Failure of dissimilar material bonded joints | 107

Although the analyses of adhesively bonded joint failure by Volkersen and by Goland

and Reissner are significant, they do have a number of limitations:

(1) themodels donot take into account the variationof stress in the through thickness

direction, especially the interface stresses which become significant when failure

takes place close to the interface;

(2) the stress-free condition at the ends of the overlap are ignored, which results in

overestimation of the stress at the overlap ends and tends to yield conservative

failure predictions;

(3) the adherends are considered as thinbeams, ignoring the through thickness shear

and normal deformations. Adherend shear is particularly important in polymer

composite adherends.

These limitations were addressed by Ojalvo and Eidinoff [5], who investigated the

shear and normal deformations in the adherends. They extended the work of Goland

and Reissner by using a complete shear strain/displacement equation for the adhe-

sive layer to investigate the influence of adhesive thickness on the stress distribution.

The adhesive shear stress was allowed to vary across the thickness, irrespective of

the thickness of the adhesive, but the adhesive peel stress was maintained constant

across the thickness. The adhesive longitudinal normal stress was neglected when

compared with the adherend longitudinal normal stress. They concluded that the

main difference between the theories that include and those that ignore adhesive

thickness effects occurs at the ends of the overlap: the maximum shear stress in-

creases and the peel stress decreases with the inclusion of this effect. The effect of the

adhesive thickness is more significant with short overlaps, thick adherends, and stiff

adhesives.

One of the drawbacks associated with adhesive joints is owed to the stress singu-

larity whichdevelops at the interface corner due to elasticmismatches,whichmay ini-

tiate failure at the interfaces. Failure can often initiate unexpectedly in a catastrophic

manner under relatively lowmechanical or thermal service loads.

It is, however, important to understand how cracks propagate, in terms of both

their direction and directional stability, which requires more information about the

stress state at the crack tip. Williams, in 1957 [6], developed an asymptotic stress ex-

pansion equation which characterises the stress state in the viscinity of the crack tip

as follows:

[σxx σxy
σxy σyy

] = KI√2π r cos(
θ

2
) [1 − sin ( θ2) sin ( 3θ2 ) sin ( θ2 ) sin ( 3θ2 )

sin ( θ2) sin (3θ2 ) 1 + sin ( θ2 ) sin (3θ2 )]
+ KII√2π r [

− sin ( θ2 ) [2 + cos ( θ2 ) cos (3θ2 )] cos ( θ2 ) [1 − sin ( θ2 ) sin (3θ2 )]
cos ( θ2 ) [1 − sin ( θ2 ) sin ( 3θ2 )] sin ( θ2) cos ( θ2) cos ( 3θ2 ) ]

+ [T 0

0 0
] + O (√r) ,
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where r and q are the polar coordinates, and KI and KII are the mode I and mode II

stress intensity factors at the crack tip, respectively. The third term is nonsingular and

acts parallel to the crack plane. This term is normally referred to as the “T-stress”. A

Cartesian coordinate is set at the crack tip and the x direction is that of the crack plane.

The stress state at the crack tip dictates the direction of crack propagation in ho-

mogeneousmaterials, and, followingseveral different investigations over the past few

years, three main criteria for the direction of crack propagation have received much

attention:

(1) maximum opening stress criterion which dictates that the direction of cracking is

perpendicular to the direction of maximum opening stress [7];

(2) mode I fracture criterion, which states that a crack will propagate along a path

such that pure mode I fracture is maintained at the crack tip [8, 9];

(3) maximum energy release rate criterion, which states that the direction of crack

propagation can be obtained bymaximizing the energy release rate as a function

of the angle of crack kinking [10].

Although these criteria were developed for homogeneous materials, they are also ap-

plicable to adhesively bonded joints, but care should be taken in dissimilar material

joint interfaces, due todifferences in fracture toughness in thevicinity of the interface.

In the Williams equation shown above, the T-stress is the most important term in

determining the directional stability of crack propagation. If the T-stress in negative

(compressive), a stable crack growth occurs. If the T-stress is positive (tensile), the

crack growth is unstable, and the crack will deviate away from the original path.

The first criterion above related to the loadingmode ismost commonly used, since

they all yield similar experimental results. This states that the direction of cracking

depends on the ratio of mode II versus mode I fracture components at the crack tip.

This in turn means that the crack path will be straight under mode I, but will deviate

from a straight path under mixed mode loading.

The discussion of directional stability of cracks in adhesively bonded joints was

described by Chai [11–13], who described the crack trajectory in the mode I delamina-

tion failure of graphite reinforced epoxy composite laminates and aluminum/epoxy

bonds. In his work, the crack periodically alternated between the two interfaces with

a characteristic length 3–4 times the thickness of the adhesive layer. More specifically,

as the crack advanced, the crack propagated along one interface and then gradually

deviated away with an increasing slope until the other interface was approached. An

abrupt kink then occurred when the crack approached the opposite interface, and the

crack stayed at the interface for a distance about 2–3 times the thickness of the adhe-

sive layer before deviating from the interface again. This trajectory obviously reflects

very directionally unstable crack propagation. However, it was later shown by other

workers that the crack trajectory canbe affectedby the residual stress state in adhesive

bonds [14] and the T-stress level [15, 16]
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The J integral (apath independent integral)method to calculate the energy release

rate (ERR), first presented by Rice in 1968 [17], has been used to assess the fracture

behavior of adhesively bonded joints. For a monotonically loaded process, large-scale

bulk inelasticities and nonlinear interfacial cohesive separations might be considered

by the J-integral method. This approach has given rise to the development of cohesive

zone models (CZM), and over the past 30 years numerous studies to investigate the

nonlinear fracture of adhesively bonded joints have been carried out [18].

Parrinello et al. [19] developed an interface constitutive model in order to inves-

tigate the mechanical behavior of the internal adhesive layers in bonded substrates.

Based on the damage mechanics theory this model captured the transition of the ad-

hesive from the sound elastic condition (elastic behavior) to the entirely cracked one

(frictional behavior). The interface intermediate mechanical properties during the for-

mation and development of microcracks to macrocracks were calculated. Ouyang et

al. [20] proposed a natural boundary condition basedmodel for the local damage evo-

lution of double cantilever beam specimens. Crack initiation and propagation, local

deformation, and interfacial stress distribution were modelled as a function of the re-

mote peel load using the bilinear cohesive laws. The nonlinear response during load-

ing and unloading stages was predicted and verified using both experimental and nu-

merical results.

Högberg [21] presented a traction-separation relation. The fracture process for dif-

ferent fractureparameters, suchas fracture energy, strength, andcritical separation in

different mode mixities for unsymmetrical and mixed-mode double cantilever speci-

mens, was modelled. The advantage of the proposed cohesive law is that it can be

applied for mode I (peel), mode II (shear), and mode III (mixed mode) and model the

fracture process without being altered for the different mode mixities.

Mixed mode double cantilever beam specimens were tested in [22] under shear

and/or peel forces. Two different approaches of the J-integral expression were used to

evaluate the energy dissipation in the failureprocess zone. The constitutive properties

of the adhesive layers obtained by an inverse method were found to be coupled, i.e.

the peel and shear forces depend on the peel and shear deformations.

5.1.2 Effect of adhesive thickness

The effect of thickness on the fracture performance of adhesively bonded joints has

received limited attention over the past few years although there are some interesting

pieces ofwork found in the literaturewhere the globalbehavior of joints withdifferent

adhesive thicknesses have been carried out [23].

Fleck et al. [24] also showed that the T-stress is closely related to the specimen ge-

ometry i.e. the thickness of the adhesive layer and the thickness of adherends for DCB

specimens. The T-stress increases with the thickness of the adhesive but decreases

with the thickness of the adherend for this bonding geometry. This specimen geome-
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try dependence of the T-stress level suggested a variation of the directional stability of

cracks as the specimen geometry changes.

Chai [25] studied the mode II and III fracture of three different adhesive systems,

i.e. two thermosetting resins, i.e. H3502 and BP-907, and PEEK, which is a semicrys-

talline thermoplastic. The adhesive bondline thickness varied up to amaximumvalue

of a fewmicrons, so that the bulk fracture behavior was exposed. The adherends were

either an aluminum alloy or structural steel. For the thin bondline joints and for all

three adhesives, the main source of energy consumption is due to shear yielding or

distortion. As the adhesive thickness decreased, the fracture work, Gsc, decreased

monotonically after it had reached a plateau. Another important conclusion extracted

from this work was the coincidence of the forward and anti-plane shear components

for all three cases of adhesive. Chai also incorporated particles into the epoxyadhesive

aiming at the alteration of the fracture resistance [26]. DCB specimens with aluminum

substrates bonded with two different types of adhesive under mode I, II, and III were

evaluated. Shear strain increased with decreasing the bondline thickness, and it was

higher for the FM1000 adhesive (elastic-plastic behavior) than for the F185 adhesive

(strain hardening). GIIC and GIIIC, which were not affected by the bondline thickness,

were found to coincide. In addition, when the bondline thickness was decreased as to

approach themicrometre range, the three fracture energies obtained the same value.

Ikeda et al. [27] studied the J-integral and the near-tip stress of a crack in a joint

with hard substrates, which were adhesively bonded with a ductile adhesive. Edge

cracked plate (ECP) and tapered double cantilever beam (TDCB) types of specimens

were tested. It was determined that stress distributions near a crack tip for both ECP

and TDCB agreed with each other when the bond thickness was the same. However, a

decrease of the bond thickness increased the stress ahead of a crack tip, resulting to

thedecreaseof fracture toughness. Therefore, itwas concluded that stress distribution

did not depend on the shape of the specimens, but on the bond thickness and the

J-integral.

Kafkalidis et al. [28] usedanembedded-process zone (EPZ) to investigate themode

I parameters for plastically deforming adhesively bonded joints. Steel and aluminum

substrates were bonded together with a thin layer of adhesive in order to manufac-

ture symmetrical joints. It was found that the “intrinsic” toughness of these systems

was not affected by either the adherend properties or the adhesive thickness. Cohe-

sive zone elements [11] were also embedded in order to simulate the fracture process

in adhesively bonded joints with steel substrates while varying the adhesive and ad-

herend thickness. Plastic dissipation was found to be affected by the variation of the

thicknesses, i.e. it increased when theadhesive thickness increased, until it decreased

to reach a plateau for very thick adhesives. It also increased with the decrease of the

adherend thickness.

Recently, work by Ji et al. [30] assessed the bondline thickness effect through sim-

ple DCB tests.
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Fig. 5.5: Schematic of DCB specimen.

The analysis is based on the J-integral approach as developed by Rice [17]:

J = ∫
Γ

(Wdy − T ∂u
∂x

ds),
whereW(x,y) is the strain energy density, x and y are the coordinate directions, T = nσ
is the traction vector, n is the normal to the curve or path Γ, σ is the Cauchy stress,

and u is the displacement vector. For the geometry of a DCB, Anderson and Stigh [31]

developed an expression for the J-integral as follows:

J = (Pa)2
D
+ P ⋅ θ0 = P ⋅ θP,

where J is the energy release rate of the DCB specimen during crack initiation process,

P is the global peel load at the loadline, D is the adherend’s bending stiffness, θ0 and

θP are the relative rotations between the upper and lower adherends at the crack tip

and at the loadline, respectively, and d is the crack tip opening or separation. The

results of that work have shown that the fracture energy and the characteristic energy

release rate both increase with increasing bondline thickness. However, it was found

that the interfacial strength is high at small bondline thicknesses (< 0.1 mm) and then

drops rapidly at a bondline thickness of 0.2 mm, while thereafter the increase of the

adhesive thickness marginally reduces strength.

In contrast, work by Afendi et al. [32], although it demonstrated the effect of bond

line thickness on failure stress, failed to show any effect on the fracture performance

of bonded joints where JIC remained constant for bond line thicknesses from 0.1 mm

to 1.2 mm. Afendi et al. based their work on the analysis carried out by Akisanya et

al. [33], who introduced the effects of the interface corner toughness HC , which is

described through a parametric expression of the form

HC = σCtqQ (α, β) ,
whereQ is a nondimensional constant function of the material elastic parameters, t is

the interface thickness, σC is the applied stress at the free corner, and q is a constant.

Despite extensive work being carried out, the mechanisms of the dependency of

joint strength and fracture on bondline thickness are not yet clarified.
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Fig. 5.6: Variation of Jo and Jc with bondline thickness [31].

5.1.3 Carbon nanotube-enhanced adhesively bonded joints

In the past decades several research works have been carried out focusing on the ef-

fects of incorporating nanoparticles in polymers. By tailoring the adhesive properties,

a stronger interfacial bonding between the matrix and the filler can be achieved, and

this potentially leads to an increased load-bearing capability of the joint [34–37].

Various nanofillers have been used up to now in order to improve the adhesive

properties of the joint. In [38] the effect of nano-SiC particles was evaluated in terms of

mechanical and thermal properties of both lap joints andbulkmatrix. A comparisonof

the micro- and nano-SiC was also investigated, with the nano-SiC composites having

better properties. Lap shear strengthwas improved, when the adhesive was reinforced

with silane treated SiC particles reaching a maximum value at 20 wt.%. A further in-

crease of the particle content though led to a decrease of the lap shear strength.

Yu and Wang [39] added 10 wt.% of various particles, such as Al, Ag, and Ni (mi-

crosized) and Ag and Al (nanosized) into the neat resin in order to investigate their

effect on wear rate and the several mechanisms of wear, such as deformation, de-

lamination, and adhesion. The presence of Ag particles increased the wear rate of

polyethylene (LPDE)whencompared toneat resin,whereas theAl particles decreased.

Nanoparticles seemed to be again more effective than microparticles.

Another type of nanofiller which is also used as reinforcement is carbon nan-

otubes (CNTs), due to their remarkable mechanical, thermal, electrical, and optical

properties. In general, polymer-based nanocomposites exhibit much better mechan-

ical, thermal, and multifunctional properties compared to those of the polymer ma-

trices reinforced with microparticles. However, CNTs have also been used in adhe-

sively bonded joints to enhance their mechanical behavior. Srivastava [40] bonded

carbon/carbon and carbon-silicon carbide composites using both pure epoxy resin
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and resin reinforced with 3 wt.% of CNTs. He reported that CNTs increased the joint

strength and fracture toughness of the joints when compared to values obtained from

the joints bonded with neat resin.

5.1.3.1 Toughening mechanisms
The addition of nanofillers to base adhesive formulations generally improves themod-

ulus and mechanical strength. However, the main objective in these cases is to in-

crease fracture toughness without any decrease of the adhesive characteristics. The

increase in fracture toughness is oftendue todifferent tougheningmechanisms which

take place during the test. According to Gojny et al. [41], the toughening mechanisms

that arise whenCNTs are added into thematrix act at two different dimensional levels,

i.e. themicro- and nanolevels. Crack pinning, crack deflection, and crack blunting are

considered to be micromechanical mechanisms. Other mechanisms, such as pullout,

interfacial debonding, void nucleation, and crack bridging, do exist in the microlevel;

however, they can occur at the nanolevel as well.

Many researchers have investigated these tougheningmechanisms in order to de-

termine the relationship between the microstructure and fracture behavior. A brief

review to explain how the CNT composite performance is affected is described below.

During the crack-pinningmechanismparticles arrange in lines and act as obstacles

for the crack front. Therefore, the crack front has to bow locally between the filler par-

ticles in order to pass through the line they form (Fig. 5.7). The particles are considered

as toughening agents, because the crack front remains pinned at them resulting to an

increase of the crack length. Secondary cracks can also be generated which coalesce

after passing the particles [42]. As the strain energy increases, local step fracture oc-

curs, and the pinned points are released, creating a “tail-like” feature on the fracture

surface. During this process the propagation rate is slowed down, which finally leads

to an increase of the fracture toughness due to the absorbed amount of energy.
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Fig. 5.7: Crack pinning process.
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Faber and Evans [43] proposed another mechanism, called the crack-path deflection

mechanism, which can also contribute to the improvement of the fracture toughness.

According to this mechanism, the particles cause the crack to deviate from its original

path. As the crack front approaches the particle/matrix interface, the crack is forced

to change direction and pass around them along the interface. This deflection con-

tinuously changes the local stress state from mode I (crack opening) to mixed-mode.

Therefore,more energy is absorbed topropagate a crackundermixedmodeconditions

than under pure mode I, which results in a higher fracture toughness of the material.

Although this mechanism does not seem to depend on the particle size, it is believed

that uneven spacing provides better results than uniform spacing [44, 45].

A key factor that greatly affects the toughening mechanisms is the nature of the

interface region between the particle and the matrix. The interface must be of suffi-

ciently low toughness, so that the particle will not be able to slide both too easily and

with too much difficulty. In the case of a very strong bonding between the matrix and

the CNT, fracture of the outer layer of the tube or even a complete rupture of the CNT

can occur.

When the CNT/matrix bonding is weaker, another tougheningmechanism called

pullout (Fig. 5.8(a))maybe favored. In this case theCNT is pulledout of thematrix lead-

ing to a partial interfacial debonding and enabling the particle bridging mechanism

(Fig. 5.8(b)), where the particles are stretched between the edged of the propagating

crack, and therefore, more energy is absorbed prior to failure.

Elastically 
deformed
Plastically
deformed

Bridging

Plastic zone

i)

a) b)

ii)

Fig. 5.8: (a) Pullout (i) Initial state of the CNT (ii) Pullout caused by CNT/matrix debonding in case of

weak interfacial adhesion, and (b) Crack Bridging

Microcracks, which can be created close to the crack tip, are able to reduce the stress

intensity, because they allow the residual stress release resulting to the fracture tough-

ness improvement. Certain size and spatial distributions of microcracks in the vicinity

of themain crack tip act as a hindrance to the crack and reduce the crack propagation

rate.
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Another mechanism that might occur is crack blunting (Fig. 5.9). During crack

propagation, macromolecular chains in the vicinity of the crack tip are stretched and

broken. The initial sharp crack becomes more and more blunted as a result of the for-

mation of a plastic zone and decohesion of particles. The stress concentration effect

at the crack tip becomes lower and the crack is slowed down.

Blunted 
crack tip

Plastically 
deformed zonea) b)

Fig. 5.9: Crack Blunting; (a) the crack at the beginning, (b) the blunted crack

Particles may also cause localized plastic deformation of the polymer matrix [46] (i.e.

shear banding and crazing) and as a result enhance the fracture toughness. Shear

banding is a narrow zone of intense shearing strain, usually of plastic nature, devel-

oped during severe deformation of a glassy polymer and results in partial orientation

of the polymer chains [47]. Crazes are microscopic regions of highly localized plastic

deformation similar to those developed on a macroscopic scale in glassy polymers.

Crazing occurs in regions of high hydrostatic tension, or in regions of high localized

yielding, which leads to the formation of microvoids (Fig. 5.10) oriented parallel to the

tensile direction. If an applied tensile load is sufficient, these crazed regions elongate

and break, causing the microvoids to grow and coalesce and cracks begin to form.

Inclusion of rigid particles induces stress concentrations and alters the local stress

state,which favors local plastic deformation. Because of the large number of particles

in nanocomposites, potentially more plastic deformation may exist in these systems

than in the unfilled polymer, leading to higher fracture toughness.

Debonding Void growth

Fig. 5.10:De-bonding and Void-Growth mechanism.

Despite the various toughening mechanisms proposed by different researchers, it is

difficult to explain an experimental result based only on one theory. Fracture is a com-

plex phenomenon, and more than one of the mechanisms that were described above

may take place at the same time.
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The aforementioned toughening mechanisms that change the properties of the

CNT/epoxy polymer can also affect the joint performance, when this polymer is used

as the adhesive. Hsiao et al. [48] investigated the mechanical properties of a CFRP

(carbon fiber reinforced polymer) joint with CNT/epoxy adhesive. It was found that the

shear strength was increased by 31.2 % and 45.6 %, when 1 % and 5 wt.% MWCNTs,

respectively, were added into the epoxy. This increase is related to the enhanced me-

chanical properties of the nanoreinforced adhesives and the change of the failure

mode of joints. The failure mode of the bonded joints with nonmodified epoxy ad-

hesive was adhesive, i.e. occurred at the epoxy along the bonding interface and no

significant damages were observed on the composite adherends. In contrast, the fail-

ure mode changed to cohesive in the case of nanoreinforced adhesive. The nanotubes

effectively transferred the load to the adherends, leading to the composite failure.

5.1.3.2 Functionalization and dispersion
It has been reported in many studies that after the addition of CNTs into the matrix,

many properties of the material are improved. In [46], the average fracture toughness

of 1 wt.% and 3 wt.% MWCNT/epoxy composites is 1.29 and 1.62 times that of pure

epoxy respectively, and the 0.5 wt.% MWCNT/epoxy composite fatigue lives are 10.5

and 9.3 times of the average fatigue life of neat epoxy. However, CNT addition into

polymers does not always improve the properties of the composite material. There are

also studies confirming that the increase of some of the properties is not that signif-

icant, or it does not exist at all, especially when the weight percentage of the CNTs

is increased more than a certain value. In [49], the experimental results reveal that

varying the weight percentage of the nanofillers into the epoxy adhesive favorably in-

fluences the shear strength and modulus. On the other hand, the results also indicate

that increasing the amount of the nanofillers beyond a certain weight fraction, a drop

in the values of the properties is observed.

This inconsistency among the results in different studies may be attributed to the

factors that determine the CNT performance. These factors are the state of dispersion

and orientation of CNTs into the matrix. The interaction of CNT with the matrix as

well as the interface between the nanoparticles and the matrix also play an important

role. Uniform CNT dispersion is very challenging, because as-produced CNTs are of-

ten held together in bundles by strong van derWaals forces. Manymethods have been

developed to assist dispersion, and they can be generally classified [29] into three cat-

egories.

(1) Direct mixing: CNTs are dispersed in the polymer matrix by a mechanical force,

such as shear-intensive mechanical stirring using a dissolver disk or ultrasonica-

tion [50]. However, the quality of dispersion is not always satisfactory and if either

too aggressive or long sonication takes place, CNTs can be seriously damaged.

(2) Chemical surfacemodification: treatment of CNTswith strong acids, such as nitric

acid, orwith other strong oxidizing agents, such as KMnO4/H2SO4. The downside
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of thismethod is that the oxidative treatment tends to disrupt the conjugatedelec-

tronic structure, shorten the CNTs, anddeteriorate their electrical andmechanical

properties.

(3) A third component is added to assist the dispersion of CNTs in solvents and

polymer matrices. The third component might be surfactants, polyelectrolytes, or

surfactant-like block copolymers [54]. These chemicals are beeing adsorbed onto

the walls of CNTs during sonication, and the dispersion is stabilized by repulsive

electrostatic interactions between the surfactants adsorbed on nanotubes. The

use of block copolymer Disperbyk 2150 (alkylammonium salt of a low-molecular

weight polycarboxylic acid polymer) was investigated in [51] and [52] and found

to improve dispersion.

Konstantakopoulou and Kotsikos [55] have also reported a beneficial effect of intro-

ducing multiwall carbon nanotubes (MWCNT) in epoxy resin to bond steel to glass-

reinforced composite joints. They evaluated several wt.% contents of MWCNTs in

epoxy, and an improvement on shear strength was found in all cases. An optimum

strength was achieved with a MWCNT content of 0.1 % (Fig. 5.11).

Weight fraction (%)

Sh
ea

r s
tre

ng
th

 (M
Pa

)

25

20

15

10

5

0
0 0.1 0.3 0.5

Fig. 5.11: Effect of addition of MWCNT (%wt) on the failure strength of lap shear joints.

Byexamining the fracture surfaces of the single lap joints, a change in the failuremode

was also observed. In the case where the adhesive is pure epoxy resin, the joints failed

adhesively (Fig. 5.12(a)), but after the addition of MWCNTs, this failure mode changed

to cohesive where parts of the adhesive are on both substrate surfaces (Fig. 5.12(b,c)).

This suggests that CNTs change the failuremechanism leading the crack tomove from

one adhesive/adherend interface to the opposite interface by propagating through the

adhesive layer.

It was noted, however, that there is a large scatter observed in the experimental

results. This was attributed to insufficient dispersion of the MWCNTs of the results.
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(a) (b) (c)

Fig. 5.12: Adherend surfaces after failure: (a) epoxy resin, (b) 0.1 CNT wt.%, (c) 0.3 CNT wt.%.

Examination of samples of adhesive in a scanning electron microscope (SEM) have

shown regions of agglomeration of MWCNTs that act as initiators of cracks (Fig. 5.13).
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Fig. 5.13: Scanning electron micrographs of MWCNT filled epoxy resin (RS-L135) fracture surface

showing aggregated area (0.3 wt.% and sonication time = 30 min): (a) ×3,500 magnification,

(b) ×10,000 magnification.

5.2 Conclusions

The failure prediction of adhesively bonded joints is a complex undertaking as there

are several parameters that can cause premature failure. Recent development in nan-

otechnologies have shown that the performance of adhesively bonded joints can be

improved by the introduction of nanoparticles in the adhesive. This has increased the

complexity of the fracture mechanics assessment of such joints, since the presence of

nanoparticles introduces furtherparameters that influence crack initiation andpropa-

gation. Despite theories being available to describe how nanoparticles enhance bond

strength, there is still a lot of work to be done to create reliable failure models for

predicting failure of nanofilled adhesives. Furthermore, the issue of adequate disper-

sion of the nanoparticles needs to be addressed in more detail as it introduces signif-

icant scatter in the experimental results and also uncertainties for industrial applica-

tions.
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