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The need for industries to remain competitive in the welding business, has created necessity
to develop innovative processes that can exceed customer’s demand. Significant
development in improving weld efficiency, during the past decades, still have their
drawbacks, specifically in the weld strength properties. The recent innovative technologies
have created smallest possible solid material known as nanomaterial and their introduction
in welding production has improved the weld strength properties and to overcome unstable
microstructures in the weld. This study utilizes a qualitative research method, to elaborate
the methods of introducing nanomaterial to the weldments and the characteristic of the welds
produced by different welding processes. The study mainly focuses on changes in the
microstructural formation and strength properties on the welded joint and also discusses
those factors influencing such improvements, due to the addition of nanomaterials. The
effect of nanomaterial addition in welding process modifies the physics of joining region,
thereby, resulting in significant improvement in the strength properties, with stable
microstructure in the weld. The addition of nanomaterials in the welding processes are,
through coating on base metal, addition in filler metal and utilizing nanostructured base
metal. However, due to its insignificant size, the addition of nanomaterials directly to the
weld, would poses complications.
The factors having major influence on the joint integrity are dispersion of nanomaterials,
characteristics of the nanomaterials, quantity of nanomaterials and selection of
nanomaterials. The addition of nanomaterials does not affect the fundamental properties and
characteristics of base metals and the filler metal. However, in some cases, the addition of
nanomaterials lead to the deterioration of the joint properties by unstable microstructural
formations. Still research are ongoing to achieve high joint integrity, in various materials
through different welding processes and also on other factors that influence the joint
strength.
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1

INTRODUCTION

For every material, atoms and molecules are the essential elements, where the arrangement
of molecules or bonding between the molecules determines the microstructure and property
of the materials. The smallest possible condensed solid material that can be fabricated is only
at the nanoscale level, below which only atoms and molecules can exists (Koodali &
Klabunde, 2012). By structuring the materials at nanoscale, new property can be attained to
the material (Wolfgang, 2004). So, the nano-structured material have always resulted in
higher strength compared to material with coarse structures (Kuznetsov & Zernin, 2011).
Nanomaterials classification according to different aspects with its examples are shown in
the Figure 1 and some of the majorly classified nanomaterials have been discussed with its
application.

Figure 1. Classification of nanomaterials according to dimension, phase composition and
manufacturing process (Wolfgang, 2004).
Nanoparticle or nanopowders is one of important nanomaterials and have been used in
various industrial sectors. For example, the nanopowders have been used in medical
industries as drugs as well as used as a treatment for tumours (Maestro, et al., 2007(a)).
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Various applications in engineering fields also uses nanoparticle or nanopowders, as a
reinforcing materials, due to its unique electrical, mechanical and chemical properties, which
has been utilized from small size to high surface/volume ratios (Puntes, et al., 2001; Choy,
et al., 2003; Narayanan & El-Sayed, 2004; El-Sayed, 2004). Some of the commercially
available nanoparticles in the form of powders are metal oxide, ceramic carbides, noble
metal and mixed oxide such as Aluminium oxide (Al2O3), Silicon carbide (SiC), Silver
nanoparticles (Ag) and Indium-tin oxide. These nanopowders have been added to the metals
for improvising the properties and strength. (Wolfgang, 2004)

Nanowire (NW) and nanotubes (NT) are linear structure that are produced from carbon
element. These carbon nanotubes have carbon atoms bonded in the hexagon shape resulting
in seamless tube formation (Harutyunyan, 2011), where these are fabricated through various
processes such as arc discharge, plasma torch, chemical vapour deposition, physical vapour
deposition and other processes. The NT have also application in manufacturing fields such
as using as a reinforcement agents to the metals (Bakshi & Agarwal, 2011). These NT are
combined with the metals through alloying and insertion during manufacturing processes for
attaining some special properties and stable microstructures (Wolfgang, 2004). There are
also other nanomaterials, which are used in various manufacturing and industrial
applications to improvise the material characteristics.

In manufacturing field, various processes (such as machining, drilling, riveting, forming,
molding, welding) have been enormously developed to generate product qualitatively and
economically. Moreover, welding is one of the most important sector in manufacturing field.
For example, the construction of complex structures requires joining, which are processed
through welding. The strength of the whole complex structure is determined by the joined
region strength. So the welding sectors demands the joint with the characteristic of high
strength, easy fabrication, and economical to improve their products. As there are some
complex issues and problems occurs while joining two materials, various researches have
been carried out for improving the weld joint and reducing problems in joining materials.
Recently, the nanomaterials have been engaged in welding process for improving the joint
integrity. Moreover, the demands of the welding sectors have also been fulfilled by the
nanomaterials addition and also revolutionized the materials. However, due to nanomaterial
size factor, there are issues in introducing nanomaterial during welding. (Wolfgang, 2004)
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Problems have been solved by manufacturing welding electrode, filler metal as well as base
metal with addition of nanomaterials (i.e. nanopowders and NW’s). These usage of
nanomaterial added material influences the joint to improve the strength properties
(Wolfgang, 2004). For instances, the welding of Al and its alloys by TIG process with the
MWCNT addition in filler material resulted in the joint with the better mechanical properties
as well as reduced the defect formations (Fattahi, et al., 2013(a)). Moreover, there are various
research showing that the nanomaterials addition in base metal, filler metal, welding
electrodes improved the joint strength. The cladding process has also been processed with
nanomaterials addition to improve surface quality and strength. Therefore, better joint
integrity have been established by the addition of nanoparticles on joints. (Wolfgang &
Dorfen, 2012)

As there are various nanomaterial classifications, the mostly required nanomaterial in the
welding productions are nanoparticles and nano-carbonaceous elements (Puntes, et al.,
2001). Metal oxide, ceramic carbides, rare element oxide and silver are some of
nanoparticles used in welding production. As nanomaterials have been added to the joint,
there is need to understand the effect of nanomaterials on the weldments.

1.1 Objective of the work
The objective of the thesis is to reviews about the ways of introducing nanomaterials into
the joint and its effect on the weld integrity such as microstructural change, weld properties
and appearance. Moreover, this study also focuses on the factors that leads to the changes in
the weld microstructure such as grain refinement, phase change in the microstructure,
precipitation at the grain boundaries as well as weld strength properties such as improvement
in hardness, tensile strength, impact strength, corrosion resistance strength and wear
resistance. However, other effects and factors in the weld metal formed by nanomaterial
addition are yet to be researched.
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2

NANOMATERIALS USED AS COATING ON THE BASE METALS

As there are issues regarding the nanomaterials addition into the joint, due to its size factor,
researches have been conducted for the improvement of the weld properties through
innovating methods of introducing nanomaterials in the most economical and effective
manner. As the heading suggest “coating” does not mean cladding or brazing process. The
nanoparticles are introduced on the joining region before the welding process, by making
the nanoparticles into paste or paint consistence. These paste are produced by mixing
nanoparticles with volatile liquid such as methanol or acetone and then the nanoparticle
mixture are coated only on the welding region of the base metal. As the volatile liquids are
evaporated through heating, the nanoparticle are left behind on the surface and welding is
been processed. (Wang, et al., 2011(b); Shen, et al., 2012) The thickness of the coating varies
according to the welding processes and its parameters (Hsu, et al., 2011; Tseng & Lin, 2014).

Previous researches showed that micro-structured particle coating on the welding joint
improved the joint microstructure and properties. These researches also identified that
particles size is one of the major factor, which improved the joint strength (Wang, et al.,
2011(b); Shen, et al., 2012). Consequently, the usage of appropriate nanoparticles would
improve the weld microstructure through grain refinement. Moreover, the thermal stability
of the particles used while welding determines the weld formation. These factors have effect
on transfer of heat between the materials and the fluids flow. (Tseng & Lin, 2014) To
improve the strength properties of the joints, the dispersion of the particles and the
refinement of grains also plays a vital role (Nie, 2003; Günther, et al., 2006). The weld joint
formed by the nanoparticles addition have better strength and properties compared to the
other joints due to its size aspect, unique properties as well as other factors, which are
discussed in below section according to the welding processes.

2.1 Gas tungsten arc welding (GTAW) / Tungsten inert gas process (TIG)
TIG welding can produce high quality weld metal however, the main disadvantage is low
productivity and limited penetration depth. By the addition of surface actives through the
method of fluxes coating on the base metal overcomes the disadvantages of TIG process
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(Loureiro, et al., 2009; Huang, 2009). The nanoparticles flux coating have been coated only
on the welding region of both the base metals and the schematic is shown in Figure 2.

Figure 2. Schematic process for coating the nanoparticles on the base metal (Tseng & Lin,
2014).
As previous research showed TIG welding with the microparticles activated flux coated on
the joining region produced a better surface weld quality and properties in stainless steel
(Tseng & Chen, 2012). Shen, et al. (2012) and Liu, et al. (2007(b)) also observed that the
activated flux coating using microparticles increased the weld penetration and weld quality
of the joint. Researches have proved the nanoparticles insertion had good impact on the weld
appearance, microstructure and properties compared to the microparticles in A-TIG welding
process (Shen, et al., 2013; Tseng & Lin, 2014). The effect and the factors through
nanoparticles coating on the base metal, which improved the joint integrity are discussed
below.

2.1.1 Effect of nanoparticles on the surface appearance and weld geometry
In some manufacturing products, there are special concerns on the weld surface quality and
appearance of the joint. As per the requirement, one of the apt process for good surface
quality with minimum distortion is TIG welding process. From researches, the addition of
active microparticles in the flux by A-TIG welding process showed a better surface
appearance on the welded joint than joint formed without micro-active particles flux. This
better surface appearance was due to the dispersion of microparticles and the refinement of
grains in the welded joint. (Loureiro, et al., 2009). However, the grain refinement and
dispersion of particles by the nanoparticles has been better than the microparticles in the
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fabrication of composite metals. In addition, the nanomaterial alloyed composite had better
properties and strength compared to other composites. (Suryanarayana & Al-Aqeeli, 2013)

Welding austenitic stainless steel with the assist of two flux i.e. SiO2 and Al2O3 micro and
nano oxide particles showed the weld formed by the nanoparticles had better surface quality
compared to the other weld metals. Moreover, there was unmelted powders and slag
formation founded on the welded surface made by the SiO2 and Al2O3 active micro particles
and nano particles however, there was little difference in the slag formation. The slag and
unmelted powders has been more in the weld surface of microparticles than nanoparticles,
which is shown in the Figure 3. This difference in the slag formation and unmelted powders
along the joint with the same active particles was because of the size factor. (Tseng & Lin,
2014) Previous studies showed the melting point of the particles depends on the size, as the
fine particles have surface atom at high proportion leading to more melting, consequently,
the nanoparticles melted more compared to microparticles (Buffat & Borel, 1976; Schmidt,
et al., 1998).

Figure 3. Weld surface appearance of austenitic stainless steel formed (a) without use of
oxide, (b&c) with SiO2 microparticles and nanoparticles and (d&e) with Al2O3
microparticles and nanoparticles (Tseng & Lin, 2014).
The experiment of Shen, et al. (2013) on welding of AZ31 magnesium alloy also showed
that the surface appearance of the welded seam by the SiC nanoparticles mixed with the TiO2
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flux had better surface quality compared to SiC microparticles mixed in TiO2 flux, which
was also due to the particles size difference.

Besides the surface appearance, the weld geometry (i.e. penetration and bead size) is one of
the factors that determine the joint strength. For the case of the weld geometry, the steel weld
metal formed by SiO2 active nanoparticles had complete and narrow penetration compared
to SiO2 active microparticles. This higher penetration was due to the size factor and ability
of faster dispersion by the nanoparticles compared to the microparticle. (Tseng & Lin, 2014)

Research showed inappropriate addition of particles greatly influences the penetration of the
joint (Wolfgang & Dorfen, 2012). Tseng and Lin (2014) agreed by the stainless steel weld
formed with the active Al2O3 micro and nano particles flux had incomplete and shallow
weld. This shallow penetration was due to inappropriate particles addition resulted in
declining the penetration.

This has been also observed in Hsu, et al. (2011) experiment on welding duplex Ti alloy
using TiO2 or diamond nanoparticles added in NaF and ACT 860 flux showing that the weld
metal formed with pure commercial ACT 860 flux had deep and narrow penetration
compared to fluxes with nanoparticle and microparticles. In addition, the region of HAZ was
narrow compared to the weld metals formed by the other fluxes. This deep penetration on
the joint was due to the constriction of arc and the uniform heat intensity by the effect of
pure flux. But, the joint produced by the nano-diamond particles added to the NaF flux
showed merely equal and narrow penetration to the weld metal formed by the ACT 860 flux.
However, the nanoparticle or microparticle addition reduced arc constriction and increased
the non-uniformity heat in the weld resulting in swallow penetration. (Hsu, et al., 2011)

As stated the pure flux had deep penetration, due to the arc constriction. Welding of Mg
alloys with pure TiO2 and CaF2 fluxes also had better weld bead and penetration than the
weld formed by the addition of SiC nanoparticles and microparticles in the fluxes, which are
shown in the Figure 4 (Shen, et al., 2013). However, this shallow penetration in the weld
formed by the fluxes mixed with nanoparticles and microparticles was not due to arc
constriction but because of the thin coating of flux on the base metal containing low amount
of nanoparticles (Wang, et al., 2011(b); Shen, et al., 2012). Another reasons for the shallow

21

penetration in the weld was due to SiC nanoparticles added to TiO2 flux prevented the
marangoni convection during welding. Moreover, the SiC nanoparticles added to CaF2 flux
had swallow penetration, due to the CaF2 flux incapable of influencing the convection
process for the transportation of the nanoparticles. (Shen, et al., 2013)

Figure 4. Weld bead and penetration of AZ31 Mg alloy formed (a) without flux (b) with
pure TiO2 flux (c) with 60% TiO2 flux + 40% micro SiC (d) with 60% TiO2 flux + 40%
nano SiC (e) with pure CaF2 flux (f) with 60% CaF2 flux + 40% micro SiC (g) with 60%
CaF2 flux + 40% nano SiC (Shen, et al., 2013).
From the studies in TIG welding process, the surface appearance and the weld bead as well
as penetration has been mainly influenced by the particles addition. The selection of
appropriate nanoparticles, uniform dispersion of nanoparticles and nominal amount of
nanoparticles is very important to be considered for improvement in the weld quality and
geometry. Moreover, the appropriate nanoparticles with uniform dispersion and amount
added to joint has improved the surface appearance and the weld geometry in the weld metal
compared to the weld formed by the microparticle, without flux and the commercial flux.

2.1.2 Effect of nanoparticles on the discontinuities and microstructure
The defects or discontinuities induced in the weld metal degrades the joint integrity, joint
properties as well as increases the repair cost and time (Tseng & Chou, 2001). Researches
show that the small-sized particles inclusion into the weld seam reduces the discontinuity
formation and improved the joint integrity (Liu, et al., 2007(b); Wolfgang & Dorfen, 2012).
For instance, crack formation in the Mg weld metal were reduced by the usage of the nano
or micro particles addition in the weld metal. These crack propagated by the pores, which
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was due to the entrapment gas without enough time for solidification of molten metal.
However, the addition of nanoparticles in fluxes resulted in reduction of crack formation by
the increasing the cooling time that in turn increased the time for the entrapped gas to escaped
resulting in improvement of properties on the joint. Moreover, the uniform distribution of
nanoparticles also aided in the reduction of the discontinuities in the weld. (Shen, et al.,
2013)

Moreover, the experiment of Tseng and Lin (2014) on welding of austenitic stainless steel
also reduced discontinuity through uniform distribution of nanoparticle. In addition, the weld
produced by the addition of micro or nano particle into the flux had reduced the degree of
angular distortion, which is shown in Figure 5. This angular distortion occurs due to the nonuniform shrinkage in the welded joints as well as heat dissipation, which deteriorate the
properties of the weldment as well as service life. The nanoparticles addition had uniform
heat dissipation through uniformly dispersed particles results in reduction of heat losses
leading to less thermal stress and hence reduces the distortion defect. Thus, the appropriate
nanoparticle insertion with uniform distribution resulted in reduction of the distortion and
improves the joint integrity. (Tseng & Lin, 2014)
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Figure 5. Angular distortion of the austenitic stainless steel weld metal with nano oxide
addition, micro oxides addition and without oxides (Tseng & Lin, 2014).
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The weld metal microstructures determines the joints properties and the joint strength of the
whole component or structure. There are various factors that influences the formation of
microstructure in the weld, where welding parameters is one of the factor that influences the
microstructure through dilution effect between the base metal and the flux materials (Kou,
2003). For instance, welding of austenitic stainless steel by using oxide based flux had more
amount of delta-ferrite phase microstructure in the weld. This occurred due to rapid cooling
of the weld metal leading to delta-ferrite phase formation without resulting in the formation
of austenite phase. This has been greatly influenced by the heat input in the welding
parameters and the dilution between the metals, where this delta-ferrite phase had immense
influence on the joint properties. (Tseng, 2013)

With the assist of SiO2 and Al2O3 nanoparticles and microparticles flux in welding austenitic
stainless steel showed that the weld produced by nanoparticles had highest content of deltaferrite compared to weld formed by microparticle and without oxide, which is shown in
Figure 6 (Tseng & Lin, 2014). The reasons for the increase in delta-ferrite content in the
weld is due to the rapid solidification by the addition of active flux and high dispersion of
the nano or micro particles.

Delta Ferrite Content of weld metal (FN)
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Figure 6. Delta ferrite content in the austenitic stainless steel weld metal made with nano
oxide, micro oxides and without oxides (Tseng & Lin, 2014).
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The same phenomenon of increase in particular phase in the microstructure through rapid
solidification by the addition of nanoparticles into the weld has also been observed in
welding duplex Ti alloys. Hsu, et al. (2011) experiment on welding duplex Ti alloy using
pure NaF and ACT 860 flux showed rapid heating of base metal to the liquidus temperature
of metal with the edged β grains in the weld pool had solid phase growth. After the
solidification process, there were larger grain sizes found in the FZ corresponding to the base
metal (Sundaresan, et al., 1999). During welding process, β phase usually transform into αphase (primary) with nominal cooling rate however, if higher cooling rates is attained, β
phase transforms into supersaturated solid solution as α’ phase (martensitic). As the phase
transformations depend on the cooling rate and the usage of particles size with stabilizing
phase (Nemat-Nasser, et al., 2001; Wu, et al., 2009). The addition of TiO2 or diamond
nanoparticles as activating flux agent into the flux has resulted in increase in α’ phase
(martensitic) content as well as transformed the grain structure through grain refinement,
due to thermal characteristics of particles (Hsu, et al., 2011).

During solidification process, the direction of heat flow also determines the phase
transformation and growth direction of grain structures (Kou, 2003). Welding Ti with pure
NaF flux showed the microstructures formed were longer columnar grains and few particles
of lenticular martensitic phase. However, the additions of nano diamonds into the NaF flux
had increased thickness in the microstructure with thickest β phase and thinner α’ phase. In
case of the NaF flux with the addition of TiO2 nanoparticles showed similar grain refinement
with thick β phase but there was thicker α’ phase formation with a needle weaves
microstructural formation in the joint. The weld metal formed by ACT 860 flux with the
addition of nano diamond exhibited the grain refinement with thicker α’ and β phase and
more needle shaped microstructure. (Hsu, et al., 2011) So, the cooling rates of the weld
metals have been influenced by the nanomaterial addition and welding parameters resulting
in transformation of phases and increase in particular phase content.

Microstructural formation during welding had grain refinement by the influence of heat or
thermal source through nanoparticles addition in the joint. As the nanoparticle are
insignificant in size, the particles could easily dispersed that aids in grain refinement of
microstructures. This fact has been agreed on stainless steel welding moreover, the welded
Mg alloy joint also had grain refinement through nanoparticle addition. (Shen, et al., 2013;
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Tseng & Lin, 2014) Welding AZ31 Mg alloy showed the weld metal had α-Mg as the
primary phase and β-Mg17Al12 as a secondary phase. The joint formed with pure flux had
primary grain with the average size larger than grain size formed without flux coating.
However, the weld metal formed by nanoparticles added in flux showed the primary phase
having an average grain size smaller than the grain size formed by microparticles and pure
flux. Yet, the grain size formed without flux coating was even smaller than the grain size
formed by nanoparticles. Table 1 shows the grain size by using different fluxes with addition
of different particles sizes. (Shen, et al., 2013)

This fine grain size of the primary phase formed by the nanoparticles added fluxes was due
to the increased pinning effect on the grain boundary and grain nucleation (Shafiei-Zarghani,
et al., 2009; Asadi, et al., 2011). This increased pinning effect on the grains was due to the
decreased particles size added in fluxes (Reed Hill & Abbaschian, 1994; Mishra & Ma,
2005). Nevertheless from the Table 1, the SiC of nano and micro particle added to CaF2 flux
had no effect in grain size, which was due to the inadequate selection of nanoparticle addition
(Shen, et al., 2013).

Table 1. Average grain size of primary Mg phase in FZ of AZ31 Mg alloy formed with
different fluxes and nanoparticle oxides (Shen, et al., 2013).
WITH / WITHOUT FLUXES USED

AVERAGE GRAIN SIZE
OF α-Mg (µm)

Without flux

26 ± 1.4

Pure TiO2 flux

57 ± 1.2

With 60% TiO2 flux + 40% SiC (10 µm particle size)

38 ± 1.5

With 60% TiO2 flux + 40% SiC (40 nm particle size)

33 ± 1.1

Pure CaF2 flux

46 ± 1.3

With 60% CaF2 flux + 40% SiC (10 µm particle size)

40 ± 1.2

With 60% CaF2 flux + 40% SiC (40 nm particle size)

43 ± 1.4

Thus, from the observation of studies showed the appropriate nanoparticles addition in the
flux, dispersion of nanoparticles, thermal characteristic of nanoparticles and influence
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through welding parameter and heat flow by nanoparticle addition has aided in
microstructural grain refinement, reduction of discontinuities, increase in the content of
particular phases as well as influences the cooling rate to the attain stable microstructure,
which consequently improves the properties of the joint.

2.1.3 Effect of nanoparticles on the mechanical properties in the weld metal
The microstructural phases and grain size formed in the weld metal determines the properties
of the joint. Besides weld metal, the HAZ microstructure and grain size also have influence
in the joint properties and integrity. As the addition of nanoparticles in the joint had influence
in the microstructural formation such as improvement in microstructural phase content, grain
refinement and reduction of defects, the added nanoparticles should enhance the joint
properties modification.

Hardness property
Hardness is an important characteristic in the joint for determining the strength of the joint.
This weld properties by nanomaterials additions are influenced by the microstructural
formation, welding parameters, dilution of the metals and filler metal (ASM International
Handbook committee, 1993). For instances, welding stainless steel with the addition of SiO2
nanoparticles resulted in slight increase (i.e. 10 HV) in hardness compared to the weld
formed by SiO2 microparticles. This increase in hardness by the SiO2 nanoparticle addition
was due to the increased formation of delta ferrite phase content. However, due to the coarse
austenite grain structure in the HAZ caused a gradual reduction in the hardness value. The
major reason for the coarse grain size in the HAZ was due to the large amount of heat
produced that had been dissipated around the region of the weld metal by uniform dispersion
of nanoparticles. (Tseng & Lin, 2014)

As uniform distribution of nanoparticles is considered as an important factor for improving
hardness, the appropriate selection of nanoparticles is another factor for enhancement of the
property. To illustrate the distribution factor, welding Mg alloy with pure CaF2 flux had
hardness value nearly the same as base metal. However, the addition of SiC nanoparticle
into the flux had hardness very below the hardness value of the base metals. This hardness
reduction was due to the non-uniform distribution of SiC particles and the primary grain
size. But with appropriate flux and nanoparticle addition (i.e. TiO2 flux with SiC
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nanoparticles) flux had the hardness value merely equal to the base metal. (Shen, et al., 2013)
This hardness improvement was due to the refined grain structures.

Hsu, et al. (2011) experiment on welding duplex Ti alloy also showed the highest hardness
value was found in the weld metal region formed by the ACT 860 flux with addition of nano
diamond particles however, the hardness significantly reduces at the HAZ, due to unsuitable
flux and nanoparticle addition which is shown in Figure 7. These unsuitable particles
addition to the flux leads to the brittle microstructural formation that is martensite formation
and thick α- phase (primary) resulting in the highest hardness value in the FZ. Moreover, the
weld metal of NaF flux with the addition of either nano-diamond or nano TiO2, also had low
hardness in the FZ and the HAZ compared to weldment formed without using flux as well
as weld formed by commercial ACT 860 flux, which is also shown in Figure 7. (Hsu, et al.,
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Figure 7. Microhardness formed in the weld metal of duplex Ti alloy by various flux
composition (Hsu, et al., 2011).
This hardness reduction was due to the addition of nanoparticles in the NaF flux that
absorbed heat in the weld pool and constriction of arc resulted in low hardness along the
HAZ. To be more particular, the addition of TiO2 nanoparticles into the NaF flux resulted in
the hardness value close to the hardness found in the weld metal formed by pure NaF flux,
which resulted in more α’ phase (martensite). (Hsu, et al., 2011)
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Thus, the studies shows that hardness value by the nanoparticles addition in the joint has
improved, due to the microstructural formation, non-uniform distribution of the particles,
influencing the welding parameters and improper grain refinement leading to unsuitable
microstructure formations. By the addition of appropriate nanoparticles had some positive
and on the other hand, the negative effect in properties was due to inappropriate
nanoparticles selection and welding parameters. Hence, these effects in hardness are greatly
influenced by the nano or microparticles added to flux in the welded joint.

Tensile property
Tensile characteristics of the metal determines the strength of expansion or load carrying
capacity of the material. So, the tensile test determines the yielding properties of the metal,
moreover, if there is presence of defect or discontinuities in the weld, the yield strength
deteriorates leading to brittle fracture of the joint. As addition of nanomaterials in materials
(i.e. composite materials) have improvement in tensile strength, the addition of nanoparticles
into the weld seam would have positive influence in properties. For instances, the study of
Shen, et al. (2013) showed the weld formed with addition of SiC nanoparticles in TiO2 flux
had highest tensile strength as well as reduced the porosity defects in the weld metal
compared to the weld formed with pure TiO2 flux and SiC microparticles added to the TiO2
flux, which is shown in Figure 8. This increase in the tensile strength was due to the uniform
dispersion and fine grain size generated by the SiC nanoparticle added in the joint (Asadi, et
al., 2011).
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Figure 8. Tensile strength of AZ31 magnesium weld metal with/without nanoparticle
coating (Shen, et al., 2013).
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Besides the welding process aiding in dispersion, the flux also have influence in dispersion
of active nanoparticles. The weld metal formed with CaF2 flux with SiC nanoparticles had
high tensile strength than the microparticles added flux yet, the tensile strength of weld
produced by pure CaF2 flux had higher tensile strength than the weld formed with
nanoparticles, which is shown in Figure 8 (Shen, et al., 2013). This was due to the CaF2 flux
that lead to non-uniform distribution of SiC on the surface, thereby impeding the heat flow
leading to the coarse grain in the microstructure, consequently, decreased the tensile strength
(Shafiei-Zarghani, et al., 2009). The fracture surface showed the joint had brittle mode of
fracture, which was due to the micro pores found on the fracture surface (Shen, et al., 2013).
The study clearly shows that the nanoparticles into the flux had direct influence in the tensile
properties by the distribution of the particles and microstructural grain size formed in the
joint.

2.2 Laser welding process
Laser welding is a non-contact welding process with its advantages of low energy heat input,
more penetration, small weld spot size, which is more apt for welding thin sheets as well as
thin plates (Ishak, et al., 2012). Laser welding also overcomes various problems such as burn
through, distortion, cracking and other defects during welding thin sheets by convention
welding processes. These problems are avoided through governable laser welding
parameters. However, the laser welding has also some problem of material losses through
evaporation in welding thin sheets, which could lead to some discontinuities or defect
formation in the weld. (Buffat & Borel, 1976; Watanabe & Sugiyama, 2004; Li, et al., 2007)
For the prevention of these discontinuities and to improve the joint strength and properties,
a technique of coating on base metal have been utilized, which contains a mixture of
nanoparticles dispersed in volatile liquid. As the volatile liquid evaporates through welding
heat input, the nanoparticles get dispersed into the joint resulting in improvement in
properties. The addition of nanoparticles has various effect on the joining region such as
microstructure as well as properties of the joint. (Orishich, et al., 2014)

2.2.1 Effect of nanoparticles on the surface appearance and weld geometry
As the TIG welding process showed a good impact on the welded surface appearance and
weld geometry through nanoparticles addition into the joint, the laser welding with a better
manipulation of welding parameter would provide a better effect on the surface of welded
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joints. The above statement was in accord to the study of Orishich, et al. (2014) on low
carbon steel with the mixture of TiC0.5N0.5 and Fe nanoparticles as insert materials between
the welding regions and showed a deep and narrow weld bead formation by the nanoparticles
addition compared to the weld geometry formed without nanoparticles. Instead of composite
nano filler material, Orishich, et al. (2014) experimented on the laser welding of Ti alloys
(i.e. VT1-0) with addition of ceramic and rare earth element oxide of nanoparticles (i.e. TiN
and Y2O3) had same result of good weld quality and deep penetration compared to the weld
metal formed without the addition of nanoparticle. This deep penetration in the weld joint
occurred by the increasing the welding rate by the absorption of laser beam by nanoparticles.

As the size of particles has been main factor in the weld joint integrity such as stable
microstructure, properties, penetration and other effects, the nanomaterial with minimum
size showed better impact on weld quality (Buffat & Borel, 1976; Gleiter, 2000). For
instance, the lap welding of magnesium alloy using nano-silver particle as filler material
with the size of 5nm and 100nm observed that the weld with 5nm Ag particles and nominal
laser welding speed (i.e. from 400 mm/min to 600 mm/min) had a good weld penetration
and narrow weld bead. However, by the usage of 100nm Ag nanoparticles resulted in the
defect formation such as void in the weld metal and also had an increase in the throat length.
For both 5nm and 100nm nanoparticles, the weld bead formation and the penetration effect
with welding speed is shown in the Figure 9 (a) and (b) respectively. (Ishak, et al., 2012)

(a)

(b)

Figure 9. (a) Weld width and (b) penetration in AZ31B Mg alloy formed by Ag 5nm and
100nm particles (Ishak, et al., 2012).
From the graph, the 100nm Ag nanoparticles had a wider HAZ due to the large weld area
however; the weld formed by 5nm Ag nanoparticle had narrow width in the HAZ. This was
due to 100nm Ag nanoparticles absorbed more heat than 5nm Ag particles moreover; the
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5nm nanoparticles improved the heat transfer rate between the sheets that enabled an
increase in the penetration and bond width. In both the cases of 5nm and 100nm particles,
the surface roughness in the lower sheet increased due to the coating of Ag nanoparticles.
(Ishak, et al., 2012). However, the gap width also influenced the penetration and bead width
of the joint by reducing the gap width between two sheets, the defects were reduced and
showed an improvement in penetration and bead formations (Ishak, et al., 2009). In addition,
the experiment of Ishak, et al. (2010) also showed the surface roughness and heat conduction
through the gap width played an important in penetration and weld bead formation.
Therefore, the improved heat transfer between the base metal by added nanoparticles,
surface roughness and the reduction in gap resulted in weld with good penetration and
reduced bond width, which occurred by the usage of minimized sized nanoparticles.

2.2.2 Effect of nanoparticles on the defects and microstructure formed
Many researches showed the nanoparticles addition onto the welding substrate had increased
the properties through reduced defects and improved stable microstructures (Hsu, et al.,
2011; Shen, et al., 2013). However, welding of Al alloy (i.e. 01420T) with addition of
nanoparticles showed enormous small porous formation in the base metal, as well as large
porous with ellipsoid shape in the weld metal resulted in lowering of the joint strength. This
was due to inappropriate nanoparticles addition into the joint resulting in defect formation
as well as leading to degradation of joint integrity. (Orishich, et al., 2014)

Welding of Mg alloy with 5nm Ag nanoparticle as insert material showed void, undercut
and melt through defects in the joint with slow and high welding speed which is shown in
Figure 10(A) &(C). However, by the nominal welding speed, the weld produced a minimized
void formations and without any undercut defects. This void occurred due to the lack of
fusion between the base metals and another factor is the joint gap between the metals. By
using 100nm Ag nanoparticles, the similar melt through and void defects founded in the
joint, which was also due to the low welding speed leaded to enormous evaporation of metal,
which is shown in Figure 10(a) &(c). In case of void formations, the insufficient melting of
metals resulted in gap formation between the molten metals. By comparing the weld formed
by 5nm and 100nm Ag particles at nominal welding conditions, shows that the length of
defects reduced by the usage of small nanoparticles however; the large nanoparticles
increased the welding defect length. (Ishak, et al., 2012)
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Figure 10. Weld defect in AZ31B Mg alloy formed at different weld speed by using Ag 5nm
(A) with 200 mm/min (B) with 400 mm/min (C) with 900 mm/min and by using Ag 100nm
(a) with 200 mm/min (b) 750 mm/min (c) 1000 mm/min (Ishak, et al., 2012).
Another research by Ishak, et al. (2010) showed no defect formation with the nominal
welding speed by the addition of Ag nanoparticles in the magnesium joint. Moreover, with
the narrow HAZ formation reduced the void and crack formation in the joint. Therefore,
from the observation of the studies showed the nanoparticles addition and the welding
parameters had direct influence on the weld defect formations. With nominal welding speed,
gap width between the sheets and the appropriate nanoparticles addition would reduce the
defects resulting in improvement of the joint.

From the results of surface appearance and defect formation in the laser-welded joints
showed the immense influence of addition of nanoparticles, welding parameters and other
factors. The microstructural formation in the TIG welding process by the addition of
nanoparticles showed grain refinement, microstructural phase change and increase in the
particular phase content, which improved the properties and forms stable microstructure in
the joint. Similarly, the research in laser welding showed the microstructural change and
grain refinement by the addition of nanoparticles into the joint. For instance, the research by
Orishich et al. (2014) on laser welding of low carbon steel by addition of TiC0.5N0.5 and Cr
nanoparticles composites showed the weld microstructure had grain refinement by the
nanoparticles addition, however, the weld without addition of nanoparticles had coarse grain

33

formation in the direction of heat transfer. Moreover, the grain refinement reduced the length
of Widmanstatten ferrite content, which improved the mechanical properties of the joint.

Moreover, some cases had microstructural phases change in the weld metal, which was also
occurred in the experiments of Ishak, et al. (2010; 2012) showing that the microstructure
formed without Ag nanoparticles had four regions with different grain size however; the
microstructure formed with nanoparticles addition had only three regions, which is shown
in Figure 11. In brief, the experiment on lap welding AZ31B magnesium alloy by Ishak, et
al. (2010; 2012) showed the fine grain region were formed enormously in the FZ by the
addition of Ag nanoparticles. In the experiments, the region II microstructure formed without
using nanoparticles had no similarity to any region in weld metal formed using Ag
nanoparticles. The particles size formed in the different regions shown in the Table 2, which
had some effect on the properties and appearance.

A

B

Figure 11. Different region of microstructure formed in AZ31B Mg alloy (A) without using
nanoparticles (B) by using Ag 5nm and 100 nm nanoparticles (Ishak, et al., 2010).
Table 2. Mean grain size with / without nanoparticles in different regions of AZ31B Mg alloy
weld metal (Ishak, et al., 2012).
WITH / WITHOUT
NANOPARTICLES

SCAN
SPEED
(mm/min)

Region I

Region II

Region III

Region IV

Without
Nanoparticles

450

4

17

141

14

With 5nm
Nanoparticles

200

21

28

28

--

550

5

121

16

--

With 100 nm
Nanoparticles

550

16

300

51

--

750

10

558

52

--

GRAIN SIZE (µm)
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As the Table 2 shows that the 5nm nanoparticles with low welding speed (i.e. 200 mm/min)
has a minimum grain size at region I and maintains constant grain size all over the regions,
which was due to the complete penetration (i.e. blow through) in the joint by the high heat
input leading to slow cooling rate where the joint had full penetration, which is shown in the
Figure 10(A). The weld metal formed by the 100nm Ag nanoparticles showed larger grain
size formed in the HAZ (region II) compared to the 5nm particles addition, which could be
due to the particles size. (Ishak, et al., 2012) With nominal welding speed, the improvement
in the width of the fine grain region at the FZ and the reduction of length in the elongated
grain region (HAZ) had significant difference to the weld metal formed without
nanoparticles. This improvement was due to the presence of Ag nanoparticles that assisted
in the heat absorption to the weld metal formation (Ben-Hamu, et al., 2006; Ishak, et al.,
2010). So, the addition of nanoparticle in the joint influenced in the grain refinement by the
aiding in the heat absorption in the weld. This was also observed in the experiment of
Orishich, et al. (2014) on welding Ti alloys (i.e. VT1-0) with the addition of TiN, Cr and
Y2O3 nanoparticles in the joint showing that the nanoparticle addition had significantly
changed the weld microstructure by the grain refinement and the reduction of
macrostructures formation during solidification.

Another important factor that improved the fine grain refinement is the welding speed; in
case of slow welding speed leads to low cooling rate during solidification resulting in
reduction of grain growth thus leading to the small grain size (Quan, et al., 2008). Moreover,
the grain size formed in the FZ of the weld metal by Ag 5nm particles is far better than the
grain size formed in the weld metal by Ag 100nm particles, which is due to the distribution
of Ag nanoparticles. Due to uniformly distributed Ag nanoparticle precipitation in the
interior and boundaries of the grains, act as nucleation sites for the magnesium grain
resulting in manipulation of grain growth. (Ishak, et al., 2010) The non-uniform distribution
of 100nm Ag particles resulted in unmelted Ag particles by the increase in the melting
temperature due to the accumulation of particles (Wu, et al., 2009). Thus, the nanoparticles
size and distribution had effect on grain refinement in the microstructural formation.

Therefore, the studies showed that the nanoparticles aided in the reduction of defects
formation in the laser welded joint. Moreover, the nanoparticles addition into the joint
assisted in the grain refinement, change in microstructural phase, and reduction of
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macrostructures in the weld by the manipulation of welding speed, selecting higher thermal
conductivity particles, distribution of particles and the particles size.

2.2.3 Effect of nanoparticles on the weld metal mechanical properties
Weld metal produced by TIG welding process with the nanoparticles addition into the joint
showed the better properties formations in the joint; likewise, the joint properties had an
improvement by the addition of nanoparticles in the laser welding process compared to the
weld metal formed without nanoparticles. Moreover, the laser welded joints had different
characteristics of strength, which would result in high joint integrity while in service.

Hardness property
As hardness determines the quality of the joint, where the hardness value for the joint vary
according to the application or service. Ishak, et al. (2012) studies on laser welding of Mg
alloy showed that higher hardness value was found in the fusion region compared to hardness
value in the weld metal formed without nanoparticles addition. This increase in the hardness
was due to the fine grain refinement by the 5nm Ag particles addition. It was stated that
hardness value increases as grain size of the weld decreases. The 100nm Ag particle weld
metal had the highest and lowest hardness values founded in FZ, which is due to the nonuniform distribution of the nanoparticles resulting in accumulation of Ag particles to a
particular region. From the result of both 5nm and 100nm Ag particles, showed the large
area of fine grain corresponds to an increase in hardness value over that FZ region (BenHamu, et al., 2006).

Moreover, the selection of nanoparticles also plays vital role in the improvement of the
hardness of the weld. For instances, the welding of low carbon steel by the addition of TiN
nanoparticles showed an increase in the microhardness of the weld metal compared the
microhardness of the base metal. However, by the addition of Y2O3 nanoparticles and the
TiN and Y2O3 nanoparticles mixture showed a decrease in the microhardness value
compared to the microhardness value of weld metal formed by the TiN nanoparticles.
(Orishich, et al., 2014) Hence, the studies showed the selection of appropriate nanoparticle
materials with the low nanoparticles size and grain refinement by the nanoparticle addition
influenced the hardness in the laser welded joint.
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Tensile and Impact strength
Another important characteristic for the strength of the joint are the tensile strength and
impact strength of the weld metal. Research have showed the hardness improvement by the
nanoparticles addition to the weld metal moreover, the addition of nanoparticles in the joint
would also influences the tensile and impact properties. For instances, Orishich et al. (2014)
study on the welding Ti alloy observed significant improvement in the tensile strain, ultimate
strength and yield strength of the joint by the addition of nanoparticle compared to the weld
formed without the nanoparticles addition, as shown in the Figure 12. This improvement was
due to the uniform dispersion of nanoparticles resulted in ease melting of nanoparticles
thereby, increases the fatigue strength of the joint.
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Figure 12. Properties of laser welded titanium VT1-0 alloy with the addition of refractory
nanoparticle (A) ultimate tensile strength and (B) yield strength (Orishich, et al., 2014).
In addition, the research by Orishich et al. (2014) also showed a decline in the impact
strength by the coarse grain formation on welding low carbon steel, due to the addition of
nanoparticles, as shown in Figure 13.
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A

B

Figure 13. Properties of low carbon steel welded without nanoparticle and with TiCN+Cu
nanoparticle (A) Tensile strength and Elongation (B) Impact strength (Orishich, et al., 2014).
As the yield strength and ultimate strength determines the ductility of the joint, the fracture
strength determines the failure or breaking point of the joint. Since the nanoparticle addition
had positive effect on the yield and ultimate strength of the joint, it is expect to have positive
effect on the fracture strength of the joint. The welding of stainless steel (i.e. 12X18H9T) by
adding a mixture of nanoparticles such as TiN, Y2O3, Ti and Fe in the joint had an increase
in the mechanical properties with more addition of TiN, Y2O3, Ti and Fe content into the
joint. The fracture test showed the joint formed by the addition nanoparticles had better
strength than the joint formed without the nanoparticle addition as shown in Figure 14.
(Orishich, et al., 2014)

a

b

c
Figure 14. Fracture test of stainless steel welded samples (a) with the addition of TiN
(0.02%) +Y2O3 (0.02%) +Ti +Fe, (b) with the addition of TiN (0.04%) + Y2O3 (0.04%) +Ti
+Fe and (c) without nanoparticles (Orishich, et al., 2014).
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The Figure 14 shows the sample fractured at the FZ on the weld metal formed without
nanoparticle addition. However, in other two cases, which the joint formed with the addition
of nanoparticles, showed the fracture occurred at base metal, which proves the joint formed
had better fracture toughness than the base metal. The experiment of Ishak, et al. (2012) also
observed the joint had highest fracture load formed by 5nm Ag particles however, the 100nm
Ag particles weld metal had lowest fracture load. This was due to the large fine grain area
formed by the 5nm Ag nanoparticles and the narrow HAZ, which improved the fracture
toughness of the joint. However, the low fracture load attained by the 100nm nanoparticle
joint was because of the void formation and only a small bond width between the base
metals.

In some cases, not only the nanoparticles size have influence on fracture strength but the
dispersion also have vital role in the strength. For example, welding of Al alloy (i.e. Al
01420T) by laser welding process showed the joint formed by nanoparticle addition and the
joint formed without nanoparticle addition had ruptured at the FZ or at the HAZ. This
fracture was due to the high brittleness of the joint, which is due to the absences of the
uniform titanium distribution. Another factor that resulted in high brittleness was the
porosity formation in weld metal as well as in base metal. In addition, the joint formed by
both had merely the same properties to the base metal. (Orishich, et al., 2014)

Therefore, the studies showed nanoparticles addition improved the tensile and impact
strength by the added nanoparticles. This property improvement by the nanoparticle added
weld metal was due to uniform dispersion, particle size and grain refinements. However, the
inappropriate addition of nanoparticles degraded the properties strength by the course grain
formation or the nanoparticle addition has no effect on the properties. Moreover, the studies
also showed the small sized nanoparticles and dispersion of nanoparticles are the factors
influencing the fracture strength, which had great influence in the properties.

Corrosion property
Besides the mechanical properties, the corrosion resistance also determines the strength of
the joint in fluctuating climatic condition. Corrosion resistance properties is sustained by the
alloy composition balance (Davis, 2006). So, the nanoparticle added weld modifies the
microstructural composition in the weld, which could influence the corrosion resistance
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properties. As stated, Ishak, et al. (2010) experiment on laser welded Mg alloy showed
reduced corrosion rate in the weld metal formed by the addition of nanoparticles as shown
in Figure 15. However, the increased corrosion rate in the weld metal formed without
nanoparticles insertion was because of the pitting action by the primary phase, which was
anodic. The added nanoparticles in the weld refines the grain structure resulting in the
increase of fine grain boundaries area and thus the boundaries contains prominent amount
of Al improving the corrosion resistance properties (Song, et al., 2004). In addition, the Ag
nanoparticles used in the joint was cathodic than Mg which has contributed for the
improvement in the corrosion resistance (Song & John, 2002; Ishak, et al., 2010).

Therefore, the nanoparticles insertion in laser-welded joint had better corrosion resistance
properties compared to the joint formed without nanoparticles insertion. The selection of
appropriate particles has major importance in forming better properties.
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Figure 15. Corrosion rate of Mg alloy weld formed with nanoparticle and without
nanoparticle and base metal (Ishak, et al., 2010).
2.3 Submerged arc welding process
For a high production and good quality in welding thick plates, the SAW welding process is
suitable process for its high deposition rate. This process used for pipelines in petro-chemical
industries, shipbuilding, repairing and other applications, for its high deposition rate, weld
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quality and reliability (ASM International Handbook committee, 1993; Murugan & Gunaraj,
2005). In the SAW process, the flux and the molten slag shields the arc for melting of the
base metals. However, the mixing of nanoparticles cannot be direct into the flux because of
the cost and size of the particles. So as in TIG and laser welding process, the nanoparticles
coated on the joining surface before welding. However, the setup is different from the other
processes. The sub-merged welding proceeds after the coating on the base metals by submerging the coating, which is shown in the Figure 16.

In SAW process, the welding parameters and the nanoparticles coating on the joint had some
effect on the properties and the surface appearance of the joint. In addition, the defect
formation such as residual stress, crack and distortion can be reduced by the manipulating
the welding parameters, which includes coating thickness of nanoparticles. (Aghakhani &
Naderian, 2013(a))

Nanoparticle
coating

Figure 16. Sub-merged welding process with nanoparticle coating on base metal
(Aghakhani & Naderian, 2013(a)).
2.3.1 Effect of nanoparticles on the surface appearance and weld geometry
The surface appearance of the joint reflects the weld metal geometry and strength of the
joint. In addition, the HAZ region plays a vital role in thermal history for the weld formation,
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which influences the properties. By the high heat input and addition of nanoparticles results
in more melting of base metals thereby forms wide HAZ region, which shows some effects
in the properties of the joint. For example, Aghakhani and Naderian (2013(a)) experiment
on welding mild steel by SAW process with addition of Cr2O3 nano-oxide particle showed
increase in the coating thickness of Cr2O3 oxide increased the HAZ width, which is due to
the more heat transfer between the base metals. Furthermore, there was interrelation between
the coating of Cr2O3 nano particles and the electrode tip-to-plate distance, by increasing the
thickness of Cr2O3 nanoparticle coating with a decrease in the tip-to-plate distance resulted
in increase of HAZ region. Nevertheless, the HAZ region decreased with the increasing the
distance of the electrode tip-to-plate. With the nominal welding parameters and increased
coating thickness had better weld penetration and surface finish, which is shown in Figure
17(a).

(a)

(b)

Figure 17. Weld metal of mild steel (a) and (b) with TiO2 nanoparticles addition using SAW
process (Aghakhani, et al., 2012; Aghakhani & Naderian, 2013(a)).
Besides the HAZ region, the weld bead and weld penetration also determines the joint
integrity and strength. Moreover, the weld metal penetration is also factor that governs the
stress carrying capacity of the joint (Smati, 1986). From the former experiment, the addition
of Cr2O3 nanoparticles into the mild steel joint influenced the HAZ region. Nanoparticles
addition has also influence on the width of the weld bead and the weld penetration in the
joint. Aghakhani, et al. (2012) experiment proved by the TiO2 nanoparticles addition in the
steel increased the weld bead width at the initial condition and then the weld bead decreased
however, the weld had shallow penetration, which is shown in Figure 17(b). Moreover,
Aghakhani, et al. (2011) again experiment on SAW process by the TiO2 nanoparticles
addition for the weld penetration resulting that the penetration in the weld has been affect by
the TiO2 nanoparticles. As increasing the thickness of TiO2 nanoparticle coating, the
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penetration decreased and maintained constantly. By the significant increase of the TiO2
nanoparticle coating resulted in increase of penetration depth of the joint, as shown in the
Figure 18. This was because of the thermal and electrical property of the TiO2 nanoparticle
(Aghakhani, et al., 2014).

Figure 18. Penetration depth (P) in the low carbon steel joint with varying coating thickness
(F) of TiO2 nanoparticles (Aghakhani, et al., 2013(b); Aghakhani, et al., 2014).
Thus, the nanoparticles addition in the SAW process were interrelated with the welding
parameters, which had both positive and negative effect on the surface appearance as well
as weld geometry formation. The coating thickness of the nanoparticles had great influence
in the weld geometry.
2.3.2 Effect of nanoparticles on the mechanical properties in the weld metal
From the experiments of TIG and laser welding processes, showed the nanoparticles addition
into the weld metal had an improved in the properties with stable microstructure. Likewise,
the nanoparticle addition in the SAW process expected to have an improvement in the
properties of the welded joint. However, the experiment of Aghakhani, et al. (2013(b)) on
welding low carbon steel plate by TiO2 nanoparticles addition showed that addition of
nanoparticles had only minor effect on the hardness property in the melted zone. This was
also due to the lower thermal conductivity of the TiO2 nanoparticle than the base metal.
Moreover, until to nominal thickness of TiO2 nanoparticles coating had no significant effect
however, while increasing the TiO2 coating thickness showed hardness increased slightly,
maintained at constant hardness and suddenly reduced as shown in the Figure 19. This also
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occurred due to the low electrical and thermal conductivity of the TiO2 nanoparticle, which
reduced the heat transfer resulting in reduction of hardness.

Figure 19. Hardness at the melt zone (HMZ) in low carbon steel welded using SAW with
varying coating thickness of TiO2 nanoparticles (F) (Aghakhani, et al., 2013(b); Aghakhani,
et al., 2014).
Thus, the nanoparticle addition in the SAW process had only minor changes to the properties
of the joint compared to the other welding processes. Moreover, the properties of
nanoparticles and coating thickness of nanoparticles had immense effect on the hardness
properties.
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3

NANOMATERIALS USED AS COATING IN WELDING ELECTRODE OF
GMAW PROCESS

For the increasing demand of high strength metals in various application, the joining of these
metals requires an extraordinary material insertion to improve the characteristic of the weld
metal above its original state. For welding sophisticated metals, the nanomaterials insertion
improves the strength and the properties of the weld metal (Kuznetsov & Zernin, 2011). As
the GMAW process are most commonly used in the industries and manufacturing sites, the
introduction of the nanomaterials into the welding process has been through the welding
electrodes. The nanomaterials have been mixed in the flux of the welding electrode, where
the core wire of the electrode had coating with nanomaterial mixed flux. The nanoparticlecoated electrodes are employed in welding high strength structural steels and other special
metals to achieve weld deposits with greater strength and properties. For instance, toughness
properties is major issue in the high strength structural steels, in-order to improve this
property in the structural steel requires the microstructural control and nucleation of grain
boundaries (Svensson, 1999; Widgery, et al., 2002), which is possible through the addition
of nanoparticles into the joint.

Nanoparticle coating in the welding electrode has various advantage over conventional
electrode such as stable transfer in the molten droplet consisting of nucleation elements (Pal
& Maity, 2011; Chen, et al., 2014). This nucleation element assist in the grain refinements
and nucleation of the microstructure leading to property improvement. Moreover, previous
study showed that the shielded metal arc welding process with the Ti microparticle added in
the welding electrodes had the weld metal formation with better properties on the joint. The
grain refinement has been attained by reduced particle size, which were added in the welding
electrode. This is due to the increased pinning effect by the microparticles addition. (Fattahi,
et al., 2014(a)) Moreover, the reason for the Ti nanoparticles addition instead of other
elements is because of its nucleation characteristics, grain refinement, high melting point
and stability as well as increases the recovery element during solidification (Watanabe &
Kojima, 1980; Mori, et al., 1981; Koseki & Thewlis, 2005). However, Ti-oxide formation
or addition have a negative aspect that the non-metallic addition in the weld metal reduces
the corrosion resistance by pitting action (Marcus, 2002).
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Previous section showed that the nanoparticle addition by laying a coating with metal oxides
or carbides along the joint before welding has improved the joint strength and formed stable
microstructures. However, the inappropriate nanoparticles resulted in degradation of
properties or the welded joint had only nil effect on properties. As the nanoparticles coating
on the electrode has been used for the stabilization of molten droplets, the addition of
nanoparticles would provide the improvement in the properties of the weld metal.

3.1 Effect of nanoparticle-coated electrode on weld metal chemical composition
Weld metal composition is one of the factor that determines the microstructure and the
properties by the alloying elements present in the weld. Moreover, the weld composition is
homogeneous by the dilution of the base metal however, the filler metal addition modifies
the composition. For instances, welded carbon steels by introducing nano TiO2 particles
coated E11018M electrode had varying chemical composition in the weld compared to the
weld metal formed without nanoparticle addition in the electrode, which is shown in the
Table 3. (Pal & Maity, 2011)

Table 3. Weld metal chemical composition of carbon steels (wt. %) formed with nanoparticle
addition and without nanoparticle addition (Pal & Maity, 2011).
WELD
ELEMENT

WMWON - I

WMWN - II

WMWON - I

WMWN - II

E11018M

C

0.053

0.046

0.058

0.051

0.10 max

Mn

1.49

1.76

1.62

1.73

1.3 – 1.8

Si

0.58

0.46

0.60

0.40

0.60 max

S

0.02

0.02

0.019

0.018

0.03 max

P

0.025

0.028

0.024

0.028

0.03 max

Cr

0.158

0.152

0.160

0.156

0.40 max

Ni

2.31

2.45

2.23

2.47

1.25 – 2.50

Mo

0.412

0.451

0.391

0.432

0.25 – 0.50

Cu

0.021

0.027

0.025

0.023

-

Al

0.003

0.005

0.005

0.005

-

V

0.012

0.019

0.019

0.020

0.05 max

Ti

0.0023

0.0040

0.0088

0.0200

-
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From the observation of Table 3 shows that the two weld metal formed without nanoparticles
(WMWON) and other two weld metal formed with nanoparticles (WMWN) had some
variation in the element of the weld. The elements such as Mn, Ni, and Mo has been
recovered in the weld metal produced by the electrode coated with the nano TiO2 particles.
The recovery of elements was because of the TiO2 nanoparticles, which aided in reaction of
slag-metal by the nanoparticle size and surface effects. However, the Cr element in the weld
composition formed by the electrodes had been reduced, which was due to the Ti reducing
the corrosion resistance, by the reducing the content of Cr in the weld metal. (Pal & Maity,
2011)

Previous research suggested that addition of TiO2 nanoparticles detach the elements resulting
in generation of more oxygen molecules leading to the stirring of weld pool providing the
slag-metal reaction. In addition, the increased O2 content resulted in increase in the loss of
elements (Chen, et al., 2009). This has occurred on welding low alloy steels by using varying
content of TiO2 nanoparticle coating in the welding electrode. The weld metal formed by
nanoparticles added electrode showed an increase in the oxygen and nitrogen content by
increasing the TiO2 nanoparticles content in the electrode. As previous studies showed that
increasing the oxygen content in the weld metal leads to some losses in the elements. In this
weld metal, Mn and Si content decreased in a faster rate due to the metal oxides formations.
Moreover, C content has also been reduced in the weld due to the high oxygen content while
weld formations. (Fattahi, et al., 2011) This reduction in the elements at the weld metal has
also been noted in Fattahi, et al. (2013(b)) experiment on welding low carbon steels by multi
passing with the TiO2 nano coated electrode showing that the weld metal formed had
variation in composition of the elements such as Si, Mn and C compared to the WMWON.
Moreover, the Mn combined with Ti formed complex inclusions.

As some particular elements has been decreased in the weld by the TiO2 nanoparticle
addition, the reduced elements (i.e. Mn) in the weld metal has combined with TiO2
nanoparticles influences the weld for complex composition, which have significant effect in
the microstructural formation. For instance, the Mn content in the weld metal influenced the
chemical composition by forming complex inclusion during solidification. These complex
inclusion in the weld metal has a composition of titanium oxide as core and manganese oxide
as outer layer around the core, which is shown in the Figure 20. However, this complex
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inclusion had positive effect on nucleation site for redistribution of element. (Chen, et al.,
2014)

Figure 20. Mn complex inclusion in the weld metal of low alloy steel using TiO2
nanoparticles (Chen, et al., 2014).
Hence, the observation in the studies shows that some elements has been recovered in the
weld by the nanoparticle addition that has been lost in the weld formed without
nanoparticles. Moreover, stable phase microstructures has been formed in the weld formed
with nanoparticles addition, which had positive effect in microstructural formations.
However, nanoparticle addition also have disadvantages, such as reduction of particular
elements in the weld and leading to the complex inclusion in the weld. Chen, et al. (2014)
showed welding of low alloyed steel while melting had Ti3O5 stable phase formation than
TiO2 phase, which was due to the oxygen content. This TiO2 phase, forms only with very
high oxygen content, which is above 0.0077% (Zhuo, et al., 2010).

3.2 Effect of nanoparticle-coated electrode on weld metal microstructure
Microstructural formation in the weld has been influenced by dilution of metals and
solidification rate (Pal & Maity, 2011). Previous sections showed that nanoparticle addition
in the electrode had effect on the weld composition, so the nanoparticle would obviously
have influence in the microstructural formations.

As the acicular ferrite phase improves the properties and stability in the steel weld joint, to
achieve acicular ferrite microstructure phases requires the dispersion of nucleation sites that
in turn depends on liquid metal thermodynamic properties and phase formations (David &
DebRoy, 1992). Moreover, there are other factors for the formation of acicular ferrite such
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as grain size of austenite structure, specific alloying elements and cooling rate of the weld
metal (Byun, et al., 2001; Pan, et al., 2006; Wang, et al., 2008). Previous studies have shown
that the acicular ferrite formation occurrence is not possible, if there is no active inclusions
in the weld metal (Byun, et al., 2003). Ti is an activating element in weld metal for the
formation of acicular ferrite phase compared to the other non-metallic inclusion. Moreover,
Ti also aided in grain refinement in the weld metal formations. (Byun, et al., 2003; Babu,
2004)

Pal and Maity (2011) showed welding carbon steel by TiO2 nanoparticle added in the
welding electrode had an inclusion formation while solidification, which is the complex
oxide inclusions formed by the reaction of oxygen and recovery elements in the liquid steel.
This complex inclusions in the weld metal formed by the nano TiO2 particles resulted in
more fine grain and more acicular ferrite structures compared to the weld metal formed
without nano TiO2 particles, which is shown in Figure 21. This fine grain with more content
of acicular ferrite structures has also been supported by turbulent flow in the weld pool.
Moreover, the recovery element Mn has precipitated on the grain boundaries, which weakens
the nucleation of bainite formation thereby, the weld result in formation of acicular ferrite.
These formations occurs only with hardenability elements (i.e. vanadium, Ti and nitrogen)
while cooling. This phenomenal reaction was studied from the steel with the addition of Mn
into the metal leading to more formation of acicular ferrite content (Furuhara, et al., 2003).

(a)

(b)

Figure 21. Inclusion in the carbon steel (a) weld metal with TiO2 nanoparticle and (b) weld
metal without TiO2 nanoparticles (Pal & Maity, 2011).
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To study about the complex inclusion in the steel weld by the addition of TiO2 nanoparticles
in the electrode, Chen, et al. (2014) welded low alloy steel with the TiO2 nanoparticle, which
was coated in the electrode and observed the particles of the Mn-Ti-O inclusions in the weld
metal that leads to refinement of microstructure by detaining the columnar grain growth.
This complex inclusion has led to the formation of Ti2O3, Ti3O5 and MnTi2O5, which aided
in grain refinement. Moreover, while solidification of the weldment, the temperature
decreased which increased the MnTi2O5 content thereby, leading to the manganese depleted
zone in the weld promoting to the nucleation and intergranular formation (Byun, et al., 2003).
Therefore, the complex inclusions improved in refining of grains and intergranular
nucleation, which resulted in the better properties.

The amount of nanoparticles content in the welding electrode also have great impact in the
formation of microstructures phases. For instances, Fattahi, et al. (2011) showed welding
low carbon steel with increasing the TiO2 nanoparticles content in the electrode decreased
the ferrite grain boundary and improved the acicular and Widmanstatten ferrite content. With
the low amount of TiO2 nanoparticles (i.e. 0.006 Wt %) in the weld formation resulted with
ferrite grain boundaries, high amount of Widmanstatten ferrite and acicular ferrite compared
to the weld metal without nanoparticles. This high Widmanstatten ferrite content was due to
the cooling rate variation and low amount of complex inclusions (Fleck, et al., 1986; Huang
& Yao, 1989). For the medium content of TiO2 nanoparticles (i.e. 0.023 Wt %) in the weld
resulted in more acicular ferrite content and small amount of ferrite grain boundary, however
in high contented TiO2 nanoparticle (i.e. 0.027 Wt %) lead to the weld formation of more
Widmanstatten ferrite and ferrite grain boundaries with increase in grain growth compared
to the weld without nanoparticles. This grain growth resulted in coarse grain formations,
which was due to the increase in reheated zone by the arc constriction (Fattahi, et al., 2011).
This phenomenon of increment in acicular ferrite content by the nominal amount of
nanoparticle addition has also been noted in the columnar grain zone, which was experiment
by Fattahi, et al. (2013(b); 2014(a)) on welding carbon steel by TiO2 nanoparticle coated
electrode with multi-pass on the metal.

As Fattahi, et al. (2011) observed variation in the grain size between the weld metals formed
with the varying content of TiO2 nanoparticles in the electrodes, which is shown in Figure
22. This variation in grain size was due to the reasons that increasing nucleation sites and
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improvement in the arc stability by the TiO2 nanoparticles addition. As mentioned above,
welding steel with Ti inclusion in the electrode had columnar grain zone and reheated grain
zone, where reheated grain zone occurred due to the multiple pass. This reheated grain zone
had course grain reheated zone as well as fine grain reheated zone that had no effect until
with the varying content of TiO2 nanoparticles in the welding electrode (Fattahi, et al.,
2013(b); Fattahi, et al., 2014(a)), which is shown in Figure 22.

Figure 22. Weld beads microstructural formation of low carbon steels with (a) low, (b)
medium and (c) high TiO2 content nanoparticles (Fattahi, et al., 2011).
From the Figure 22 shows the microstructure formation in the medium content TiO2
nanoparticle weld metal had more fine grains structures compared to the low and high TiO2
content nanoparticle weld metals. The main reason for the fine grain is due to the oxide
particle refinement leading to more fine intergranular ferrite grains by the nanoparticle
addition. (Fattahi, et al., 2011)

Hence from the studies, it clearly shows that nanoparticle addition through electrode coating
in GMAW process improved stable microstructural formations. Moreover, the nanoparticles
aided in recovery of elements thereby, formed complex inclusions as well as increased the
solidification time by the compounds. This nanoparticle addition assisted grain refinement
and amount of nanoparticles addition also had impact on the microstructural formations.

3.3 Effect of nanoparticle-coated electrode on the weld metal mechanical properties
Previous sections showed that the nanomaterial insertion into the weld through welding
electrode resulted in better microstructural formations and fine refinement of grains, which
could lead to improvement in joint integrity and weld properties. As studies showed that the
refinement of grains could increase the hardness or tensile strength of the joint. (ASM
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International Handbook committee, 1993; Svensson, 1993) The fine grain microstructural
formation through nanoparticles could have higher strength compared to the welded joints
without nanoparticles addition.

3.3.1 Hardness property
Hardness property is an essential characteristic in the joint strength and integrity. If the
hardness value in the weld region increases above the nominal level corresponding to the
base metal, the weld impact strength is reduced and leads to the occurrence of brittle fracture
or crack propagation. However, if the hardness value of the weld increased uniformly
corresponding to level of base metal, the joint has better integrity and performance.
Researches showed the weld metal with increasing nanoparticle addition by coating on the
base metal had an increment in the hardness values. (Ishak, et al., 2012; Tseng & Lin, 2014).
This hardness improvement has also been observed in Fattahi, et al. (2013(b)) experiment of
welding low carbon steel with the TiO2 nano coated electrode, which was due to the grain
refinement in the microstructure. Moreover, the hardness value increased by increasing the
TiO2 nanoparticle in the electrode, which is shown in Figure 23. This hardness increment
was due to the increase of acicular ferrite content in the microstructural formation.
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Figure 23. Hardness in the low carbon weld metal with varying content of TiO2
nanoparticles (Fattahi, et al., 2013(b)).
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In some cases, the weld with increasing content of nanoparticles gradually increased the
hardness value but, after attaining the sustainable value, the hardness value starts decreasing
with further increasing nanoparticle addition into the weld. This effect has been observed in
welding low carbon steel with TiO2 nanoparticle showing that the hardness increased with
increasing TiO2 nanoparticle content in the electrode coating and decreased gradually. In
addition, the hardness value decreased gradually from the columnar zone to reheated zone,
which may be due to the change in microstructure and change in grain size. However, the
weld formed with medium TiO2 nanoparticles content had highest hardness compared to the
other weld metals formed with low and high TiO2 nanoparticles, which is shown in Figure
24. (Fattahi, et al., 2011) The similar phenomenon has also been observed in experiment of
Chen, et al. (2009) on low carbon steel with the nano-marble addition (i.e. CaCO3) in the
electrode. This decreasing in hardness value from both the studies would be due to the size
factor. The reason for increment in the hardness was due to the formation of enormous
amount of acicular ferrite content in the steel weld metal (Fattahi, et al., 2011).

Figure 24. Microhardness of low carbon steel weld metals formed by low (0.006 Wt %),
medium (0.023 Wt %) and high (0.027 Wt %) TiO2 content nanoparticles (Fattahi, et al.,
2011).
Thus, the studies showed that the weld formed by the nanoparticle addition through electrode
coating had increased the hardness with nanoparticle content. This hardness increase was
due to acicular ferrite content in microstructure. However, studies have also showed
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increasing nanoparticle addition had increased hardness to a sustainable level and decreased
gradually, which is due to the nanomaterial size factor.

3.3.2 Tensile and Impact properties
As the grain has been refined in the weld microstructure with the use of nanoparticle coated
electrode, the weld would certainly increase the ductile strength of the joint. Previous study
showed that TiO2 nanoparticles addition as alloying element improved the tensile strength
in the C-Mn steels (Hossein Nedjad, et al., 2011). Moreover, the weld formed with
nanoparticles addition through electrode coating also improved the tensile and yield strength
by refinement of grains. For instance, Pal and Maity (2011) research on welding carbon steel
with the TiO2 nanoparticle addition in electrode showed the weld composition had recovery
of elements, which aided in lowering of temperature resulting in grain refinement improving
tensile strength. Moreover, the yield and tensile strength increased with the increasing
content of TiO2 nanoparticles in the welding electrode. To identify the factors that improved
the tensile strength, Fattahi, et al. (2013(b)) experiment on welding low carbon steel with
TiO2 nanoparticles coated electrode and obtained a weld with improved tensile and yield
strength by increased the TiO2 content in the electrode, which is shown in Table 4. The study
concluded that the improvement in the strength mainly occurred by the improved grain size
by the refinement and increased acicular ferrite content in the microstructure.

Table 4. Tensile, yield and impact properties in the low carbon steel welds formed with
variation in TiO2 nanoparticles (Fattahi, et al., 2013(b)).
MECHANICAL PROPERTIES
WELD METAL

Tensile strength
(MPa)

Yield strength
(MPa)

Elongation (%)

Impact energy at 300C (J)

With low Ti
nanoparticles (0.003)

443

385

27.6

38

With low Ti
nanoparticles (0.007)

478

404

28.8

42.7

With medium Ti
nanoparticles (0.011)

517

422

26

53

With medium Ti
nanoparticles (0.013)

537

453

30.8

64

With high Ti
nanoparticles (0.021)

574

483

25

68.3
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As a case showed the weld hardness increased and gradually decreased with the increasing
content of nanoparticles. The same effect happened in research of Fattahi, et al. (2011)
showing that with the medium TiO2 nanoparticle content in the electrode had more yield and
ultimate tensile strength compared to the other weld metals formed by low and high TiO 2
nanoparticle contents, which is shown in Figure 25. Earlier studies proved that the reduction
in grain size by grain refinement would assist in increase in the tensile strength (Bhadeshia
& Honeycombe, 2003). Therefore, the increased tensile strength was due to the reduced
grain size, greater amount of acicular ferrite content and columnar zone reduction in the weld
(Fattahi, et al., 2011). The decreased tensile properties in the weld metal formed by high
content TiO2 nanoparticle electrode was due to increased oxygen content, increased
allotriomorphic ferrite grain boundary and decreased columnar zone grain size.
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Figure 25. Tensile properties formed in the low carbon steel weld metals by varying TiO2
nanoparticles content in electrode (Fattahi, et al., 2011).
Apart from the tensile strength, the impact toughness also increased with increasing content
of nanoparticles in the weld metal. This was stated by the research of Fattahi, et al. (2013(b))
showing that an improvement in the impact strength increased with increased acicular ferrite
content and grain refinement in the weld metal, which is shown in Table 4. This was
confirmed by the dimple size at the fracture region showing that small dimples in the weld
formed by the high TiO2 content nanoparticles. Previous research showed a relation between
toughness and the dimples size, where the toughness improved with the decrease in the
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dimple sizes (Hilders & Santana, 1988). Moreover, Pal and Maity (2011) experiment also
agreed on the statement that toughness increased with increased nanoparticle content.
However, the reason for the improvement in the impact toughness was not only by grain
refinement but, the oxygen and nitrogen level was also one of the reason which was
manipulated by the Ti content.

However, previous studies showed that high oxygen content in the weld metal negatively
influences the properties of the joint by reducing the toughness of the joint (Terashima &
Bhadeshia, 2006(b); Terashima & Bhadeshia, 2006(a)). Fattahi, et al. (2011) experiment also
showed that the medium amount TiO2 nanoparticles electrode had higher toughness in the
weld metal at -300C than the weld metals formed by low and high TiO2 nanoparticle
electrode, which is shown in Figure 26. So, for the joint welded with the high TiO2
nanoparticles content in the electrode had an increase in oxygen with an increase in
allotriomorphic ferrite content, which resulted in decreased impact strength. The low TiO2
nanoparticle content had the weld with high Widmanstatten content deteriorating the impact
strength of the joint. Research have been reported that cracks can be produced and
propagates in the Widmanstatten ferrite, which is unfavourable for the impact strength
(Svensson, 1993). Hence, the reduction in the toughness strength in the weld metal was due
to increase in oxygen content, variation in grain size, amount of acicular ferrite, cleavages
in the microstructures and inclusion characteristics. (Fattahi, et al., 2011)
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Figure 26. Impact strength in the low carbon steel weld formed with varying content of TiO2
nanoparticles electrode (Fattahi, et al., 2011).
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Therefore, the nanoparticles addition through electrode coating improved the tensile and
yield strength. Increasing the nanoparticle content, increased the tensile and yield strength
by grain refinement in the weld. However, with significant increase in the nanoparticle
content results in reduction of tensile strength by the effect of oxygen content and columnar
grain in the weld. In addition, the impact strength also decreased in the weld by the effect
of oxygen with a significant increase in nanoparticle content. However, with the nominal
level of nanoparticles content in the weld increased the impact strength.

3.3.3 Corrosion resistance property
Corrosion resistance properties is important characteristic for the weld, where the joint have
been used in the corrosive environments. As showed in the study that the weld formed by
nanoparticle addition through coating on the base metal improved the properties. For the
case of electrode coating, Fattahi, et al. (2014(a)) experiment on welding low carbon steel
with the addition of TiO2 nanoparticles in the electrode decreased the corrosion resistance at
the grain boundaries or around the Ti-based inclusions of the weld metal. This is due to the
fact that the non-metallic inclusion into the weld metal act as pitting agent for corrosion
(Baker & Castle, 2003). Due to difference in the alloying element concentration at the grain
boundaries results in more corrosion at the grain boundaries in the weld metal. In addition,
increasing the TiO2 nanoparticles in the weld metal results in increase in the formation of
manganese depleted zone around the Ti-based inclusion. This could resulted in destruction
of carbon steels by reducing the corrosion resistance along the manganese depleted zone,
when it is subjected to environment containing Cl (Baker & Castle, 1992). However, the
weld metal without addition of Ti nanoparticles showed the lowest corrosion rate (Fattahi,
et al., 2014(a)). So, the TiO2 addition was not suitable for the improvement of corrosion
resistance property in the low carbon weld metal.

3.3.4 Wear resistance property
The wear resistance also plays an important characteristic in the joint integrity, if the joint
subjected to friction environment. Welding low carbon steel with the addition of nanomarble (i.e. CaCO3) in the welding electrode had an increase in the wear resistance with the
increase in the nano-marble content in the electrode, which was estimated by the weight loss
as shown in Table 5. However, the weld formed with nominal level of nano-marble had
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higher wear resistance compared to weld formed with highest content of nano-marble.
(Chen, et al., 2009) The reason for improvement in wear resistance are yet to be researched.

Table 5. Abrasion wear resistance variation by the nano-marble content in the low carbon
steel weld metal (Chen, et al., 2009).
Electrode with CaCO3 nano-marbles addition
(%) in flux welded in low carbon steel

Abrasion weight loss (g)

Electrode 1 – 0% - Weld metal 1

0.021

Electrode 2 – 10% - Weld metal 2

0.018

Electrode 3 – 20% - Weld metal 3

0.008

Electrode 4 – 25% - Weld metal 4

0.005

Electrode 5 – 50% - Weld metal 5

0.011

Electrode 6 – 100% - Weld metal 6

0.016

Thus, through the insertion of the nanomaterial into the welding electrode coating had
improvement in the properties. Moreover, the wear resistance reduced the weight loss
through the increasing content of nanomaterials into the welding electrode.
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4

NANOMATERIALS USED AS FILLER MATERIALS IN TIG AND
DIFFUSION WELDING

Chemical composition of the filler metal is one of the determining factor for the
microstructure and properties of the weld metal. Mostly, the selection of filler metal is
preferred according to the composition of the base metals (ASM International Handbook
committee, 1993). Studies have showed that the small particles used in the electrode
improved the weld strength. Moreover, the uniform distribution of particles is required in
the filler metal fabrication, which improves the joint integrity. The filler material could be
in the various form, such as powders, layers and wires. However, the selection of filler
should be adaptable to the welding processes. While manufacturing of filler materials, the
nanomaterials are added as alloying element. Recently, there has been introduction of
composite filler wires containing nanoparticles used in welding, which significantly
improved the properties of the joint. The composites filler metals have also been fabricated
resulting in the improvement of the properties and reducing the defect formations. The
following section describes the effect of nanomaterial added fillers in various welding
processes.

4.1 Gas Tungsten Arc Welding process (GTAW/TIG)
For the non-consumable electrode in arc welding processes, the usage of appropriate filler
metal into the joint improves the microstructure as well as the joint properties. The GTAW
process improves the microstructure and properties of the weld by the addition of nucleating
agent through filler metal and the selection of appropriate post weld heat treatment (Kou,
2003). However, the composite filler metal formed with small size particles (such as
microparticles and nanoparticles) improves the properties of the joint (Li, et al., 2014). The
filler metals fabricated with nanomaterials had a uniform dispersion within the filler metal
and to the weld formation, which also provided improvement in the properties (Fattahi, et
al., 2015). The uniform dispersion would aid in uniform cooling and the microstructural
formations of the weld metal, which in turn would form a better properties in the weld metal
(Kou, 2003). Some nanoparticles added as filler metals were metal oxides, noble metals and
carbide particles.
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However, research showed that the carbonaceous element used as reinforcing element in Al
alloys had an enormous improvement in the properties and refinement of grains (Latief, et
al., 2011). This carbonaceous could be used in filler metal for welding Al metals to improve
the properties of the joint. The carbonaceous nanomaterials such as GNS and CNT, improves
the properties by the manipulation of the grain growth. The GNS is the structural basic
element for the CNT. So, if the GNS inclusion improves the properties of the Al metal, then
CNT would be showing a better improvement in the properties. Many research have shown
that MWCNT as reinforcing agent in Al alloys improved the properties and microstructural
stabilities. (Laha, et al., 2009; Izadi & Gerlich, 2012). In some cases, the ceramic
nanoparticles (i.e. TiC, SiC and Al2O3) were also used as reinforcing particles in Al alloys
that improved the properties and refined grain size (Kaftelen, et al., 2011). This ceramic
particles could be used in filler metals. The succeeding section shows the weld formed by
nanoparticles through filler materials and its effect on the joint.

4.1.1 Filler metal with nanomaterials effects on the defects and microstructure
Research have shown that the nanoparticle inclusion while alloying improved the
microstructural formation and reduced the defects. The nanoparticle addition through
electrode coating and through coating on the base metal showed the weld metal formation
with reduced defects moreover, the addition of nanomaterials in the filler metal also reduced
the defect formations. For instance, Fattahi, et al. (2013(a)) observed defect formation such
as lack of penetration and course micro-porosity in the weld formed by filler without
nanomaterial addition. But the weld formed with MWCNT filler metal had reduced the
defects however, increased the fine micro-porosity in the weld. MWCNT filler metal also
improved the weld penetration and appearance of the weld seam by decreasing the fluidity
of the liquid weld metal.

The accumulation of nanoparticles in the weld would lead to negative effect such as defect
formations and degradation of properties. This has happened in the experiment of Fattahi, et
al. (2014(b)) showing that the micro-crack formation by the cluster of particles formation
resulting insufficient bonding between the Al and GNS. Moreover, large cluster formation
leads to the easy propagation of cracks. However, the higher content GNS in the weld metal
with uniform dispersion reduces the discontinuity formation. So, the carbonaceous
nanoparticle addition through filler metal reduced the discontinuity formation however,
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accumulation of particles in the weld metal resulted in negative affect the joint. Previous
researches suggested some of the factors influencing the microstructure of Al, by the
addition of MWCNT such as
1. Dispersion of MWCNT in Al,
2. Material deformation and
3. Interfacial reaction between Al and MWCNT (Bakshi & Agarwal, 2011;
Pérez-Bustamante, et al., 2013).
By considering these factors, Fattahi, et al. (2013(a)) experimented on welding Al with the
filler metal containing MWCNT, where the weld formed with the reinforce MWCNT in Al
provided an improvement in the microstructural stability as well as mechanical properties.
This was due to the grain refinement by the pinning effect at the grain boundaries (Laha, et
al., 2009). As considering the dispersion of the particles as major factor, Fattahi et al.
(2014(b)) again experimented welding of Al alloys with filler metal containing GNS for
studying the joint microstructure and properties. The weld showed a variation in the weld
metal micro-structural formed with and without GNS in the filler metal. The weld metal
formed without nanomaterial addition had dendritic and equiaxed α-Al grains and Al-Si
eutectic phases however, the weld formed with GNS addition in filler metal had only
equiaxed α-Al grains. This microstructural change occurred by the addition of GNS due to
heterogeneous nucleation site, pinning effect of GNS on the grain boundaries and
deceleration of the grain growth. Moreover, increasing the content of GNS in the filler metal
resulted in fine equiaxed grains on the weld metal, which is shown in Figure 27. (Fattahi, et
al., 2014(b))
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Figure 27. Grain size vs GNS content (Wt. %) in the 6061 Al alloy weld metal (Fattahi, et
al., 2014(b)).
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As the carbonaceous nanoparticle showed grain refinement in the Al weld metal, it is
anticipated that the TiC nanoparticles would provide better refinement and improvement in
properties. The reason for the TiC nanoparticles instead of other ceramic nanoparticles for
welding Al alloys is due to its low density and provided good wear resistance and good
weldability. Research also showed the Al alloys with TiC nanoparticles as alloying element
into the alloy improved the mechanical properties by the fine grain refinement (Kim & Yu,
2014). Welding Al alloys with the TiC nanoparticles as filler material has improved
microstructure with the grain uniformity and reduced of the grain growth. Grain refinements
in the weld was improved by pinning effect of TiC nanoparticles on boundaries and the
nucleation of TiC nanoparticles. This pinning effect occurred by the decrease in primary αAl grain size due to the increased volume fraction of TiC nanoparticles by the increasing
TiC content in the filler metal and for the nucleation site formation has been enhanced by
the lattice mismatch between the Al and TiC nanoparticles. (Fattahi, et al., 2015) The
reduction in the grain growth was briefly explained by Li, et al. (2008(a)) that the TiC
nanoparticles are present inside the grain as well as along the grain boundaries by the
uniform dispersion through the filler metal had segregation of the TiC nanoparticles along
the grain boundary because of the weak bonding during the growth of the primary α-Al grain.
These TiC particles get aggregated along the boundaries and slow down grain boundary
mobility thereby resulting in reduces of size. Therefore, increasing TiC nanoparticles content
in the filler metal reduced the grain size and improved grain refinement, which is shown in
Figure 28.

Figure 28. Weld microstructures of 6061 Al alloys formed (a) without, (b) by 2.5 % wt and
(c) by 5% wt of TiC nanoparticles (Fattahi, et al., 2015).
Therefore, both the carbonaceous nanoparticles and ceramic nanoparticles in the filler metal
had the weld metal with refined microstructure thereby resulting in improvement in
properties. In addition, both the weld formed with carbonaceous and ceramic nanoparticles
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had grain refinement by the pinning and nucleation effect at the grain boundaries. Moreover,
the increasing the nanoparticles content in the filler metal improved the grain refinement.

4.1.2 Filler metal with nanomaterials effects on the mechanical weld properties
The carbonaceous nanoparticles and ceramic nanoparticles in the filler metal had refinement
in the microstructure, which would improve the hardness and tensile strength. Research have
shown that small grain size formed in the weld metal increases the hardness and the tensile
strength of the joint.
Hardness property
Research showed that the decrease in the grain size, increases the hardness of the metal. The
carbonaceous nanoparticle (i.e. MWCNT) added in the electrode had Al weld metal with
reduced grain size, which resulted in increased hardness. Moreover, there was another reason
that increased the hardness was due to the formation of Al carbide (Al4C3), which was
influenced by the rate of cooling in the weld metal (Fattahi, et al., 2013(a)). This was also
reported in Fattahi, et al. (2014(b)) experiment on welding Al alloys with GNS in the filler
metal. The reason for increase in hardness were also same, moreover there was another
reason for increase in hardness, which occurred by increase of dislocation density. Moreover,
increasing GNS content in the filler metal increased the microhardness in the weld metal,
which is shown Figure 29. However, the weld metal formed by the filler metal without
nanomaterial addition had hardness below the base metal hardness. The weld hardness
reduction below the base metal hardness was due to the increased temperature above the
recrystallization, thereby reduced the cold work. (Fattahi, et al., 2013(a))
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Figure 29. Microhardness of the 6061 Al alloy weld metal by varying GNS content in filler
metal (Fattahi, et al., 2014(b)).
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The reasons for occurrence of grain refinement, increase of dislocation density and formation
of aluminium carbide to improve hardness were occurred by increased volume fraction at
the grain boundaries through nanomaterial addition. Secondly, the dislocation density
expanded in the weld metal by thermal expansion difference between the Al and GNS or
MWCNT. Lastly, the carbonaceous element had Al carbide formation while microstructural
formations through easy bonding between elements (Fattahi, et al., 2014(b)).

As ceramic nanoparticles (TiC) added in the filler metal increased grain refinement in the
weld. Fattahi, et al. (2015) showed increase in hardness of the weld metal by the increased
content of the TiC nanoparticles in the filler metal, which is shown in Table 6. There are two
other reason that increased the hardness of the joint, firstly, the reduced grain size of the αAl enhances the hardness by the decreased grain size. Another reason for increased hardness
is the difference in the thermal coefficient of expansion between the Al and TiC
nanoparticles, thereby produces the thermal strains. However, the hardness reduced at the
HAZ, which was due to the grain growth and recrystallization along the joint. (Fattahi, et al.,
2015)
Table 6. Hardness in 6061 Al alloys welds with varying content of TiC nanoparticles
(Fattahi, et al., 2015).
Microhardness (HV)
TiC in the weld,
Wt %

Weld zone

Heat affected zone

Base metal

0

64 ± 2

63 ± 3

82 ± 3

2.5

79 ± 3

63 ± 6

82 ± 2

5

93 ± 5

63 ± 4

82 ± 2

Therefore, either carbonaceous or ceramic nanoparticles in the filler metal increased the
hardness in the weld metal. Increasing the content of nanoparticles improved the hardness
properties. The reason for increase in hardness are same for both the nanoparticles
1. Reduction in grain size,
2. Formation of aluminium carbide (Al4C3)
3. Increase dislocation density, this occurred only in TiC and GNS.
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Tensile property
For the case of tensile strength, Fattahi, et al. (2013(a)) showed the joint formed with
MWCNT addition in the filler metal had improved the ultimate tensile with reasonable
ductility compared to the other weld metal, as shown in Figure 30. The increase in tensile
strength was due to the thermal expansion difference between the Al and MWCNT. In
addition, the grain refinement and uniform dispersion of MWCNT were also an important
factors for the improvement of the tensile strength.

Figure 30. Stress vs Strain curve for the 1050 Al alloy weld metals with/without
nanomaterial addition (Fattahi, et al., 2013(a)).
Moreover, the addition of GNS content in the filler metal also improved the ultimate tensile
and yield strength of the weld metal, due to uniform distribution and unique properties of
GNS. The uniform dispersion of GNS restrict the dislocation motion, thereby strengthens
the Al joint. Moreover, the improvement of tensile strength was also aided by grain
refinement, which occurred by the fine grains disrupting the dislocation movement. This
disruption lead to an increasing dislocation density with uniform grain boundaries improves
the rate of strain hardening. (Fattahi, et al., 2014(b)) So, the tensile strength improved due
to grain refinement and with the uniform dispersion of carbonaceous elements (i.e. MWCNT
and GNS).

For the addition of ceramic nanoparticles into the filler metal, the weld metal formed by the
increased TiC nanoparticles also increased the ultimate tensile strength and yield strength,
however, reduced the elongation, which can be seen from Figure 31. This improvement was
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due to the three reasons-firstly, the thermal mismatch between the TiC nanoparticles and Al
could increase the dislocation density in the weld, which increases the tensile strength. The
second reasons is the decreased grain size by the grain refinement improved the tensile
strength and final reason is dislocation movement is obstructed by the fine TiC particles,
thereby, increases the tensile strength of the joint. Moreover, the fracture surface had ductile
fracture by the dimples formed. The weld fractured with 5% Wt of TiC nanoparticles had
fine and uniform dimples compared to the weld formed with 2.5% Wt of TiC nanoparticles
and without nanoparticles in the filler metal. (Fattahi, et al., 2015)

Figure 31. Tensile strength and elongation formed in the 6061 Al alloy weld by the variation
in TiC nanoparticles (Fattahi, et al., 2015).
Hence, the weld tensile strength increased with the filler metal consisting of carbonaceous
(i.e. MWCNT and GNS) or ceramic nanoparticles however, the elongation decreased. The
reason for the improvement in the weld
1. Uniform dispersion of nanoparticles.
2. Grain refinement
3. Properties of nanoparticles added in the filler metal.

4.2 Diffusion welding
Diffusion welding or bonding is a solid-state welding process, where the joining happens at
the temperature below the melting point of the materials and the application of pressure joins
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two base metals (Lienert, et al., 2011). To avoid some discontinuities and brittle phase
formation in the weld metal microstructure, the interlayer could be used. The interlayer
material could be coated or foiled of a relative material and it should be appropriately
selected according to the base metal so that, the weld metal could have homogeneous
composition with the improved diffusion joint strength. In addition, the DW process
impedes the microstructural change in the joint zone (Kazakov, 1985). Research showed that
the interlayer for DW with minimum thickness manipulates the interface region (Mann, et
al., 1997). The thickness of the layer or foil also manipulates the intermediate zone by the
rate of the activation of solid-state phase reaction and the properties of the weld (Lienert, et
al., 2011). In addition, to improve properties and to reduce defects, the DW mostly takes
place only at vacuum condition, where the schematic diagram is shown in Figure 32.

Figure 32. Schematic of vacuum diffusion welding process (Ustinov, et al., 2013).

For the materials that are difficult to deform, the selection of interlayer material should be
thin and ductile, in-order to reduce the required heating temperature and the pressure for the
joining metals. As the material properties and interlayer properties greatly influences the
welding parameters in the DW process. (Ustinov, et al., 2013) With the reduced interlayer
material thickness (such as using nano-layered materials) improves the solid phase reaction
and welding condition, which consequently increases the diffusion between the base metals
(Mann, et al., 1997). As the intermetallic material or layer thickness has more influence in
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diffusion between the metals, the nanolayered foil would improve the joint integrity by stable
microstructural formation and increase in the mechanical properties of the joint.

4.2.1 Effect of nano-layers interlayer on weld appearance and geometry
In the DW process, the weld geometrical formation is one of determinable factor for the joint
integrity, which in-turn depends on the interlayer materials thickness. For instances, by the
use of Ti/Al interlayer material with high thickness in DW formed a thick weld bead joint
leading to decrease in the joint properties (i. e. tensile strength). This decrease in the
properties is due to the resistance of the interlayer plastic flow by the interlayer material
composites. However, the joint thickness is reduced by the thin Ti/Al nano-layered
interlayer, results in increase in the properties of the joint. (Duarte, et al., 2006) In some
cases, welding TiAl base alloy with the nanolayered interlayers materials reported that the
bond thickness formed by the Ti/Al nano-interlayer material was four times higher than the
bond formed without interlayer material. This was due to the nano Ti/Al interlayer had
increased the atoms mobility in the joining zone by inappropriate thickness as well nanolayer selection. In addition, the joint formed by nano Ni/Ti interlayer had higher transition
region (HAZ) thickness compared to thickness formed by both Ni/Al and Ti/Al interlayer
material. This may be occurred due to the reason that niobium assisted in the penetration of
the joining zone during the diffusion process. So, the appropriate nanomaterial insertion to
the joint had beneficial effects at the transition region however; inappropriate nanomaterials
had increased joined region thickness. (Kharchenko, et al., 2011)

For the case of thin joints, the surface roughness and the surface cleanliness affects the
properties and geometry of the joint (Lienert, et al., 2011). For example, Ustinov, et al.
(2013) showed DW of Al alloys with nano Al/Cu multilayer foil (as Figure 33 shows) as
interlayer materials had hindrances to join the metals due to the surface roughness.
Moreover, with temperature below the nominal welding temperature had no adhesive bond
between the metals however, the nominal welding temperature had a good bond between the
metals with the small weld bead formation. This small weld bead occurred by welding
temperature leading to fragmentation of layers.
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Figure 33. Microstructural view of multi Al/Cu nanomaterials foil welded in Al alloys
(Ustinov, et al., 2013).
Hence, the studies showed the nano-layered materials properties and the welding parameters
influenced the weld geometry formations. Moreover, the thickness of the nano-layered
interlayer also determined the thickness of the bond formation.

4.2.2 Effect of nano-layers interlayer on the defects and weld microstructure
Numerous studies showed interlayer material used in the diffusion process had improved the
joint strength and properties by reducing the defects formations. Moreover, the nanolayered
interlayer could reduce the defects by the plastic deformation of interlayer. For instance,
Ustinov, et al. (2008) on welding TiAl alloys by using nano-layered foil of Ti/Al showed
reduction of defects such as porosity and cracks by the interlayer. This improvement was
due to the plastic flow between the metals by deformation of interlayer. Ustinov, et al. (2009)
again reported on producing welding of TiAl alloys by using nano Ti/Al interlayer material
had the defect free interface region in the joint, which was due to the welding temperatures
that assisted in the plastic flow between the metals as well as heterogeneous structural
formation. The joint formed by very low welding temperature resulted in the discontinuity
formation that reduces the properties of the joint. Moreover, Duarte, et al. (2006) also agreed
that on low welding temperature resulted in defects such as lack of diffusion and porous
formation at the bonding zone, which may be due to the non-uniformity in the joint.
However, as temperature increased with higher temperature (i.e. 10000C) had defect-free
joint with homogeneous weld formation, which is shown in Figure 34. So the weld defects
were reduced by the nano-interlayer foil through plastic flow between the metals and the
welding temperature.
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Low welding temperature

High welding temperature

Figure 34. Discontinuities with low welding temperature and no defects with high welding
temperature on the TiAl alloy weld metal with Ti/Al nano-multilayer (Duarte, et al., 2006).
Microstructural formation is a phenomenon that determines the characteristics of the joint as
well stability of joint integrity. The microstructural formation by the DW process depends
on the base material, the interlayer materials if used and the welding parameters. In addition,
as stated DW process manipulates the microstructural change due to unmelting of the metal.
Previous studies showed the diffusion of the base metals with the interlayer in the joining
zone were accelerated by the increase in dislocation density, leading in the inter grain growth
between the metals. (Ustinov, et al., 2013)

With the use of thin interlayer in the diffusion welded joint had improved diffusion between
the metals by formation of stable microstructures and reduction of defects. For instance, the
report of Ustinov, et al. (2008) showed using foils containing Ti/Al nano-layer aided in the
good diffusion of Ti-Al alloys compared to the weld formed without interlayer, which led
by the formation of heterophase microstructures while heating Ti/Al nano-layered foil.
Kharchenko, et al. (2011) also reported the same result that nano Ti/Al interlayer had good
diffusion of Ti-Al alloys however, homogenous microstructure formed while heating Ti/Al
nano-layered foil. The bond formation by both the experiment is shown in Figure 35. The
Mn content initiated the diffusion between the metals, where the intermediate region had
uniform equiaxed grains. In addition, the composition of the joint zone was mere same to
the base metal composition, which was due to the growth of fine equiaxed grain into the base
metal. (Ustinov, et al., 2008; Kharchenko, et al., 2011) However, some chemical
inhomogeneity produced in the joint were reduced by the annealing process, which in-turn
slightly reduced the strength of the joint (Kharchenko, et al., 2011).
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Figure 35. Microstructure of bond formed in the TiAl alloys (a) without interlayer, (b) with
Ti/Al nano-interlayer - heterogeneous and (c) with Ti/Al nano-interlayer – homogeneous
(Ustinov, et al., 2008; Kharchenko, et al., 2011).
The welding temperature also had influence in the microstructural formation. Ramos, et al.
(2006) agreed on the statement by showing that welding of TiAl alloys by using Ti/Al
nanocrystalline had bond with increased the grain growth by increasing the grain size due to
the temperature increase. This grain size and grain growth had effect on the properties of the
joint. Moreover, the low welding temperature had non-uniformity in joining zone however,
the high welding temperature showed homogeneous formations (Duarte, et al., 2006;
Ustinov, et al., 2009).

As the composite materials have been widely used in various application for its properties
and strength, the joining of materials is also required with reduced deformation. Besides the
DW of TiAl alloys, the composite materials have been also welded with the required
properties and minimum deformations. For instances, the research of Ishchenko, et al. (2007)
showed DW of composite material with interlayer as Ni/Al nanolayered led to the joint
formation with continuous precipitation of reinforcement particles. Moreover, Ni/Al
nanolayers activates the diffusion reaction between the layers and base metal. As been
heated, the interlayers segregated into particles for the formation of solid phase reactions.
The uniform distribution of the reinforcement particles in the composite material had
positive effect on the joint properties. (Ishchenko, et al., 2007)

The studies showed that the diffusion between the metals has been activated by the welding
parameters and nanolayered interlayers. Welding of Al alloys with Al/Cu nano multilayer
foil also showed the activation of diffusion process between the metals occurred by the
plastic flow of the interlayer and the dislocation of atoms in the interlayer. However, there
was one other reason that activated the diffusion is the phase transformation. The
microstructural changes occurs at high range temperatures by the fragmentation of layer that
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in turn reduces the thickness of the joint. The nano-multi-layered foils influenced the phase
transformation and microstructures between the layers and the base metals, which in turns
affects welding condition of DW process. In briefly, the joint formation depends on the
deformational behaviour of the multi-layer foils. However, by increasing the welding
temperature had resulted in formation of stable microstructures in the joint and more
dispersion of the interfacial layer in the joint compared to the joint at nominal welding
temperature. Moreover, the joints at high temperature had super plastic flow behaviour by
interlayer, which reduced thickness of the joint also aided in reducing the defect formation.
(Ustinov, et al., 2013) The interlayer forming weld at different welding temperature as
shown in Figure 36. Thus from the Figure 36, the highest dispersion and the reduced
thickness of the joint zone occurred at high welding temperature compared to the other
welding temperatures.
a

b

c
Interlayer forming
weld without
dispersion

Interlayer forming
weld with little
dispersion

Interlayer forming
weld with complete
dispersion
Figure 36. Microscopic view of Al alloy joint made with different welding temperature (a)
4500C, (b) 4700C and (c) 5000C for the joint thickness and dispersion of nano-interlayer
(Ustinov, et al., 2013).
On the conclusion, the studies shows that various factors, which influenced the
microstructural formation in DW with nanolayered interlayer are:
1. Plastic flow of nanolayered interlayer.
2. Welding temperature.
3. Microstructure of interlayer.
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4.2.3 Effect of nano-layered interlayer on mechanical properties of the joint
Thin bonding interlayer materials with minimum joint thickness attains better properties in
the solid-state bonds by DW process (Lienert, et al., 2011). Another consideration to attain
better properties by the studies of Nami, et al. (2010) and Musin, et al. (1979) showed that
the chemical inhomogeneity that occurred in the joining zone due to the ductile and thick
interlayers degrades the strength and the properties of the joint. However to avoid these
problems, the solution was founded that by reducing the thickness of the interlayer and
increasing the chemical homogeneity requires increase manipulation in welding conditions.
As using nanolayered interlayers had improvement in microstructure and reduction of the
defects formation, so the joint would have improved strength.

Hardness property
As the hardness characteristic reflects the joint characteristics, the nanolayered in diffusion
welded joint showed an improved the hardness property. For example, Duarte, et al. (2006)
showed that DW of the TiAl alloy using nano interlayer with high welding temperature has
assisted in the nanocrystalline grain growth that improved the hardness properties of the
joint. The hardness attained at the joint formed at lower temperature was higher than the
hardness attained at higher temperature as shown in Table 7. This reduction in hardness with
high temperature was due to the formation of Ti rich phases. Moreover, Ramos, et al (2006)
also showed that increase in grain size reduced the hardness in the joint. However, solution
founded to improve the hardness properties, by using same chemical composition for
interlayer materials to increase the chemical homogeneity (Ustinov, et al., 2013).

Table 7. Ultra microhardness of TiAl alloy joint with nano-interlayer varies with
temperature (Duarte, et al., 2006).
Weld metal

Ultra microhardness (GPa) at various temperature
600ºC

900ºC

1000ºC

7.37 ± 0.39

8.60 ± 0.54

5.59 ± 0.69

Base metal
Weld formed
with Ti/Al
nanolayers

800ºC

10.18 ± 1.07

10.20 ± 0.88
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By using same composition of filler metal, Ustinov, et al. (2008) showed DW of Ti-Al alloys
using Ti/Al interfacial layer material had the joint hardness merely comparable to the
hardness found on the base metals only with high temperature. To clarify, Kharchenko, et
al. (2011) studied on DW of Ti-Al alloy with the usage of three different nano-layered
interlayer materials such as Ti/Al interlayer, Ni/Ti interlayer and Ni/Al interlayer. The
properties formed with three different interlayers materials had better joint strength
compared to joint made without interlayer materials. This was due to the uniform distribution
of the inclusion (interlayer materials) to the base metal, which reduced the defect formations.
As the consequence of same composition, the joint properties was not degraded, also the
microhardness of the joint was merely identical to the base metal. In addition, the joined
zone formed by Ni/Ti interlayer had increased microhardness compared to the joined formed
by Ti/Al interlayer material. However, no significant structural changes were found between
the base metal region and the transition region. (Kharchenko, et al., 2011) The weld formed
by Ni/Al interlayers had highest microhardness, which is shown in Figure 37, which is due
to the presence of the TiAl nano-crystals (Duarte, et al., 2006; Ramos, et al., 2006).

Figure 37. Distribution of microhardness in the TiAl alloy joint by the using of different
interlayer materials (A) Before annealing process (B) After annealing process at 12000 C for
2 hrs (Kharchenko, et al., 2011).
Hence, it clearly shows that the hardness improvement in joints formed by the nanolayered
materials has due to the following factors:
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1. Increase in grain size by increasing the welding temperature.
2. The presence of high content single phase formations in the microstructure.
3. Influence of selected nanolayered materials.

Tensile property
As the nanomaterials used in welding processes by electrode coating or by coating on base
metal or filler metal showed significant improvement in the joint properties. So, the
nanolayered interlayer would provide an improvement in tensile strength. For instances,
Ustinov, et al. (2009) reported on welding TiAl alloys by using nano Ti/Al interlayer material
had the defect free interface region and an improvement in the strength, which occurred due
to the increase in welding temperature. However, in case of composite material, Ishchenko,
et al. (2007) showed welded joint of Al alloys composite material with the use of Ni/Al
nanolayered material had decreased the tensile strength compared to the base metal, which
is shown in Figure 38. However, the tensile strength of the joint attained about approximately
76% of the base metal strength, which was due to the presence of strengthening Al2O3

Tensile strength (MPa)

particles (Ishchenko, et al., 2007).

300

200

100

0
Composite base metal

Welded joint with Ni/Al nanolayered interlayer

Figure 38. Tensile strength of Al alloy composite joint formed by Ni/Al nanolayered
(Ishchenko, et al., 2007).

Thus, the studies showed improvement in tensile strength by the increase in welding
temperature as well as in welding Al composite alloy had decrement in tensile strength by
unstable formation of microstructure.
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5

NANOMATERIALS USED IN BASE MATERIALS

Energy related industries and other industries requires a materials that sustain the fluctuating
service condition as well as economical. Nano-structured alloys or nanomaterial composite
provides the safety with requested properties, which has been utilised in various applications.
Nano-composites or nano-structured materials are generated by the nanomaterial reinforced
into the composites or alloy, where the nanomaterials such as CNT’s, GNS, and oxide
nanopowders are fabricated through various processes like CVD, PVD, laser ablation and
arc-discharge. As various application requires high strength materials with complex
structures, nano-composites or nano-structured materials requires welding. (Odette &
Hoelzer, 2010) As the nano-composite material shows better properties and strength, which
are attained by three factors such as dispersion of nanoparticles, orientation and interfacial
reaction between the added particles and the materials (Casati & Vedani, 2014). So, the
major problem in welding nano-composite materials or nanostructured material is the
aggregation of reinforcement particles leading to brittle microstructural formation and
reducing the properties of the joint.

The nanostructured or nanocomposite base material are unsustainable to weld with
conventional fusion welding process (i.e. GTAW and GMAW), which is due to the melting
of metal that would disrupt uniform distribution of particles thereby, the particles get
aggregated reducing the joint integrity (Feng, et al., 2013). As solid-state welding processes
provide minimized melting of the base metal, the joining of metal by this processes would
produce sound welds without degrading the base metal properties. However, the beam
welding processes (i.e. laser ad electron beam) could also be used for welding complex
materials for its low heat input and easy manipulation of welding parameters. The main
problem in beam welding processes is the irradiation from the laser and electron beam
influences the performance of carbonaceous element in the composites and nanostructured
materials (Kichambare, et al., 2001; Bakshi & Agarwal, 2011).

Therefore, the following sections discusses about the effect of nanostructured or
nanoparticles added alloys or composites on the weld microstructural formation and
properties.
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5.1 Result of nano-composite or nano-structured on defects and weld microstructure
As the melting of composite material lead to accumulation of reinforcement particles, the
SSW processes can produced successful weld joint without aggregation of reinforced
particles and defect formation. For instance, the FSW of Al-Al2O3 nanocomposite showed a
defect-less weld formation attained with only high heat input however, the weld formed with
low welding speed had more discontinuities formation i.e. cracks and void and very rough
surface appearance. Moreover, the stir zone of the nanocomposite weld with high and low
welding speed had small region compared to the wrought aluminium alloy weld region. With
the high heat temperature through welding, fine grain formation with the little
microstructural transformation has been observed. (Khodabakhshi, et al., 2013)

The similar phenomenon of microstructural change occurred in dissimilar welding of ODS
alloys and reduced-activation ferritic/martensitic steels (RAFM), which was due to the
welding parameters that the stirring action of tool pin had resulted in more content of ODS
into the RAFM steel by high temperature. Moreover, the grain size reduced at the HAZ zone
of the weld joint. (Feng, et al., 2013) Chen, et al. (2012) also observed microstructural
transformation in friction stir spot welded of nanostructured ferritic ODS alloy and found
reason for the microstructural transformation. Due to the elevated temperature by the friction
leading to deformation of metal thereby resulting in dynamic recrystallization. The elongated
grains have transformed into equiaxed grain by the dislocation density through dynamic
recrystallization. In addition, the partial transformation of microstructure has been observed
from elongated grain to equiaxed grain in the HAZ.

As the fusion welding generates melting of composite, leading to the aggregation of particles
in the joint. This accumulation of particles causes microstructural change resulting in
degradation of properties. However, Qian, et al. (2013) manipulated the laser welding
parameters for welding the Mg composite with MWCNT addition and showed that
successful weld joint could be produced, but the joint showed microstructural variations.
The weld microstructure formed in the fusion boundary region had epitaxial structural and
the weld centre region had grain cluster with dendrite and equiaxed dendrite structure, which
is shown in Figure 39. This microstructural transformation occurred due to the addition of
CNT into the weld metal.
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Fusion boundary
Fusion boundary

Figure 39. Laser weld microstructure of Mg added CNT composite material (Qian, et al.,
2013).

This grain cluster was due to the accumulation of carbon particles, which has been linearly
aligned at the grain boundaries as shown in Figure 40. The carbon particles accumulation
had been attributed by the CNT charging effect characteristics. The charging effect of CNT
has been activated by laser irradiation thereby resulting reconstruction of CNT’s such as
enlargement of CNT’s by accumulation of particles or transformation of CNT’s to
nanoparticles. (Qian, et al., 2013) This phenomenon have also been observed in previous
studies, which had rearrangement in CNT structure through laser irradiation and electron
beam irradiation, where the laser or electron beam parameters have more influence in the
structural transformation of CNT’s (Ma, et al., 2000; Kichambare, et al., 2001).

Figure 40. Carbon particles aggregation in Mg composites laser welded microstructure
(Qian, et al., 2013).
Thus, the nanocomposite and nano structured alloys had successful weld joint with FW as
well as SSW process through grain refinement and microstructural variation. Moreover, the
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distribution of reinforcement nanoparticles and the welding parameters had major influence
in weld metal microstructural formation and defect formations.

5.2 Result of nano-composite or structured material on weld mechanical properties
The weld of Al-Al2O3 nanocomposite had improvement in hardness properties. This
improvement in hardness was due to the local densification and refinements of grain in the
microstructure. The interfacial region of the joint between the base metal and SZ had
significant increment in hardness value, which was due to the reason of fast melting and
solidification of the interfacial region as well as accumulation reinforcing particles, which
can be seen from the Figure 41. (Khodabakhshi, et al., 2013) Due to the same fact of rapid
solidification and accumulation of nanoparticles showed an improvement in hardness of
laser welded Mg-CNT composite material. Weld hardness improvement in low welding
speed, which was due to reaction between CNT’s and high cooling rate resulted in fine weld
structure and small size carbon particles. However, the hardness of weld fabricated with high
welding speed had hardness value merely the same with base metal. Moreover, a peak
hardness have been observed in the high welding speed weld, which was due to the high
amount of accumulated carbon particles. (Qian, et al., 2013)

Figure 41. Microhardness of the weld Al-Al2O3 nanocomposite joint (Khodabakhshi, et al.,
2013).
The nano-structured materials had variation in hardness region compared to the nanocomposite materials. The hardness value of the nanostructured ODS base metal was highest
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compared to the weld region moreover, lowest hardness value have been observed in the
TMAZ of the weld, where the value are shown in Table 8. The reason for decrease in
hardness was due to the dynamic recrystallization of microstructural grains. Due to this
reason, the hardness of HAZ also reduced. However, the top of the SZ showed an increment
in hardness, which was due to the chemical reaction of tungsten tool with the base metal
leading to inclusion of tungsten. (Chen, et al., 2012) Moreover, the hardness of dissimilar
weld joint also had significant increase at the SZ and the HAZ hardness was lower than the
base metal hardness however, comparing the similar welding of nano-structured ODS steel,
the dissimilar welding TMAZ had slight increase in hardness above the base metal hardness.
In addition, the SZ showed abrupt decrease and increase in hardness, which was due to the
ODS content in the weld metal. (Feng, et al., 2013)

Table 8. Hardness value in the nano-structured ODS welded joint (Chen, et al., 2012).
WELD JOINT REGION

HARDNESS (HV)

Stirring zone (top)

290

Stirring zone (other sides)

275

Thermal mechanical affect zone

280

Heat affect zone

304

Base metal

324

The tensile strength and ductility of the weld through addition of nanocomposite had
improved only with higher heat input by FSW where-else, the weld with low welding speed
and low heat input had low tensile strength. However, brittle fractured occurred at the region
of peak hardness i.e. interfacial region between the base metal and SZ. This brittle cracking
fractured was occurred by the unstable microstructure formation due to rapid melting and
solidification. (Khodabakhshi, et al., 2013) As the grain refinement improved the weld metal
properties of the nano-composite materials and nano-structured materials, the aggregation
of particles, selection of reinforcement particles and the welding parameters have major
influence in joint properties formations. These factors have resulted in improvement of weld
properties such as hardness, tensile and impact strength, in some cases had led to the
degradation of the joint properties.
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6

NANOMATERIALS INCLUDED AS CLADDING MATERIALS

Laser cladding is an effective surfacing process in depositing materials on the substrates
compared to other coating process based on some factors, which is shown in Table 9
(Toyserkani, et al., 2004). Some of the products requires only surface modification than
joining of metals with upgraded properties on the surface. Moreover, the coating of surface
requires only minimum dilution in-order to improve the mechanical properties and chemical
composition (Sun, et al., 2005). Studies have shown that the addition of rare element (RE)
into the coating material improves the properties and surface appearance by its unique
physical and chemical characteristics (Zhong & Liu, 2010).

Table 9. Comparison of laser cladding process with other processes (Toyserkani, et al.,
2004).
FEATURES

LASER
CLADDING

WELDING

THERMAL
SPRAY

CVD

PVD

Bonding
strength

High

High

Moderate

Low

Low

Dilution

High

High

Nil

Nil

Nil

Coating
material

Metals,
Ceramics

Metals

Metals,
Ceramics

Metals,
Ceramics

Metals,
Ceramics

Coating
thickness

50 µm to
2 mm

1 to several
mm

50 µm to
several mm

0.05 µm to
20 µm

0.05 µm to
10 µm

Repeatability

Moderate to
High

Moderate

Moderate

High

High

Heat-affected
zone

Low

High

High

Very low

Very low

Controllability

Moderate to
High

Low

Moderate

Moderate to
High

Moderate to
High

Cost

High

Moderate

Moderate

High

High
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Most frequently used cladding materials are Ni-based, Co-based and Fe-based powders,
which have various application in aerospace, automobile and other industries. The cladding
has been mainly used in the repair works and servicing of the components compared to other
fabrication process. So, the particles size in cladding coating material has great influence in
properties and microstructural formation. For instance, Wellman and Nicholls (2004)
showed the size of the carbide in the coating material had significant influence in the surface
property especially in wear and erosion resistance.

Nanoparticles have good unique thermal conducting, mechanical and strengthening
properties due to its size and surface characteristics (Gleiter, 2000). So, introducing the
nanoparticles in the coating materials would improve the stable microstructure thereby,
enhances the properties. Moreover, the nanomaterials inclusion through coating on base
metal, electrode as well as filler metal in the welding process improved the joint properties
and microstructure formations, the cladding surface with the nanoparticles addition would
also improve the properties of the coated substrate. In order to support the statement,
previous studies showed the nanoparticles reinforced metal matrix composites by coating
result in improvement in property strength and joint integrity. (Xu, et al., 2003; Li, et al.,
2005; Zhang & He, 2006) Studies have also shown that the level of adding particles also
have influences in the surface microstructure and properties. So, the following section details
about the Ni-based coating, Co-based coating and Fe-based coating with the addition of
different nanoparticles into the cladding material and its effect on microstructure and
properties.

6.1 Ni-based coating material
Coatings of high-temperature protection have been widely used in the aerospace, thermal
power station, chemical and other fields (Schulz, et al., 2003; Liu, et al., 2007 a) for the
fluctuating climatic conditions. Moreover, this high-thermal protection coating have been
most frequently used in gas turbine components (Gurrappa & Sambasiva Rao, 2006). The
Ni-based coating is often used and recommended coating material for high temperature
protection (Schulz, et al., 2003). As there are drastic change in climatic condition, there is
requirement for improvement in the fabrication of materials. So, the nanoparticles have been
added to the Ni-based coating material and the usage of composite material for cladding of
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the materials had been fabricated for the improvement in properties and microstructural
stability at varying climatic conditions.

6.1.1 Nanoparticles-added-coating effects on microstructure and defects
The defects formed in the coating have significant influence on the properties and strength
of the surface. The NiCoCrAlY coated surface without nanoparticles addition showed the
cracks formation near interface and its propagation in the interface of cladded region (Wang,
et al., 2009; Wang, et al., 2010(a)). However, no cracks has been formed by the addition of
nominal amount of CeO2 nanoparticles into the cladded surface moreover, with the high
content of CeO2 nanoparticles in the coating material showed pores formations (Wang, et al.,
2010(a)). Instead of RE materials (i.e. CeO2) addition, the nano oxide particle addition (i.e.
Al2O3) in low amount into cladding material had resulted in pores formation at the interface
region however, increasing the content of Al2O3 nanoparticles to nominal level in the coating
decrease pores formation, as shown in Figure 42 (a & b). The low content had no significant
effect on pores however, the nominal content decreased the thermal expansion co-efficient
between the coating and the substrate thereby reducing the pores and crack formation. With
the high content of Al2O3 nanoparticles in the cladding had again resulted in pores formation
as shown in Figure 42 (c). This occurred due to the segregation of particles in grain
boundaries that increased the thermal expansion between the coating and substrate leading
to cracks. Thus, either RE nanoparticle or oxide nanoparticles had reduced the defect
formations in addition, the level of adding nanoparticles also have influence in discontinuity
formations. (Wang, et al., 2009)

Figure 42. Defect in interfacial region between the Ni-base super-alloy and Ni-based coating
material with addition of (a) low nanoparticles, (b) nominal nanoparticles and (c) high
nanoparticles (Wang, et al., 2009).
As the nanoparticles insertion provided grain refinement with stable microstructure in the
welding processes, the surface coating would have similar effect on the microstructure and
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its properties. For instance, Wang, et al. (2010(a)) experiment on Ni-based alloy with and
without addition of CeO2 nanoparticles in NiCoCrAlY coating showed a variation in the
microstructure. The cladded surface without nanoparticles addition had microstructure
containing equiaxial grains in the clad layer moreover, the interface region between the
substrate and cladding surface contains dendrite and epitaxial microstructure with nonuniform distribution, which is shown in Figure 43 (a). However, the cladded surface with
the medium amount of CeO2 nanoparticles had led to the fine equiaxial grain in the clad layer
and the dendrites structure in the interface region have also transformed into equiaxial grains
with uniformly distributed, which is shown in Figure 43 (b). So, only equiaxed
microstructure has been found in the interface region. With the low amount of CeO2
nanoparticle in the cladding material had some dendrite structure in the interface region.
(Wang, et al., 2010(a))

Figure 43. Cladding interfacial region between the Ni-base super-alloy and Ni-based coating
material formed (a) without nanoparticles (b) with CeO2 nanoparticles (Wang, et al.,
2010(a)).
Instead of using RE materials as nanoparticles, Wang, et al. (2009) again experimented on
Ni-based alloy with Al2O3 nanoparticle added in NiCoCrAlY material and observed that the
coating without Al2O3 nanoparticle addition had also dendrites structure perpendicular to
interface surface however, coating with Al2O3 nanoparticle addition had transformed the
structure to fine epitaxial. The transformation was due to the promotion of heterogeneous
nucleation that obstructed the growth of grains. The grain boundaries of the cladded region
without nanoparticles addition are less, compared to region cladded with nanoparticle. The
nanoparticles addition has been segregated into grain boundaries and formed course
microstructure. Moreover, increasing the nano Al2O3 particle as well as nano CeO2 particle
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content in the Ni-based coating materials increased segregation at boundaries resulting in
degradation of properties. (Wang, et al., 2009; Wang, et al., 2010(a))
In Wang, et al. (2009; 2010(a)) both the experiment’s had the phases formation in the
cladded and interface region without nanoparticle addition were ɣ-Ni, β-NiAl, ɣ’-Ni3Al and
α-Cr, however, the phase of α-Cr has not been found in the clad region formed with
nanoparticles addition. This disappearance was due to increase in solid solubility of Cr
element. As Ce is RE material, the adhesion of elements reduces the grain growth, resulting
in solubility of Cr element. In case of Al2O3 nanoparticles added coating, Al2O3 nanoparticles
obstructing the dispersion of the element and Cr had solid reaction with the Ni substrate.

As composite materials provide better properties and strength compared to the metal, the
composite materials in coating process had provided good surface properties and strength in
cladding (Zhang & He, 2006). In addition, the nanoparticles included in composite material
would provide far better properties compared to the commercial coating materials. For
instance, Farahmand, et al. (2014) experiment on laser cladding with coating materials as
Ni/WC composite on mild steel substrate had three different microstructure formed on the
interface region such as fine bone structure, inter-dendrites structure and equiaxed structure.
This dendrite structure initiated the growth due to the WC particle thermal properties.
Moreover, the saturated solid solution present in microstructure had enormous amount of C
and W.

By the addition of nano WC particles in the Ni/WC coating material improved the
distribution of WC particles, which resulted in same microstructure but microstructure were
fine compared to the coating without nanoparticle addition. However, the enormous addition
of WC nanoparticles with low melting temperature resulted in cluster formation, which
thereby formed a blocky carbide in the coating. Instead of adding nano WC particles, the
addition of nano La2O3 into the Ni/WC coating material showed an improvement in the
homogeneity of the cladded surface with the increase in the nano La2O3 particle, which is
shown in Figure 44. The addition of La2O3 had resulted in the microstructure with dendrites
and inter-dendrites structures (Farahmand , et al., 2014). The dendrite structure size and
inter-dendrite spacing as well as solidified remelted carbides decreased, due to the La2O3
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addition that increased latent heat thereby, reduced melting temperature and increased
solidification time. (Wang, et al., 2003)

Figure 44. Uniformity of Ni/WC composite coating (a) without nanoparticles, (b) with 0.5%
La2O3, (c) with 1% La2O3 and (d) with 2% La2O3 (Wang, et al., 2003).
Moreover, there were O-rich region and Cr-rich region found in microstructure compared to
Ni/WC coating. The reason for the new phase and region formation was due to RE addition
into Ni/WC composite material.

So, the Ni-based cladding material had transformation in the transition region microstructure
between the substrate and coating. Moreover, there has been disappearance of phase
formation in microstructure. For the composite material coating with carbide nanoparticles
addition had fine microstructure and blocky carbide formation moreover, with the RE
nanoparticle addition showed homogeneous microstructure and formation of new phases.
(Farahmand , et al., 2014) Thus, the defect formation has been reduced by the nominal
content of nanomaterials (i.e. RE element and oxide nanomaterial) in the Ni-based coating.
In case of microstructure, refinement of microstructure and microstructural transformation
occurred by the nominal content of nanomaterials, uniform dispersion of nanomaterials and
selection of nanomaterials.

6.1.2 Nanoparticle added coating material effects on surface mechanical properties
As the high temperature protective coating by Ni-based alloy cladding material should
provide high wear and thermal shock resistance due to the fluctuating service conditions, the
nanoparticles were introduced to the cladding material to improvise the microstructure as
well as properties. In addition, the cladding material hardness also have influence in service
condition.
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Hardness strength
The hardness characteristic of the surface reflects the surface strength and the bonding
between the substrate and cladding, the nanoparticles into cladding showed an improved the
hardness property. For example, Wang, et al. (2010(a)) observed the addition of CeO2
nanoparticles into the Ni-based coating had uniform hardness distribution on the Ni alloy
surface compared to Ni-based coating surface without nanoparticles. Moreover, the
microhardness value increased by the addition of nanoparticle however, with medium
amount of CeO2 nanoparticles cladded surface showed highest hardness value compared to
the other cladded surfaces. (Wang, et al., 2010(a))

Previous researches have shown that the carbide inclusion particles in the fabrication
processes have shown high hardness compared to other particles (Asadi, et al., 2011; Fattahi,
et al., 2015). So, Wang, et al. (Wang, et al., 2011(a)) used Al2O3 and SiC nanoparticles
instead of oxide nanoparticles in NiCoCrAlY coating on Ni alloy surface and showed that
the highest hardness of the surface had been formed by the coating of SiC nanoparticles,
followed by the coating of Al2O3 and the lowest hardness values were formed by the coating
of CeO2 particles, which is shown in Figure 45. This improvement in surface hardness was
due to the better stability of laser beam by the absorption of Al2O3 and SiC nanoparticles
than CeO2 particles.

Previous study also showed the hardness depends on the nano particle size in the composite
powder and the reason for improvement is the Al2O3 nanoparticles that has been in micro
aggregates form and SiC nanoparticles exists in single particles however, CeO2 nanoparticles
existed in both single particles and micro aggregates leading to more disintegration of the
laser beam. (Wang, et al., 2010(b))
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Figure 45. Surface hardness of laser cladded Ni-based coating on Ni super-alloy with
different nanoparticle addition (Wang, et al., 2011(a)).
Apart nanoparticles have influence in the improvement of hardness, the microstructure and
surface cladding parameters have effect on properties of the surface. For illustration,
cladding with Ni/WC composite as coating materials on mild steel substrate showed that the
hardness increased by the increasing cladding speed, which is due to the fine dendrites
structure by the high solidification rate. Moreover, the use of additional induction heater also
increased the hardness. The coating with nominal amount of nano WC particles had highest
hardness compared to the other coating with La2O3 nanoparticle and without nanoparticle.
This highest hardness was due to the uniform distribution of WC particles and its dissolution
impedance. Moreover, adding WC nanoparticles above nominal level led to the porosity and
increased carbon concentration thereby, decreased hardness. The cladding surface with the
nominal level of La2O3 nano particle had improved in hardness but, not to the level of
cladding surface with nano WC particles. The improvement was due to the grain refinement
and new intermetallic compound formations. Moreover, the addition of La2O3 nanoparticles
above nominal level had spongy phases, which decreased the hardness. (Farahmand , et al.,
2014)

Therefore, the nominal amount of all the nanoparticles added in the cladding material and
dispersion of nanomaterial on the cladded surface with suitable laser parameters had increase
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in hardness moreover, addition of nanoparticles above the nominal level degraded the
hardness property.

Wear resistance and Thermal shock resistance
The requirement of the industries for fluctuating climatic condition are the wear resistance
and thermal shock resistance properties. As the Ni-based coating material are best opted
cladding material, the nanoparticles would provide better resistance on the cladding surface
than the surface without nanoparticle addition. For the case of thermal shock resistance, the
cladding surface without nanoparticle had extended spalling however, with nanoparticle
added coating had only unit spalling for low thermal cycles. Moreover, by increasing thermal
cycles, the coating without nanoparticles had enormous cracks such as propagating cracks
and internal cracks as shown in Figure 46 (a). In case of coating with CeO2 nanoparticles
addition had deduced the propagating cracks and no formation of internal cracks as shown
in Figure 46 (b). (Wang, et al., 2010(a)) This improvement was due to the fact that the RE
increases the anti-spalling capacity of the coating (Ruiliang, et al., 2006).

Figure 46. Cracks formation after 100 thermal shock cycles from room temperature to
10500C on Ni-based cladded surface (a) without nanoparticles (b) with nanoparticles (Wang,
et al., 2010(a)).
Wear resistance on cladding surface without nanoparticles had deep penetration and large
wear scar. However, cladded surface with SiC nanoparticles had smaller width and
compared to the Al2O3 nanoparticle added surface and CeO2 nanoparticles added surface
(Wang, et al., 2011(a)). The depth wear for the cladded surface with nanoparticle addition
were similar. The reason for high wear rate in the coating with CeO2 and Al2O3 nanoparticles
compared to the SiC nanoparticle coating was due to coating hardness. Moreover, the Al2O3
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nanoparticles had more coating hardness compared to the surface with nano CeO2 particles
addition, which resulted in reduction of wear rate in the Al2O3 nanoparticles added than CeO2
added surface. Thus, the wear resistance and thermal shocking resistance improved by the
nanoparticle addition compared to the cladded surface without nanoparticle addition.

6.2 Co-based coating material
Co-based cladding composite materials also showed an improvement in the properties
particularly wear resistance as the Co have unique resistance on meteorological fluctuating
properties. Moreover, the addition of RE materials and reduction of particle size (i.e.
nanoparticles or microparticles) into the Co-based cladding material would significantly
improves the properties and stable microstructure in the interface region as the improvement
showed in Ni-based coating materials.

6.2.1 Nanoparticles-added-coating effect on microstructure and defects
The defect and the surface appearance also influences the properties formations prior to the
service condition. So, Li, et al. (2008(b)) observed the crystallizing crack in the Co surface
coating without nanoparticles addition. This cracking occurred due to the micro-segregation
of dendrite structure and impurities leading thin layer formation which is torn by thermal
stress during solidification. However, the crack formation decreased in the surface coated
with CeO2 nanoparticles addition, which was due to the Ce in CeO2 that reduced the dendrite
growth and formed into homogeneous fine dendrite. Moreover, the surface without
nanoparticle addition had course surface appearance however, the coating surface with
nanoparticles had smooth and better weld geometry. The increasing amount of nanoparticles
in the Co-based coating material had improvement in the surface quality. (Li, et al., 2008(b))

As the RE nanoparticles insertion provided defect free surface coating, it is expected to have
same effect on grain refinement with stable microstructure in the Co-based surface coating
material. Moreover, the rare earth elements have significant effect on the coating surface’s
microstructure for stable formation. Li, et al. (2008(b)) experimented with CeO2
nanoparticles added in Co alloys coating material on low carbon steel substrate showing that
the cladding surface without nanoparticles addition had dendrite formation with
perpendicular direction to interface moreover, the structure has been multi-orientated and
had only two phases (ɣ-Co and Cr23C6). However, the coating with CeO2 nanoparticles had
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equiaxed crystal structures, which was due to the CeO2 nanoparticles that acted as nucleation
site by its melting temperature. Moreover, the ɣ-Co and Cr23C6 phase has been found and
two other new phase (ɛ-Co and CeCo2) has also been found in the coating with nanoparticles.
CeCo2 formed while decomposition of nano CeO2 particles and ɛ-Co formed due to the low
thermal conductivity of CeO2. (Li, et al., 2008(b))

In some cases, instead of formation of new phases in microstructure, there were change in
microstructural phase that has also been observed in the experiment of Li, et al. (2006) on
coating Ni-based alloy substrate with Y2O3 nanoparticles addition in Co coating material,
which had phase change in primary phases (ɣ-Co and ɛ-Co) with nanoparticle addition
however, the original phase i.e. coating without nanoparticle addition were ɣ-Co and Cr23C6.
The phase change was due to the low thermal conductivity of nanoparticles. Coating formed
without nanoparticle addition had columnar dendrite microstructure while solidification,
which is shown in Figure 47 (a). However, coating with nanoparticle addition had reduced
dendritic structure with different orientation and formed equiaxed grain structure, which is
shown in Figure 47 (b). Moreover, the change has been found more when the increasing the
amount of nanoparticles. The reduction of grain size result in change in structure from
dendrite to equiaxed structure. This change was due to Cr23C6 phase and nano Y2O3 particles
that acts heterogeneous nucleation site accompanied with dispersion (Zhou, et al., 1998).

Figure 47. Microstructure of Co-based coating on Ni super alloys (a) without nanoparticles
and (b) with 1.0% nano- Y2O3 particles (Li , et al., 2006).
Thus, the grain refinement and transformation in the microstructural phases occurred due to
the RE materials addition and the size of particles had influence on uniform distribution. If
the particles get aggregated resulting in other unstable microstructural formation and
degradation of properties.
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6.2.2 Nanoparticles-added-coating material effect on mechanical properties
Due to addition of RE materials, the grain were refined and the stable microstructural phases
have been formed, which provides an improvement in the properties. Li, et al. (2008(b))
observed the hardness of the coating increased with increasing content of CeO2
nanoparticles. However, the nominal content of CeO2 nanoparticles in the coating had higher
hardness compared to the low and high content of CeO2 nanoparticles in the coating. This
highest hardness was due to the uniform distribution of the nanoparticles. Moreover, wear
resistance was also highest in the coating of medium content of CeO2 nanoparticles
compared to the other nanoparticles content in the coatings, which is shown in Figure 48.
The decrease in the high content CeO2 nanoparticles coating was due to the accumulation of
the particles leading to more wear rate and this reason was also applicable to decrease in
hardness.

Thus, the Co-based coating material with nominal content of nanoparticle addition had
improvement in properties moreover, low or high content of nanoparticles had resulted in
degradation in properties strength. This was due to accumulation of particles, which is the
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Figure 48. Wear resistance vs CeO2 nanoparticle content in the Co-based cladding material
(Li, et al., 2008(b)).

92

6.3 Fe-based coating material
Fe-based coating material are hardly used as coating materials however, the coating material
have been used in forging dies. So, the forging dies requires surface coating with low friction
wear. By the use of nanoparticle insertion to the surface coating showed improvement in
properties and microstructure.

6.3.1 Nanoparticles-added-coating effects on microstructure and defects
As the forging dies uses fluctuating temperature and friction, the stable microstructure
formation would provide resistance in-order to enhance the properties and reduce the defect
formations on the cladded surface as well as fabrication of products. Behrens, et al. (2014)
experimented forging dies with addition of Y2O3, TiC and WC nanoparticles in the tool steel
coating material (AISI H10) and showed defect free surface coating were produced with
nanoparticle coating. In case of Y2O3 nanoparticle coating on the substrate had increased
grain size with increasing Y2O3 nanoparticles content. Moreover, the Y2O3 melted
completely and dispersed however, microporous have observed on the surface.

For the WC nanoparticles added coating has decrease the grain size with increasing content
of WC in the coating. The coating with TiC nanoparticles deduced the size of grains to
minimum compared to Y2O3 nanoparticle added coating. Moreover, the precipitation was
also noted in the grain boundaries and the transformation of microstructure occurred from
martensite to austenite with increment of TiC nanoparticles. So, the addition of RE
nanoparticles (i.e. Y2O3) in the cladding surface has negative effect on microstructural
formations and defect formations however, the carbide addition (i.e. WC & TiC) in the
cladding surface had grain refinement and defect-less cladded surface. (Behrens, et al., 2014)

6.3.2 Nanoparticle added coating material effects on surface mechanical properties
As the Ni-based and Co-based coating material with nanoparticle addition showed an
improvement in hardness and wear resistance properties on the surface, the Fe-based coating
also showed properties improvement. For example, Behrens, et al. (2014) experiment on the
forging dies with addition of WC nanoparticles in the tool steel coating material had
increased hardness by increasing content of WC nanoparticles. With increase in WC content
also resulted in improvement in tensile strength however, the elongation has been reduced.
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With TiC and Y2O3 nanoparticles content in cladded surface have decrement in the hardness
properties due to the more amount of ferritic content in microstructure.

For the case of wear rate in thermal cycles, the cladded surface with the WC nanoparticles
had lowest wear rate compared to surface with TiC nanoparticles and the surface without
nanoparticles, which is shown in Figure 49. The cladded surface with TiC nanoparticle had
highest wear rate than the surface without nanoparticle. As increasing the thermal cycles, the
cladded surface with WC nanoparticles lowers the wear rate and the surface with TiC
nanoparticles had increase in wear rate. (Behrens, et al., 2014) This degradation in the
properties could be due to microstructural formations by the high ferrite content.
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Figure 49. Total wear vs forging cycle for different nanoparticle addition in the Fe-based
coating surface (Behrens, et al., 2014).
Thus, inappropriate selection of nanoparticles in the cladding material would result in
degradation in properties through the undesirable formation of microstructures. In addition,
the carbide in nanoparticles provided in defect-less microstructural formation and surface.
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7

RECENT TRENDS IN INDUSTRIAL APPLICATION OF NANOMATERIALS

Revolution in technology has significantly improved the quality of life and transformation
in society. As the growing technology requires small equipment with more choices, there is
requirement for material improvement with improved properties, mobility, and other
benefits (Bergmann, 2011). Nanotechnology has accomplished the needs of various sectors
application as shown in Figure 50.

Water treatment

Sports
equipments

Nano electronics

Textiles

Medical
industries

Aerospace
industries

Automotive
industries

Figure 50. Various sector application using nanomaterials.

As nanomaterials have unique characteristics in chemical, physical and mechanical
properties, the usage of nanomaterials have developed into essential material in every
applications. For instance, every-day using equipment (i.e. mobile phone) has been
fabricated with the nanomaterials to some parts. Moreover, there are various products, which
have been used as daily products contains nanomaterials such as cosmetics, sensors and other
products. The nanostructured materials have also application in engineering fields, for
example, the WC-Co nanocomposite have been fabricated for the machine tools such as drill
bits and wear parts in machines. (Murty, et al., 2013) However, the nanomaterial application
requires joining for complex structures and constructional purposes. Hence, the succeeding
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section details about the nanomaterials usage in various application sectors and its
advantages.

7.1 Mechanics and constructional applications
In mechanical applications, the automobile, aerospace and structural industries demand their
products with qualification of lighter, efficient, high strength and economical materials.
Nanotechnology recognize the demands of industries and provides the material requirement
of industries. Moreover, the constructional industries demands have also been satisfied with
the nanomaterials.

7.1.1 Automobile industrial applications
As the automotive industries majorly requires material with low weight and high strength
for fuel consumption as well as eco-friendly automobiles. The nanoparticles added
composites or CNT-based composites had provided the high strength to weight ratio and the
crash resistance characteristics resulting in fabrication of car’s frames. (Murty, et al., 2013)
In addition, the inorganic nano reinforcement particles provided additional application in
tyre i.e. the silica nanoparticles with high dispersion in the rubber or polymer improved the
resistance in tyre wears and resistance of rolling of tyres (Maestro, et al., 2007 b).

Besides the application of inorganic and carbonaceous nanoparticles, the nano-metal oxides
have also provided an improvement in automobile industries. Catalysts with nano-oxide
addition reduced the hazardous particles while gas emission from automobiles (Alves, et al.,
2011). Moreover, research have been showing more interest in nano-oxide catalysts for
substituting internal combustion engine to fuelled cells. The coating of paints have been
utilizing the nanoparticles or powders for its durability of bonding on surfaces. Recently, the
magnetic nano-fluids are used in shock absorbers due to dynamic damping and the shock
absorbers had significant improvement compared to the other shock absorbers. (Murty, et
al., 2013) In commercialized vehicles, the automobile industries undertakes efforts to utilize
nanomaterials for providing safer environment at economical cost.

7.1.2 Aerospace and defence industrial applications
On aerospace and defence industries have demands in improving sensors and other
equipments for long range coverage. For instance, the nanotechnology have developed the
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intelligent textiles for soldiers, which provides protection from fluctuating climatic
conditions as well as contains nano integrated sensors that displays the human biological
readings such as blood pressure, heart beat and pulse rate. In case of heavy armoured vehicle
and other vessels requires an improvement in material to withstand the effects of sudden
impacts on vehicles. As the nanomaterial composites or nanostructured material have high
strength and properties, the usage of these material into the application would meet the
requirements. Moreover, the nanomaterials have been used in helmets, combat vehicles,
biosensors and coating, which have aided in improving the life and strength of the
equipments. (Murty, et al., 2013)

In aerospace industries, requires material with high strength and low weight ratio in-order to
improve the aircraft efficiency and fabrication of small satellites. Many countries tries to
fabricate microsatellites by reducing size through nanomaterial usage in parts, these satellite
have same function with present satellites. The upcoming aircraft propulsion have been
coated with nanoparticles, which provide higher strength instead of producing thick
propulsion wings. (Murty, et al., 2013) Moreover, the forthcoming applications in these
industries demands more nanomaterial usage for their product fabrications for mass
production.

7.1.3 Structural and constructional application
In structural application, the machine or equipment requires high strength tools for
fabrication of materials. For example, the fabrication of high strength steel requires a tool
for machine operation, which should have high hardness and strength than the high strength
steels. In these cases, the nanostructured material have utilized for its high strength and wear
resistance. Nano reinforce particles or nanostructured materials have been used in various
applications such as forging dies, tools, drill bits, and other tool equipment. (Murty, et al.,
2013)

Various application in construction industries also requires nanomaterials for instance, the
concrete with nano particles addition provides high strength, and coating of secondary
equipments with nanoparticles provides fire-resistance. The steels used for concrete
formations have improved the strength three times with nanocomposite steels. In addition,
the nanoparticles coating on the doors and windows provided reflecting ultra-violet rays as
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well as suppression of flames for fire resistant proof. (Murty, et al., 2013) Nano-crystalline
catalytic material provides self-cleaning of tiles and windows, in addition, the nanostructured
TiO2 is best opted material for catalytic (Matsumoto, et al., 2004). The nano titanium dioxide
particles reinforced with the concrete had significant improved in strength as well as wear
resistance from fluctuating conditions (Murty, et al., 2013). There are also various
application of nanomaterials in these industrial application such as tool material fabrications
and commercialized equipments.

7.2 Energy related application
Recently, researches have been more orientated to the energy saving related applications and
alternative form of energy generations. These studies have been carried out for clean
environment and to increase the quantity of energy with sustainable environment. So, the
nanomaterials have adopted in the usage of various energy producing, transferring and
storing applications, such as lithium ion batteries, solar cells and super capacitors.

Industries have been researching nano-phosphate added lithium batteries for using in cell
phones as well as implementing in the electric vehicles (A123 systems, 2015). The nanophosphate lithium batteries had high efficiency compared to other batteries. Instead of nanophosphate added in the lithium ion batteries, study showed that addition of carbonaceous
element into the nanocomposite lithium ion batteries had significant improvement compared
to the former lithium ion batteries. (Kohzaki, et al., 2002) The reason behind more efficient
nano-structured lithium ion batteries compared to convention lithium ion batteries is due to
the nanoparticles, which has characteristic of rapid and enormous absorption of Li ion
without deteriorating the electrode (Murty, et al., 2013).

As world and industrial demand, requires generation of energy by using renewal resource
such as solar energy and hydro energy, the fabrication of these energy plants have high
fabrication and maintenance cost. But, the nanomaterial usage in the energy plant fabrication
have reduced the cost. For instance, the solar cell production are costly and low efficiency,
the nanomaterial-based solar panel have reduce the cost and increased the efficiency of the
energy generation. These nanomaterial-based solar panel consists of NT diffused into the
polymer, which is applied on the surface. The NT absorbs the sunlight wavelength and
transform into electrons. (Halmenschlager, et al., 2011) Instead of coating, industries
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researched on CNT on conductive films of solar panels, where the CNT manipulate the
transformation of wavelength to electrons, followed by transfer of electrons to the cell
electrode. This showed an improvement in conversion efficiency and quantity of energy
(Unidym Incorperation, 2014).

As the energy storage and energy generation power plant have improved efficiency through
nanomaterial usage, the major loss of energy have been dissipated through transmission of
lines. This loss has been reduced by the armchair quantum wire (AQR) moreover, the
addition of SWNT into the AQR have resulted in no power loss with no electrical resistance.
Thus, the nanomaterial addition have improved the energy related application with
economical cost. Still, there are researches have been enacting on nanomaterial for utilizing
in other form of energy generation with most affordable cost.

7.3 Electronic and electrical related application
Electrical and electronic industries have more demand in improvement in their products. For
example, mobile phones, televisions, laptops and other commercial electronic products have
demands for more choices such touch screens and other features with reduced fabrication
and equipment cost. These demands have been attained by the nanomaterial addition to the
application (Murty, et al., 2013). In electronic boards, the silver, gold and copper based
nanoparticles inks have been used for the printing the electronic circuits in the electronic
board. These printing of electronic circuits through nanoparticles inks have been better than
the microparticles inks usage. Moreover, there are advancement of using CNT for printing
circuit’s in-order to improve the process of circuit board. (Andrade, et al., 2011) Other
carbonaceous have also been used in printing circuit’s to provide fastest processing between
the electronic components.

Besides the electronic board, the sensors are another important sectors in electronic and
electrical fields, where these components provides various application in other fields (i.e.
aerospace, medical and automotive). These sensor materials have been also improved
through nanomaterial addition into the components of the sensors. Moreover, current LED’s,
touch screens and other optoelectronic equipments requires low resistance and high
transparency materials. By the use of CNT and GNS instead of current material (i.e. indiumtin-oxide) not only reduces the resistance and improves the transparency but also produce
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rigid glass protection. (Andrade, et al., 2011) As the electronic and electrical ever growing
fields, there are various other improvements have been produced through nanomaterial
addition in the electronic and electrical products. Moreover, the upcoming products would
have been obviously using nanomaterials in fabrication of the products through direct or
indirect manner.

7.4 Biology and environment related application
Nanotechnology and nanomaterials have revolutionized the medical fields and environment
applications. Nanomaterials have been used in drug, cosmetics, medical diagnosis and the
usage of nanomaterials in medical fields have been merely equal to other fields. Moreover,
for surgical implants in human body, the material have been made of nanomaterials. For
example, the Titanium with nanocrystalline have been used to produce the hip
transplantation. (Murty, et al., 2013) Moreover, the cancer cells have been killed through the
usage of magnetic nanoparticles. As nanoparticles have been used in orienting to earth’s
magnetic field by living organism, which could be used as technique for killing cancer cell
through alteration of magnetic fields (Maestro, et al., 2007(a)). There are numerous
application for the medical fields by the usage of nanomaterials to the human as well as
equipments.

In environmental issues, the catalytic converter with the coating of nanomaterials have
resulted in elimination of harmful gases such has CO2. Another environment problem is
water, which is essential resource for every living organism. Besides, the conventional
refining or cleaning process for water purification, the nanotechnology has introduced water
purification through nano-membranes and nanoparticles. Nano-membranes containing CNT
functions as filters, by allowing water to pass through however, the molecules bigger than
CNT diameter are filtered. These nano-membranes also desalinated the water with least cost
compared to conventional desalination process. Moreover, there are various research going
on to maintain ecological and sustainable environment. (Murty, et al., 2013)
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8

DISCUSSION

This study discusses about various method of introducing nanomaterials into the weld, which
is shown in Figure 51. These methods of nanomaterial introduction into the weld have been
significantly improved the strength properties as well as the microstructure of the welded
joint.

Nanomaterial as
coating on the
welding electrode

Nanomaterial as
mixture in filler
material

Nanomaterial
addition

Nanomaterial as
mixture in base
material

Nanomaterial as
coating on base
material

Figure 51. Various method of introducing nanomaterials into the weld joints.

The addition of nanomaterials by different modes improves the joint integrity and also
selecting appropriate welding process, welding parameter, filler metal, dilution properties
and weld designs aids in achieving reliable results. Different methods of introducing the
nanomaterials in the welding processes has been reviewed in the study, and the effect as well
as the factors influencing the joint integrity is highlighted in the Table 10, Table 11 and
Table 12.

No data

LASER
WELDING

SUBMERGED
ARC
WELDING

Thermal
characteristics of
nanoparticles and
pinning effect

Dilution (Between
the base metal and
nanoparticle)

Factors

Microstructure same
as weld joint
without
nanoparticles

Change to stable
microstructural
phases

Grain refinement

Grain refinement
reduced grain size.

Stable
microstructural
formation.

Effect

MICROSTRUCTURE

Uniform dispersion
of heat by heat
absorbed through
nanoparticles and
uniform
precipitation of
nanoparticles on
grain boundaries

GTAW / TIG

WELDING
PROCESS

Thermal properties of
the nanoparticles and
required amount of
nanoparticle addition

Appropriate selection
of nanoparticles and
precipitation of
nanoparticles in grain

Low particle size and
without accumulation
of nanoparticles

Fine grain size.

Heat dissipation
through uniform
nanoparticles
dispersion.

Factors

Effect

Minor effect on
hardness

Improved corrosion
resistance

Better fracture
toughness and tensile
strength

Improved uniform
hardness

Improved tensile
strength.

Improvement in
hardness.

PROPERTIES

Coating thickness of
the nanoparticles

Nominal welding
speed with smallest
nanoparticle size

Inappropriate addition
of nanoparticles

Reduced thermal
stress.

Increase solidification
time by uniform
dispersed
nanoparticles.

Factors

Effect

Reduced distortion,
residual stress and
cracks

Reduction of defect
length

Enormous pores
formation

Reduced angular
distortion.

Cracking and pores
reduction.

DEFECTS

EFFECT OF NANO-PARTICLE COATING ON THE BASE METAL

Table 10. Overview of effects and factors by nanoparticle insertion in different welding processes and method of introduction 1/3.
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DIFFUSION
WELDING

GTAW

GMAW
(Electrode
coating)

WELDING
PROCESS
Effect

Fragmentation of nanointerlayer

Deformation of nanointerlayer between the
metal and reduction in
grain growth.

Grain refinement by
pinning effect of
nanoparticles

Reaction of interfacial
Al and nanomaterials

phase
transformation

Homogenous
microstructural

Transformation in
microstructural
phase

Improved arc
stability

Grain refinements,
specific
Nanoparticles recovered microstructure
formation and
diluted elements
intergranular
resulting in complex
formation
oxide inclusion.

Factors

MICROSTRUCTURE

Inappropriate nanoparticle

Uniform microstructure

Chemical inhomogeneity
wit high welding
temperature

Decrease in thermal
expansion between by
uniform distribution of
nanoparticles.

Solidification time
enhancement by
nanoparticles and grain
refinement

Recovered elements
Undesirable nanoparticles
adding

Grain refinement
Nominal nanoparticle
content

Factors

Effect

Reduced tensile
strength

Improved hardness

Reduction in
hardness strength of
the joint

Improvement in
hardness and tensile
strength

Reduced corrosion
resistance and
improved wear
resistance

Improved the
hardness, tensile
strength and impact
strength

PROPERTIES

Uniform
deformation of
nano-interlayer
material.

Material plastic
deformation

Carbonaceous
element inclusion

No data

Factors

No data

Effect

Reduction of cracks
and porosity

Micro-crack
formation

Reduction of lack
of penetration and
course microporosity.

DEFECTS

EFFECT OF NANO-PARTICLE ON WELDING ELECTRODE COATING AND FILLER METAL ADDITION

Table 11. Overview of effects and factors by nanoparticle insertion in different welding processes and method of introduction 2/3.
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With reinforced
nanomaterial
addition and the
welding parameters

Accumulation of
nanoparticles

LASER
WELDING

Factors

Microstructural
phase
transformation

Microstructural
change

Effect

MICROSTRUCTURE

FRICTION
STIR
WELDING

WELDING
PROCESS

High welding speed

Accumulation of
nanomaterials

Low welding speed

Accumulation of
nanomaterials

Factors

Effect

Uneven hardness in
the joint.

Peak hardness in the
weld joint

PROPERTIES

No data

With high heat input

Factors

Effect

No data

Defect-less weld

DEFECTS

EFFECT OF NANO-PARTICLE INCLUDED IN THE BASE METAL

Table 12. Overview of effects and factors by nanoparticle insertion in different welding processes and method of introduction 3/3.
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CONCLUSIONS

Installation and structures are designed with high strength materials for increased stability
and long lifetime. But during manufacturing, processes like forming, machining and welding
reduces the material strength thereby degrading their material property. Specially, welding
process degrades the strength of material at the joining regions due to the heat input, dilution
factor, filler metal addition and other factors. Addition of proper nanomaterials in the joining
region has compensated these losses and improved their material strength and properties, by
various method such as coating on base metal, the addition to the filler metals and
nanomaterial composite as base metal.

In general, the introduction of nanomaterial to the joint through various methods has
−

Reduction of weld defects- such as base metal angular distortion, pores and crack
initiation occurring by the non-uniform shrinkage has been reduced by uniformly
distributed nanoparticles. However, inappropriate selection of nanoparticles and joint
design results in void formations in the weld.

−

Improved weld surface appearance- nominal amount of nanoparticle addition and the
size of nanoparticles reduced slag formation in weld improving surface appearance.

−

Improved weld geometry- Deep and narrow penetration occurred during welding, based
on nanoparticles size and their uniform dispersion in the weld. Inappropriate selection
of nanoparticles led to incomplete and shallow weld penetration. Welding speed also
influences the weld bead and penetration.

−

Reduction of grain size in microstructure- Addition of proper size and uniform
distribution of nanoparticle increases the pinning effect on grain boundary and grain
nucleation during welding thereby resulting in reduction in grain size.

−

Stable microstructural formation- In order to improve particular properties, the specific
phase in the microstructure are needed to be increased, which are obtained by
appropriate nanoparticle addition and with specific quantity of nanomaterial.

105

−

Improvement of joint mechanical propertiesHardness is improved through uniform nanoparticle distribution leading to uniform heat
input and dissipation. However, nanoparticles accumulation results in non-uniform
hardness. Tensile strength improved through fine microstructural formation by the
appropriate selection of nanoparticles and its characteristics.

−

Improved corrosion resistance and wear resistance- can be achieved by suitable addition
of nanoparticles in accordance with the base material as well as fine microstructure by
the uniform dispersion and nominal quantity of nanomaterial addition.

These improvement has been influenced by the main factors such as uniform dispersion of
nanoparticles, selection of nanomaterials based on their characteristics and the quantity as
well as the size of the nanoparticles. Welding with nanomaterials addition have been mostly
executed by nanopowders and nano-carbonaceous element. Mostly, metal oxides, ceramic
carbides, rare element oxide and silver nanopowders are used in weld production. In case of
nano carbonaceous elements, CNT and GNS have been used. Cladding process also had an
improvement on the surface properties as well as in the strength by the addition of
nanomaterials.

In welding and cladding processes, the effect of nanoparticles modifies the physics of joining
region and thereby, resulting in significant improvement in the welding region with stable
microstructure and properties. The addition of nanomaterials to the weldments have
significantly improved the properties of weld, where the factors and effect have been
discussed. Even though nanomaterial addition play a major role in weld production, they are
also utilized in other manufacturing sectors. The nanomaterials are added in ingot/base
material while alloying to reduce weight and to improve properties for the fabrication of
frames in aerospace and automobile industries. Besides the manufacturing industries, the
nanomaterial have also been used in medical industries for the treatment of tumour cells,
implantation of bones in humans, and other applications. However, the nanomaterials have
been significantly used in weld production to improvise the material strength. Research are
on-going to achieve high joint integrity in various metals using various welding processes
such as friction stir welding, GTAW, GMAW, laser beam welding. More research are ongoing in improving the joint efficiency in dissimilar welding through nanoparticles addition.
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10 SUMMARY

In the competitive world, the manufacturing industries are enfolded on the efficient and
economic practice of producing the products in qualitative and quantitative manner.
However, the material processing processes have been resulted in the reduction of strength
in the materials. This issues has been succeeded by the nanomaterial in manufacturing and
also other industries. In manufacturing sectors, welding is one of crucial processes in
producing the complex structures as well as reduces the material strength at the joining
region. Due to the reduction of strength at the joining region, there is requirement to process
the material to regain the material strength, which significantly increases the production cost
and time. These issues have been neutralized by the addition of nanomaterials to the
weldments but, due its size (i.e. nanomaterial), the nanomaterial addition to the weld joint
pose complications. The study uses qualitative research method, to detail, the methods of
nanomaterial addition to the joint and the nanomaterial effect on the weld integrity such as
microstructure formation, weld properties and appearance. The research has critically
reviewed the adoptable methods of nanomaterials addition to the weld as well as the factors
that leads to the changes in the weld microstructure and weld strength properties.

The study comprises of the method of nanoparticle addition to the joining region, as a coating
on the base metal and its usage in welding processes such as gas tungsten arc welding, laser
welding and submerged arc welding. Previous studies regarding the coating on the base
metal with micro particles have also been compared with the nanoparticle coating, to
illustrate the improvements. The nanomaterial addition to the weld had good effect on the
weld surface appearance, weld microstructure and properties compared to the weld produced
without nanomaterials. The factors influencing the weld appearance, stable microstructural
formations and properties improvement as well as defect reduction in different welding
processes resulting in good joint integrity has also been noted. These improvements in the
weld increased the life time cycles and reduces the production time and cost.

Besides the nanomaterials have been coated on the base metal, the nanomaterial have also
been coated on the welding electrodes. The insertion of nanomaterials as coating on the
consumable welding electrode and its advantage over conventional welding electrode has
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been detailed. The effect of nanomaterials coating on the welding electrode in the weld
chemical composition, weld microstructure and weld properties has also been explained. The
coating on the welding electrode has improved the weld joint integrity through stable
chemical composition and microstructure in the weld as well as improved the weld
properties. The usage of the weld formed by the nanomaterials increases the life time of the
joint. The factors influencing these improvement through nanomaterials have been detailed
in discussion section.

Depending upon the welding processes, nanomaterials have been added to the filler material
as alloying elements. These nanomaterial added filler materials used in welding processes
such as gas tungsten arc welding processes and diffusion welding processes resulted in
improved joint integrity. The selection of filler metal and the nanomaterials have major role
in weld joint integrity. The resultant weld improvement in microstructures and properties as
well as the factors influenced these improvements has been explained. The usage of these
filler material in mass welding production would improve the joint strength as well as
reduced the other processing cost.

Instead of using filler metal added nanomaterials, nanomaterial as coating on electrode and
base metal, the nano-structured base material have used in welding processes such as laser
beam and friction stir welding process. The microstructural change and improvement in
properties welded by welding processes through the nano-structured base material has been
detailed. The factors influencing the improvement in properties and microstructures changes
have discussed.
Through the nanomaterial addition by different methods in the welding processes have
resulted in improvement and the factors for influencing those improvement have also noted
and can be used in further research.

The study also focuses on the usage of nanomaterials in the laser cladding process and also
the industrial application of nanomaterials. In laser cladding process, the three major
cladding coating material with addition of nanomaterial and their effect on the
microstructure and surface properties have been discussed. Apart from the application of
manufacturing sectors, other industries in energy, electronic and electrical, constructional
and medical uses the nanomaterials in various application, which has been discussed.
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