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ABSTRACT
Surface modification is essential to safeguard heat exchangers from premature failure spurred
by deterioration mechanisms such as corrosion and wear, which diminish performance.
Meanwhile, modifying some substrates with dissimilar materials is challenging due to a
mismatch in material properties. Moreover, individual alloy coatings on substrates are
usually insufficient in the required material properties, leading to accelerated failure of
equipment, especially in power plant industries. This article summarised the knowledge
base on functionally graded materials (FGMs) while emphasising how this promising class of
novel materials can reduce deterioration. Additionally, laser cladding is established to be a
suitable technique for processing FGMs. A particular focus is laid on the laser beam
interaction with the FGM and expounding on the processing and material parameters that
affect the microstructural properties of FGMs. The development prospects for processing
FGMs with superior clad quality characteristics to increase boiler pipes’ service life and
performance are also highlighted.
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Introduction

Heat exchangers (HXs) are indispensable devices used
to exchange thermal energy in the form of heat trans-
fer/dissipation between fluids (liquid or gas), from one
medium to another [1,2]. Pipes are one of the most
heavily stressed major components of HXs used in
harsh working environments, such as power plant sec-
tors, resulting in frequent premature failures. Studies
have been carried out to investigate heat exchanger
pipe failure due to corrosion and wear attack aggra-
vated by elevated temperatures, reducing gases, high
pressures, and cyclic stresses [3–5]. Degradation of
HX pipes can be mitigated by careful material selec-
tion and applying resilient coatings to tube surfaces
because some metals are better suited to endure attack
in a particular environment than others [6].

Generally, alloys are usually used as coating
materials for exchanger piping because they form
anti-corrosion protective oxide layers. As such, heat
exchanger pipes are usually made of copper alloys
(90-10 Cu-Ni), stainless steel (SS316L, SS304L),
Inconel (In625, In718, IN825), and titanium alloys
(Ti6Al4V). The high content of Cr in some stainless
steel ranging between 10.5 and 26 wt-% improves
their corrosion resistance, and the alloying elements

with strengthening phases resist chemical degradation
in heat exchanger parts [7]. Apart from having the
highest thermal conductivity, copper also forms a
natural protective oxide layer called patina on the
metal surface to protect the material from degrading
agents, initially taking the form of a thin cuprate
layer (Cu2O) [8]. Similarly, other ideal materials,
such as aluminium also form a thin aluminium
oxide layer that protects against oxidation from
degrading agents such as CO2 and H2S [9]. However,
chromate formation and other degrading reactions
tend to attack protective layers. Sadeghi et al. [10] pos-
ited that despite research efforts in developing
advanced alloys for corrosion resistance and high
strength applications, they suffer from other degra-
dation attacks beyond a certain threshold of operating
temperatures. Hence, they recommend coating tubes
with functional materials to simultaneously take
advantage of two functions such as high corrosion
resistance and high wear resistance. Therefore, it can
be argued that individual alloys are preferred as sur-
face modifiers of boiler pipes due to their superior
material properties. However, individual alloys have
limited resilience in aggressive environments [11,12].
Thus, functionally graded materials (FGMs) offer a
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potential solution to overcome the coating drawbacks
of individual material because there are more resistant
and durable against degradation in severe conditions
containing different corrosion products.

The concept of material alloying has led to the
development of an emerging class of novel materials
termed functionally graded materials (FGMs), [13]
because they offer better resistance to material degra-
dation. FGMs are realised through a combination of
two or more materials characterised by spatial compo-
sition profiles that exhibit variation to change the
material properties for the required function and func-
tionality in industrial applications [14,15]. Typical
applications of FGMs can be likened to human body
parts, such as bones and teeth. The human tooth is
wear-resistant from the outside and ductile on the
inside to act as a shock absorber to improve fatigue
life [16]. Similarly, FGMs are ideal for application in
heat exchanger pipes where they can offer corrosion
resistance on the tube inside the wall and wear resist-
ance on the tube outside the wall [17]. They also
reduce residual stresses experienced during the fabri-
cation process by limiting the mismatch in material
properties, which is reported to cause premature fail-
ure of heat exchanger parts during service [18].

Literature on FGMs reveals that this class of custo-
mised material offers a potential application for use in
heat exchanger pipes operating in severe conditions,
owing to the novel system of combining dissimilar
materials. For instance, Zhang et al. [19] fabricated an
FGM made of stainless steel 316L (SS316L) and pure
copper (Cu) using Inconel 718 (IN718) as an interlayer
using directed energy deposition (DED) technique. In
an effort to increase the overall performance of com-
ponent working under severe conditions, including
prospective usage in heat exchangers, several material
properties were combined. The SS316L/IN718/Cu
FGM was made to combine the high thermal and elec-
trical conductivity of copper, good machinability and
corrosion resistance of SS316L, and high strength at
elevated temperatures of IN78. Related studies have
been carried out to develop FGMs for demanding
environments using different material properties. This
shows that additive manufacturing can be used to fab-
ricate FGMs with combined material properties that
offer potential application for enhanced resilience
against degradation in HXs pipes.

Laser cladding surface modification is a promising
additive manufacturing technique for applying heat
exchanger coatings. At present, it is one of the most
cost-effective and efficient techniques capable of miti-
gating corrosion through overlay coatings [10]. It
employs a laser beam tomelt metal powders and blends
them to form a thin material film into a substrate
material, as shown in Figure 1(a) [20]. It has been
demonstrated to lengthen component service lives by
producing coatings with good metallurgical bond and

refined microstructure, see Figure 1(b). Also, manufac-
turers have resorted to employing this technique to fab-
ricate high-value components because of its ability to
produce high-quality parts most economically. On the
other hand, improper selection of process parameters
hinders its successful implementation, leading to pro-
cessing defects that could lead to component failure
during service. Research efforts in determining the opti-
mum process parameters is being directed towards
maximising the quality characteristics of coatings
such as wear resistance and density of parts.

It is evident from the literature that there is a para-
digm shift in the fabrication of HX materials, attribu-
ted to the calls for prospects and novel materials that
can increase heat transfer efficiency. Thus, this review
aims to provide useful insights into the selection of
suitable materials and candidate coatings that can be
used to overcome well-known industrial problems
associated with the failure of heat exchangers, to
meet current and future energy demands. The objec-
tive is to give a detailed overview of the emerging can-
didate materials, capabilities, and viability of the laser
cladding technique with a focus on the effects of pro-
cessing defects and microstructure on the perform-
ance of fabricated FGMs. This will be achieved by
exploring how suitable process parameters can be
selected and improved using hybrid optimisation
techniques. Many researchers have not explored this
area in the frame of heat exchanger application and
it forms the basis of prospects for fabricating FGMs.
Given this, the production of suitable materials with
enhanced abilities can be realised for prospective
application in the heat exchanger industry.

Heat exchangers

Boiler components are of great interest in power
plants process industries because they are essential
in transferring heat between two mediums (liquid or
gas) [21–23]. A particular research interest is focused
on boiler pipes as critical components that entail high
maintenance costs due to failure when operating in
aggressive conditions. Amongst the failure mechan-
isms that affects boiler components, corrosion is
reported to be the leading [6]. Because these devices
transmit various fluids, there are a number of cor-
rosion mechanisms that weaken the pipe material.
Gaseous substances in hostile conditions can cause
the protective layer to oxidise and become weaker,
which decreases the resistance of the pipe to attack.
When boiler pipes are subjected to high temperatures,
oxide layers may build on the pipe surface, resulting in
deposits from chemical reactions that minimise the
heat transfer surface. For example, deposits of corros-
ive iron oxide may develop on the surface of a steel
pipe exposed to steam at temperatures lower than
560°C [24]. The effects involve a reduced cross
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sectional area, elevated stress levels, overheating, and
pipe thinning, which hasten material deterioration.

In thermally stressed boiler pipes, intergranular
corrosion can occur when the cohesiveness of a
material at its grain boundaries is compromised.
Therefore, the surface of a boiler pipe needs to be
modified for improved resistance against stress crack-
ing. The degree of pipe compatibility and adhesion can
also be affected by the absorption of degrading gases
like hydrogen. Boiler pipes can deteriorate due to
hydrogen in a hydrogen sulphide atmosphere, which
can lead to sulphide stress cracking, a type of hydrogen
embrittlement. When hydrogen atoms enter a metal,
they leave perforations in the microstructure that
cause cracks to develop under applied stress during
service. Additionally, manufacturing defects can
allow for the entry of oxides that impair the micro-
structural integrity, such as the creation of porosity
during fabrication [21,25–27].

The phenomenon of degradation process is eluci-
dated further in the next section. The main focus
and emphasis is on boiler pipe HX, which are the
most versatile HX type due to the robust performance,
affordability, broad material selection, and huge heat
transfer area to volume and weight [24,28–30].
Additionally, the performance enhancement of these
devices is of interest due to the increasing energy
demand in a growing population, which necessitates
high performance equipment to maximise output
electricity [30].

Nature of degradation and its mechanism in
heat exchangers

Degradation of boiler tubes due to corrosion leads to
tube failure due to the formation of scales and cor-
rosion products that lower the heat transfer efficiency
[31]. Generally, corrosion involves the transformation
of refined metal to a chemically stable oxide, a
phenomenon that thrives in hostile mediums such as
untreated industrial water, seawater, oxidation media
(e.g. chromic and perchloric), reducing acids (e.g.
hydrochloric and phosphoric), salt solutions, alkaline

media (e.g. NaOH and KOH), and organic com-
pounds (e.g. alcohols and ethers) [32]. Sadeghi et al.
[10] revealed that corrosion in heat exchanger com-
ponents is triggered by the interaction of alloys and
their oxides with chlorides, sulfates, and sulfites. Wu
et al. [33] also affirmed that chlorine-induced cor-
rosion is one of the most reported cases of failure
induced by chloride gas reactions with metals (active
oxidation), or reaction that leads to the formation of
ions (electrochemical), and the reaction occurring
between chlorides (molten-salt based). Simply put,
the presence of Cl-containing compounds like salt
deposits formed by gaseous reactions, react with heat
exchanger alloys to form alkali chlorides that penetrate
through microstructural defects such as pores and
cracks. Increasing temperature will increase the cor-
rosion rate since the reaction will be accelerated. Simi-
larly, Oska et al. [34] reported tube failure of a biomass
boiler shown in Figure 2(a) due to high amounts of
chlorine at the microstructural interface, as shown in
Figure 2(b,c). This shows that refined microstructure
with good cohesion bonding at the substrate and
interface is desirable to withstand chloride attack.

Uusitalo et al. [35] investigated the susceptibility of
high-temperature boiler coatings to corrosion in
environments containing chlorine and salt deposits.
The corrosion tests were conducted on austenitic
stainless steel and low-alloy ferritic steel deposited
using laser cladding and High-Velocity Oxygen Fuel
(HVOF) techniques for different coatings. Of particu-
lar interest in the various materials investigated is
material 3, comprising Ni-50Cr coating. It was prone
to chlorine attacks which they reported to have disin-
tegrated some individual grains along splat bound-
aries. Correspondingly, material 5 comprising the
Ni-21Cr9Mo coating suffered a chlorine attack along
the splat boundaries in 9 wt% chromium-containing
portions labelled (a) in Figure 3. The presence of
excess chlorine and low content of potassium and
sodium were found at the coating-substrate interface
and along substrate grain boundaries of the substrate
where the material suffered the most severe attack.
They concluded that the coatings fabricated by the

Figure 1. Photographs of (a) laser coating setup for boiler tubes and (b) 20G steel water wall tube using C22 laser coating [20].
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thermal spraying technique suffered an attack at splat
boundaries, causing penetration through voids and
oxide, as shown in the Figure 4(a) and Figure 3(b),
respectively. This proves the general observation that
chlorine-induced corrosion is the most encountered

mechanism of degradation in power plants, mostly
occurring through the oxidisation of metals leading
to oxide infiltration. Further, they reported that laser
cladded coatings did not show any form of attack at
splat boundaries, nor was there any oxide penetration

Figure 2. Tube failure (a) leakage observed using optical microscopy (b, c) SEM magnified view of leakage showing higher chlor-
ine content that caused corrosion [34].

Figure 3. Corrosion attack on Ni-21Cr9Mo coating along the splat boundaries due to (a) chromium, sulfur, sodium, and (b) chlor-
ine and potassium [35].
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reported, even though they suffered chlorine attack at
oxidised regions containing chromium-rich dendrites.
This implies that chlorine-induced corrosion can be
reduced through fabrication processes since it attacks
heat exchanger coatings through penetration of the
microstructure containing voids, exemplifying that
coatings with enhanced microstructural character-
istics can withstand diffusion of particles through the
microstructure and offer better corrosion protection.

Wu et al. [33] carried out a comparative investi-
gation concerning the influence of operating con-
ditions and temperature fluctuations on the nickel-
coating (Ni and Ni2Al3) performance of two boiler
tubes operating at 520°C–540°C. The Randers boiler
tube failed 2 times during service, leading to partial
corrosion because the temperature was monitored,
whereas the Maribo boiler tube corroded severely
because it was reported to have failed 213 times due
to temperature fluctuations. Figure 5 shows the micro-
structural grains of the coating under attack, leading to
severe corrosion of the latter tube. This further proves
that materials with good microstructural quality
characteristics are desirable in fabricating heat
exchanger components to prevent the diffusion of par-
ticles through defects in severe operating conditions.

Usman & Khan [36] investigated the premature fail-
ure of heat exchanger tubes made of ASTMA213 grade
T-11, operating in an environment containing high
levels of hydrogen, nitrogen, and carbon monoxide.
They found that the tubes failed due to thermal fatigue
at elevated temperatures leading to circumferential
crack formation, water leakage, and inadequate cooling
(Figure 6). They attributed that to manufacturing
defects, implying that the cracks encountered during
fabrication initiated crack growth that led to fatigue
failure as a result of cyclic loading. Panahi et al. [37]
also investigated a failed shell and tube heat exchanger
usingmicrostructural analysis. They concluded that the
presence of chloride caused penetration of corrosive
substances into the subsequent tube material (Figure
7a), leading to pitting corrosion when oxides penetrate
the passive protective film (Figure 7b). The exchanger
tubes made of stainless steel 304L, are reported to
have failed after six years of operation, leading to gas
leakages. They attributed the gas leakage to the cracking
caused by chloride reactions in the presence of hydro-
gen sulphite (H2S) and carbon dioxide (CO2). This
shows that corrosion problems arise due to chemical
reactions in hostile environments, leading to oxide for-
mation, which penetrates the layer causing pits in the
microstructure. It also confirms that heat exchanger
coatingmaterials must be fabricatedwith goodmaterial
properties to withstand failure aggravated by proces-
sing defects, which cause penetration of oxides and
depletion of protective films at the surface.

Allahkaram et al. ’s [38] investigation of a failed
shell-and-tube heat exchanger with Inconel 625

tubes revealed fluid leakages that had an impact on
the operation of a gas cooler. They established that it
was due to crevice corrosion at tube-to-shell, and
tube-to-baffle contact regions caused by harmful
deposits, showing that corrosion-resistant materials
are also prone to attack if not used in their actual
application environment. This also calls for enormous
research efforts on the development of HXs with suit-
able material properties which are economic, cost-
effective, and efficient by carefully selecting materials
that can withstand failure. In a similar study by Panahi
et al. [37], a shell-and-tube heat exchanger having
tubes made of stainless steel 304L also failed due to
crevice corrosion resulting in cracking and reduced
tube walls. They recommended the use of resistant
alloys to mitigate such failures. The reason is that
alloys have material properties that can be adjusted
to offer better corrosion and wear protection, and con-
tain additional elements that improve overall thermo-
mechanical properties.

Another study conducted by Faes et al. [6] revealed
that the shell and tube, and plate heat exchangers are
the most affected by corrosion effects. They reported
that corroded heat exchangers can endanger many
lives due to environmental risk factors such as
explosions and hazardous effects due to contami-
nation. Jin et al. [23] also stated that corrosion
degrades the performance of shell and tube HX caus-
ing unwanted failures. Moreover, corrosion is
reported to reduce the system’s overall performance
due to pressure drops. For instance, Albanakis et al.
[39] found in their study that pressure drops were
attributed to fouling, a process involving undesirable
deposits of substances on the heat transfer surface.
Faes et al. [6] also pointed out some common cor-
rosion attacks experienced by heat exchangers, includ-
ing uniform corrosion, stress corrosion cracking,
intergranular corrosion, intergranular corrosion, gal-
vanic corrosion, fatigue corrosion, and erosion-
corrosion.

Uniform corrosion is one of the prevalent forms of
corrosion in the heat exchanger industry. It is mostly
experienced when corrosion spreads over the entire
heat transfer surface because of chemical reactions
triggered by ammonium, chlorine, and hydrogen
ions [40]. When the protective film coating of a
metal surface degrades, pits are formed and deepen
on the entire surface, resulting in pitting corrosion.
Davíðsdóttir et al. [41] studied the corrosion resist-
ance of four metals in geothermal power plants
(Inconel 625, 316L stainless steel, 254SMO, and tita-
nium grade 2) using in-situ geothermal testing. They
revealed that uniform corrosion is influenced by the
type of material used, after In625 was found to be
the only material not attacked by this corrosion
upon testing, implying that it can be overcome by
selecting the proper materials and coatings.
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Erosion-corrosion is one of the deterioration mech-
anisms that led to the failure of many heat exchangers.
It is normally propelled by turbulence or turbulent
conditions in fluids, which leads to the erosion-wear
of the metal tube thinning. This is often experienced
under high pressure and velocity environments,
fluids with deposits, ledges, and where water changes
directions like in U-curves of design, leading to attack
at curves and the entrance of the tubing. In addition,
the division of the incoming fluid as it enters smaller
tubes leads to metal wearing, leaving what seems like
a horseshoe shape [8,42,43].

Galvanic corrosion is another form of corrosion
between two metals coming in contact in a conductive
solution leading to electrical flow. This electrochemical
process happens in dissimilar metals and is often
encountered in heat exchangers, especially at joint inter-
faces [44]. In addition, it often occurs with chemically
induced corrosion when there are chemical interactions

between heat exchanger material and fluids. Mousavian
et al. [45] conducted a failure analysis of a shell and tube
oil cooler used in geothermal power plants and found
that the cause of failure was due to chemically induced
corrosion triggered by the entrance of impurities and
the increased chlorine content in fluid. They further rec-
ommend careful selection of gasket material because a
material that cannot withstand attack will be prone to
attack under aggressive conditions.

Stress corrosion cracking (SCC) is encountered
when three conditions are present; a corrosive media
(e.g. sulfide-rich environment), the presence of
vapour, and stresses induced in the material. For
instance, when the material has higher tensile residual
stresses introduced during manufacturing, it can
become defenceless against SCC [31]. SCC usually
leads to material fatigue and cracking. This was also
proved in the work of Corleto & Argade [46], who
investigated a failed heat exchanger and pointed out

Figure 4. A chlorine attack on Ni-21Cr9Mo coating at (a) splat boundaries (b) causing penetration through microstructural voids
and oxide [35].

Figure 5. Corrosion morphology of exposed boiler tubes due to excessive thermal cycle in nickel coated (a) Randers tube and (b)
Maribo tube [33].
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that was prone to crack development when joining
Duplex SS and Carbon steel, worsened by crack
deformities introduced to the material during fabrica-
tion, leading to corrosion. Vasauskas & Baskutis [47]
also stated that the presence of tensile stresses and a
corrosive media makes heat exchanger tubes suscep-
tible to SCC, leading to the formation of cracks.
They further reveal that the cracking mechanism var-
ies in SCC, it can be in the form of inter-granular crack
propagation, creep, rupture, or stress rupture. This
shows that SCC can be avoided through microstruc-
tural enhancement by reducing cracking deformities
during fabrication, which drives the growth of cracks.

Summary of findings

It can be asserted that there is a relation between
material characteristics, failure mechanisms, and how
these affect heat transfer efficiency, as shown in Figure
8. This demonstrates the importance of thoroughly
evaluating and correlating the selection of suitable
materials with working conditions to reduce the occur-
rence of failure. Material choice enhances the efficiency,
equipment life, return on investment (ROI), and heat
exchanger performance. Hence, this article expounds
more on material selection in the next section.

Material selection for heat exchangers

Material selection is an important factor to consider
when improving heat exchangers’ performance.

According to Permatasari & Yusuf, [48] the efficiency
of the heat transfer process is affected by the material
selection criterion. They indicated that using suitable
materials in heat exchangers, such as shell and tube
heat exchangers will help avoid any possible failures
due to corrosion. Also, they showed that material
selection determines the heat transfer rate as it influ-
ences the pressure drop. Collins et al. [49] also studied
the heat transfer process of a gas-cooled reactor that
uses an intermediate heat exchanger and concluded
that it must withstand critical pressure drops for maxi-
mum efficiency. Of great importance in these studies is
their emphasis on material selection, implying that it
should be made the apex priority in the design and
fabrication process for any type of heat exchanger.

Kapranos and Priestner [50] reviewed the most com-
mon materials used in heat exchangers, summarised as
aluminium, copper-nickel, stainless steel, and titanium
alloys. However, Lazić et al. [42] also reviewed boiler
pipe materials and revealed that steel is the most domi-
nant metal utilised for boiler pipes. On the other hand,
Saito et al. [43] explained that Ni-based alloys and
advanced ferritic steels are the ideal candidate materials
for power generation boilers because they can with-
stand severe working conditions. Meanwhile, Lister
[51] showed that copper is another important and com-
monly used material for power plant boilers which can
be combined with Ni to form more corrosion-resistant
cupronickels. Based on these findings, this article lim-
ited its review to steel, nickel, and copper alloy sub-
strates and coatings. Their resistance to degradation is

Figure 6. Cracked and ruptured portions of heat exchanger tube due to manufacturing defects [36].
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further elucidated with a focus on microstructure and
phase transformation and how these influence per-
formance characteristics.

Ferrous-alloy substrates and coatings

Ferrous-based alloys constitute the largest group of
materials used in heat exchanger coatings and sub-
strates owing to their durability against degradation.

The most commonly utilised in the heat exchanger
industry are stainless steel and carbon steel since
they offer better corrosion resistance and limit the
presence of deposits. Notwithstanding, several other
types of metals including cast irons, alloy steels, and
tool steels belong to this group of metals.

Stainless steels (SS) are iron-based alloys that play a
significant role in fabricating coating materials for
heat exchangers. The increased chromium and nickel

Figure 7. Corrosion failure analysis of failed exchanger tubes (a) EDS analysis showing the presence of Cl peaks (b) SEM micro-
graphs showing pitting corrosion [37].

Figure 8. Relationship between material qualities, failure modes, and heat transfer.
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content gives them good thermal and corrosion resist-
ance. The iron-based alloys are classified according to
the AISI stainless steel numbering series of 200, 300,
and 400. They can further be grouped according to
the type of hardening they undergo to improve their
material or microstructural properties. This refers to
austenitic, ferritic, duplex, and martensitic [52].

The austenitic is a widely known group of SS ident-
ified by the 300 series and a few belonging to the 200
series, having good material characteristics (e.g. excel-
lent corrosion resistance, good strength, high thermal
coefficient, heat capacity, and excellent formability),
making them stand out amongst the other series.
For example, type 304 stainless steel (SS304) and
SS316 belonging to this group are used to manufacture
heat exchanger tubes owing to their ideal material
properties that can also be enhanced by heat treatment
and annealing. According to Lima et al. [53], adding
molybdenum to these steels can transform their
microstructure to improve resistance to pitting cor-
rosion in severely corrosive environments. However,
sensitisation is reported to occur to these SS types
when operating at higher temperatures ranging
between 400°C to 850°C, a phenomenon that involves
depletion of chromium and carbide precipitation at
the grain boundaries. This often exposes SS to inter-
granular stress corrosion cracking of boiler tubes.

To overcome these challenges, carbon content can
be reduced to values not exceeding 0.3 wt%, leading
to the realisation of an improved version referred to
as SS304L and SS316L. Nevertheless, these latter
types may be prone to sensitisation when operating
at higher temperatures for a prolonged time. Yoo
et al. [54] revealed that SS304L contains Cr- element
that offers significant corrosion resistance, but it
often precipitates along the grain boundaries when
exposed to temperatures reaching 870°C, which they
attribute to the depletion of Cr along the zone close
to the grain boundary, causing inter-granular cor-
rosion in heat exchanger tubes. For instance, Reza-
khani [55] analysed the corrosion behaviour of
FeCrAl coating deposited on SA213-T11 steel via the
thermal spray technique for boiler tubes operating at
elevated temperatures. They found that salt deposits
attacked the steels due to the scale composition
formed, which shows that scale formation is an indus-
trial problem degrading components. The corrosion
products were observed after exposure at 550°C.
Figure 12(a) shows the microstructural cross-section
of the coating that suffered an attack at boundaries
(grain and splat), as well as the interface of the sub-
strate and coating, as shown in Figure 12(b). This
could be attributed to the spallation of oxide layers
and depletion of chromium-protecting elements at
the grain boundaries due to excess chlorine, sodium,
and sulfur reactions, leading to the destruction of cor-
rosion attacks at grain boundary zones and weak

interfaces. The attack confirms that a proper bond
with good consolidation of the substrate and coating
is desirable for enhanced corrosion resistance.

Voisin et al. [56] also studied the susceptibility of
SS316L to corrosion attack and found that they form
a primary barrier comprising Cr2O3 film that enables
it to operate in severely corrosive environments,
which is why 316L is resistant to pitting corrosion.
Despite the excellent corrosion resistance of SS316L
due to the high content of Cr present, it is also suscep-
tible to corrosion when degrading agents penetrate the
oxide film, forming a nucleation site. This is
influenced by processing defects, including phases,
grain boundaries, and crystal dislocations in the
microstructure, implying that controlled and opti-
mum process conditions can mitigate the prevalence
of pitting corrosion in heat exchanger tubes. Voisi
and co-investigators revealed that Manganese-rich
sulfides (MnS) that normally initiate pitting were not
found in their material fabricated using 316L by
Laser Powder bed Fusion process, owing to good cool-
ing and rapid solidification mechanism that led to the
formation of a good microstructure without cracks
and pores. In addition, they also highlighted that the
formation of a higher melt pool can be an initiation
site of pits, which could be attributed to the crack
propagation along the cellular structures. Research
on the influence of melt pools on pitting corrosion is
still scarce. Thus, studies are needed on the pit nuclea-
tion of SS316L and how adding Cr can mitigate heat
exchanger failures.

Therefore, it can be inferred that increased Cr in
stainless steel improves its corrosion resistance since
it forms an anti-corrosion passive layer when it reacts
with oxygen. Because of that, stainless steel 304L and
316L types are most utilised in heat exchanger tubing
due to reduced carbon precipitation attributed to the
lower carbon content and higher chromium content
(≥ 10.5%), which enhance their corrosion resistance
and mechanical properties. The austenitic SS-types
also exhibit an austenitic microstructure that forms a
columnar dendritic morphology during directed
energy deposition that often forms uniform grain dis-
tribution. It is worth noting that the formation of
microstructure also depends on the processing tech-
nique used, meaning the same microstructure may
not be obtained with other techniques such as selective
laser melting (SLM) [57]. Several studies have also
demonstrated that microstructural formation during
processing affects the heat exchanger performance
characteristics (e.g. wear, corrosion, oxidation). For
instance, Pokhmurskii et al. [58] investigated the ero-
sion-corrosion behaviour of boiler tubes and stated
that the most important attribute of a coating that
determines its oxidation resistance is the microstruc-
ture of the coating. They studied the addition of alloy-
ing elements (Ti, Mn, B, Mg, Ni, Si) to the Fe-Cr-Al
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system and reported that for arc-sprayed coatings.
They attributed the wear resistance to the precipi-
tation of hard surface particle of chromium-alloyed
iron borides in the coating. This can be explained by
the homogeneity of the elemental powder distribution
with good consolidation that influences the coating
characteristics in offering protection.

Reddy et al. [59] deposited FeCrAl on stainless steel
substrate using laser cladding technique for appli-
cation in boilers. The microstructural changes were
investigated when HCL and KCL are introduced. As
a candidate coating for HX surface in commercial
power plants, FeCrAl was found to produce pre-
formed alumina scales when the temperature was set

at 450°C but suffered chlorine-based corrosion. This
could be because chlorine reduced the amount of
chromium in the coating, causing a significant mass
change as shown in Figures 9 and 10. Yoo et al. [54]
also mentioned that 304L stainless steel is often used
in heat exchangers because it contains Cr and Ni,
which are responsible for high corrosion resistance
due to the Cr oxide formed on the surface as a passive
layer. They further revealed that this Cr could be
eroded when operating at elevated temperatures at
hostile environmental conditions, leading to corrosion
attacks in severe environmental conditions. They used
the laser surface cleaning (LSC) method to solve the
corrosion problem in 304L stainless steel by increasing

Figure 9.Microstructural cross-section of FeCrAl coating deposited on SA213-T11 steel showing corrosion attack at (a) boundaries
(grain and splat), and (b) the interface of the substrate and coating [55].

Figure 10. Oxide formation on the microstructural surface after exposure to HCL (A) Thin oxide (B) other morphology deposits (C)
Structure in the form of plume (D) other surface morphology [59].
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the surface temperature from 447.2°C to 611.6°C and
subjecting the coating to NaCl solution spraying every
12 h. The hatch distance was varied for two par-
ameters (0.1 and 1.8 mm) and the number of rep-
etition (1 and 18) to create three specimens (LSC
1.8/1, LSC 1.8/18, and LSC 0.1/1). Heat accumulation
was suppressed when laser surface cleaning (LSC) was
used with a large hatch distance of 1.8 mm compared
to a lower hatch distance of 0.1. The LSC 1.8/18 (1.8
hatch distance, 18 repetitions) resulted in improved
microhardness from 224.1 HV to 270.4 HV, and
they recommended a relatively low energy input LSC
process with several iterations that can cause the
least modifications to the microstructure and mechan-
ical properties after LSC. The removal of the corrosion
products using the LSC parameter of 1.8/18 and 0.1
demonstrates the effectiveness of LSC as a surface
cleaning approach for removing impurities from a
variety of industrial components vulnerable to cor-
rosion attack.

Hussain et al. [60] also studied FeCrAl, In625,
NiCr, and NiCrAlY as candidate materials for coal/
biomass Co-fired power plants deposited on the T91
steel substrate. The samples were investigated for cor-
rosion resistance together with the quality of the
microstructure. The coatings made of FeCrAl and
NiCrAlY were found to be more porous than those
of In625 and NiCr. In addition, the FeCrAl micro-
structure is reported a porous layer on the microstruc-
ture, which could be due to inadequate melting.
FeCrAl followed NiCr in ranking, showing less metal
damage underexposure, which is attributed to the pro-
tective chromium oxide layer, proving that the
amount of chromium in the material determines the

resistance level against corrosion and the ability to
withstand failure in hostile environmental conditions.

On the other hand, stainless steel including SS316L
and SS304 are suitable substrate materials due to the
Cr oxide-passive layer formed on its surface, improv-
ing its corrosion resistance [54]. Because of this, stain-
less steels are chosen by researchers as substrate
materials during laser deposition. Losada et al. [61]
also investigated the performance of carbon steel
and low alloying stainless steel as base materials in
heat exchanger coatings against fouling and corrosion
when used in geothermal energy involving brines. For
carbon steel, they selected type EN 10028:2 P265G
which they report as good for high-temperature appli-
cations. 316L is also selected as a suitable coating due
to its relatively low cost. The coatings on steel proved
to have excellent adhesion with no damage observed,
whereas some blisters and rusting on the coating sur-
face were observed for carbon steel. It can be con-
cluded that stainless steel is good base material
compared to carbon steel because it is prone to rust.

On the contrary, low-carbon steels are suitable for
depositing corrosion-resistant heat exchanger coat-
ings. They form good interfacial bonding with most
alloy coatings. Ideally, their corrosion resistance is
improved by protective layers formed by coatings to
inhibit corrosion attack [62]. For instance, Chanda
et al. [63] electrodeposited a crack-free chromium-
based alloy coating (Ni-CR-P) on AISI 1020 low car-
bon steel at pH 3.0 and room temperature of 25°C to
improve its corrosion resistance. The improved cor-
rosion resistance is attributed to the presence of Cr,
which forms a protective layer normally consisting
of Cr2O3 and CrO3 oxides, leading to increased

Table 1. Material properties of some commonly used copper-based alloys.
Copper-based alloys Designation Thermal conductivity (W/m-k) Tensile strength (MPa) Density (10−3 Kg/m3)

Cu-Ni 90/10 [68] C70600 50 320 8.9
Cu-Ni 70/30 C71500 29 420 8.95
Cu99.9 CDA14410 391 221 8.89

Figure 11. Enhanced microstructure of laser cladding Ni-Cr-Si coatings deposited on copper substrates (a) dendrites and columnar
grains formation (b) magnified view of the square labelled 5 [71].
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formation of interfacial contact resistance. The
research results also showed that these oxides improve
corrosion resistance but suffer attack by hydrated
oxides in humid environments leading to the for-
mation of pits on the surface. To improve on this,
they increased the Cr content to alter the composition
and microstructural properties of the coating to with-
stand pitting corrosion. This indicates that low-carbon
steels are good substrate materials but suffer pitting
degradation if the Cr content is reduced. In addition,
the incorporation of Cr elements into the coatings

can alter the microstructure to form anti-corrosion
stable oxides upon exposure to severe environmental
conditions. It is worth noting that a higher carbon
content is not desirable because it lowers the material
ductility and weldability, which can pose a significant
challenge during laser cladding of heat exchanger
coatings. Low-carbon steels are therefore used instead
because they have lower carbon content. In addition,
they are ideal as base materials during laser cladding
because they don’t require additional preheating,
especially those characterised by ferrite and pearlite.

Figure 12. Microstructural transformation of laser cladding Ni–Cr/TiB2 coatings on copper substrate (a) dendrites formation with
the addition of 5 wt% TiB2 (b) 10 wt% TiB2 (c) 20 wt % TiB2 with particle formation [71].

Figure 13. Microstructure of Ni-C-B-Si-W alloy cladded on a copper substrate with (a) good substrate/coating metallurgical bond
(b) some cracks viewed at high magnification (c) large Ni/WC Interface and (d) good bond viewed at the clad/Cu interface [73].
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This is attributed to the phase transformation that
occurs when the laser beam interacts with the sub-
strate causing pearlite to dissolve and form a marten-
sitic structure in the heat-affected zone. Cracking can
also occur in the HAZ if the laser power is low because
segregation of impurities will be hindered during
deposition [64,65]. This confirms that heat exchanger
tubes made of carbon steel excel in corrosion resist-
ance due to the presence of chromium, iron, and
manganese.

Copper-alloy substrates and coatings

Copper alloys are noble ductile metals with outstand-
ing characteristics such as good corrosion resistance
and high electrical and thermal conductivity. For
this reason, it is an indispensable material in fabricat-
ing heat exchangers, and heat sinks, where high ther-
mal resistance and good heat transfer are required
[63]. Moreover, copper forms oxide films that are
anticorrosion protective layers when they react with
water. Mahmood et al. [66] investigated the thermal
performance of copper coatings for heat exchangers
using an experimental thermal system and showed
that the surface characteristics of copper could be
improved by increasing microstructural grain size,
which enhances heat transfer. This implies that
material selection affects corrosion resistance and
heat transfer efficiency. It also shows that the sur-
face-to-volume ratio plays a significant role in the
heat transfer efficiency of copper coatings. For this
reason, they chose copper in their study because of
its good thermal conductivity that reaches up to
62%, which is higher than that of aluminium and
stainless steel, the two materials reported to be alterna-
tives to copper. In addition, they revealed that the ano-
dised copper coating can be instrumental in the design
of heat exchangers through equipment size reduction.
This can help in reducing material waste and costs.
However, its low strength, poor corrosion resistance,
and low hardness limit its industrial application due
to reduced service life as a result of surface degra-
dation, amongst other factors. Hence, its alloys con-
tinue to be explored by researchers to attain superior
material properties with combined functionalities in
heat exchanger applications.

Schleich [67] also stated that CuNi 90/10 alloy is
a candidate coating material for piping material,
especially in seawater subsystems. However, they
state that it is susceptible to erosion-corrosion and
corrosion damage when operating in polluted
waters, indicating the need for careful design con-
siderations and material selection before design.
Also, they state that a cuprous film produced during
chemical reaction protects against corrosion attack,
showing that copper-nickel alloys such as CuNi 90/
10 are resistant to some attacks, such as localised

corrosion crevice corrosion and can be successfully
implemented in the fabrication of high-temperature
devices such as heat exchangers. Table 1 summarises
its material properties and other commonly used
Cu-based alloys.

Jin et al. [69] argued that even though copper has good
thermal properties, it is often difficult to perform laser
cladding on copper and its alloys. They attributed that
to its poorwettabilitywith othermetallic, andhigh reflec-
tivity, reducing the energy input required for a stable
molten pool. This leads to pore and crack formation
due to inadequate particle melting. Because of this, Jin
and co-investigators revealed that Ni-based alloys are
suitable candidate materials for cladding with copper
because of their good wettability with the substrate. In
agreement with Jin`s group, joining Ni and Cu is desir-
able because of the formation of Ni-Cu solid solutions
and phases that can enhance the hardness, corrosion,
and wear properties of heat exchanger tubes. For
example, the laser cladding technique enhanced the
microstructural properties of Ni-Cr-Si coatings depos-
ited on copper substrates by Zhang et al. [70]. The
findings revealed the formation of Ni2Si dendritic phases
at the top and columnar grains at the bottom, having an
average microhardness of 900 HV0.1 (Figure 11). The
dendrites are formed due to rapid solidification of the
laser cladding technique leading to the growth of colum-
nar grains, showing that copper alloys can be successfully
fabricated via laser cladding to produce desirable phases
that influence microstructural properties.

labelledFurthermore, reinforcement materials (e.g.
Ti, C, and W) have been found to improve the micro-
structural properties of copper and its alloys. For
instance, Yan et al. [71] added TiB2 and CaF2 to Ni-
Cr coating produced by laser cladding on Cu-Cr-Zn
alloy substrate to improve the tribological properties.
The addition of TiB2 from 5 wt% (Figure 15a), then
10 wt% (Figure 12b), and 20 wt % (Figure 12c)
resulted in a microstructural transformation from
martensitic structure to cystic form-dendrites, and
reinforced particles. This is attributed to the improved
microhardness reaching 946 HV0.1, and improved
wear resistance that was 6.32 times better than that
of the copper substrate, showing that coatings can
improve the poor wear resistance of copper and
other properties which are dependent on the micro-
structural development.

Balu et al. [72] cladded copper substrate with
nickel-based alloy to improve its wear resistance prop-
erties. The substrate was preheated at 300°C to prevent
processing defects caused by poor laser beam coup-
ling, which could also be related to avoiding thermal
shock. The Ni-C-B-Si-W alloy is reported to have an
improved hardness of 572 HV which was 7 times
higher than the substrate hardness of 84 HV. The coat-
ing had different microstructures at different regions
analysed due to varying cooling rates as a function
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of time. The SEM micrographs at the cross-section
exhibited a uniformly distributed nickel matrix con-
taining large particles of tungsten carbide (WC)
(Figure 13c), having some few cracks (Figure 13b)
and a rough carbide particle surface (Figure 13d),
with a good substrate/coating metallurgical bond
(Figure 13a). Interestingly, it can be seen that copper
and nickel-based coatings can form a good metallurgi-
cal bond with the substrate, which is desirable when
modifying the surface of copper heat exchanger tubes.

For example, Lv et al. [73] successfully deposited
Ni60A coating on heat exchanger copper tubes and
obtained (Figure 14) using the plasma cladding tech-
nique. The phase composition was characterised by
CrB phases having a grey dendritic phase. However,
their hardness and wear resistance is reported to
have reduced at temperatures exceeding 850°C.
These undesirable properties, which reduce the com-
ponent’s service life, can be improved through the
addition of intermetallic to improve the wear resist-
ance and hardness properties.

Ng et al. [74] illustrated the use of intermediate
layers in joining dissimilar materials. Cu and Mo are
dissimilar materials with different materials proper-
ties, thus it is not easy to join them. To overcome
these limitations, they employed Ni as an intermediate
layer because it is compatible with Cu and Mo. The

SEM morphology in Figure 13 illustrates the strong
interfacial bonding obtained between the three
materials, showing that intermetallic is desirable in
alloying dissimilar materials to improve the micro-
structural properties. They reported a 7 times increase
in the hardness of Mo-clad more than the substrate
Figure 15.

Nickel-based substrates and coatings

A superalloy is an alloy consisting of nickel, cobalt, or
iron as base elements, making them possess excellent
oxidation resistance, creep, corrosion, and erosion at
elevated temperatures above 648°C. Nickel-based
superalloys are the best-preferred candidate for heat
exchanger applications because they contain essential
solutes characterised by titanium and/or aluminium.
The same is reported to have a Face Centred Cubic
(FCC) austenitic crystal structure that retains the
gamma (γ) equilibrium microstructure and the
gamma prime (γ’), which is responsible for the high
strength and creep resistance at high temperatures.
Some nickel-based alloys include NiCrAl, NiCr,
NiAl, and NiCrMo because they form aluminium-
rich oxide scales, which enhance the rate of corrosion
protection during service.

Nickel-based coatings have also found application
as boiler tube overlays because they offer good resist-
ance to dry gases e.g. carbon dioxide. Conversely, the
coatings suffer attacks when operating in environ-
ments having chlorine. Literature does not show
how chlorine and metal oxides penetrate the nickel
coatings. This article, therefore, elucidates how cracks
and pores introduced during fabrication affect the
microstructural resistance against corrosion attack.
Ahmad [75] indicated that adding elements that
form scales such as Cr and Al can improve nickel coat-
ings’ corrosion resistance and the parts’ life span. This
is attributed to the stable oxide layer produced by Cr.
As such, an increase in Cr content leads to an increase

Figure 16. Nickel-based coating SEM morphology (a) dendrite
(b) interdendritic phase [78].

Figure 14. Laser cladding Ni60A on copper pipes Original cop-
per pipes before deposition [73].

Figure 15. Strong interfacial bonding between Mo-clad and
Cu-substrate, via Ni intermediate layer [74].

690 J. B. MORAKE ET AL.



in corrosion protection of nickel coatings. For
instance, Chanda et al. [63] showed that the increase
in Cr content improved the resistance against pitting
corrosion of Ni-Cr-P coating when deposited on
AISI 1020 low-carbon steel by forming a layer of pro-
tection at the surface. Due to good material properties,
the research focus of heat exchanger manufacturers is
to utilise nickel-based coatings in boiler tubes to miti-
gate degradation.

Researchers have made several attempts to deposit
other nickel coatings on different substrate materials
due to their ability to operate at high temperatures
while maintaining their excellent mechanical proper-
ties, good corrosion, and wear resistance properties
[76]. Wang et al. [77] employed the laser cladding
technique to deposit Ni-based alloy as a coating on
ductile Cast Iron. They obtained dendrites composed
of a eutectic structure that was bright white between
the dendrites and a dark-grey solid solution phase
found in the dendrites. They also observed less segre-
gation of the C element in both structures and
increased microstructure size. Alternatively, an inter-
metallic can be introduced to the substrate before
cladding the coating to overcome this challenge.
This was seen in the work of Wang and co-investi-
gators [78], who introduced n-Al2O3/Ni interlayers
to the copper substrate before laser cladding the Ni-
Co Duplex coating. A defect-free microstructure was
therefore obtained with enhanced microhardness
properties reported to be 8.2 times better than that
of the copper substrate. Moreover, they carried out
X-Ray Diffraction (XRD) and Scanning Electron
Microscopy (SEM) analysis illustrated in Figure 16
and found out the microstructure comprised of the
γ-nickel solid solution having some metallic silicates
and carbides. The γ-nickel solid solution was formed
due to a dendrite composition that exhibits higher
content of Cr and Ni, whereas the carbides and

silicates were a result of interdendritic phases rich in
Mo, W, and Ti elements.

Yinghua et al. [79] showed that the microstructure
and mechanical properties of Ni-based superalloys can
be improved by changing the composition through the
in-situ synthesis of hard phase particles or by direct
addition. They reviewed laser cladding of Ni-based
alloy coating and found that improving the size and
particle distribution of TiC, TiB2, and TiB, signifi-
cantly improved the wear resistance and hardness of
coatings, which could be attributed to the reaction of
Nb particles with C particles in the melt pool to
refine the microstructure, thus avoiding the preva-
lence of defects such as pores and cracks. Also, adding
Ti results in the realisation of the eutectic phase com-
prising the γ and laves phase that changes the mor-
phology for improved properties such as
microhardness. For instance, Qunshuang et al. [64].
fabricated Ni60/WC composite coating using the
laser cladding technique to investigate the effects of
adding Ti to the microstructure. Figure 17(a) shows
the presence of Cr5B3 ceramic particles and M26C6

carbide laminar.
They further report that the addition of Ti particles

resulted in the formation of Ni60-20WC-2Ti with an
improved wear resistance that was 2.6 times better
than the Ni60/WC original coating. This could be
attributed to the added TiC particles that suppressed
and restricted the growth of M26C6 carbides when syn-
thesised, thus refining the microstructural grains
responsible for increased wear resistance. Therefore,
it can be inferred that adding Ti elements to nickel
alloy coatings improves their mechanical properties,
such as wear-resistance which are essential character-
istics of heat exchanger parts.

On the other hand, In625 is also reported to per-
form best in waste-to-energy-fired boilers, especially
in the temperature range of 400°C–650°C. It effectively

Figure 17. Microstructure of in-situ synthesised ceramic particles in (a) Ni60/WC coating and (b) Ni60-20WC-2Ti coating [64].
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prevents high-temperature oxidation and corrosion
when operating at elevated temperatures due to high
content concentration of Nb, Mo, and Cr, which
often form a protective layer of Cr2O3, including
NiO, Nb2O3, and NbCrO4 [65]. Hruska et al. [52]
investigated the corrosion behaviour of nickel-based
coatings at elevated temperatures. Two base materials
that are reportedly candidates for use in biomass boi-
lers were tested for 5000 h in an atmosphere that con-
tained HCl and SO2. Both low alloyed steel 16Mo3 and
austenite stainless steel AISI 310 showed good cor-
rosion resistance without any porosity or oxidation
observed, proving they are suitable candidate
materials. A similar study was also conducted by Dhai-
veegan et al. [80] in which the corrosion behaviour of
stainless steel 316L and 304 were investigated for 3
years of exposure in an industrial–marine–urban
environment.

Tao et al. [81] successfully prepared NiCrC alloy
coating to protect boiler tubes against corrosion attack
using the HVOF technique. The corrosion resistance
was tested using a thermogravimetric method, and
the coating exhibited good corrosion resistance. This
could be attributed to the dense, compact, and uni-
form microstructural properties obtained, which
bonded well with the substrate forming a

homogeneous bond. The micrographs in (a) show
irregularly shaped particles, but the grain particles
were refined during crushing and welding, leading to
a refined microstructure seen in Figure 18. It can be
seen that grain size can influence microstructural for-
mation and transformation, causing a homogenous
structure responsible for enhanced corrosion resist-
ance. In addition, a low porosity level of 0.09% is
reported, which could have improved the bonding
strength that enhanced the microhardness to the aver-
age value of 727.5 HV0.3.

However, nickel-based superalloys are prone to
attack and embrittlement in the presence of sulfur
gases, mostly when operating at elevated tempera-
tures. Despite the limitations, it is observed that they
have found application in heat exchangers due to
their corrosion resistance, implying that their level of
resistance can be improved for a specified application
in heat exchangers. Some commonly used nickel-
based alloys include Incoloy 825, Inconel 600/625,
Chlorimet, Cast nickel, and Hastelloy [82–88]. Simi-
larly, in the work of Reddy et al. [59], pitting corrosion
was found in the stainless steel samples, and they used
Inconel 625 to protect it through the laser cladding
technique, owing to the excellent corrosion resistance
of Inconel 625. This shows that Inconel can be blended

Figure 18.Microstructural transformation of NiCrC coating showing (a) course morphology and microstructure (b) good substrate
and coating bond (c) cross-section of refined microstructure [81].
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with many materials to produce high-grade HX appli-
cation coatings. Nickel superalloys are reported to
have a complex composition and have new interlayer
bonding properties in the field of research, which
Reeks et al. [89] argued should be studied in-depth
for optimised performance.

Due to declining performance characteristics,
nickel-based coatings are often limited in their appli-
cation at high temperatures. For instance, NiCr-
based coatings deposited via laser cladding and plasma
spraying were reported to lose hardness and wear
resistance at temperatures exceeding 700°C, making
them prone to degradation [90]. Makarov et al. [90]
stated that tungsten carbide phases can be used to
improve the microstructural properties of Ni-based
coatings to enhance their wear resistance at elevated
temperatures. NiBSi-WC composite coating deposited
on CuCrZr substrate by laser cladding was also inves-
tigated. When NiCrBSi coating is deposited with sub-
sequent annealing, a microstructure possessing
uniformly distributed structure is obtained having γ-

Ni solid solutions relating to the 400–450 HV0.05
microhardness obtained (Figure 19a). Of special inter-
est is the secondary phase transformation that takes
place during precipitation and cooling, leading to
the formation of strengthening phases comprising
chromium carbides (Cr7C3) and chromium borides
(CrB), with microhardness of 1650–2400 HV. More-
over, these phases improved the resistance to wear
and hardness properties of the coating due to the
increased size of strengthening phase particles (Figure
19b). They attribute the formation of large particles to
the reaction of boron and WC carbide. This shows
that annealing nickel-based coatings can cause the for-
mation of large strengthening phases that enables
coatings to perform at high temperatures, as well as
improved performance characteristics such as hard-
ness and wear, which are desirable in withstanding
degradation, especially for heat exchangers operating
at elevated temperatures and cyclic loading. By con-
trast, copper alloys can form a good bond with Ni-
based alloys in producing coatings meeting the

Figure 19. NiCrBSi coating on CuCrZr substrate (a) before annealing (b) after annealing with large chromium carbides (Cr7C3) and
chromium borides (CrB) phases that improved the wear and hardness properties [90].

Figure 20. XRD analysis of Ni-Cr-Ti and Ni-5Al coatings deposited via wire arc spraying technique on T22 and T99 boiler steel
showing the presence of NiO phases [91].
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requirements for high temperature, wear, and cor-
rosion resistance of heat exchangers.

Sharma et al. [91] investigated the high-temperature
oxidation performance of Ni-Cr-Ti and Ni-5Al coat-
ings deposited via wire arc spraying technique on T22
and T99 boiler steel. The XRD analysis showed the
presence of NiO phases in excess (Figures 20 and 21),
which could have improved the microhardness and
corrosion resistance properties since themicrohardness
of the coating was reported to be 428 and 355 HV,
respectively, higher than that of T91 steel (194 HV)
and T22 steel (171 HV). They pointed out the increase
in microhardness to the high impact velocity of the
powder particles (Ni, Ti, Cr, Al), which could have
caused increased cohesion strength and oxidation
resistance accredited to the Cr content. The research
results also showed a good metallurgical bond between
the substrate and coating, characterised by splat-like
microstructure with porosity levels of less than 6%,
due to good adhesion properties during the melting
of particles. It can be seen that higher levels of Cr con-
tent offer significant oxidation resistance, which is
desirable for heat exchanger applications to mitigate
the degradation initiated by oxidation reactions.

As summarised in Table 2, the surveyed literature
clarifies that steels are the most popular tube material
because of their superior mechanical properties and
corrosion resistance. This makes them reliable in
severe operating conditions due to passivation,
which involves a thin protective oxide layer formed
when chromium in steels reacts with oxygen to safe-
guard against corrosion and maintain strength at
extreme temperatures. Furthermore, other elements
such as nickel and molybdenum can enhance the for-
mation of the protective oxide layer, which implies
that stainless steel types with higher content of molyb-
denum and nickel will be more resistant to corrosion
attack as compared to other types. Thus, increasing
their content in the microstructure significantly
enhances their microstructural properties and resist-
ance to penetration. However, the depletion of

chromium content in steel makes them vulnerable to
corrosion attack when the iron in stainless steel reacts
with oxygen in the presence of moisture. In addition,
steels are disadvantaged when used for a prolonged
time at elevated temperatures, leading to distortion
of the protective film. This long exposure can also
lead to attack at the grain boundary and grain bound-
ary sensitisation, which the article found to be the
main cause of failure in most heat exchanger pipes.
Therefore, it is clear that stainless steel alloys are desir-
able for use in heat exchangers but still suffer in some
operating conditions.

On the other hand, using nickel-based alloys is
advantageous due to their high strength, attributed to
the addition of chromium and molybdenum, which
makes them retain their corrosion and oxidation resist-
ance because it takes them longer to oxidise in aggres-
sive media. Moreover, nickel-based alloys can form
intermetallics that enhance their microhardness and
mechanical strength in several operating conditions.
Alloying elements can also form protective scales,
solid-solution, and carbide strengthening, significantly
improving their microstructural properties and charac-
teristics to withstand degradation. Nevertheless, it is
also evident that nickel alloys are not entirely resistant
to degradation. In severe operating conditions, they
still suffer intergranular cracking, fatigue, and tube rup-
ture since the alloys are normally insufficient to meet
the unique operational requirements.

The excellent thermal conductivity of copper alloys
makes them ideal for heat exchangers. Additionally, it
complements reinforcing materials effectively, greatly
enhancing corrosion resistance. However, copper is a
soft metal, so its alloys are vulnerable to condensation,
wear-erosion, and rupture attack when exposed to
oxygen, carbon dioxide, and ammonia. Furthermore,
copper-related failures also come from deposits,
where an abrupt loss in mechanical strength causes
pitting and cracking.

Based on the given literature, it has been established
that individual alloys are preferred as surface

Figure 21. Plasma sprayed (a) NiCrTi coating on T91 substrate with (b) good substrate/coating bonding [91].
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modifiers of boiler pipes due to their superior material
properties. However, individual alloys have limited
resilience in aggressive environments. Thus function-
ally graded materials are recommended to improve on
the drawbacks [11,16,99,100]. This is because they can
utilise the combination of different material properties
to withstand degradation. Stainless steel, nickel, and
copper are the main materials of interest in this article
for the production of FGMs because they are the most
often utilised tube materials.

Hence, the phase change and microstructural evol-
ution of these groupings of materials are fully exam-
ined in the next section.

Functionally graded coatings for heat
exchanger applications

Functionally graded materials (FGMs) are a new gen-
eration of multifunctional materials that can be uti-
lised as surface modifiers to mitigate the degradation
of heat exchanger parts [101]. This is due to their com-
positional grading and microstructure, which can be
altered to perform the desired function [102–105].
Figure 22 illustrates how two materials with different
compositions and properties can be varied linearly
to achieve tailored properties in a specific direction.
To date, the grading of dissimilar materials is a chal-
lenge to the materials research fraternity because of
conflicting requirements and a lack of clear under-
standing of the material’s thermal, chemical, mechan-
ical, and tribological properties, which are affected by
the microstructural-phase transformation during
manufacturing [106]. For this reason, this section dis-
cusses the substrate and FGM interaction using
findings from the literature, focusing on the influence
of material properties on the FGM microstructural
transformation to elucidate how it influences perform-
ance characteristics such as resistance to corrosion,
wear-erosion, and oxidation.

FGMs can be employed in various industries utilis-
ing heat exchangers (Figure 23). Power generation is
one of the growing energy industries that demand
components with superior material properties able
to withstand severe working conditions. For instance,
boiler tubes are subjected to high temperatures,
abrasion due to solid particles, corrosion during
chemical reactions, and high pressures, causing wall
thinning and ultimate failure. As such, it is impossible
to obtain an individual alloy with all favourable
material properties to withstand degradation con-
ditions, except in the context of material combination
FGMs. Individual coatings used on boiler tubes are
susceptible to premature failure because they cannot
satisfy the demand for combined material properties,
showing the eminent industrial need for joining
alloyed materials intended for tube coatings. Accord-
ing to Polat et al. [107], using FGMs is important

because they reduce residual-interfacial stresses and
cracking that aggravates the prevalence of calamitous
failure effects caused by poor bond strength of coat-
ings. They further revealed that FGMs are advan-
tageous because they reduce the thermal mismatch
between substrate and coating, which is influenced
by factors such as thermal conductivity, coating thick-
ness, bond strength, elastic modulus, and thermal
expansion. A similar conclusion was reached by EL-
Wazery & EL-Desouky [108], who stated that func-
tionally graded coatings could be fabricated using dis-
similar materials, such as ceramic-metal
combinations, and produce grading’s with a reduced
thermal mismatch at the interface. It can be concluded
that FGMs are indispensable materials for combating
failures such as stress-corrosion cracking that are
aggravated by thermal stresses in boiler tubes.

Repeated thermal cycles can result in the formation
of thermal cracks, which degrade the quality of man-
ufactured components. Significant residual stresses
induced by thermal cycles are a key mechanism that
can contribute to the formation of a cracked network.
This could be a result of thermal fatigue spurred by
temperature variations, regional temperature gradi-
ents, and high temperatures under confined thermal
transformations. Additionally, the rapid cooling rates
associated with the laser deposition process can intro-
duce cracking mechanism spurred by high residual
stresses [109]. This shows that heat input must be con-
trolled during deposition to avoid formation of ther-
mal cracks developed at the grain boundaries during
solidification. Molobi et al. [110] also stated that the
high initial thermal gradient can lead to susceptibility
of crack formation due to precipitation on grain
boundaries, and this could be reduced by using sub-
strate preheating. Pellizzari et al. [111] studied the
thermal crack behaviour of AISI H13 tool steel fabri-
cated using direct laser metal deposition. They found
that as the number of cycles increased from 500 to
1500 cycles, the crack length and magnitude of ther-
mal cracks increased, as shown in Figure 24(a). This
implies that high laser power must be controlled in
multi-pass laser cladding to avoid multi cracks caused
by large thermal temperature gradients between the
substrate and coating layers [112,113]. Additionally,
the thermal cycle controls the kinetics of precipitation,
phase transition, and grain shape. Therefore, it must
be controlled, and post-processing must be ensured
to reduce the creation of defects [102,114].

The exploitation of FGMs made up of dissimilar
materials has attracted far-reaching research interest
due to the demand for high-performance heat exchan-
ger components. Another reason is to solve some of
the challenges encountered during FGM processing.
Nam et al. [103] fabricated an FGM using Fe and
SS316 powders via laser metal deposition. They
reported many pores and cracks at the interface
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Table 2. Summary of microstructure and property relationship of different material systems used in modifying heat exchanger
parts.

Substrate Coating Technique
Microstructure/Property

relationship Application Comments Refs

Fe-based SA213-T11
steel

FeCrAl Thermal spray Protective layer containing
chromium at the microstructural
surface enhance corrosion
properties

Boiler tubes Steels contain chromium which
enhances their corrosion
resistance. Scale formation at
microstructural grain boundaries
of steels can lead to corrosion
attack at boundaries and
interface through spallation

.[55]

Stainless
steel

FeCrAl Arc-sprayed Homogeneity of the elemental
powder distribution influences
the microstructural evolution,
improving the wear resistance.

Boilers Steels containing Cr perform better
at elevated temperatures.

[59]

SS304L Haynes
282 Ni-
alloy

HVOF Large grain size particles with good
bond strength without porosity
enhanced high-temperature
protection of the substrate

Power plant
boiler tubes

The high content of ni in steels
improves oxidation resistance at
elevated temperatures.

[92]

SA213-T11
steel

Metco
41C
alloy

HVOF Carbide phases formed improved
the wear and harness properties

Power plants The introduction of SiC in the
microstructural matrix can
significantly improve the wear
resistance properties due to
perfect particle distribution

[93]

AISI 1020
Low
carbon
steel

Ni-Cr-P Electro-deposition The Cr2O3 and CrO3 oxides
contained in the protective layer
can improve the corrosion
resistance but can suffer attack
by hydrated oxides in humid
environments leading to pitting
formation

Electro-
deposition

The oxide layer prevents corrosion
by forming a hard surface barrier
that prevents reaction with
oxygen.

[63]

Cu-based CuCrZr NiCrBSi Laser cladding Secondary phase transformation
due to chromium carbides and
chromium borides strengthening
phases improved wear and
hardness properties

Heat exchangers Formation of large particles of
strengthening phases by
annealing significantly improved
the high-temperature wear and
corrosion resistance.

[90]

Cu-Cr-Zn
alloy

Ni–Cr/
TiB2

Laser cladding The addition of TiB2 reinforcements
is responsible for the improved
hardness and wear properties.

Casting molds Properties of copper alloyed
coatings can be enhanced
through the addition of
reinforcements.

[71]

Pure
copper

Ni-Cr-Si Laser cladding Formation of Ni2Si phases
enhanced the microhardness
properties.

Metallurgical
and electrical
industries

Solidification process influenced
the formation of phases which
enhanced the microstructural
properties.

[70]

Cu Mo
coating

Laser cladding Strong interfacial bonding owing to
the NI-intermediate layer, leading
to 7 times microhardness
improvement

Electrical contact
components

Intermediate layers are useful in
joining dissimilar materials to
overcome the limitations in a
mismatch in material properties.

[74]

Cu:Cr
(99.9:0.1)

Ni-Co
coating

Laser cladding Formation of reinforced hard
phases increased the
microhardness by 7 times more
than the substrate

Casting and
rolling

Increase in microhardness
improved the wear resistance of
the coating

[94]

Ni-based 16Mo3
steel

Inconel
625

Cold Metal
Transfer

The secondary phases including
laves phases and carbide/nitrides
improved the hardness
properties.

Boiler Tubes Solidification process influenced
the formation of the
microstructure having a cellular-
dendritic structure, as well as the
segregation of dendritic regions
having Ni, Cr, and Fe.

[95]

Ductile cast
iron

Ni-Cu
alloy

Laser cladding Eutectic structure and dark-grey
solid solution phase, as well as
less segregation of the C element,
increase the size of the
microstructure.

High
temperature
environments

Microstructural diffusion is
obstructed by the low solubility
of carbon present in nickel alloys.
The application of ductile cast
iron is hindered by the costs
associated with preheating and
post heat treatment.

[96]

Ductile cast
iron

Stellite 6 Laser cladding Carbide formation that dispersed in
the solid solution of Co-based
matrix.

Machine tools The presence of carbides enhanced
the microstructural properties,
leading to higher microhardness.

[97]

NiCrC HVOF Grain boundaries as a function of
grain size influenced the
homogeneity of the
microstructural formation that
improved the hardness

Boiler tubes Corrosion resistance was enhanced
by the transformation of the
grain size from coarse
morphology to refined
microstructure, due to adequate
melting

[81]

2.25Cr-1Mo
steel

Ni-20Cr
+ TiC

Cold spray
technique

Enhanced hot corrosion resistance
due to oxide formation and the
presence of Cr

Boilers The corrosion attack on boiler
steels was significantly reduced
by adding TiC to the coating.

[98]
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between the mild steel substrate and the directly
deposited SS316, even when introducing Fe powders
to the SS316. The cracking at the substrate might
have been caused by the thermal shock normally over-
come by substrate preheating while cracking at the
interface might have required an interlayer to tran-
sition between dissimilar material properties. Ola-
kanmi et al. [14] revealed that intermetallic coatings
are useful, provided the nature of the intermetallics
formed and their amount can be controlled at the
desired level. To ascertain the influence of energy den-
sity on the microstructural consolidation using inter-
metallics, they deposited titanium aluminide (Ti-Al)
blended with TiC using the laser cladding technique
on the Ti6Al4V substrate. An important conclusion
that can be drawn from their work is that intermetal-
lics can be useful in refining the developing desirable
phases (Figure 24) and enhanced microstructural
properties as energy density is varied (Figure 25).
Further, they can enhance the microhardness charac-
teristics of FGM coatings, which is desirable for heat
exchanger overlays in preventing oxide penetration.
Of equal importance is that processing parameters
can influence the microstructural reaction responsible
for initiating good quality characteristics such as

microhardness, which are desirable performance
characteristics for heat exchangers.

A significant amount of data about FGMs has been
developed with continuous material property discre-
pancies, [11,105,115–119] especially on stainless
steel, copper, and nickel.

Liang et al. [120] used a laser-engineered net shap-
ing process to develop two different functionally
graded SS316L and Inconel 718. The structure varied
gradually from 100% layer of SS316L to 100% layer
of In718. Of importance in their study is the micro-
structural evolution observed that was rich in colum-
nar dendritic growth, which occurred in both the
transverse section and the normal section. They con-
cluded that the columnar to cellular microstructural
transition in the first FGMs (FGM1) resulted in
decreased microhardness (0–50 v/o) between sub-
strate and SS316L due to the rate of solidification
occurring between ferrite and austenitic structure
during deposition. However, when Inconel 718 was
added to the grading, the microhardness of the second
FGM was significantly increased because of the Cr,
and Mo elemental reinforcements that led to solid sol-
ution strengthening, as illustrated in Figure 26. The
wear resistance of FGM2 was also investigated and
found to exhibit excellent wear resistance for both
100% layers of SS316L and In718. It can be seen that
the addition of strengthening elements such as Cr
and Mo content can significantly improve the hard-
ness of FGM coatings which is desirable for erosion-
wear and corrosion resistance in heat exchanger boiler
tubes.

Zhang et al. [19] fabricated an SS316L/IN718/Cu
functionally graded material on SS304L substrate by
joining dissimilar materials having different material
properties, using SS316L as the first layer build-up,
followed by IN718, and then pure copper. They
developed the FGM to combine the high thermal
conductivity of copper, the high-temperature

Figure 22. Variation of FGM material properties in a specific direction.

Figure 23. Potential fields of FGM application in the heat
exchanger industry.
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strength of In718, which was also an interlayer, and
the excellent corrosion resistance of SS316L, for
parts subjected to harsh environmental conditions
such as elevated high pressure and corrosion. The
microstructure obtained was defect-free, with a
125% improvement in thermal conductivity which
could be attributed to the excellent interfacial bond-
ing achieved with combined material properties. A
good consolidation between the SS316L/IN718 inter-
face was observed, as shown in Figure 27. Of

particular interest in their study is the phase trans-
formation that occurs in the SS316L layer, which
initially had columnar dendrites in the vertical direc-
tion Figure 27(a) and changed to an equiaxed struc-
ture upon blending with In718, see Figure 27(b,c).
A refined microstructure with a good consolidation
was also observed at the Cu and IN718 interface, as
shown in Figure 27(d,e). Zhang and co-investigators
[19] did not vary process parameters in their study, a
process that can be further investigated to enhance

Figure 24. (a) Thermal crack frequency due to thermal cycles. XRD analysis of functionally graded Ti-Al, showing enhancement of
phases formation with increasing LED [14].
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the material properties by determining the optimum
parameters. Also, certain alloys which are of interest
to the heat exchanger tubing industry, such as
Inconel 625, can be used when joining stainless
steel 316L and pure copper to exploit their resistance
to degradations, including pitting corrosion, erosion-
wear, and stress-corrosion cracking.

Luo et al. [121] investigated the hot corrosion behav-
iour of functionally graded Inconel 718/Haynes 25 with
a 75% Na2SO4 and 25% NaCl molten salt coating at
700°C and 900°C. Figure 28(a–f) illustrates the micro-
graphs obtained showing a microstructural transform-
ation from coarse columnar dendrites in 100%
Inconel to uniformly distributed fine equiaxed grains
in 100% Haynes 25. They attribute the uniform trans-
formation occurring to Inconel 718 as a consequence
of increasing Haynes 25 content, causing a dense
oxide layer that enhances the hot corrosion resistance
because of the finer equiaxed grains formed with an
increase in Cr content. This might be since Haynes
25 is a Cobalt–Nickel-Chromium-Tungsten alloy. Gen-
erally, Cr tends to form passivation on surfaces, sup-
pressing the corrosion-anticipated reactions and
penetration of corrosion products through the material
surface. This shows that FGMs can be adopted as heat
exchanger coatings to augment the properties of
another material towards enhancing their corrosion
resistance.

Ben-Artzy et al. [122] joined dissimilar materials
comprising SS316L and C300 maraging steel to
develop a grading using directed energy deposition.
They chose C300 steel because of its wear resistance
and high strength since it is a cobalt-containing alloy
with properties strengthened by hardening intermetal-
lic precipitates containing molybdenum (Ni3Mo &
Fe7Mo6). The corrosion resistance nature of SS316L

Figure 25. Optical micrographs showing the level of particle melting with 12.5 (a,b,c); 15.0 (d,e,f), and 17.5 J/mm2 (g,h,i) [14].

Figure 26. Variation of the microhardness along the direction
of SS316L/In718 grading [120].
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qualified it for grading since their idea was to develop
a graded material with high wear and corrosion resist-
ance. They reported that the graded coating did not
have intermetallic, which they attribute to having
been suppressed by the formation of the TiCr2
phase. In particular, when the Cr and Mo alloying
elements in SS316L are depleted in harsh environ-
ments, some intermetallics can produce intermetallic

precipitation, making heat exchanger coatings suscep-
tible to localised corrosion. Their work thus represents
a successful grading of dissimilar materials.

Sun et al. [123] fabricated a functionally graded
coating comprising Ti6Al4V and Inconel 625. They
attributed the microstructural refinement to the
nucleation rate that was significantly increased by
the alloying elements. This resulted in a

Figure 27. (a) Microstructural transformation of laser SS316L/IN718/Cu functionally graded material (a) SS316L columnar den-
drites (b) good bonding at the interface (c) In718 equiaxed structure (d) good blending between Cu and In718 (e) Transformed
Cu microstructure [19].

Figure 28. Microstructural variation with different compositions (a) Inconel 718 at 100%, (b) Inconel 718 at 80% and 20% Haynes,
(c) 60% Inconel 718 and 40% Haynes, (d) 40% Inconel 718 and 60% Haynes, (e) 205 Inconel 718 and 80% Haynes, and (f) 100%
Haynes [121].
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microstructural transformation from a laminar
structure characterised by laminar phases (α and β)
to an equiaxed structure as a function of compo-
sitional variation. Because of the refined microstruc-
ture, the hardness of the coating was significantly
increased, which they attributed to the formation
of solid solution hardening, Ti2Ni precipitates, and
CrNi2 compounds. However, they encountered
some cracks at the intermediate layer due to brittle
phases. It can be seen from their findings and con-
clusion that the presence of cracks deteriorates the

material performance, a processing challenge that
can accelerate stress corrosion cracking in heat
exchanger pipes.

Consequently, research interest is increasing to fab-
ricate FGMs of dissimilar materials that meet the ever-
increasing demand for improved system performance,
lightweight and hybrid structures, and functionality
that can overcome other industrial challenges. Another
advantage of FGMs is the ability to join dissimilar
materials, which involves joining materials with differ-
ent thermo-physical properties. Hence, they have

Figure 29. Laser cladding beam interaction with functionally graded material.

Figure 30. Laser cladding temperature field and velocity distribution [138].
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found applications in fabricating heat exchanger tubes.
Moreover, careful material selection is critical when
joining dissimilar materials to avert processing
deformities. For instance, Meng et al. [124] observed
that the direct joining of Ti alloys and stainless steel
dissimilar materials resulted in brittle Fe-Ti interme-
tallic, which is the main cause of cracking. They indi-
cated that the use of an interlayer that acts as a
transition material could significantly reduce these
reported cracks. Adesina et al. [125], in agreement
with Pardal et al. [126], elucidated further that such
intermetallics and reactive oxides experienced during
deposition can influence the corrosion behaviour of
coatings and even hinder the joining of materials. On
the other hand, it is worth noting that some intermetal-
lics have good properties such as NiTi intermetallics
having good corrosion resistance, wear, and oxidation
resistance [127]. Furthermore, dissimilar materials can
be joined successfully without experiencing any inter-
metallics. Ben-Artzy et al. [122], successfully joined
dissimilar metals of SS316 and C300 maraging steel
through the DED technique without experiencing the
formation of undesirable intermetallics. This indicates
the joining possibilities of fabricating heat exchanger
components using dissimilar materials. Several
material combinations are employed in the fabrication
of FGMs [128]. This includes metal–metal, [115] and
metal-ceramic [108,129].

In conclusion, FGMs exhibit superior material
properties and benefits compared to conventional

alloys and composite materials. The increased heat
transfer efficiency, [130] reduced residual stresses,
and ability to join dissimilar materials makes them
ideal for heat exchanger applications. Until recently,
conventional manufacturing methods have been
used in fabricating FGMs (e.g. plasma spraying, pow-
der metallurgy, and vapour deposition techniques).
Consequently, laser cladding has emerged as a prom-
ising coating technique that circumvents the limit-
ations of conventional manufacturing methods. This
is credited to its capability to produce fully dense
FGM coatings with reduced thermal distortion and
minimum dilution [131]. Thus, it can produce
graded materials that reduce the corrosion and
wear effect in severe environmental conditions such
as exchanger tubing. On the other hand, the
implementation of laser cladding has suffered signifi-
cant drawbacks due to processing deformities, such
as cracking, porosity, and delamination, encountered
during the processing of FGMs. It remains unclear in
the literature how the laser cladding process and
material parameters affect the performance character-
istics of heat exchangers concerning laser beam inter-
action and microstructural/phase transformation.
Hence, this review provides a detailed analysis of
laser cladding of functionally graded coatings in the
next section. Micrographs are used to expound the
effects of process and material parameters on the
functional performance of steel-nickel-copper FGMs
for HX applications.

Figure 31. The phenomenon of Marangoni convection and Buoyancy (driving force) during melting laser cladding of functionally
graded materials.
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Processing of functionally graded coatings
for heat exchanger applications via laser
cladding

Laser-based additive manufacturing (LBAM) tech-
niques have evolved since the late 1990s to extend
the component`s lifespan through distinctive manu-
facturing processes such as laser cladding of heat
exchanger tubes [132]. Laser cladding employs the
same concept as laser metal deposition (LMD), also
called directed metal deposition (DMD), directed
laser fabrication (DLF), and laser-engineered net
shaping (LENS) [133]. Laser cladding as an AM tech-
nique is a promising technique that finds application
in process industries such as power generation and
petrochemical plants due to its efficiency and ability
to develop surface quality coatings with great process
flexibility and provide desirable economic benefits. It
melts metal powders using a laser beam to form a
thin film into a substrate material to achieve a homo-
geneous powder mixing [134]. When the laser beam
interacts with the powders, melting occurs, resulting
in the solidification of the molten material presented
in Figure 29. During this process, a microstructural
transformation occurs as particles fuse on a substrate
material to form a coating. Owing to this, functionally
graded coatings can be produced with fine-grained
microstructures through rapid solidification.

Despite short interaction time being desirable
during laser cladding, it can lead to processing defects
if the process conditions are not properly controlled.
For instance, porosity due to trapped inert gas, partial
penetration influenced by low heat input, and cracking
because of a large thermal gradient between the sub-
strate and the powder/laser beam can be experienced.
Moreover, tensile residual stresses are normally gener-
ated during the laser cladding process due to the

highly concentrated energy input and rapid fabrica-
tion velocities [135], which could lead to accelerated
failure in heat exchanger parts through spallation
and cracking. Normally, they occur in the transition
zones of tubes leading to stress corrosion cracking
[136]. However, the fabrication of functionally graded
materials via laser cladding is reported to reduce the
residual stresses in the material due to the interlayers
responsible for expansions [19]. This indicates that
FGMs can minimise the combined effect of residual
stresses formed in the material during fabrication.
The next section elucidates the laser beam interaction
with the functionally graded materials to avert micro-
structural distortions and alteration of material
properties.

According to Elijah [137], the heat induced during
the laser cladding process causes melting and fluid
flow, influencing the microstructure’s phases and
grain structure, dislocations, and residual stresses,
which then affect the quality of fabricated parts. This
might be explained by the Marangoni effect, which is
a mass transfer caused by surface tension, driven by
thermos-capillary forces and elemental diffusion. As
shown in Figure 30, this causes a shallow melt pool
to develop as the surface tension changes from low
to high, suggesting that the deformation of the molten
pool grows as the laser power increases [138]. They
further revealed that the variation of velocity during
deposition could result in unstable powder inter-
actions with substrate, which often leads to processing
defects such as cracks or pores if the movement of heat
source is not controlled.

The surface tension forces, which [137] reported to
have a direct relationship with temperature, prompted
the elemental flow in different directions along the
boundaries, forming different melt-pool shapes. Le &
Lo [139] stated that surface tensions depend on the

Figure 32. Ishikawa diagram showing effects of laser cladding parameters on clad quality characteristics for heat exchanger
applications.
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metal composition. This shows that a higher content
of an element present (e.g. sulfur) in a material can
increase the surface tension and the melt pool, because
surface tensions control the flow pattern that forms in
the melt pool. Equation 1 is based on the dilution rate
method, indicating that Xmix represents the properties
of the melt-pool material containing a mixture of
powder and substrate materials. It is demonstrated
that the melt pool generated during laser deposition
is a mixture of melted powders and melted substrates,
where the powder and substrate properties are
depicted numerically as (Xpow) and (Xsub), respectively
[138].

Xmix = aXsub + (1− a)Xpow (1)

Where α is the mixture fraction governed by the
dilution.

Figure 31 shows the movement of fluids in the Mar-
angoni convection. When melt pools form, a tran-
sition mechanism occurs from regions with low
surface tension to regions with higher surface tension.
This implies that varying melting temperatures in the
form of laser power can control the melt pool charac-
teristics, affecting the fabricated component’s quality
characteristics. Unless et al. [140] explained that sur-
face tension can cause the segregation of dissimilar

materials within layer build-up. They attributed that
to different material densities. Simply put, higher
heat input is experienced during laser beam melting
at the centre of the deposited material, which lowers
its density. Simply put, the material at the edge will
be cooler and have higher density because of the buoy-
ancy driving force. Because of this, an increase in
temperature lowers the surface tension, implying
that varying deposition and pre-heating temperatures
can improve the consolidation mechanism of the fab-
ricated FGMs. Similarly, substrate preheating can
reduce thermal shock during deposition, especially
in dissimilar materials, and control surface tensions.

In conclusion, it is evident from the cited literature
that the laser material interaction of the copper sub-
strate and SS316L-In625 has not been explained. As
a result, this study lays the groundwork for the exper-
imental work that will address this largely unexplored
area of required research.

Laser cladding process parameters

Control parameters affect the microstructure and
quality of functionally graded materials during
laser cladding. Numerous factors can influence the
quality of the clad, which is why they are categorised.

Figure 33. Morphology of HA-TiO2 graded coatings showing effects of varying LED [148].
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The Ishikawa diagram, often known as the fishbone
or the cause-and-effect diagram is a well-known
classification scheme. Therefore, the parameters
affecting the clad quality during FGM manufactur-
ing for heat exchanger surface modification are cate-
gorised in Figure 32 using the Ishikawa diagram.

Goodarzi et al. [141] posited that while various LC
process parameters exist, the laser power, scanning
speed, and powder flow rate have the most influence.
To address the poor clad quality characteristics
formed due to poor processing conditions, this section
combines and elucidates four important parameters
and their consequences on heat exchanger part

performance using research from the literature. This
includes (i) the laser energy density, (ii) the compo-
sition and particle size distribution of coating pow-
ders, (iii) shield gas type and velocity, and (iv) the
substrate pre-heat temperature. Laser energy density
is selected as the most important parameter because
it influences the melt pool and solidification mechan-
ism, which determines the microstructural properties
that affect the performance characteristics of heat
exchangers. The nature of the powder composition
and particle size distribution also influences the rate
of melting and consolidation mechanism. Due to
some intrinsic process defects, such as porosity,

Figure 34. Comparison of clad morphology obtained using parameters from (a,b) orthogonal design and (c,d) optimal GRA values
[154].

Figure 35. Variation of hardness in functionally graded AISI 316L and AISI H13 attributed to variation in composition [155].
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which affect FGM clads intended for boiler tubes’
resistance to oxide penetration, shielding gas was
selected as another crucial parameter because it can
protect the material from the atmospheric reaction
during LC processing. Another important factor
explored is substrate preheating, which lessens ther-
mal gradients that can prevent fusion between the sur-
face of boiler pipes and the deposited coating layers
during surface modification. Further investigation is
carried out into their impact on three qualitative
characteristics. This refers to corrosion and wear,
aspect ratio, and microhardness because the most fre-
quently documented failure mechanism in heat
exchangers is due to corrosion cracking, fatigue, and
erosion, which are accelerated by poor clad quality
and geometrical features [142].

Laser energy density
The laser energy density (LED) is measured in J/mm2

and has a directly proportional relationship with laser
power (P) as well as an inverse relationship to speed
(V) and beam diameter (d), as shown in equation 2
[15]. Simply put, the energy dissipation rate as a func-
tion of time determines the molten pool size, which
influences the solidification process, the morphology
of the grain structure, and the geometrical character-
istics of the FGM clads [143,144]. Further, an increase
in scanning speed will reduce LED because the dur-
ation of laser metal interaction will be shortened
since the laser beam cannot dwell longer during depo-
sition, leading to a smaller melt pool. Moreover, the
type of microstructure formed is significantly
influenced by the size of the laser spot diameter, also
referred to as beam diameter. Due to a reduction in
the rapid cooling process attributable to the energy
density, an increase in laser spot diameter will also
decrease the melt pool temperature [145].

LED = P
V.d

(2)

The relationship between LED and wear properties
has been investigated previously. The smaller melt
pool caused by a lower LED can undoubtedly result
in smaller, uneven grains, which frequently have
higher porosity and less wear resistance [146].
Additionally, a rise in suitable values for LED can
result in a desirable melt pool that improves FGMs’
resilience to wear and corrosion due to good micro-
structural formation. However, if the LED exceeds a
certain threshold, there may be an excessive melt
pool that takes longer to solidify, allowing for the cre-
ation of pores and cracks in the microstructure [147].
As a result, the cladding quality can be compromised,
causing heat exchanger pipes to exhibit poor wear and
corrosion characteristics because oxide can penetrate
the FGM clad easily.

For instance, Jing et al. [148] used laser cladding to
fabricate HA-TiO2 functionally graded layer on a
Ti6Al4V substrate and varied LED between 20 J/
mm2 and 100 J/mm2. At LED of 20 J/mm2, there
was pore formation, but when LED increased, they
observed a good consolidation mechanism that pro-
duced flat surfaces with strong bonds at LED of 60 J/
mm2, and smoother surfaces with no cracks or pores
at LED of 70 J/mm2, which is attributed to the uniform
particle consolidation upon melting. This can also
enhance the corrosion resistance because the lower
the surface roughness, the greater the corrosion resist-
ance. However, as the LED was increased to 80 J/mm2

and 90 J/mm2, there was an increase in defects for-
mation, including the formation of thermal stress
cracks, pores, and uneven/loose clad surface, as
shown in Figure 33. They attributed the existence of
cracks in FGM clads to the gasification-induced
depletion of W, Ti, Co, and P enrichments, which
led to higher tensile stress. A strong bond might also
indicate that the LED was just right to generate a
sufficient melt pool to consolidate with the substrate
[14]. In contrast, a higher LED produced an excessive
melt pool that slowed down the solidification process
and caused pores to form, which can compromise the
performance of heat exchanger parts under high-
pressure loading and result in stress corrosion crack-
ing [86]. Additionally, it was found that the corrosion
resistance increased at 70 J/mm2 with a lesser cor-
rosion rate of 0.062 mm.a−1, but decreased at 90 J/
mm2 with a higher corrosion rate of 0.211 mm.a−1.
This shows how the morphology and surface quality
of graded coatings are affected by LED and how this
significantly affects wear and corrosion behaviour, a
vital quality characteristic needed to extend the service
life of heat exchanger parts operating in demanding
environments.

The relationship between LED and microhardness
has been previously studied. Generally, an increase
in energy density leads to higher microhardness prop-
erties due to grain refinement, microstructural
enhancement, solid solutions, and precipitated phases
[149]. Sufficient particle melting during high energy
input promotes microstructural grain growth, leading
to strong metallurgical bonds or structures responsible
for increasing the mechanical properties of heat
exchanger coatings [150]. Cheng et al. [151] produced
Inconel 718 FGM and stainless steel 316L FGM and
discovered that higher LED increased dendritic struc-
ture. Typically, as LED increases, fewer lave phases are
precipitated, creating a dendritic structure that alters
the microhardness properties. This might be the con-
sequence of undercooling, which affects the mechan-
ical characteristics, and rapid dendritic growth,
demonstrating that using the appropriate LED par-
ameters is essential to obtaining desirable grain struc-
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ture, better deposition quality, and enhanced material
performance.

Ocylok et al. [152] employed the laser cladding
technique and built a crack-free Stellite 31 and Mar-
lok-graded layer to improve corrosion and wear resist-
ance properties. The authors reported an increase in
hardness that varied linearly across the transition
layers. They attribute the enhanced microstructural
properties to the LED processing conditions, as they
argued that the porosity level decreased with an
increase in LED. Olakanmi et al. [14] studied the influ-
ence of LED on microstructural properties, which
influence the microhardness properties. Three differ-
ent values of laser energy density (12.50, 15.00, and
17.50 J/mm2) were used to fabricate the titanium alu-
minide (Ti-Al) blended with TiC that was deposited
on Ti6Al4Vsubstrate. They obtained a good bonding
when the LED was set at 17.50 J/mm2. Figure 27
shows optical micrographs of fabricated samples illus-
trating good melting of TiC particles, as shown in
Figure 25(g–i), whereas, at an energy density of
12.50 and 15.00 J/mm2, there was inadequate melting
except for aluminium, which they attributed to insuffi-
cient energy input capable of initiating a metallurgical
reaction. This led to the formation of intermetallics,
including Ti2AlC, γ, and α2 shown in Figure 24 of
the XRD analysis. An increase in the LED enhanced
the formation and intensity of the matrix phases.
The same intermetallics are reported to have
influenced the FGM-clad microhardness to be higher
than that of the Ti6Al4V substrate. Because of that,
the microhardness for the LED set at 12.50 and
15.00 J/mm2 was lower since the reaction was not
sufficient enough to form intermetallics. This shows
a need to optimise the LED parameters to reduce pro-
cess defects.

Mahamood & Akinlabi [17] compared the per-
formance of optimised functionally graded Ti6Al4V/
TiC with that fabricated with fixed process par-
ameters. They revealed that the wear resistance and
the microhardness were significantly enhanced at

optimum LED parameters to 1200 VHN, which was
four times better than that of the substrate, showing
that clad quality resistance to wear and optimised par-
ameters can improve the microhardness.

The LED also influences the FGM clads’ aspect
ratio and dilution. In Eq. 4, the clad track width and
height can be used to calculate the aspect ratio, while
the deposit height and penetration depth calculate
the dilution (see Eq.5).

Aspect Ratio = w
h

(3)

Dilution = D
D+H

(4)

As LED increases, so do the aspect ratio and dilution
[153]. This is because higher energy densities cause
more melting, which allows the base material and
the FGM cladding material to mix more. Specifically,
as the LED increases, the clad height decreases. On
the other hand, when the LED increases, the FGM
clad width also increases. This could be attributed to
the melting force and flow viscous force of the Maran-
goni convention phenomenon that leads to suppres-
sion of the deposited layer upon melting. This leads
to reduced clad height, while the melt pool volume
expansion on the surface worsens the melted area,
which in this case, increases the FGM clad width
[143,144]. Therefore, it is without a doubt that the
clad height must be smaller during the surface modifi-
cation of boiler tubes to improve cost efficiency and
reduce clad weight because it depends on the amount
of FGM powders introduced to form layers during
deposition. However, the clad width is preferred to
be larger because it increases the surface area of the
coating’s effectiveness in protecting against various
degrading attacks.

Lian et al. [154] optimised the flatness ratio
and cladding efficiency using the multi-response
Grey Relational Analysis (GRA) method. The laser
power and scanning speed varied between 1.2 and
1.5 kW, and 5 and 8 mm/s, respectively. They com-
pared the clad morphology of samples fabricated
using parameters from Taguchi L16 orthogonal
experimental design and those manufactured using
optimal GRA values of 1.5 kW. Results showed
defects in the clad morphology of non-optimised
samples, as illustrated in Figure 37(a,b), but there
was a reduction in clad reduction in flaws of incom-
plete fusion between the substrate and cladded layer
when using optimal parameters, as illustrated in
Figure 34(c,d). Further, the method had a negligible
0.97% prediction error, showing that optimal proces-
sing parameters can enhance the clad geometry and
clad efficiency.

Figure 36. Variation of microhardness of SS304L/Inconel 625
FGM due to variation of the Fe and Ni composition [156].
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Composition & powder flow rate
The changes in material composition as the powders
are varied during the cladding of FGMs can cause
microstructural variation, influencing the clad mech-
anical properties. As an example, Ostolaza et al.
[155] investigated the clad quality characteristics of
functionally graded AISI 316L and AISI H13 produced
by the DED method on AISI 1045 mild steel substrate
as the material composition was changed. The first
layer was initially deposited with 100% AISI 316L,
then the composition was changed at intervals of
20 wt% until the top layer with 100% AISI H13, as
shown in Figure 35. They observed an austenitic
with ferrite microstructure at the lower 316L layer

and a gradual change to martensite and austenite
microstructure at the H13 top layer. Consequently,
the microhardness property was enhanced because it
increased sharply from the lower to the upper layer
by adding H13 powder, which they attributed to the
increase in carbon content. This shows that carbon
content is a hardening element that causes a sharp
increase in microhardness of the FGM clad when its
content is increased during deposition.

Carroll et al. [156] also concluded that variation in
composition can alter the FGM microhardness prop-
erties along the length of the gradient zone, as depicted
in Figure 36. They employed the DED method to
deposit 20 layers of SS304L followed by nineteen layers

Figure 37. Microstructural variation with varying composition in functionally graded 316L/Inconel 718 fabricated via LMD tech-
nique [161].
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of Inconel 625 through a gradient zone. Cracks in the
region having 79 wt% SS304L and 21 wt% IN625 were
observed due to compositional and microstructural
variations. The formation of a secondary phase having
micro-sized particles containing carbides in Nb and
Mo content is what they accredited to crack initiation.
This shows that when the composition of elemental
powders is not varied properly, clad quality can be
compromised by defect formation, leading to suscep-
tibility of poor strength, hydrogen cracking, and
embrittlement in various regions of the coated heat
exchanger part. Luo et al. [121] studied the hot cor-
rosion resistance of the IN718/Haynes 25 FGM as
the composition was varied. The microstructure was
characterised by columnar grains, which changed to
equiaxed as the content of Haynes 25 was increased.
This demonstrates compositional variation during

FGM fabrication can lead to microstructural trans-
formation, which directly impacts the FGM clad
properties.

Furthermore, variation in composition also affects
the wear and corrosion resistance of FGMs, as seen
in the work of Ostolaza et al. [155]. The corrosion
resistance was reduced when the composition was var-
ied from SS316L to AISI H13 because 316L contains
higher chromium content of 16% and makes it have
higher corrosion resistance, but it is reduced due to
the increase in H13 content which has a lower chro-
mium content of about 5%, leading to poor corrosion
resistance at the top layer [157]. Besides, the FGM had
cracks and a lack of fusion defects at the interface that
reduce resistance to erosion-corrosion, which they
attributed to the inherent brittle sigma phase of stain-
less steels formed by subsequent cooling and heating

Figure 38. ANN structure for laser cladding parameters and clad characteristics.

Figure 39. Solidification cracking due to lack of preheating causing (a) intergranular cracking along grain boundaries (b) cracks in
precipitated areas [169].
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cycles. Chromium can be blended with SiC to enhance
the surface properties of coatings. Jagdheesh et al.
[158] modified the surface of AISI-type 316L stainless
steel using Cr-SIC. This was done to improve the
hardness qualities by laser surface alloying. They
attained a higher microhardness of 1300 HV at the
laser-processed zone that enhanced the wear resist-
ance. The enhanced quality characteristics were attrib-
uted to forming M7C3 (M = Fe, Cr) carbides following
the dissociation of Cr3C2 during melting and the inte-
gration of the Cr-SiC mixture in the melt zone. This
demonstrates that increased Cr concentration can
improve mechanical properties because of the solid
solution strengthening mechanism and the finer
grain crystal structure, which is desirable for boiler
tube applications under demanding operating con-
ditions. In a related study, Jagdheesh et al. [159]
employed laser surface alloying of AISI grade 316L
using Ni-SiC to increase the surface hardness. The
microstructure was characterised by γ-austenite,
M7C3, and δ-ferritic phases. The higher microhard-
ness (733 HV) was largely due to the Si concentration
in the LSA region, due to the microstructural
reinforcement capabilities upon dissolution [160].

Chen et al. [161] also studied the effects of varying
composition on microstructural transformation when
fabricating 316L/Inconel 718 FGM on 304L substrate.
The composition gradients having 5% of component
A, 10% of component B, and 20% of component C
were varied linearly with pre-alloyed 316L being
deposited prior on the substrate. The microstructure
of the fabricated FGM varied with increasing compo-
sition. It was mostly dominated by the columnar den-
drites as well as the fine equiaxed grains (see Figure
37). Of particular interest is that when the content of
Inconel 718 was increased above 40%, there was
laves phase precipitation at the interdendritic regions
due to heat accumulation that led to the formation
of coarse grain. The presence of laves phase also
increased the tensile and wear properties of the

FGM at a composition gradient of 10% In718 but
reduced gradually when the composition was reduced
to 5%, leading to thermal cracks. It is clear that laves
phases, which are intermetallic, can be formed during
the combination of dissimilar powder compositions
and can be both beneficial and detrimental in a way
if present in the FGMmicrostructure [162]. Therefore,
the composition gradient should be controlled to
ensure they are successfully utilised for functional
applications such as increased wear and corrosion
resistance, which are desirable for boiler pipes.

The rate at which the powder flows into the laser
beam powder melting region, referred to as the ‘pow-
der flow rate,’ is another parameter that significantly
impacts the properties of the fabricated FGM clads.
For this reason, the powder flow rate parameter has
been studied by several researchers to investigate its
influence on the FGM-clad surface attributes. It is
reported that the quality of surface finish during
laser cladding improves when the powder flow rate
is reduced, [163] implying that the powder flow
rate should be controlled, especially in the heat
exchanger industry, to reduce secondary finishing
operations that can be costly. Additionally, an
increase in powder flow rate causes an increase in
clad height, and it reduces the clad width, which
leads to a reduction in the aspect ratio [164]. The
clad geometry can be explained by the excessive
build-up that occurs when powder flows into the
matrix in bulk proportions, but the width decreases
since much of the energy per unit area is required
to melt the much powder introduced to the matrix.
It is evident that powder flow rate is an important
parameter that governs the clad geometry, implying
that optimisation techniques must be utilised to
obtain sound surface clads.

For instance, Tiwari et al. [164] employed the
hybrid optimisation approach utilising the artificial
neural network (ANN) and particle swarm optimis-
ation (PSO) to optimise the laser power, scan
speed, and powder feed rate to improve the aspect
ratio quality characteristics. The developed ANN-
PSO model had an 8.68% error, demonstrating that
the ANN-PSO model is suitable for predicting and
optimising quality characteristics during laser clad-
ding since the simulation results agreed with the
experimental results. A general ANN structure com-
prises an input, hidden, and output layer to correlate
function between process parameters and output
parameters/performance characteristics, [165] as
depicted in Figure 38.

Substrate preheating
Before laser irradiation of the deposited FGM layer,
the base material can be heated in a ‘substrate preheat-
ing’ procedure to minimise processing defects that
occur when FGMs are fabricated [166]. The process

Figure 40. Crack initiation in the microstructure gradient zone
of TA15-IN718 FGM due to lack of substrate preheating [172].
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of substrate preheating can be carried out to reduce
undesirable factors such as thermal mismatch between
the substrate and the deposited layers and residual
stress build-up. Large thermal gradients build up
between the substrate and the FGM clads, and rapid
cooling rates are reported to influence crack formation
[167]. Substrate preheating is, therefore, a crucial par-
ameter for mitigating premature failure of boiler pipes
in severe operating conditions by suppressing the
internal stresses and cooling rates. This is because an
increase in temperature reduces the build-up of
residual stresses, lowering the cracking probabilities
[168].

Studies have been carried out to ascertain the effects
of substrate preheating when manufacturing FGM and
its influence on the clad quality characteristics such as
corrosion and wear behaviour, aspect ratio, and
microhardness properties. For instance, Meng et al.
[169] performed synchronous preheating for 5 min
on a 100 mm x 100 mm substrate to reduce the ther-
mal gradient and residual stresses of functionally
graded 316L/Inconel 625 manufactured by LMD.
The change in the thermal gradient of the molten

pool affected the grain morphology through a micro-
structural transformation from columnar to equiaxed
structure. They further revealed that the thermal gra-
dient reduced as the FGM-deposited layers increased.
Meanwhile, there was a segregation of elements such
as Nb and Mo eutectic along grain boundaries that
led to solidification cracks in the middle for non-pre-
heated deposition (See Figure 39). Meng et al. [169].
also encountered crack formation in the transition
zone for the non-preheated samples when grading
Inconel 625 to Ti6Al4V. They attributed that to the
formation of Cr- and Mo-enriched phases, while syn-
chronously preheated samples suppressed the crack-
ing. This demonstrates that preheating affects FGM
layers’ phase formation and solidification process. It
also enables the development of strong interface
adhesion to lessen processing flaws like crack for-
mation and residual stresses. This is because laser
beam reflectivity and thermal mismatch can make
clads susceptible to poorly clad quality traits that
impair performance under difficult operating circum-
stances [170]. Thus, it’s possible to argue that the like-
lihood of crack development decreases as preheating
temperature increases.

Preheating can significantly improve the micro-
structure and internal stress build-up when fabricating
FGMs because it impacts the rate of cooling of the
deposited layer by avoiding locked-in stresses that
can initiate crack formation and residual stresses, lead-
ing to grain refinement and enhancement of micro-
hardness properties. It enables the realisation of
homogenous FGM clads with defect-free microstruc-
tures [95,97,98]. For instance, Banait et al. [171]
employed preheating the substrate to 400 °C before
directed energy deposition of Ni-Cr-B-Si and SS316L
functionally graded layers. They pointed out that

Figure 41. Discolouration of clads due to oxidation as shielding gas velocity is varied [175].

Figure 42. Schematic illustration of laser clad overlap.
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preheating was designed to offer slower cooling to
avert the development of cracks. Shang et al. [172]
also demonstrated that preheating can help prevent
crack formation when fabricating TA15-Inconel718
FGM. They carried out a comparative study of pre-
heated and non-preheated samples and observed
that no cracks were present when preheating was car-
ried out at 500°C. This also led to the suppression of
internal stresses, which they reported was below the
yield strength with a tensile strength of 207 MPa. It
shows that preheating can increase the tensile
strength, which enhances the microhardness proper-
ties because the yield strength and tensile strength
typically correlate with microhardness properties.
Contrarily, the non-preheated FGM exhibited cracks
in the region between 80% and 100% of the Inconel
718 layer (see Figure 40), demonstrating the signifi-
cance of substrate preheating in the prevention of
defects since these flaws can impair the performance
of coated boiler pipes and cause crack initiation
under high fluid pressure.

Preheating can be employed as a way of process
optimisation to mitigate substrate warping and distor-
tion because an increase in preheating temperature
increases total accumulated substrate distortion due
to thermal contractions [173]. The substrate tempera-
ture differences could also explain this since the top of
the surface is normally hotter than the bottom during
laser cladding, implying that preheating reduces sub-
strate distortion for thin but increases substrate

distortion for thick substrates. Furthermore, a rise in
preheating temperature results in an increase in the
rate of deposition. This implies that the clad height
increases with increasing preheating temperature.
However, more study on the effects of substrate pre-
heating on overall FGM aspect ratio is required
because the effects on aspect ratio, wear, and corrosion
quality characteristics have received scant attention.

Research shows that pipes operating in severe con-
ditions can be preheated before surface modification
for improved wear and corrosion resistance. For
instance, Liu et al. [174] preheated copper alloy and suc-
cessfully deposited a defect-free Ni60-WC cladding
coating. This enabled the formation of the γ (Fe, Ni),
M7C3, and WC reinforcement phases which improved
the copper substrate wear resistance since the wear
rate was 9 × 10−5mm3·N−1·m−1, constituting 1.14% of
the substrate material. Higher corrosion resistance was
also obtained with a corrosion current density of
2.34 × 10−7mA·mm−2, which was better than the sub-
strates. This demonstrates how preheating can enable
the formation of reinforcement phases, which are
responsible for improved wear and corrosion resistance.

Shielding gas type and velocity
Shielding gas, measured in L/min, employs an inert
gas environment to prevent the deposition from oxi-
dising due to interacting with atmospheric gases
(refer to Figure 32). The most utilised shielding gas
in laser cladding is argon gas. The existence of harmful

Figure 43. Laser track overlap using different configuration (a) mode 1–5 (b) path 1–4.
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gases can lead to the oxidation of clads, which lowers
the quality of the cladding and their resistance to dete-
riorating attacks in heat exchangers, making shielding
gas a crucial parameter [175]. For instance, Li et al.
[175] deposited bulk components of 4 clads with vary-
ing external shielding gas rates, labelled Q1 (14 L/
min), Q2 (18 L/min), Q3 (30 L/min), and Q4 (50 L/
min). They observed that at lower shielding gas values
of Q1, there was oxidation that led to bluish discolour-
ation, which became yellowish in Q2, and silver in Q3
and Q4, as shown in Figure 41. It can be seen that oxi-
dation damage the surface integrity of clads, which can
make the FGM clads meant for surface modification of
boiler pipes succumb to corrosion attack including
galvanic corrosion.

Furthermore, the high reactivity at lower shielding
gas values can result in oxide formation and inclusions
in the microstructure. For instance, oxides rich in Si
and Mn can be introduced when steels react with oxy-
gen, which ends up affecting the stress corrosion
cracking behaviour [57]. This is because intergranular
Si-rich oxides in the microstructure weaken the
material’s corrosion resistance, leading to the degra-
dation of heat exchanger components. This shows
that the melt pool should be protected using oxides
to reduce reaction with the atmosphere since it can
increase the presence of oxide content on the FGM
clad. The shielding gas also impacts the mechanical
characteristics of laser-clad FGM because it can be

linked to one of the most fundamental porosity issues.
When the atmospheric reaction is suppressed, the
phases decarburise, increasing their microhardness
properties while reducing porosity. As a result, the
microhardness of clads increases with rising shielding
gas velocity [143].

Track overlap
Laser cladding (LC) track overlap is another process
parameter that influence clad properties. LC involves
the deposition of relatively thick coatings (50 µm to
2 mm), which necessitates overlapping of clad tracks
to cover a large surface area [144]. Clad overlap is cal-
culated by dividing the difference between clad width
(W) and distance (D) by clad width (see Figure 42).
Studies have shown that overlap percentage, strategy,
and dimensions affects the clad quality characteristics,
such as surface roughness, clad geometry, hardness,
wear resistance, surface morphology, and corrosion
resistance [176–178]. Tanigawa et al. [176] deposited
Ni-Cr-Si-B alloy coating on SS304 using a single clad-
ding layer. The study varied overlap ratio from 30 -
90% to explore the effects on surface roughness.
Results showed that surface roughness decreased as
the overlap ratio increased. Additionally, they asserted
that a flatter surface results from a higher overlap
ratio. This might be explained by the bead profile
forming a homogeneous structure as a result of uni-
form overlap distance. However, this is not always

Figure 44. Micrographs formed using different modes of laser overlap (a) mode 1–4 (b) mode 2–4 (c) mode 5–4 (d) mode 1–3 (e)
mode 2–3 (f) mode 5-3.
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the case because a higher overlap ratio might cause
surface disorientation by creating an irregular struc-
ture at the overlap area, which lowers the surface’s
flatness. For instance, Li & Ma [179] studied the over-
lapped single layer clad tracks of stainless steel on mild
steel substrate. They observed surface roughness to
have an inverse relationship with overlapping ratio
in an oscillating manner. This suggests that surface
roughness was at its highest at certain points and at
its lowest level at some point due to variations in the
overlapping ratio. Thus, it can be concluded that the
control of clad overlap is essential to obtain a smooth
clad surface, which is desirable for boiler tube surface
to avoid pressure loss.

This is because a higher overlap ratio can increase
the clad dilution, resulting in reduced performance
attributes such as lower microhardness, wear resist-
ance and corrosion resistance. Li and Ma [179]
applied NiCrBSi hard coating on AISI 5140 grade
steel utilising In718 as a buffer layer to enhance the
surface characteristics. They pointed out that reducing
the degree of clad overlap is crucial when attempting
to lessen dilution and avoid coarse carbide precipi-
tation. This is because a high melt pool generated
with increasing heat input can have a detrimental
effect on corrosion resistance because it produces
microstructural precipitates that are vulnerable to
intragranular corrosion, especially in boiler tubes.
Tuominen et al. [180], in agreement with Stanciu
et al. [181], showed that laser clad overlapping can
influence the microstructural properties and enhance
the microhardness properties. In their study, areas
with overlapping passes were found to have had
sufficient re-melting of particles due to overlapping,
resulting in improved hardness values of 60 HV0.3

that was higher than the non-reheated zones. Because
of this, Li & Ma [179] recommended an overlap ratio
that is between 29.3% and 59.2%, which they argued is
the desirable value range to minimise defects, as an
overlap that is greater than 70% can give rise to
inter-run porosity. The pore formation can be attrib-
uted to the gap formation between successive layer
deposited, leading to gas entrapment. This shows
that track overlap must be maintained at optimum
values to avoid defect formation that can affect frac-
ture toughness, mechanical strength, and mass trans-
fer properties of boiler tubes at high pressures owing
to the random air voids.

Zhao et al. [178] demonstrated that overlap rate
ratio is responsible for enhancing the mechanical
properties. Moreover, they noted that the large ther-
mal and residual stresses, which are not desirable for
boiler tube application, can be reduced by employing
the overlap ratio at optimum level. This is because
appropriate engagement of overlap can improve the
temperature distribution, distribution of heat at the
overlap region, temperature gradient, and grain

growth orientation [151]. In FGMs, different overlap
modes and paths can generate different re-melting
modes on the solidification layer, which rebuilds the
position of the metallurgical bonding zone (see Figure
43). Hence, a good metallurgical bond due to sufficient
melting with result in obtaining quality interlayered
structures. Additionally, small black spot correspond-
ing to silicon oxides were found in the clad overlap
area, showing that sufficient re-melting temperatures
is required to melt oxides to obtain a quality coating
(see Figure 44).

Summary of findings

The microstructural formation and quality of FGM
clad meant for surface treatment of boiler pipes are
established to be influenced by the laser cladding par-
ameters, including LED, composition and powder
flow rate, shielding gas, and substrate preheating. A
higher LED causes more melting of the particles,
which increases the melt pool and Marangoni conven-
tion effects that refines the grain size and improve
wear resistance. In contrast, when the LED is low,
there is typically insufficient melting, and raising it
above a certain point can result in defects, which can
be harmful and result in process deformities like
cracks that lower the quality of the clad. Due to the
poor grain morphology, this can result in low micro-
hardness and poor wear and corrosion protection.
Additionally, there is a direct correlation between
aspect ratio and laser energy density. This is not the
case with powder composition and flow rate because
an increase in powder flow rate reduces clad width
and aspect ratio.

Additionally, as the composition changes, so do the
powder contents, such as chromium, which increase
corrosion resistance but decrease wear and corrosion
resistance when depleted. Likewise, this is governed
by the precipitation of laves phases, sigma phases,
and refined grains, which change as layer build-up
varies. The formation of undesirable phases which
can lead to crack formation can be suppressed by sub-
strate preheating. This also implies that when sub-
strate preheating is performed, internal stress-build
ups and thermal mismatch are reduced, enhancing
the microstructure and increased tensile properties
that improve the microhardness properties due to
reinforcement phases. Because there haven’t been
many studies done in this field, the effects of substrate
preheating and shielding gas on the FGM-clad aspect
ratio are still unclear in the literature.

Meanwhile, it is evident that at lower shielding gas
flow rates, there will be oxidation which can result in
inclusions in the microstructure, lowering the surface
integrity of FGM clads. This is because the presence
of pores in FGM clads meant for surface modifi-
cation of boiler pipes can lead to penetration of
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deposits through the protective layer, potentially
leading to pitting corrosion and stress corrosion
cracking. This shows that laser cladding parameters
influence the performance of clad quality character-
istics and must therefore be controlled for improved
service life.

This section has also demonstrated that clad quality
characteristics can be predicted and optimised using
statistical and numerical techniques. However, there
haven’t been many efforts made to improve the qual-
ities of the FGM clads through hybrid optimisation of
laser cladding parameters. This approach is suitable
for simultaneously combining the abilities of the stat-
istical and numerical models. By using the experimen-
tal matrix, the Taguchi method, for instance, offers
reliable methods for reducing experimental data, but
it can only optimise a single performance character-
istic. It is, therefore, frequently used in conjunction
with Grey Relational Analysis (GRA) method because
it can combine and address various performance
characteristics. However, because it only works with
linear data, it has some limitations and requires
prior knowledge of the relationship between input
and output. This is not the case with other artificial
intelligence paradigms, such as neural networks,
which use nonlinear models and don’t require prior
knowledge.

Future work

The literature study results demonstrate that FGMs’
use as surface modifiers is receiving significant atten-
tion and will continue to experience significant growth
in the heat exchanger industry because they can over-
come the shortcomings of individual alloy coatings. In
particular, it has been shown that substrates made of
Fe and Ni respond favourably when Fe/Ni FGM coat-
ings are deposited on them. On the other hand, there
hasn’t been any research done on developing Fe/Ni
FGM on copper substrate. Despite this, copper is
one of the most frequently used materials for heat
exchanger tubing but is still prone to corrosion-related
failures. Further work is therefore required to fabricate
the Fe/Ni FGM on copper substrate and comprehend
the consolidation mechanism in order to avoid degra-
dation of copper pipes operating in severe conditions
due to process-induced deformities. Therefore, this
serves as the foundation for the necessary laser clad-
ding experimental work to develop Stainless steel
316L/Inconel 625 FGM on copper substrate for heat
exchanger applications.

Additionally, it is clear in the surveyed literature
that the use of hybrid algorithms, which exhibit
more outstanding performance than single optimis-
ation methods, is still in its infancy with regards to
optimising FGM clads. Therefore, hybrid optimisation
techniques such as the Taguchi-grey relational

artificial neural approach can be employed in the
future to determine optimal laser cladding settings
for multi-response optimisation of FGM quality
characteristic problems. This is a much-needed area
of study that can also help to understand how laser
cladding parameters affect the aspect ratio quality
characteristics. This area has not been adequately
studied even though it affects the process efficiency
and weight reduction efforts during surface modifi-
cation of heat exchanger parts. Furthermore, research
is required in future to analyse the hybrid optimisation
of laser track overlap and determine its effect on clad
quality characteristics.

Conclusions

This article reviewed ways of mitigating the failure of
heat exchanger components using functionally graded
materials processed via laser cladding technique, and
the following conclusions have been reached:

1. Corrosion, oxidation, erosion-wear, and fatigue are
the most prevalent forms of attacks that deteriorate
the material properties of heat exchanger parts,
leading to premature failure and pressure drops.
Surveyed literature has revealed that the failure
emanates when protective oxides are eroded or
penetrated by degrading agents (chlorides, sulfates,
ammonia), due to poor processing conditions that
lead to the formation of defects such as pores and
cracks. Understanding the modes of these material
failures can inform material selection criteria to
obtain quality coatings that prolong heat exchanger
service life.

2. Some of the materials that are most commonly
used in the manufacture of boiler tubes include
copper alloys, nickel-based alloys, and stainless
steel alloys. According to the results of a thorough
analysis of the pertinent literature, it can be con-
cluded that single alloy materials experience attacks
at extreme working environments. As a result, the
significance of using functionally graded materials,
which offer materials with customised material
properties, was highlighted.

3. Laser cladding was evaluated as a potential surface
modification technique that can apply functionally
graded coatings due to the variation in microstruc-
tural properties and the capability to join dissimilar
materials with minimum distortion and residual
stress accumulation. Furthermore, four laser clad-
ding parameters of laser energy density, compo-
sition and powder feed rate, substrate preheating,
and shielding gas have been identified to affect
the clad quality characteristics that influence heat
exchanger resilience to degradation, specifically
wear and corrosion, microhardness, and aspect
ratio.
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4. It is also clear from the reviewed literature that
laser cladding parameter optimisation for FGMs
has not been sufficiently investigated or applied;
although the few studies conducted had published
results that suggested it could improve the clad
quality characteristics for enhanced heat exchanger
performance.
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