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Magnesium (Mg) and its alloys are well known for their high specific strength
and low density. However, widespread applications of Mg alloys in structural
components are impeded by their insufficient wear and corrosion resistance.
Various surface engineering approaches, including electrochemical processes
(plating, conversion coatings, hydriding, and anodizing), gas-phase deposition
(thermal spray, chemical vapor deposition, physical vapor deposition,
diamond-like coatings, diffusion coatings, and ion implantation), and organic
polymer coatings (painting and powder coating), have been used to improve
the surface properties of Mg and its alloys. Recently, laser surface engineering
approaches are attracting significant attention because of the wide range of
possibilities in achieving the desired microstructural and compositional
modifications through a range of laser–material interactions (surface melting,
shock peening, and ablation). This article presents a review of various laser
surface engineering approaches such as laser surface melting, laser surface
alloying, laser surface cladding, laser composite surfacing, and laser shock
peening used for surface modification of Mg alloys. The laser–material inter-
actions, microstructural/compositional changes, and properties development
(mostly corrosion and wear resistance) accompanied with each of these
approaches are reviewed.

INTRODUCTION

Magnesium (Mg) is the eighth most abundant
element on earth, comprising approximately 2.7% by
weight of the Earth’s crust. Mg exhibits excellent
properties such as low density (�1.74 g/cm3) and
formability (castability, workability, machinability,
and weldability) important for structural applica-
tions. However, the properties that limit the wide-
spread application of Mg in structural application
are insufficient strength and poor resistance to heat
and corrosion. Some of these properties, particularly
strength, formability, and heat resistance, can be
improved by alloying Mg with metals such as alu-
minum, zinc, zirconium, cerium, yttrium, silver, and
thorium. Some of the best knownMg alloys are AZ91
(9%Al-0.7%Zn-0.13%Mn; general purpose alloy with
good room temperature strength and castability),
AZ31 (3%Al-1%Zn-0.2%Mn; good formability and
weldability), AM60 (6%Al-0.15%Mn; good toughness
and ductility), ZK60 (5–6%Zn-0.3–0.9%Zr; good
room temperature strength and ductility, high hot
workability), ZE41 (4.2%Zn-0.7%Zr-1.2%rare earth

element; good creep strength and heat resistance),
and AS41 (4.2%Al-1%Si; good creep strength up to
150�C).1 Mg alloys have already started replacing
steel, aluminum, and many conventional structural
metal alloys in aerospace, automobile, electronics,
and biomedical industries.2–7 Mg alloys have been
used or considered for use in motor vehicles for
various parts like steering columns, engine and
transmission cases/covers, and seat frames.6 These
alloys have also been used to make gearbox housing
for aircrafts because of their excellent vibration
damping characteristics.8 Some of the recent appli-
cations of Mg alloys are for the cases of portable
electronic devices such as telephones and computers
because of their light weight, conductive and heat
radiating characteristics, and ability to minimize
noise by blocking electromagnetic waves. Figure 1a
presents Mg casting shipments and also forecast
from 2007 to 2019 in United States. After 2009, there
was a continuous growth in the development of Mg
and its alloys. In 2011, the total Mg casting shipment
in United States was approximately 100,000 tons,
and it is projected to be approximately 170,000 tons
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in 2019. Figure 1b presents the classification of Mg
casting shipments based on different applications.
Although major uses of Mg are for aluminum alloy-
ing and steel desulfurization, the increase in pro-
duction of Mg is also caused by its growing use in die
cast components mostly in automotive market.9

SURFACE MODIFICATION OF Mg
AND ITS ALLOYS

Whereas significant progress has been made to-
ward improvement of bulk properties such as form-
ability, strength, and heat/creep resistance of Mg by
alloying, the Mg alloys continue to exhibit relatively
poor surface properties such as wear and corrosion
resistance. Improvements in wear and corrosion
properties by alloying are limited because of ele-
mental segregation and formation of undesirable
brittle intermetallic phases. The surfaces of Mg and
its alloys are often modified (both microstructural
and compositional modifications) using surface
engineering approaches to impart desirable proper-
ties. Several surface modification/coatings technol-
ogies, such as electrochemical processes (plating,
conversion coatings, hydriding, and anodizing), gas-
phase deposition [thermal spray, chemical vapor
deposition (CVD), physical vapor deposition (PVD),
diamond-like coatings, diffusion coatings, ion implan-
tation], and organic polymer coatings (painting and

powder coating), are available to protect the surfaces
of Mg and its alloys. These processes have recently
been reviewed by Gray and Luan.10 Each process
has its own advantages and disadvantages.

Electrolytic processes such as plating, conversion
coatings, and anodizing are cost-effective ways of
forming protective coatings on Mg. However, elec-
troplating techniques for effective protection of Mg
alloys against harsh conditions like seawater or salt
splash are not yet fully developed. There are
important challenges in plating Mg alloys. For
example, Mg alloys require significant pretreatment
before plating because the highly reactive nature of
Mg leads to the formation of oxide layers on the
surface. The presence of intermetallic phases like
MgxAly in the Mg alloys often leads to an uneven
distribution of electrochemical potential on the
surface resulting in nonuniform and defective
coatings. The electrolytic processes often involve the
use of toxic and hazardous solutions. Limited bath
life is also one limitation in the plating industry.
Efforts are being made to produce cost-effective and
environment friendly electrolyte solutions.10–13

Typical plating defects, such as porosity, tend to
accelerate the pitting corrosion of Mg. Electroplat-
ing also limits the recycling of Mg because of the
presence of heavy metals. Most of the developed
conversion coatings cannot be used at elevated
temperatures (above 65�C).14–17 Anodizing results
in the formation of brittle oxide layers that might
not have sufficient mechanical strength for a wide
range of applications. Also, most of the anodized
surfaces do not offer sufficient protection as the
single surface treatment, but they can form excel-
lent presurfaces for other techniques like paints and
organic coatings.

Different thermal spray techniques like plasma
spraying and high-velocity oxygen fuel (HVOF)
techniques have also been used for coating Mg and
its alloys. Investigations on thermal-sprayed Al and
Al/SiC composites on Mg alloy substrates have been
reported.18 The addition of SiC resulted in higher
porosities, and no improvement in corrosion resis-
tance was reported. Postprocessing techniques are
often required to densify the coatings. The bond-
ing achieved by thermal spray coatings is often
not sufficient, and posttreatment is required to
strengthen the coatings. The thermal spraying of
zinc coating on Mg substrate was ineffective in
providing sufficient protection to corrosion. Addi-
tional remelting processes (postprocessing) using
laser and electron beam treatments were used to
obtain high-performance coatings.19 The HVOF
technique was also used to deposit WC-Co coatings
on AZ91 and AE42 Mg alloy substrates. The high
velocity of partially melted particles helped in
attaining strong bonding and dense coating. The
corrosion resistance of the coating was improved
only after adding Al bond coating.20 Also, as thermal
spraying is a line-of-sight process, it is difficult to
coat intricate/internal surfaces of the substrate.

Fig. 1. (a) Mg casting shipments (and forecasts) for all market
segments in United States from 2007 to 2019. (b) Classification of
Mg casting shipments in United States based on different applica-
tions in the year 2008.9
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CVD and PVD techniques can also be used to coat
Mg and its alloys. The major advantage of using
these techniques is that the components with com-
plex shapes can be coated with excellent bonding.
Christoglou et al.21 investigated a fluidized bed CVD
process to deposit Al coatings on Mg substrates. The
formed coatings were discontinuous with porosity,
which could increase the corrosion rate. An amor-
phous SiC coating was deposited on Mg substrate
using plasma-enhanced CVD. The immersion test
performed in a simulated body fluid indicated the
slowing down of the degradation of WE43 because of
the presence of SiC amorphous coatings. In vitro
tests like hemolysis test and blood platelets adhe-
sion tests were performed on amorphous SiC coated
WE43 to investigate their potential in biomedical
applications.22 However, a major limitation of CVD
is that it is difficult to coat the substrates, which are
thermally unstable above 600�C. The process also
results in the formation of hazardous byprod-
ucts.22,23 The PVD techniques were also used to
deposit hard coatings on Mg substrates. Altun and
Sen24 reported the deposition of dense AlN/TiN
coatings on an AZ91 Mg alloy using the magnetron
sputtering technique. The AlN/TiN coating resulted
in the enhancement of surface hardness and wear
resistance. The CVD and PVD processes require
major capital investment. Also, the deposition rates
are often very slow.

DEVELOPMENT OF LASERS
FOR SURFACE ENGINEERING

Lasers have found diverse applications in almost
all areas of materials processing, such as forming
(bending, net shaping, and rapid prototyping),
machining (drilling, cutting, and micromachining),
welding, and surface modifications. Although the
percentage of total lasers currently in use for surface
modifications is quite small (<5%), these approaches
are becoming increasingly important for improving
the surface properties of light alloys, biomaterials,
and tribological materials. The CO2, Nd:YAG, and
excimer lasers have all been used for surface modifi-
cation processes. Some important advantages of laser
surface engineering are noncontact processing, ease
of automation, rapid processing, flexible manufac-
turing, minimum or no heat-affected zones, and
ability to produce refined or novel microstructural
features on a wide range of materials. The thermo-
physical properties of substrate and/or filler materi-
als (absorptivity, thermal conductivity, melting/
boiling point, specific heat, latent heat, etc.) and
laser-processing parameters (wavelength, intensity,
interaction/irradiation time, and laser scanning
speed) determine the nature of laser–material
interactions and the extent of modified region. The
final phase,microstructure, texture, and composition
in the modified surface regions depends on the vari-
ety of effects of laser–material interactions including
cooling rate, temperature gradients, solidification

rate, convection in the melt, interfacial effects, reac-
tions between melt and filler material, elemental
evaporation, and so on.25 The laser surface engi-
neering approaches are broadly classified into six
categories based on the nature of laser–material
interactions and the microstructure/compositional
effects at the surfaces: laser surface heating (hard-
ening), laser surface melting (LSM), laser surface
alloying (LSA), laser composite surfacing (LCS), laser
surface cladding (LSC), and laser shock peening
(LSP).Most of these surface engineering approaches,
except laser heating and shock peening, involve
melting of substrate and/or filler material. In these
cases, use of shielding gas to protect the surface from
oxidation becomesvery important.Also, careneeds to
be taken to prevent cracking of the surface during
rapid solidification. Preheating of the substrate ei-
ther using additional heat source or defocused laser
beam before laser irradiation can be helpful. In this
article, various laser surface engineering approaches
used for improving the surface properties, primarily
hardness, wear resistance, and corrosion resistance,
of Mg and its alloys are reviewed. Laser surface
hardeningwill not bediscussedas it is not suitable for
Mg alloys because of absence of rapid solid-state
phase transformations at ambient pressures.

Laser Surface Melting (LSM)

In LSM, a laser with sufficiently high power
density is irradiated on the material to cause local-
ized surface melting (Fig. 2). The subsequent rapid
resolidification of the laser-melted region results in
the formation of refined grain structure in the
modified region. The melting and resolidification
occur within a very short interaction time (less than
few seconds) and remain confined only to surface of
the material without significantly affecting the bulk
of the material. The laser can be scanned on the
surface to produce overlapping parallel tracks to
modify a larger area of the surface.26,27

Fig. 2. Schematic of LSM process.
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LSM has been used extensively for surface modi-
fications of Mg and its alloys. The improvement in
the surface properties is primarily from the forma-
tion of fine dendritic grains in the modified region.
Although LSM does not introduce major composi-
tional changes in the modified surface of Mg alloys,
the evaporation of some of the alloying elements can
occur. The depth/width of melting and grain size
(dendrite arms spacing) in the modified track de-
pends on the incident laser power, scan speed, and
laser spot size (irradiation area). Table I presents
the summary of laser processing parameters and
observed depth of melting for LSM of various Mg
alloys. High-power continuous-wave Nd:YAG and
CO2 lasers are generally used for LSM of Mg alloys.
Depending on the laser processing parameters, a
melting depth up to 2 mm can be readily achieved
for Mg alloys. In addition to the major processing
parameters, the spatial distribution of energy in the
incident laser beam also influences the shape of the
laser-modified region (shape of melt pool) in the
cross section of the laser track. A larger overlap
between parallel tracks (>25% of the track width) is
often needed to achieve a uniform depth of melting
over a larger area. The microstructure in the over-
lapped region is generally different than the larger
modified surface and may result in nonuniform
surface properties. The microstructural and com-
positional uniformity in the laser-modified surfaces
can be improved by minimizing the overlapped re-
gions. The spatial distribution of energy in the
incident beam can be shaped to some extent to
achieve desired shapes of the melt pools and mini-
mize the track overlap (<5%).28 Because of the
highly reactive nature of Mg alloys, the LSM
experiments are generally performed under shield-
ing inert gases to avoid undesirable surface oxida-
tion and reactions.

Microstructure Analysis

As-cast Mg alloys are generally characterized by a
coarse microstructure (grain size in the range of 50–
250 lm) consisting of primary a-Mg and lamellar

eutectic (a-Mg + intermetallic) phases. LSM of Mg
alloys results in significant grain refinement with
grain size in the range of 1–10 lm. The rapid
solidification rates associated with LSM often favor
the formation of partially or fully divorced eutectic
(separation of eutectic phases) and dendritic/
columnar primary a-Mg. LSM also results in com-
positional changes caused by the selective evapora-
tion of elements like Mg and Zn, and consequent
enrichment of elements like Al in the laser-melted
region. Such compositional changes often influence
the corrosion behavior of laser-melted alloys. LSM
of AZ91 and AM60B was investigated by Dube
et al.29 LSM resulted in grain refinement and the
formation of a fine network of dendrites as a result
of the high cooling rates attained in laser process-
ing. In addition, the dendrites on the surface were
finer (<1 lm) than those near the interface because
of the decreasing cooling rate along the depth of the
melt. LSM also resulted in enrichment of Al at the
surface because of the selective evaporation of Mg.
However, no change in the average elemental con-
centration of Fe, Ni, and Cu was observed after la-
ser melting. LSM of MEZ (0.5%Zn-0.1%Mn-0.1%Zr-
2%rare earth) resulted in refinement of the grains
in a defect- and crack-free microstructure. Enrich-
ment of Zn and Ce along the grain boundaries was
also observed. However, no peaks corresponding to
free Zn and Ce were observed in the x-ray diffrac-
tion (XRD) patterns from the melted surface indi-
cating the formation of complex structures of Mg,
Zn, and Ce along the grain boundaries.30 Abbas
et al.31 performed LSM of AZ31, AZ61, and WE43
alloys, and they reported no significant change in
composition after laser melting, which contradicted
previous studies. Mondal et al.28 investigated LSM
of ACM720 alloy and reported significant grain
refinement in the laser-melted region (grain size in
the range of 1.5–7 lm in laser-melted region com-
pared with 40–135 lm in the as-cast alloy). Fig-
ure 3a shows the cross section of laser-melted
ACM720 alloy where a defect-free interface can be
observed. Figure 3b and c shows the microstructure

Table I. Summary of processing parameters and observed depth of melting for LSM of various Mg alloys

Mg alloy
Laser
type

Laser
power (kW)

Scan
speed (mm/s)

Spot
size (mm)

Overlapped
region (%)

Melted
depth (mm)

ACM72028 Nd:YAG 2 10 3.8 5 0.65
AZ91D29 Nd:YAG 0.1 3–20 – 50–80 0.1–0.2
AM60B29 Nd:YAG 0.1 3–20 – 50–80 0.1–0.2
AZ91HP36 CO2 3 50 – 30 –
MEZ30 CO2 1–3 100–300 4 – 1–1.6
AZ3131 CO2 1.5 160 2 50 1
AZ6131 CO2 1.5 160 2 50 1
WE4331 CO2 1.5 160 2 50 1
AZ3134 HPDL 1.5 50 3.5 9 2 50 1
AZ6134 HPDL 1.5 50 3.5 9 2 50 1
Mg-Y-Zn32 CO2 2 28.33 4 25 –
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in the cross section and top surface of the laser-
treated region where refined grains were observed.
The microstructure consisted of mixed cellular and
dendritic grains with a mean dendritic arm spacing
of 2 lm. An XRD analysis indicated the presence of
phases like a-Mg, Al8Mn5, and Ca31Sn20 in the la-
ser-melted surface. The rapid melting and solidifi-
cation during LSM resulted in the dissolution of
Al2Ca phase, which was present in the as-cast alloy.
In addition, the Mg17Al12 phase was not observed in

the laser-melted region indicating suppression of
intermetallic formation during rapid solidification.
The suppression of such intermetallic formation is
known to enhance the creep properties of Mg alloys.
It was also observed that the content of Mg de-
creased in the laser-melted region as a result of
selective evaporation.

Hardness and Wear Resistance

LSM of Mg alloys results in high surface hardness
(approximately 2–4 times the hardness of as-cast
alloy) as a result of grain refinement and solid-
solution strengthening effects (because of solute
supersaturation with rapid cooling or solute
enrichment with selective evaporation of elements).
The microhardness gradually decreases from the
surface toward the bulk of the sample because of
progressive coarsening of the dendritic microstruc-
ture. Lv et al.32 observed four regions in the laser-
surface melted zone of a Mg alloy: (I) The top layer
with the highest hardness and finest dendrite size;
(II) the intermediate layer with coarser dendrites
and moderate hardness values; (III) the heat-af-
fected zone; and (IV) the substrate with the lowest
hardness. Majumdar et al.30 investigated the effect
of laser power and scan speed on microhardness of
MEZ alloys. The maximum surface hardness of
100 HV was reported with a laser power of 1.5 kW
and a scan speed of 200 mm/min. A higher laser
power (2 kW) resulted in a coarser surface micro-
structure and lower hardness because of slower
cooling rates and overlapping of tracks (Fig. 4). A
finer microstructure and higher surface hardness
can be achieved with faster laser scanning, which
results in higher cooling rates. Liu et al.33 also
investigated the microhardness of laser surface
melted Mg alloy (8.57%Al-0.68%Zn-0.15%Mn-
0.52Ce) along the cross section. The hardness of

Fig. 4. Microhardness as a function of depth from the surface:
(1) as-receivedMEZ;and laser surfacemeltedMEZwith (2) laser power
of 2 kW and scan speed of 200 mm/min, (3) laser power of 2.0 kWand
scan speed of 300 mm/min, and (4) laser power of 1.5 kW, scan speed
of 200 mm/min30 (Reprinted with permission from Elsevier).

Fig. 3. SEM micrographs from laser surface melted ACM 720 alloy:
(a) cross section showing interface, (b) magnified view of laser-melted
region in cross section, and (c)magnifiedviewof laser-melted region in
top surface28 (Reprinted with permission from Elsevier).
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laser-melted surface (150 HV) was significantly
higher than that of substrate (75 HV). No rapid
drop in the hardness profile was observed, indicat-
ing the presence of a heat-affected zone.

An increase in surface hardness also results in an
improvement in the wear resistance of laser-melted
Mg alloys. The wear behavior of laser-melted
ACM720 Mg alloy was investigated by Mondal
et al.28 over a wide range of normal loads (5–20 N).
The wear rate of laser-melted samples was signifi-
cantly lower than that of as-cast samples at all the
loads (Fig. 5). Both microploughing and microcut-
ting features characteristic of abrasive wear mech-
anisms were observed on the wear track. Majumdar
et al.30 also investigated the wear behavior of laser
surface melted MEZ alloys. LSM resulted in
improvements in wear resistance because of the
increase in microhardness and grain refinement.
The wear resistance of laser surface melted AZ31
and AZ61 was analyzed by Abbas et al.31,34 It was
reported that the formation of b-Mg17Al12 resulted
in better wear resistance of laser-surface melted
alloys. This hard intermetallic phase seems to act as
a barrier for the propagation of microcracks, scor-
ing, and plastic deformation during wear. Lv et al.32

investigated friction and wear behavior of laser-
treated Mg-Y-Zn alloys. The coefficient of friction
and wear rate were obtained for different loads
ranging from 20 N to 320 N. A very high coefficient
of friction of approximately 0.9 was observed for
20 N load, but a subsequent increase in load re-
sulted in a decrease in coefficient of friction (to as
low as 0.2) and increase in wear rate. This was
primarily caused by the frictional heat-induced
softening of a Mg alloy at higher loads. Even though
the surface microstructure of the as-cast and laser-
surface melted samples were different, the coeffi-
cients of friction for both the samples were compa-
rable. It was reported that the effect of grain
refinement and high hardness was minimized by
the increase in temperature at higher loads,
resulting in comparable coefficients of friction for

both samples. In addition, the plastic deformation
zone extended beyond the laser-melted layer on the
substrate, and the accumulation of debris on the
wear track mitigated the effect of laser surface
treatment. The wear resistance of the laser-melted
surface increased significantly because of the for-
mation of Mg12ZnY, which reduced the tendency of
crack formation on the wear track.

Corrosion Resistance

Guo et al.35 examined the corrosion behavior
of laser-melted WE43 (4.1%Y-2.3%Nd-1.0%RE-
0.5%Zr). LSM was performed by varying the laser
scan speed between 2 mm/s and 10 mm/s while
keeping the laser power density constant (6 J/cm2).
A pitting corrosion attack was observed on the
surface of untreated surface with the formation of
Mg(OH)2. The laser-melted WE43 surface looked
corrosion free even after 4 h of immersion in 3.5%
NaCl. The lowest corrosion current was observed for
the laser surface melted alloy with the slowest scan
speed. The decrease in both anodic and cathodic
current was observed indicating an enhancement of
the corrosion resistance. It was reported that the
formation of oxides and nitrides of Mg resulted in
decrease in anodic current, whereas the dissolution
of Mg12Nd during laser melting resulted in a de-
crease in cathodic current. The effects of LSM on
corrosion resistance of different Mg alloys, AZ31,
AZ61, and WE43, were also examined. The laser
melting was conducted with a laser power of 1.5 kW
and scan speed of 160 mm/s with track overlapping
of 50%. The alloy AZ61 showed better corrosion
resistance than AZ31 primarily because of a higher
percentage of aluminum in AZ61. The alloy WE43
showed superior corrosion resistance because of the
presence of rare earth element on the surface. Im-
proved corrosion resistance of these three alloys was
attributed to the refinement of a-Mg grains and
uniform redistribution of b-phase after laser treat-
ment.31 The corrosion resistance of laser-melted
AZ91HP was reported to be increased because of a
decrease in size of a-Mg dendrites from 150–250 lm
in as-cast samples to 1–4 lm in laser-melted sam-
ples. In addition, the corrosion resistance also in-
creased with the enrichment of aluminum content
in the laser-melted zone because of the selective
evaporation of Mg. A significant difference in
microstructure and corrosion behavior of overlap-
ping and nonoverlapping zone was observed. The
overlapped region, which was affected by remelting
during adjacent laser scan, exhibited a higher cor-
rosion rate.36 The corrosion behavior of laser-melted
AZ91D and AM60B was also investigated. Contrary
to the expectations, not much improvement in cor-
rosion resistance was observed for the laser-melted
zone. However, significant grain refinement was
observed in the laser-melted region. It was reported
that the concentration of Mg17Al12 increased after
laser treatment, which contradicts the previous

Fig. 5. Variation of wear rate for as-cast and laser-treated ACM
720 Mg alloy with load28 (Reprinted with permission from Elsevier).

Laser Surface Engineering of Magnesium Alloys: A Review 721



reports suggesting the suppression of intermetallic
formation or dissolution of intermetallic phase
during LSM of Mg alloys. The decrease in corrosion
resistance of AZ91D and AM60B alloys after LSM in
this investigation was attributed to the increased
content of Mg17Al12 intermetallic phase. The pres-
ence of tensile residual stresses was also cited for
increased corrosion rate of lasermelted alloys. It is
well known that accelerated corrosion can occur
under stress.29,37 The corrosion behavior of laser-
treated and as-received ACM720 Mg alloy was also
investigated by Mondal et al.28 A slight improve-
ment in corrosion resistance for laser-treated
samples was observed in this investigation. A dis-
continuous Mg(OH)2 layer was observed on the
corroded region of base alloy, whereas the Mg(OH)2
layer was more stable on the laser-melted surface.
Cross-sectional micrographs of the corroded sam-
ples of as-cast and laser-melted ACM720 samples
are presented Fig. 6. A lower depth of corrosion
attack on a laser-treated sample indicated an
improvement in corrosion resistance. The improve-
ment in corrosion resistance was attributed to grain
refinement, absence of Al2Ca phase, and Al enrich-
ment in the laser-melted zone. A significant differ-
ence in the corrosion depths for as-cast and laser-
melted samples was observed.

Laser Surface Alloying (LSA)

In LSA, preferred alloying elements are added to
the melt pool to modify the surface composition. The
alloying element can be introduced in two different
ways: direct injection and preplaced coating (Fig. 7).
In the direct injection method, the alloying elements
in the form of a fine powder or wire are directly fed
into the laser-melted pool. Alternatively, the alloying
elements can be preplaced on the basematerial in the
form of adherent or nonadherent coating (such as
foils, pastes or powder slurries) followed by laser
surface melting. The laser irradiation on the surface
causes melting of alloying elements (injected or pre-
placed) and surface of base material resulting in an
enriched melt pool, which subsequently solidifies to

Fig. 6. Cross-sectional micrographs of the corroded surface of
ACM720 alloy in (a) as-cast condition and (b) after laser surface
treatment. A high-magnification view of corroded region in (a) is also
shown in (c)28 (Reprinted with permission from Elsevier).

Fig. 7. Schematic of LSA: (a) direct powder injection and (b) preplacement of alloying element using organic binder.
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form an alloyed surface layer. Very high cooling
rates, up to 1011 K/s, during resolidification result in
a refined microstructure in the alloyed surface. The
desired metallurgical and mechanical properties in
the alloyed surfaces stem from a combination of ef-
fects including microstructure refinement, solid-
solution strengthening, and formation of hard pha-
ses. The depth of alloyed layer and extent of alloying
depends on laser processing parameters such as laser
power, scan speed, laser spot size, and injection rate
of alloying elements (or thickness of preplaced lay-
er).26,38 The laser processing parameters need to be
carefully optimized to ensure complete melting of
alloying elements and formation of strong metallur-
gical bonding between alloyed layer and substrate.

Microstructure Analysis

LSA of Mg and its alloys has been extensively
studied by Galun and Mordike.39 They used both
one-step (direct powder injection) and two-step
(preplacement of alloying element using organic
binder followed by LSM) processes to alloy the sur-
faces of Mg and alloy substrates using different
alloying elements and their combinations (Al, Cu,
Ni, Si, Al + Cu, Al + Ni, and Al + Si using one-step
process, and Sn, Pb, and Zn using two-step process).
The results of these LSA experiments are presented
in Table II. Depending on the extent of alloying, the
microstructure of the alloyed surface consisted of
single-phase hard intermetallic or two-phase mix-
ture of primary dendrites and eutectic (with inter-
metallic as one of the constituent phases). The
hardness of the laser-alloyed surface layer primarily
depends on the nature of intermetallic phase (com-
position, melting point, and relative percentage)
and microstructural aspects (dendritic grain size,

orientation, and phase distribution). Murayama
et al.40 reported LSA of AZ91D using Si powder as
an alloying element. LSA experiments were per-
formed by varying the laser power and number of
passes. A phase analysis of the laser-treated surface
showed that the molten Mg reacted with Si to form
Mg2Si. Unreacted Si particles in the alloyed layer
and surface cracking were observed for insufficient
laser power or scan time. Multipass laser processing
enhanced the reactions between the melt substrate
and injected silicon powder during surface alloying.
LSA of Al-Si on AZ91D resulted in the formation of
Mg2Si, Al12Mg17, and Al3Mg phases. Unreacted Al
and Si were also detected by XRD.41 Majumdar and
Manna42 investigated LSA of AZ91 with Ni. In
addition to primary Mg and intermetallic Mg2Ni,
some unreacted/excess Ni was also observed in the
alloyed surface layer. The nanocrystalline nature of
the Mg2Ni phase was confirmed by transmission
electron microscopy (TEM) selected area diffraction
analysis. Interestingly, the presence of Mg12Al17
phase was completely suppressed in the alloyed
surface because a low heat of formation favors its
dissociation. Paital et al.43 investigated LSA of
AZ31B with Al. The different phases observed on
the surface after LSA were Mg, Al, Al12Mg17, MgO2,
and Al2O3. The laser processing in the atmospheric
conditions resulted in formation of the hard oxide
phases (MgO2 and Al2O3) on the surface. Figure 8
shows the distribution of Al12Mg17 intermetallic
phase in the a-Mg matrix and unreacted Al as
nanoparticles. The refinement of a-Mg grains from
10–20 lm in as-received sample to approximately
1–2 lm in the laser-alloyed surface was also ob-
served because of the high cooling rate. Chen et al.44

reported LSA of ZM5 Mg alloy with Al. The alloyed
zone mainly consisted of Al and eutectic of Mg and

Table II. Summary of hardness and microstructural features achieved for various Mg alloys laser surface
alloyed with different alloying elements

Substrate Alloying element Hardness (HV) General microstructure/intermetallic phase

Mg39 Al 100 Eutectic fibers/Mg17Al12
Mg39 Ni 300 Oriented dendrites/Mg2Ni
Mg39 Al + Cu 370 Faceted dendrites/(Al,Cu)2Mg
Mg39 Al + Cu 270 Long faceted dendrites/(Al,Cu)2Mg
Mg39 Al + Ni 290 Long armed dendrites/Al3Ni2 and Al3Mg2
Mg39 Pb 80 Dendrites
Mg39 Sn 90 Dendrites
Mg39 Zn 70 Grain boundaries
Al8039 Cu 230 Oriented dendrites
Al8039 Ni 250 Oriented dendrites
WE5439 Cu 230 Needle-shaped dendrites
WE5439 Ni 300 Needle-shaped dendrites
AZ6139 Cu 220 Dendrites
AZ6139 Si 220 Dendrites
AZ31B43 Al Mg17Al12, Al2O3, MgO2

AZ91D41 Al + Si 300 Mg2Si, Al12Mg17, Al3Mg2
AZ91D40 Si – Mg2Si, Mg17Al12
AZ9142 Ni 150–300 Mg2Ni
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Mg17Al12. Table II presents a summary of microh-
ardness and microstructural features achieved for
various Mg alloys surface alloyed with different
alloying elements.

Hardness and Wear Resistance

LSA of AZ91D substrate (hardness �50 HV)
using Al-Si was investigated by Ming et al.41 The
microhardness of the laser-alloyed surface was
found to be in the range of 220–340 HV. The in-
crease in hardness was mainly caused by the for-
mation of intermetallics like Mg2Si, Al12Mg17, and
Al3Mg2, as well as grain refinement in the alloyed
region. Although the hardness gradually decreased
from the surface into the alloyed region, there was a

sharp drop in microhardness at the fusion point.
Galun and Mordike39 performed microhardness
tests on various laser-alloyed Mg substrates, and
the hardness values were reported (Table II). The
hardness of the laser-alloyed surfaces increased
because of the formation of various hard phase
intermetallics and grain refinement in the alloyed
region. Majumdar and Manna42 investigated the
microhardness and Young’s modulus of AZ91 laser
alloyed with Ni. The formation of Mg2Ni phase re-
sulted in an increase in microhardness from
70 VHN (substrate) to 150–300 VHN. The Young’s
modulus of the laser-alloyed surface was in the
range of 40–85 GPa, whereas for the base metal it
was 45 GPa. Clearly, LSA resulted in increase in
microhardness and Young’s modulus.

Fig. 8. (a) Low-magnification TEM image, (b–e) EDS analysis of selected line and spots, (f–h) high-resolution TEM bright-field image of the
Al12Mg17 intermetallic phase, a-Mg grains, and Al-rich nanoparticles, respectively, for the sample processed with laser fluence of 8.9 9 108 W/m2;
see Ref. 43 (Reprinted with permission from Elsevier).
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Murayama et al.40 investigated the influence of
the fractional area of Mg2Si on the wear perfor-
mance of the laser-alloyed Mg alloy with Si. The
increase in fractional area up to 50% resulted in
increase in wear resistance; thereafter, the wear
properties deteriorated because of the excessive
brittleness in the laser-alloyed region associated
with the formation of hard/brittle Mg-Al interme-
tallic compounds. Paital et al.43 investigated wear
behavior of laser alloyed AZ31B with Al. Wear test
data showed that LSA resulted in a significant
reduction in weight loss. The unalloyed substrate
showed a 2–6 times increase in cumulative weight
loss compared with laser-alloyed samples. Majum-
dar and Manna42 investigated wear response of la-
ser-alloyed AZ91 with Ni. The improvement of wear
resistance was observed due to laser alloying with
Ni. The wear weight loss decreased from 7.6 mg/
mm2 for the substrate to 3.8 mg/mm2 for the laser-
alloyed surface. The formation and dispersion of
Mg2Ni phase and grain refinement resulted in bet-
ter wear properties of laser-alloyed AZ91 with Ni.

Corrosion Resistance

Corrosion behavior of laser-alloyed Mg substrate
with Al, Cu, Ni, Si, and a combination of these
metals was studied by Galun and Mordike.39 LSA
with Al and Ni showed better corrosion resistance.
Such an improvement was not observed when cop-
per was laser alloyed on Mg substrate. Localized
corrosion was also observed after LSA with Al + Cu.
The samples laser surface alloyed with Al + Cu
showed corrosion attack, which was similar to that
for copper-alloyed samples. The alloying of Mg with
Al + Ni and Al + Si resulted in better corrosion
resistance than those alloyed with other combina-
tions of binary alloying elements. Ming et al.41

investigated the microstructure development and
corrosion response of laser-surface alloyed AZ91D
with Al-Si. Anodic polarization tests were carried
out to investigate the corrosion behavior of the la-
ser-alloyed surface using 3.5% NaCl. The corrosion
potential value was 435 mV higher and the corro-
sion current was an order of magnitude lower for

the alloyed layer than that for the substrate. The
main reason for the increase in corrosion resistance
was the formation of distributed intermetallics
compounds like Mg2Si, c-Al12Mg17, and b-Al3Mg2.
The corrosion was mostly observed in the matrix
composed of a-Mg and Al solid solutions. The dense
intermetallic compounds were mostly not affected,
even though corrosion effects on these particles
were observed at some locations. Paital et al.43

investigated corrosion behavior of laser-alloyed
AZ31B with Al using potentiodynamic polarization
experiments. Nobler corrosion potential was ob-
served in the case of laser-alloyed samples com-
pared with that for as-received Mg alloy. It was
proposed that Al12Mg17 is inert to chloride solutions
and helps in the formation of passive film on the
surface.

Laser Composite Surfacing (LCS)

In LCS, hard ceramic particles are introduced in
the laser-melted surface of the substrate forming
composite layer after subsequent resolidification.
LCS can be performed either by powder injection in
the melt or by preplacing the powder on the sub-
strate followed by laser melting (Fig. 9). With the
powder injection method, it is often difficult to
reinforce fine (nanoscale) ceramic particles in the
melt because of floating of the particle and
agglomeration effects. Insufficient kinetic energy of
the injected particle can cause agglomeration of the
particles at the surface. However, a very high ki-
netic energy of the particle can move the melt away
from the irradiated region. Even with the micro-
scale particles, the maximum depth of particle
penetration in the melt is often less than half of the
maximum depth of melting. Relatively better uni-
formity of composite microstructure can be obtained
by preplacing the powder followed by laser melting.
Because of the large difference in the physical and
thermal properties like density, melting point, and
thermal conductivity of ceramic reinforcement and
Mg substrate, it is essential to choose appro-
priate parameters to obtain uniform composite
microstructure after solidification. Although partial

Fig. 9. Schematic of LCS: (a) direct powder injection and (b) preplacement of composite/ceramic powder using organic binder.
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surface melting of the ceramic particles may be
unavoidable, it is important that ceramic particles
are retained as second-phase particles in the ma-
trix. The improvement in hardness/strength of the
composite surface is primarily caused by second
phase particle strengthening and grain refinement
of the matrix. The properties depends on the second-
phase particle size, percentage reinforcement, par-
ticle–matrix interface characteristics, matrix grain
size, phases in the matrix, and the depth of com-
posite layer. The undesirable interfacial reactions
between reinforced particles and matrix need to be
minimized, if not avoided.

Microstructure Analysis

LCS of MRI153 (7.95%Al-0.98%Ca-0.2%Mn-
0.27%Sr) alloy with preplaced 95% Al2O3 (particle
size: 10 lm) and 5% Al (particle size: 10 lm) was
reported by Samant et al.45 Al was used to improve
the wetting characteristic of Al2O3 particles in the
melt. The different phases present on the laser
composite surface were Mg, Al2O3, MgO, and
Al0.9Mg3.1. It was also observed that the composite
layer thickness decreased from 363 lm to 224 lm
with an increase in scan speed because of a decrease
in the laser material interaction time. A thermal
model was used to predict the highest temperature
attained during LCS. This temperature was higher
than the melting point of Al2O3 in all processing
conditions, resulting in melting and subsequent ref-
ormation of Al2O3 during solidification. However, the

samples processed with 84 mm/s (highest scan speed
among investigated parameters) retained some pri-
mary Al2O3 particles along with the major portion of
reconstituted (melted and resolidified) Al2O3 in the
composite layer (Fig. 10). LCS of aMg alloy (93%Mg-
5.92%Al-0.49%Zn-0.15%Mn-0.037%Si-0.007%Fe-
0.0613%others) reinforced with WC was studied by
Dobrzanski et al.46 The powder was injected in the
melt with an injection rate of 6 g/min. Uniform dis-
tribution of WC in theMgmatrix was reported in the
study. Loss of Zn from matrix was also reported on
laser melting because of the selective vaporization of
Zn (Zn has relatively lower vapor pressure compared
with Mg). LCS of MEZ Mg alloy using SiC particles
was reported byMajumdar et al.47The laser power of
2 kW, scan speed 200 mm/min, and SiC feed rate of
20 mg/s resulted in uniform distribution of SiC par-
ticles in the composite microstructure. It was found
that particle penetration depth increased from
�100 lm to�420 lmwith an increase in laser power
from 1 kW to 2.5 kW because of increased energy
coupling at a higher power. The particle penetration
depth decreased from �400 lm to �300 lm with an
increase in scan speed from 100 mm/min to 300 mm/
min because of the reduction in interaction time. The
total depth of melting for all the processing param-
eters was approximately three to four times the
depth of particle penetration in composite layers.
Majumdar et al.48 also investigated LCS of MEZ Mg
alloy using Cr3C2 particles (injected into the melt
with a feed rate of 16–30 mg/s). Although a fair dis-
tribution of ceramic particles was observed in the

Fig. 10. Cross-sectional SEM images of a Mg alloy laser composite surfaced with Al2O3 using laser scan speeds of (a) 21 mm/s, (b) 42 mm/s,
(c) 63 mm/s, and (d) 84 mm/s (Inset: high-magnification image showing the secondary dendrites)45 (Reprinted with permission from Elsevier).

Singh and Harimkar726



composite layer, some agglomeration near the sur-
face was observed mainly because of the higher
cooling rates at the surface. The thickness of the laser
composite layer and the fractional area of Cr3C2 can
be effectively controlled by optimizing the laser
power and scan speed. Table III provides the sum-
mary of Mg alloys laser composite surfaced with
different hard particles, as well as corresponding
processing parameters and properties (hardness and
composite layer thickness).

Hardness and Wear Resistance

The variation in microhardness along the cross
section of laser composite surfaced MRI153 Mg al-
loy using Al and Al2O3 was investigated.45 The
microhardness of the surface increased from 70 HV
to 130 HV after LCS. A gradual decrease in mi-
crohardness from the laser composite surface to-
ward the substrate was observed. The increase in
microhardness was mainly caused by the refined
microstructure of Mg and the presence of alumina
particulates uniformly distributed in the composite
surface region. LCS of EN-MCMgAl6Zn1 with WC
and TiC also resulted in an increase in microhard-
ness from 70 HV to 250 HV.49 Fluctuations in the
microhardness in the laser composite zone were
observed mainly because of the random distribution
of reinforced particulates. Majumdar et al.47 also
observed that an increase in laser power resulted in
a decrease in microhardness of the laser composite
surface (Fig. 11). At a higher laser power, the
melting depth and penetration depth of the parti-
cles was higher, resulting in a lower volume frac-
tion of SiC particles at the surface. An increase in
laser scan speed resulted in an initial increase in
microhardness because of the grain refinement
associated with higher cooling rates. A subsequent
increase in laser speed resulted in a decrease in
microhardness because of the decrease in particle
fractional area. Similar studies were also reported
for LCS of MEZ with Cr3C2 by Majumdar et al.48

The optimization of laser processing parameters is
important to achieve excellent wear behavior. Sa-
mant et al.45 investigated the wear response of an
MRI 153 M Mg alloy laser composite surfaced with
Al and Al2O3. It was shown that the laser power
and scan speed are important parameters influ-

encing the cooling rate during resolidification of
composite layer. LCS with laser scan speed of
42 mm/s resulted in the highest wear resistance
compared to that with laser scan speeds of 84 mm/s
and 21 mm/s. The laser scan speed of 21 mm/s was
associated with lowest cooling rate resulting in the
formation of coarse grains. Hence, a high wear rate
was observed for the samples processed with this
laser scan speed. LCS of MEZ Mg alloy with SiC
resulted in an increase in wear resistance of the
surface. This was mainly because of the increase in
microhardness with the presence of SiC and refine-
ment of microstructure as a result of laser treatment.

Table III. List of various Mg alloys laser composite surfaced with different materials, associated laser
processing parameters, and observed layer thickness and hardness

Laser Substrate
Composite
materials

Laser
power (kW)

Spot
size (mm)

Scan
speed (mm/s)

Layer
thickness (lm)

Hardness
(HV)

Nd:YAG MRI 153 M64 Al + Al2O3 – 0.5 21–84 – 90
HPDL MCMgAl6Zn149 WC-SiC 1.6 1.8 9 6.8 8.3–16.6 400 250
HPDL MCMgAl6Zn146 WC 1.6 1.8 9 6.8 8.3–16.6 400 250
CO2 MEZ47 SiC 1–4.5 4 1.6–6.6 1,600 250
CO2 MEZ62 Al + Al2O3 1.5–4 4 1.66–16.6 900 350
CO2 MEZ48 Cr3C2 1–4.5 4 1.66–13.3 1,500 160

Fig. 11. Variation of the average surface microhardness of MEZ
alloy laser composite surfaced using SiC with (a) laser power (at a
scan speed of 200 mm/min, powder feed rate of 20 mg/s), and (b)
laser scan speed (at a laser power of 2 kW, powder feed rate of
20 mg/s)47 (Reprinted with permission from Elsevier).
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Laser Surface Cladding (LSC)

In LSC, a relatively thick layer (generally thicker
than 500 lm) of a chemically different material is
bonded/fused on the surface of the substrate. The
process involves laser melting of the material to be
clad on the substrate without significant dilution
from the substrate. A schematic of the LSC process
is shown in Fig. 12. However, some reactions/mix-
ing in the interfacial region become important to
achieve good bonding of the clad layer to the sub-
strate. The rapid solidification of the cladding
material can result in grain refinement, the exten-
sion of solid solubility, and the formation of non-
equilibrium phases in the clad layer without
significant changes in the microstructure of the
substrate.50 In most cases, LSC is accomplished by
preplacing desired material (in the form of slurry,
loose powder, and spray dried coating) on the sub-
strate followed by LSM. The process can be used for
cladding a variety of materials, including metal/al-
loys, ceramics, composite, or amorphous alloys, on
the substrates. Although the process has been used
extensively for repairing of components, the process
also presents tremendous potential for producing
protective surfaces.26,51,52 Considering the issues
related to wear and corrosion of Mg alloys, LSC is
also attractive for improving the surface properties
of these alloys.

Microstructure Analysis

Recently, LSC of Zr-based metallic glass (compo-
sition Zr65Al7.5Ni10Cu17.5; clad thickness of 1.5 mm)
onMgsubstratewas investigated byYue et al.53High
cooling rates obtained in LSC helped in retaining the
amorphous structure of the alloy. There was no
indication of presence of Mg in the clad zone, which
was crucial for the formation of theamorphousphase.
A multilayer, 3-mm-thick amorphous laser cladding
was also processed by Yue and Su.54Aphase analysis
along the cross section of the clad layer indicated fully
amorphous phase on the top surface of the cladding.
However, partial crystallization with precipitate size

of approximately 30 nm was observed in the middle
region of the clad section. At the bottom region of the
clad region (near interface), crystallites of hexago-
nal hP-Zr65.4Al11.7Ni11.6Cu11.3 and body-centered
tetragonal tI-Zr67.0Al1.7Ni8.4Cu22.9 were observed. In
other experiments, LSC of SiC-reinforced Zr-based
metallic glass (with the composition Zr65Al7.5Ni10-
Cu17.5) was performed (Fig. 13).55 Laser cladding of
Zr-based amorphous alloy reinforced with SiC re-
sulted in the formation of a new ZrC phase. The
amorphous nature of the clad was observed despite
the formation of a new phase during laser cladding.
Differential scanning calorimetry results also indi-
cated that reinforcement of SiC particles did not
influence the thermal stability of the alloy and that
the amorphous structure of the alloy was retained in
the clad layer. LSC of functionally graded Ni/Cu/Al
on Mg substrate was investigated by Yue and Li.56

The deposition of metal layers on the Mg substrate
followed the sequence ofAl,Cu, and thenNi.The total
thickness of the clad region was approximately
2,000 lm, where the thickness of the Ni layer was
approximately 500 lm and the thickness of the Cu

Fig. 12. Schematic of LSC: (a) direct powder injection and (b) preplacement of cladding powder using organic binder.

Fig. 13. A SEM micrograph showing a transverse cross-section of
the Mg substrate laser clad with SiC reinforced Zr-based amorphous
alloy55 (Reprinted with permission from Elsevier).
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layer was approximately 1,000 lm. No cracks or
voids were spotted among the layers of Ni-Cu, Cu-Al,
and Al-Mg after cladding, indicating good bonding
between the clad layers. The top layer of Ni was free
from any other elements, but the presence of Ni was
observed inbothCuandAl layers. Thepresence ofMg
was also observed in the aluminum layer. LSC of
AZ91D Mg alloy with Al + Si + Al2O3 was also stud-
ied by Jun et al.57 Laser power between 0.5 kW and
5 kW and a scan speed between 3 mm/s and 28 mm/s
were used in this investigation. The presence of Al
with Si and Al2O3 enhanced the corrosion resistance
of the surface. A significant variation was found in
the width of the clad (720–920 lm) and volume frac-
tion of Al, Si, and Al2O3 (1–10%) when laser scan
speed and laser power were varied. The depth of the
clad layer decreased with an increase in the laser
scan speed because of the shorter laser–material
interaction time at higher speeds. The clad width
increasedwith an increase in the laser power asmore
energy was absorbed by the material. It should be
noted that finding the optimum parameters is
important to obtain outstanding clad surface prop-
erties. A high laser power or too low scan speed can
lead to surface evaporation of Mg and crater forma-
tion. In contrast, a very low laser power or high scan
speed can cause nonuniform distribution of Si and
Al2O3particles on the surface because of poormelting
and inadequate intermixing. Liu et al.58 performed
LSC of AZ91D Mg alloy with Al and Al2O3. Al was
mixed with Al2O3 (mixed in the ratio of 2:1, 3:1, and
4:1) to enhance the corrosion resistance. The laser-
clad microstructure consisted of refined a-Mg,
Al12Mg17, and Al2O3 particles uniformly distributed
throughout the surface. The volume fraction of
Al12Mg17 for the samples with Al to Al2O3 ratios of
2:1, 3:1, and 4:1 was calculated to be 19.3, 15.2, and
10.6, respectively. Hence, a decrease in Al content
resulted in a decrease in the volume fraction of
Al12Mg17. LSC on AZ91HP was also done using Al
(33 wt.%)-Cu alloy to enhance the corrosion resis-
tance of the surface.59 The microstructure of the
surface clad showed three different regions: clad re-
gion, bonding zone, and heat-affected zone. The
intermetallics AlCu4, Mg17Al12, and AlMg were
formed in the clad zone. LSC of ZE41 with Al-Si was
studied by Volovitch et al.60 In this study, three dif-
ferent consecutive passes with overlapping zones
were created with scan speed of 300 mm/min,
400 mm/min, and 500 mm/min. The different phases
formed in the cladded surface were Al, Mg, Mg17Al12,
and Mg2Si. The first clad layer (scan speed 300 mm/
min) was nonuniform and it consisted mainly of
varying concentration of Al throughout the layer.
Intermetallics like Mg17Al12 and Mg2Si were formed
only at the interface between the first and second
layer. The second clad layer (scan speed 400
mm/min) mainly consisted of Al and phases like Al-
Mg, Al8Mg5, Mg17Al12, and Mg2Si. In the third clad
layers (scan speed500 mm/min), phases likeMg17Al12
and Al were found. Bronfin et al.61 performed a

parametric study on LSC of AS21 (1.9–2.5%Al–
0.15–0.2%Zn–0.35%Mn–0.7–1.2%Si–0.04%Cu–
0.002%Ni) with Al/Si (41 wt.%) and WC (60 wt.%)
powder. At a higher scan speed, clad thickness and
clad width both decreased. The distribution of WC
particles in the coated zone also depends onmelt pool
convection currents and solidification time. Majum-
dar et al.62 performed LSC on MEZ using Al and
Al2O3 in the ratio of 3:1. In this process, Al was al-
loyed with Mg matrix and Al2O3 particles were dis-
tributed throughout the matrix. The alloyed zone
mostly consisted ofMg17Al12 andMg. In addition, the
compositemicrostructure of thealloyed zone changed
from hypoeutectic to hypereutectic depending on the
process parameters and concentration of Al and
Al2O3. A complete parametric study was performed,
and a variation of surfacewidthwas shownwith laser
power and scan speed. As fractional area of particles
is a significant factor determining the mechanical
properties of clad surface; the variation of fractional
area of the particles with laser power and scan speed
was studied in detail. It was found that an increase in
incident laser power resulted in a decrease in the
volume fraction of the particle. The fractional area of
the particle also decreased with an increase in laser
scan speed. To improve the surface properties of
ZK60/SiC composite, Al-Si eutectic alloy was clad
usingNd:YAG laser byYueet al.63Al-Si eutectic alloy
was compatible for LSC on ZK60/SiC composite be-
cause of a very small difference in their melting
points (515�C for substrate and 575�C for Al-Si alloy).
Good interfacial bonding between base metal and
clad surface was observed. Recently, Hazra et al.64

performed LSC of MRI153 Mg alloy with Al2O3 and
Al. The different phases formed after laser cladding
were a-Mg, Al2O3, Al0.9Mg3.1, and MgO. It was found
that an increase in laser scan speed resulted in a
decrease in themelting zone. These depths ofmelting
with different scan speeds can be predicted using
temperature distribution profiles. Table IV provides
a summary of laser cladding of variousMgalloyswith
different materials, associated laser processing
parameters, and observed layer thickness and hard-
ness.

Hardness and Wear Resistance

Yue et al.56 investigated variation of hardness
along the cross section of laser-clad Ni/Cu/Al graded
composite on Mg substrate. The hardness of
the laser-clad surface was approximately 150 HV,
whereas the hardness of the substrate was �50 HV.
A very high hardness of 700 HV was observed at a
distance of 1,500 lm from the clad surface (Fig. 14).
This increase in hardness was caused by the for-
mation of c1, k1, and k2 phases, where k1 and k2 are
Mg-based ternary Laves–Friauf phases and the c1
phase consists of structure that is similar to Cu9Al4.
LSC of Zr65Al7.5Ni10Cu17.5 amorphous alloy resulted
in consistent microhardness of 550–600 HV up to a
thickness of 1.1 mm.53 The microhardness of laser
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multilayer cladding of Zr65Al7.5Ni10Cu17.5 was also
investigated by Yue and Su.54 It was observed that
the microhardness of the cladding surface was
550 HV up to 1,250 lm and then it increased shar-
ply to 800 HV between 1,250 lm and 2,000 lm from
the surface because of the formation of a nanocrys-
talline phase in the amorphous matrix. At a deeper
region in the cross section (2,000–3,000 lm from the
surface), a decrease in microhardness to 450–
500 HV was observed because of the coarsening of
the crystallized nanoparticles. The hardness of SiC-
reinforced Zr-based amorphous alloy laser clad on
Mg substrate was also investigated by Yue and
Su.55 The hardness of the composite amorphous clad
surface was 694 HV, which was higher than the
unreinforced amorphous clad (555 HV). The hard-
ness (�1,150 HV) at the interface was higher than
that in other clad regions (�950 HV to 1,050 HV),
indicating the presence of a reacted zone and the
formation of harder phases like ZrC. The nanoh-
ardness of laser-clad Al2O3 on AZ91HP was com-
pared with that obtained with other cladding

techniques like plasma spraying and sintering.65 It
was observed that the maximum hardness obtained
with laser cladding (�16 GPa) was significantly
higher than that obtained with plasma spraying
(�10 GPa) and sintering (12 GPa).

The wear resistance of AZ91HP Mg alloy was
found to be increased by approximately nine times
after laser cladding it with Al-Cu alloy.59 The in-
crease in wear resistance was mainly the result of
the formation of AlCu4. LSC of AZ91D with Al and
Al2O3 also resulted in an increase in wear resistance
as indicated by a decreased wear volume loss.58 The
clad obtained with an Al to Al2O3 ratio of 3:1 showed
better wear resistance than that with ratios of 2:1
and 4:1. The higher amount of Al content led to a
better flowing property, resulting in a higher per-
centage of Al2O3 in the clad. The effect of LSC on the
wear behavior of ZE41 was investigated by Fabre
and Masse.66 It was observed that the wear behav-
ior of the as-received ZE41 and laser-clad ZE41 was
similar for the first 200 cycles. Thereafter, the wear
loss increased significantly on the as-received ZE41.
LSC of AZ91D with Al-Si powder resulted in an
increase in wear resistance because of the formation
of distributed phases like Mg2Si and Mg17Al12.

67

The effect of Si content on wear resistance of Al-Si
clad AZ91D alloy was also investigated. It was ob-
served that the Si content of 12.5 wt.% resulted in
the best wear resistance (Fig. 15).

Corrosion Resistance

Electrochemical studies on the Ni/Cu/Al clad Mg
alloy showed that there was significant improve-
ment in corrosion resistance of the clad region. The
laser-clad specimen showed passivity at 500 mV,
whereas the Mg substrate showed no sign of pas-
sivity. The top Ni layer present in the clad seems to
form protective passive film under corrosion.56 Hu-
ang et al.68 studied laser cladding of amorphous
copper alloy and amorphous copper reinforced with
20% SiC on AZ91D Mg alloy. The corrosion resis-

Table IV. List of various Mg alloys laser clad with different materials, associated laser processing
parameters, and observed clad thickness and hardness

Laser Substrate
Cladding
materials

Laser
power (kW)

Spot
size (mm)

Scan
speed (mm/s)

Clad
thickness (lm)

Hardness
(HV)

CO2 AZ91HP59 Al-Cu 2.5 10 9 1 5 900 350
Nd:YAG AZ91D58 Al-Al2O3 0.5–3 3 3–28 800 –
Nd:YAG AZ91D67 Al-Si – 0.5 0.5–2.5 900 170
Nd:YAG AZ91D Al-Al2O3 – 0.5 0.5–2.5 1,100 210
Nd:YAG AZ91D57 Al-Si-Al2O3 0.5–5 3 3–28 2,500 210
Nd:YAG AS2161 Al-Si, WC 1.4–1.6 – 3.33–8.33 2,000 –
Nd:YAG ZK60/SiC69 Stainless steel 0.5–1.5 2 5–12 500 –
Nd:YAG ZE4160 Al-Si 1.5 4 5–8.33 500 173
CO2 AZ91HP65 Al2O3 1–1.2 10 9 1 5–11.66 1,530
CO2 Mg56 Ni/Cu/Al 1.4–2 – 5 2,000 160
CO2 Mg53 Zr65Al7.5Ni10Cu17.5 3.7 1 5 1,500 550–600
CO2 Mg55 Zr65Al7.5Ni10Cu17.5-SiC 4.2 1 5 1,800 1,000–1,100

Fig. 14. Microhardness profile across the Ni/Cu/Al graded cladding
on Mg substrate56 (Reprinted with permission from Elsevier).

Singh and Harimkar730



tance of monolithic amorphous cladding was higher
than that for the SiC reinforced Cu-based amor-
phous alloy mainly because of the presence of a
higher volume fraction of Cu-based amorphous alloy
with excellent corrosion-resistance properties. LSC
of Al-Cu on AZ91HP resulted in the enhancement of
corrosion resistance.59 The as-received Mg alloy was
corroded because of the formation of galvanic cou-
ples between a-Mg and b-Mg17Al12. The presence of
Al2O3 film on the laser-clad surface acted as a pro-
tective layer. The refinement of grains decreases the
active cathode–anode area of the galvanic couples
thereby decreasing the corrosion current. Mei and
Yue69 also investigated the corrosion behavior of
laser-clad steel on ZK60/SiC composite and com-
pared it with thermal sprayed steel coatings on
ZK60/SiC. The laser-clad sample showed higher
corrosion potential and lower corrosion current
indicating an increase in corrosion resistance. No
passive layer was formed on the as-received and
thermally sprayed coatings. In the case of laser-clad
samples, the presence of copper at the interdendritic
spacing resulted in a galvanic attack on the surface
and the formation of a discontinued passive layer.
Hence, it is important to evaluate the possibility of
the formation of a galvanic cell while choosing
materials for cladding or alloying. A comparative
study on the corrosion behavior for plasma-sprayed
and laser-clad Al2O3 on AZ91HP was performed by
Gao et al.65 The corrosion current for laser-clad
surface was three orders of magnitude lower be-
cause of the high density and absence of porosity.
Three stages of corrosion mechanisms for laser-clad
ZE41 with Al-Si powder were proposed by Volovitch
et al.60 In the first stage, partial dissolution of Mg2Si
particles with the formation of crevices occurs. The
removal of Mg2Si particles is accompanied by the
formation of oxides and a hydroxide layer. After

complete dissolution of Mg2Si particles, the second
stage involves pitting corrosion of the matrix in the
presence of a second phase. The third and final
stage is complete matrix dissolution.

Laser Shock Peening (LSP)

When a material is irradiated with a very high
power (>109 W/cm2) and short-pulse (1–50 ns) la-
ser, the laser–materials interaction at the surface
results in the generation of plasma. In LSP, the
substrate is often covered with thin insulating or
absorbing layer, which can be paint, metal, or
plastic tape (Fig. 16). A transparent material (com-
monly water) is then placed over the absorbing
layer. When the high-intensity laser beam is irra-
diated on the surface, it is absorbed by the absorb-
ing layer on the substrate forming plasma. The
plasma confined by the transparent materials then
induces shock waves in the substrate. The shock
waves can cause plastic deformation at the surface
and introduce compressive residual stresses. LSP
has been used for improving fatigues life of light
alloys. LSP offers advantages such as a higher
depth of plastic deformation (than conventional shot
peening) and a minimum effect on surface rough-
ness of the substrate.70–72 LSP has also been used to
enhance the surface properties like wear and cor-
rosion resistance of Mg alloys.

Chen et al.73 investigated the effect of LSP on
pitting corrosion behavior of AM50 (4.83%Al-
0.32%Mn) Mg alloys. A Q-switched Nd:Glass laser
with wavelength of 1,054 nm, laser power of 3 GW/
cm2, pulse width of 23 ns, pulse repetition rate of
0.5 Hz, and spot diameter of 5 mm was used for
laser peening of Mg alloy substrate covered with
black paint as an absorbing layer and water as a
transparent medium. The roughness of the sample
increased from Ra = 0.23 lm to Ra = 0.63 lm after
LSP. The surface hardness of the alloy increased
from 40 HV (substrate) to 63 HV (after shock pe-
ening) because of the LSP-induced cold working at
the surface. The depth of the LSP-induced hardened
region was found to be 0.8 mm. LSP also resulted in

Fig. 15. Effect of Si content on volume wear loss of Al-Si clad
AZ91D alloy: (a) 12.5 wt.% Si, (b) 60 wt.% Si, (c) 8 wt.% Si, and
(d) as-received Mg alloy (all under the condition of scanning speed of
1.5 mm/s and power density of 0.783 9 109 W/m2)67 (Reprinted with
permission from Elsevier).

Fig. 16. Schematic of LSP process.
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modification of the stress state at the surface. The
residual stress, measured using XRD methods, on
the as-received surface was 17 MPa. After LSP, a
compressive residual stress of �146 MPa was
observed at the surface. LSP also improved corro-
sion resistance of the alloy because of the elimina-
tion of surface microporosities. Zhang et al.74

investigated the effect of LSP on stress corrosion
cracking (SCC) behavior of AZ31B alloy. LSP
resulted in the refinement of grains with average
grain size of 5.8 lm after four laser impacts. The
surface compressive residual stresses increased
with an increasing number of laser impacts. The
compressive stresses of �190 MPa and �240 MPa
were formed on the surface after LSP using two and
four impacts, respectively. The immersion of the
sample in the 1 wt.% NaOH for 500 h at room
temperature resulted in cracking primarily in the
region without LSP. Similar cracking was not
observed in the laser shock peened region of the

sample indicating effectiveness of LSP in retarding
initiation of SCC in Mg alloys (Fig. 17). Using finite-
element methods, Jiang et al.75 modeled the LSP of
AZ31B and ZK60 Mg alloys (laser spot of 5 mm,
pulse duration of 23 ns, and shock wave pressure of
2 GPa) and predicted the fatigue life. An increase in
fatigue life cycles from 8.62 9 104 (ZK60 substrate)
to 1.49 9 105 (one side) and 1.54 9 105 (both sides)
after LSP was predicted. The predicted increase in
fatigue strength was mainly caused by hardening of
the surface and generation of compressive residual
strength near the surface of the sample.

CONCLUSIONS

Laser surface engineering is expected to play an
important role in improving the surface properties
of Mg alloys. Most of the laser surface engineering
approaches such as LSM, LSA, LCS, LSC, and LSP
have demonstrated effectiveness in improving cor-
rosion, wear, and fatigue properties of Mg alloys.
These property improvements are primarily the
result of modification of composition (solute enrich-
ment caused by selective vaporization and extension
of solubility limit), microstructure (grain refine-
ment, formation of desired intermetallic or new
phases, and uniform distribution of phases) and
state of stress (introduction of residual stresses at
the surface). Although the technological advantages
of the laser surface engineering approaches are
evident, significant efforts needs to be directed to-
ward understanding the laser interaction effects
with Mg alloys. Detailed experimental and compu-
tational investigations on laser–material interac-
tion effects such as selective vaporization of
elements, grain refinement, melt pool dilution, sec-
ond-particle penetration, residual stresses, and
solidification defects needs to be conducted to ad-
vance the understanding. Whereas it is possible to
modify large area of Mg substrates using overlap-
ping parallel tracks of laser modified regions, the
microstructure and properties of these overlapping
regions are expected to influence the overall per-
formance of the laser modified surfaces.
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