
Thick Laser Coatings: A Review
L. Pawlowski

This article describes the applications of lasers in coating deposition processes. After an introduction
concerning the types and principal characteristics of the laser and the emitted light beams, a description
of the mechanism of interaction between a laser beam with typical coating materials is presented. The
typical laser treatment processes are depicted, and their characteristics are shown. Recent papers on
coatings produced in one-step and two-step laser deposition are reviewed. Finally, the emerging applica-
tions of laser processes in thermal spray coatings are discussed.
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1. Introduction

Lasers are sophisticated diagnostic and technological tools
that have found increasing application in the field of thermal
spraying. They are applied in process control to determine the
velocity of sprayed particles using laser Doppler velocimetry
(LDV) or laser two-focus systems (L2F). Lasers are also applied
in quality control of sprayed coatings by many methods of non-
destructive techniques (NDT) (Ref 1). Lasers are also used,
complementary to thermal spraying, in thin film processes such
as chemical vapor deposition (CVD), physical vapor deposition
(PVD) (Ref 2), or pulsed laser deposition (PLD) (Ref 3). This ar-
ticle mainly reviews studies on the thick laser coatings produced
by one-step and two-step laser depositions.

The one-step laser deposition (1SLD) technique consists of
injecting powder into a laser beam where the powder is heated
(melted) and subsequently deposited on the substrate, which is
simultaneously melted by the laser. The process is similar to
deposition techniques by weld surfacing, such as plasma trans-
ferred arc (PTA) welding (e.g., Ref 4). The most recent indus-
trial application of 1SLD is rapid prototyping, which enables
production of solid pieces having complicated three-dimen-
sional shapes in one process.

Two-step laser deposition (2SLD) consists of a laser treat-
ment of the predeposited coating. The predeposition can be
manufactured by many thin and thick coating techniques. Im-
portant among the latter processes is thermal spraying, espe-
cially with the techniques of atmospheric plasma spraying
(APS), vacuum plasma spraying (VPS), or high-velocity oxy-
gen fuel (HVOF) spraying.

The 1SLD and 2SLD processes can be implemented in three dif-
ferent ways (Fig. 1): (a) cladding, in which the coating is chemically
different than the substrate; (b) alloying, in which the coating and
substrate form an alloy; and (c) hard phase dispersion, in which
hard particles form a composite with the substrate.

2. Fundamentals of Laser Technology

The principles of laser design and characteristics are far be-
yond the scope of the present review. The interested reader can
find information in the monograph of Siegman (Ref 5). The
present review concerns only the topics related to laser deposi-
tion and the treatment of coatings.

The laser radiation is generated in an optical resonator (cav-
ity) that contains an optically active (lasing) medium (gas, CO2;
solid, neodymium-yttrium aluminum garnet (Nd:YAG) or
Nd:glass). The medium is initially excited with a gas discharge
(CO2 laser) or a flash of light (Nd:YAG laser), and an electro-
magnetic wave starts to oscillate in the cavity. The geometry of
the cavity determines a wave mode that, in turn, determines a
distribution of energy. The energy is radiated as a plane wave
from one of its mirrors being partly transparent (Fig. 2).

In most cases, the distribution of energy corresponding to a
fundamental mode TEM00 is desired. (Mode TEM00 is consid-
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APS atmospheric plasma spraying
CVD chemical vapor deposition
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HAZ heat-affected zone
HVOF high-velocity oxygen fuel 
LDV laser Doppler velocimetry
LSP laser shock processing
L2F laser two-focus system
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NDT nondestructive techniques 
PLD pulsed laser deposition
PVD physical vapor deposition
PTA plasma transferred arc
SHS self-propagating high-temperature synthesis
TBC thermal barrier coating
TEM transverse electromagnetical wave
VPS vacuum plasma spraying
XRD x-ray diffraction
YAG yttrium aluminum garnet
1SLD one-step laser deposition
2SLD two-step laser deposition
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ered in further discussion.) The quality of laser beam can be de-
scribed by a factor K. The factor is equal to K = 1 for this mode
and decreases for higher modes (e.g., K = 0.57 for TEM01, Ref
6). However, the modes other than the fundamental one could
also be useful sometimes. For example, the TEM01 mode was
proven to be better than TEM00 for the engraving of fine pattern
anilox rolls (Ref 7). The light emitted by lasers is monochro-
matic (one wavelength) and is coherent spatially. The lasers dis-
cussed here have a wavelength of 10.6 µm (CO2 laser) and 1.06
µm (Nd:YAG and Nd:glass lasers). The laser beams are slightly
divergent (typically by a degree of a few milliradians). The im-
portant property of the laser treatment is the power density. The
density, q, is defined for a continuous wave (cw) laser as:

q = 
P
S

(Eq 1)

and for pulsed lasers as:

q = 
E

Sτ
(Eq 2)

where P is a laser power, S is a beam area, E is a pulse energy, and
τ is a pulse duration. The power density determines the kind of
laser treatment (Table 1).

For high power density applications (e.g., engraving, LSP)
the beam is focused on the substrate (Fig. 3), and the spot area is
a circle with a radius rs. The radius, rs, depends on the wave-
length, beam quality factor, K, and on the properties of the focus-
ing lens in the following fashion (Ref 6):

rs ≅ 
2λ
π

 
f
D

 
1
K

(Eq 3)

where λ is the wavelength, f is the focus distance of the lens, and
D is the beam diameter. It is clear that short wavelength, high

Fig. 2 Transverse modes of the electromagnetic wave inside laser
cavity (left side) and corresponding sections of energy distribution of
emitted beam (right side)

Fig. 3 The focused spot of a laser beam. D, beam diameter; F, focus
distance of the lens; rs, radius of a circle representing the spot area

Fig. 1 Schematic representation of the possible variations in one-step
and two-step laser deposition techniques

(b)

Fig. 4 The examples of integrators used to shape laser beams; (a)
segmented mirror and (b) kaleidoscope

(a)
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beam quality, and a large diameter lens with a short focus dis-
tance are necessary to obtain a small spot area.

For low power density applications (heating, 1SLD, 2SLD),
the beams should be shaped with the use of integrators (seg-
mented mirror, kaleidoscope, etc.) to obtain the practical rectan-
gular spots (Fig. 4).

The segmented mirror is composed of many polished molyb-
denum plates that are arranged to superimpose their image in a
plane (Ref 8). The kaleidoscope is a waveguide with internal re-
flective walls (typically polished copper). The beam is reflected
many times and emerges well homogenized.

The laser beam is focused on the surface of treated material.
For low laser power densities, the fraction of the absorbed den-
sity by the treated material, r, at the depth, x, below the irradiated
surface (x = 0 at the surface) is given by the following:

r = (1 − R) exp  

− x

L




(Eq 4)

where R is a reflectivity and L is an optical absorption depth
at which the power density decreases by a factor 1/e (e ≅
2.718). The values of R and L for some materials are col-
lected in Table 2.

Metals reflect a major part of the laser energy (R ≈ 1 for far
infrared at λ = 10 µm; see Table 2). The radiation of λ = 1 µm is
less reflected. Thus, the Nd:YAG laser is a better tool to treat
metals and alloys than the CO2 laser. The laser light has a fre-
quency of more than 1013 Hz and is absorbed by an energy cou-
pling with free electrons in metals and alloys (Ref 11). Thus, the
optical absorption depth is typically smaller than 1 µm for these
materials.

Ceramics have a completely filled valence band, and no free
electrons are available. The radiation is absorbed by the high-
frequency phonons. The energy coupling is weak, and the laser
radiation is absorbed much deeper (centimeters or meters below
the surface). Quite often, materials such as ceramics are totally
transparent (Table 2). The far infrared radiation is better ab-
sorbed by ceramics, and the CO2 laser is a more useful tool to
treat this class of materials. (CO2 laser radiation cannot be con-
ducted by SiO2 optical fibers. On the other hand, the Nd:YAG la-
ser radiation can be conducted by these fibers. Therefore, the
Nd:YAG laser, coupled to fiber, is used for many automatic
operations in industry.) A simple technological solution to
improve the absorption of laser radiation is the application of
a coating of absorbing material (e.g., graphite or black paint) to
the surface of the treated sample. The light energy is trans-
formed in thermal energy and increases the temperature at the

surface of the material. The temperature decreases exponen-
tially with the depth, x, of the material, as shown in the following
equation:

T(x,t) = 
(1 − R)qτ

ρcp√π
  

 exp  [−x2/(4at)]
√4at

(Eq 5)

where T(x,t) is a temperature distribution (assuming the semi-in-
finite body approximation) in the materials submitted at the sur-
face (x = 0) in a moment of time (t = 0) to a laser pulse of power
density q and a duration, τ. ρ is density, cp is specific heat, and a
is thermal diffusivity (Ref 12, 13).

At higher laser power densities, materials start to evaporate,
and these vapors absorb a major part of the incoming power. The
gas gets ionized, and the plasma can reach high temperatures
(Ref 14). The absorption of the radiation by plasma renders laser
treatment less efficient while engraving or drilling. On the other
hand, the formation of such a plasma enabled a new process
called laser shock processing (LSP) or, as in Ref 15, shot peen-
ing with laser, to be developed.

Laser shock processing was developed in the 1960s and
1970s (Ref 16). The technique uses the shock waves created by
the expansion of a plasma. The plasma results from an interac-
tion of a laser pulse having a power density q = 1 to 10 GW/cm2

and a duration τ = 1 to 30 ns (Ref 17) with the material. To
achieve such short pulses, the laser should be equipped with a Q-
switch (Ref 5).

Two LSP treatment methods are possible: (a) direct ablation,
in which plasma is in direct contact with the coating, and (b) con-
fined treatment, in which the plasma contacts a double layer sys-

Table 1 Laser power densities used for different treatment types

Treatment Laser Power Phase of Treatment
No. treatment type density, kW/cm2 treated coating applications

1 cw and pulsed <1 Solid Phase transformation, heating
2 cw and pulsed 1-103 Liquid Alloying, cladding, hard phase

dispersion, rapid prototyping
3 Pulsed, τ = microseconds to

milliseconds
>103 Vapor Engraving

4 Pulsed, τ = nanoseconds >106 Solid Laser shock processing

cw, continuous wave; τ, pulse duration

Table 2 Optical data for selected metals and oxides at
wavelengths of about 1 and 10 µm

Wavelength Reflectivity L,
Material (λ), µm (R), dimensionless µm

Al  9.54 0.99  0.21 
 0.83 0.87  0.022

Ni  9.54 0.98  0.14 
 1.03 0.72  0.046

W 10   0.98  0.16 
 1   0.58  0.068

SiO2 10.6 0.2 40    
 1.06 0.04 >106   

L, optical absorption depth at which the power density decreases by a factor 1/e
(e = 2.718 …). Source: Ref 9, 10
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tem (Fig. 5). The advantage of the latter method is in preventing
the coating from contacting a hot plasma (Ref 19) and in increas-
ing (3 to 5 times) the pressure of the shock wave (Ref 20). In the
confined treatment, the laser beam crosses the transparent water
overlay and is absorbed in a metallic target (aluminum foil). The
foil is partly vaporized and creates the expanding plasma. An in-

coming water flow confines this expansion in a direction oppo-
site to the coating (Ref 18). The pressures of laser shocks meas-
ured in the treated substrates with piezoelectric gages are in a
range of 3 (Ref 16) to 10 GPa (Ref 20). The pressure, p (in GPa),
acting on a treated sample surface, depends on the laser power
density, q (in W/cm2) in the following way (Ref 17):

Fig. 5 Confined treatment with laser shocks. Source: Ref 18

Fig. 6 Sketch of coaxial powder injection. Source: Ref 21, 22

Fig. 7 Sketch of a powder injection into a beam trap. Source: Ref 23

Fig. 8 Powder injection in one-step laser deposition

Fig. 9 The deposited mass of coating on a unit length of laser pass
versus laser power while cladding Stellite powder onto a stainless steel
substrate using a coaxial nozzle (Ref 25). Theoretically calculated
points correspond to Ps, melting of substrate, and Psp, melting of sub-
strate and powder
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p = 3.22  × 10−9√q (Eq 6)

The increase of the laser power density above 10 GW/cm2 re-
sults in a dielectric breakdown in water rather than in a further
increase of the shock pressure.

The industrial lasers used to deposit and treat coatings are
mainly CO2 and Nd:glass or Nd:YAG laser. Their properties are
collected in Table 3. Another important type of industrial laser,
the excimer laser, is used for polymer surface treatment or drill-
ing processes and is not discussed here.

The most important variables of laser treatment processes are
collected in Table 4.

3. Laser Coating Processes

3.1 One-Step Laser Deposition

The 1SLD methods include three processes: cladding, alloy-
ing, and hard phase dispersion. These processes differ by the di-
lution. Dilution, expressed in percent, is defined as a ratio of the
thickness of a zone where the substrate material is diluted in a
coating to the total coating thickness and is expressed in percent
of the substrate in a coating. The dilution is small in the cladding
process (less than 10%), and it is equal to 100% for alloying and
hard phase dispersion processes. In cladding, the continuous
rate of powder feed can be delivered to a nozzle (Fig. 6) or inside
a beam trap (Fig. 7). The latter is made of two cylindrical mirrors
that trap the beam and enable the powder stream to be laser
heated along the length of mirrors.

In the alloying and the hard phase dispersion processes, the
powder is injected into a melted zone of the substrate (Fig. 8).

Cladding. The physics of the cladding process using coaxial
injection of powder was analyzed in Ref 24 to 27. It was found
that there is a minimum power necessary to produce the coating
(Fig. 9). This power corresponds to the beginning of substrate
melting. The velocity of the Stellite 6 alloy particles was deter-
mined using laser Doppler velocimetry (LDV), and the values of
1 to 2.5 m/s were measured (Ref 24). The laser power density
necessary for in-flight melt of the particle of this alloy was esti-
mated theoretically to be in the range of q = 5 to 7 kW/cm2.

The cladding of the same material was analyzed theoretically
in Ref 26 for a powder injection system shown in Fig. 8. The
authors found that the powder efficiency can be as high as 69%
for a linearly polarized CO2 laser beam at high angles of inci-
dence (the angle between a normal to a molten pool and a laser

beam axis). Finally, Li and Ma (Ref 27) presented an analytical
model that enables estimations of the roughness of the clad coat-
ing relative to the overlapping of subsequent laser passes. It was
determined that roughness decreases in an oscillating way with
overlapping. This parameter is the minimum for overlapping of
29, 59, and 71%. The typical parameters used to clad the alloys
and cermets are in Table 5.

The resulting microstructure of the deposit is dendritic with
fine arm spacing, and the dendrites are elongated in the direction
of heat flow (Fig. 10).

The dendritic microstructure is typical for the rapidly solidi-
fied alloys and was observed in clads of Stellite (Ref 33), stain-
less steel (Ref 34), and a cermet composed of NiCrAl alloy with
6 wt% of yttria-stabilized ZrO2 (Ref 35). The clad coatings are
dense and free of pores. The substrate under the coating is heat
affected and the depth of the heat-affected zone (HAZ) is typi-
cally a few hundred micrometers. In frequently used steel sub-
strates, the HAZ undergoes a phase transformation and becomes
martensitic with an increase of hardness. The coatings obtained
with cladding are sometimes applied to combat wet corrosion
(Ref 34) or high-temperature oxidation (Ref 35) but are mainly
applied to resist wear (Ref 30, 36 to 38).

The cladding of ceramic coatings seems to be difficult be-
cause of cracks in the deposits and poor adhesion to metallic
substrates. The adhesion is reportedly worse (Ref 39) than in

Table 3 Characteristics of industrial lasers applied in coating deposition

Laser type
Parameter CO2 Nd:YAG

Wavelength, µm 10.6 1.06
Excitation technique Gas discharge at low pressure Flash or arc lamp
Pulsed/cw Both Both
Maximum average power, kW 25   2
Maximum pulse power, kW 10 100
Beam quality Very high Low
Efficiency, % 5-10 2-5
Price(a), 103 DM 250, for a laser having an average power of 1 kW 400, for a laser having an average power of 1 kW

(a) Prices in 1991,  $1 (U.S.) = 1.63 DM in Oct 1998. Source: Ref 6

Table 4 Principal process variables in thick coating laser
deposition

Process
element Variable

Laser and optical system Wavelength
cw or pulsed (pulse duration)
Focusing lens (diameter, focus)
Beam quality
Beam shape

Treated material Chemistry
Initial temperature and heat evacuation conditions
Dimensions and surface preparation (roughness,

black paint, etc.)
Workpiece velocity
Laser tracks overlapping

Others Atmosphere (vacuum, inert gas, etc.)
Powder properties in 1SLD (chemistry, particle

size, etc.)
Powder feed rate in 1SLD
Predeposited coating in 2SLD (chemistry,

thickness, surface roughness, adhesion, etc.)
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thermally sprayed ceramics. The use of composites that are rich
in ceramic reinforcement, such as self-fluxed nickel-base alloy
with 60 vol% of zirconia (Ref 40) or aluminum with chromia re-
inforcement (Ref 41), can be a solution to obtain ceramiclike
clad materials. Such composites could be realized with the use
of two separate powder feeders (Ref 42). Laser clad coatings are
used for production and repair of rods and rolls in the paper, tex-
tile, and food industries, as well as for cutting, punching, or die
tools for paper, metal, and glass (Ref 43). At present, cladding
seems to be most popular among the 1SLD processes.

Alloying  is a process similar to cladding except that another
component of the alloy is injected into the molten pool of sub-
strate. Alloying requires a greater laser power density than clad-
ding (Ref 2). The alloying process enables metallic and ceramic
alloys, such as nitrides or borides (Ref 2, 44), to be obtained. The
process starts with melting of a substrate by laser irradiation. On

the surface of a melt pool, there is a temperature distribution, T,
which results in the surface tension distribution, γ, shown in Fig.
11. The shear stress, which is equal to the gradient in surface ten-
sion, pulls the material from the center and causes convection
movement of the melt pool (Ref 45).

In the case of the injection of solid particles into the melt, the
convection permits good mixing with the substrate material. The
particles are melted, and reaction with the substrate can take
place. The reaction slows down and stops soon after the laser
beam moves to the next position. The subsequent rapid cooling
of the melt makes it possible to form metastable or high-tem-
perature phases as the product of the reaction. However, the
cooling rapidity can also be slowed by lowering of laser beam
speed over the substrate. The typical parameters of alloying are
shown in Table 6.

The laser nitriding of titanium or its alloys has been reported
in many papers (Ref 46, 49, 50). Pure TiN was mainly observed
near to the surface zone (10 µm thick in Ref 49). The entire coat-
ings were composed of TiNx and a solid solution of nitrogen in
titanium (α Ti or β Ti). Subsequent laser remelting in the nitro-
gen atmosphere enabled a deeper nitrided zone. One concept in
many studies (Ref 47, 48) was to use a laser to form an intermet-
allic alloy on a metal surface. The alloy was obtained by injec-
tion of a powdered second metal into a melted substrate. In this
way, aluminum was alloyed with chromium and zinc was al-
loyed with aluminum (Table 6). Magnesium substrate was al-
loyed with powders of Al, Cu, Ni, or Si to obtain intermetallic
compounds such as Mg17Al12, Mg2Cu, Mg2Ni, or Mg2Si (Ref
51), and a mild steel substrate was alloyed with blended powders
of Cr, Ni, and Mo to obtain FeCrNiMoC alloy containing
austenite with a large amount of martensite phase (Ref 52). The
alloyed coatings were studied for use in applications where wear
and wet corrosion resistance were required. An application of al-
loying was reported in the energy generation industry where
steam gas turbines blades were coated with titanium nitride (Ref
50). However, the major industrial application of alloying is still
to come (Ref 43).

Hard phase dispersion is a coating process that consists of
injecting the hard second-phase particles into a melted substrate.

Fig. 10 Optical micrograph of a cross section of an Inconel alloy clad onto a steel substrate. Source: Ref 32

Fig. 11 Surface temperature (T ) and surface tension (γ) distribution
across a laser melted pool
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These particles, contrary to particles in alloying, should remain
solid on processing. After solidification, the outer part of the
substrate becomes a matrix in which the hard particles are dis-
persed. This process, which produces metal matrix composites
(MMCs), was initiated in the 1970s (Ref 53, 54). Because there
is convection in a melting pool, the reinforcement powder injec-
tion angle and spot need to be carefully optimized. Kloosterman

and De Hosson (Ref 55) found that the powder injection spot
should be centered inside a laser beam (position A in Fig. 12).
Any other position produces a less homogenous dispersion of
particles.

The depth of particle penetration depends on the injection ve-
locity, which is determined, in turn, by the carrier gas flow. An
increase in powder feed rate can transform a hard phase disper-

Table 7 Typical parameters used for a laser hard phase dispersion in one-step laser deposition

Laser       Powder      Process parameter
Lasing power density Substrate Composition, Particle Feed Substrate Overlapping,
medium (q), kW/cm2 Mode composition, wt% wt% size, µm rate, g/min speed, cm/s Atmosphere Injection  % Ref

Titanium matrix with WC and TiC hard phases
CO2, cw 42-140 … Ti + 6Al + 4V TiC –100+50 60-120 5-15 Vacuum,

dynamic
pressure 40-70

Pa

1 cm from
the

substrate

53

Aluminum matrix with SiC hard phase
CO2, cw 14-89 … Al + 1Mg + 0.7Si SiC –150+105 5-10 0.5-2 Ar, ambient

pressure
… … 56

Titanium matrix with SiC, TiC, TiN hard phase
Nd:YAG, cw

via optic 
fiber

14-32 … Ti + 6Al + 4V (sand
blasted before coating)

SiC, TiC, TiN … 1-3 0.8-1.7 Ar, ambient
pressure

… … 55

Table 5 Typical parameters used for a laser cladding (CO2, cw) of alloys and cermets in one-step laser deposition

Laser    Powder Process parameter
power density Substrate Composition, Particle Feed Substrate Overlapping,

Alloy (q), kW/cm2 Mode composition, wt% wt% size, µm rate, g/min speed, cm/sAtmosphere Injection  % Ref

Co alloy 4-17 TEM01 Tool steel,
57NiCrMoV77

Co + 28Cr + 5Mo
+ 3Fe (Stellite 21)

–150+45 6-15 0.17-0.5 … Coaxial 43-57 28

Ni alloy 4.5 … … Ni + 19.5Cr
+ 13.5Co + 4Mo

+ 3Ti + 2Fe

–125+44 … 2.5 … … 25 29

Fe alloy 16-25 … Low-carbon steel
(sand blasted

before coating)

Fe + 12Mn + 1.2
C (Hadfield steel)

–100+40 8 0.5-2 Argon … 42.5 30

Cermet 6-18 TEM01 AISI 1043 stainless
steel

WC + 17Co Average
39

5-20 0.3-1.3 … Under angle of
60° to normal

… 31

Table 6 Typical parameters used for a laser alloying in one-step laser deposition

Laser       Powder    Process parameter
Lasing power density Substrate Composition, Particle Feed Substrate Overlapping, Coating
medium (q), kW/cm2 Mode composition, wt% wt% size, µm rate, g/min speed, cm/sAtmosphere  % composition Ref

Titanium substrate with nitrogen gas
CO2, cw 9-25 … Ti + 6Al + 4V … … … 0.3-1.2 N2/Ar mixture

50/50 and
60/40 per vol
continuous

flow in a bell jar

15-32 TiN dendritic 46

Aluminum substrate with chromium powder
110-260 … Al + 6Zn + 3Mg

+ 2Cu (sand blasted
before coating)

Blend of Al 
+ 25Cr

–56 (Cr),
–150 (Al)

1.8 0.5-4 Ar 50 Al4Cr, Al7Cr,
Al11 Cr

47

Zinc substrate with aluminum powder
CO2, cw Coating, 13;

remelting, 31
TEM00

+ TEM01

99.99Zn 99.99Al –250 0.6-3.6 0.5 Ar Coating, 10;
remelting, 40

αZn, βAl,
eutectic αZn

+ βAl

48
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sion process into a cladding process. Typical processing pa-
rameters are collected in Table 7.

The laser power density is comparable to that used in the al-
loying process. The substrate must melt, but the hard particles
are intended to remain solid. To achieve this condition, the tem-
perature of the melt must be well below the melting point of the
hard phase. If this is not possible, one can increase the substrate
speed to limit the time of particle dissolution in the melt. How-
ever, the rapid solidification of the melting pool, which includes
particles of hard phase, can generate residual stresses that can
lead to cracking of the coating. Cracks can be avoided by pre-
heating the substrate prior to coating (Ref 57). Because the sub-
strates are metals, the application of CO2 laser is not optimal.
For example, the dispersion of SiC in an aluminum matrix by
use of such a laser, reported in Ref 56, was not successful. Alu-
minum absorbs only 1% of the beam energy at this wavelength
(see Table 2). Knowing that SiC absorbs CO2 laser radiation bet-

ter, the authors placed a layer of silicium carbide on a surface of
aluminum. Another solution could have been to use a Nd:YAG
laser.

Carbides are used most frequently as a hard phase in the re-
viewed studies. The coatings obtained often contain the prod-
ucts of their solution in the melt in addition to the initial carbides.
Thus, the injection of B4C in a steel matrix produced Fe3B and
Fe23B6 (Ref 58), and the injection of SiC in an aluminum matrix
resulted in AlSiC4 as a solution product (Ref 56). The hard phase
dispersion was applied to obtain wear resistant coatings in, for
example, polymer extruding machines (Ref 59).

Rapid Prototyping. The total thickness of a coating pro-
duced by a laser cladding process is reached in several laser
passes over the substrate (two passes in the coating shown in
Fig. 10). If the number of passes becomes a few hundred, then
the cladding gains a third (z-axis in Fig. 13) dimension and can
be considered a rapid prototyping process.

Fig. 12 The position of the powder injection spot with regard to a laser beam. A, middle of the laser beam; B, back of the laser beam. Source: Ref 55

Table 8 Examples of 2SLD with a coating predeposited with methods other than thermal spraying

Laser Final coating  Laser treatment process
Predeposition Lasing power density Substrate Composition before Thickness, Phase Substrate
technique medium (q), kW/cm2 composition, wt% coating, wt% µm composition speed, cm/sOverlapping Ref

Cladding
Screen printing CO2, cw 50 Low-carbon steel Na-Ca-Al-B silicate

glass
500 Amorphous

to crystalline,
depending on
processing
conditions

0.3-0.6 … 63

Paste preplacing CO2, cw 10-15 AISI 1045 steel WC-Co + self-fluxing
alloy (Ni-Cr-Si-B-Fe)

+ organic binder

1200 Cr23C6 and
other carbides
and borides

0.1-0.6 20 64

Alloying
Physical vapor

deposition
Nd:YAG,

pulsed, τ = 130
ns, repetition
rate 11 kHz

80 × 103 to 200 ×
103

Ni Ag, Au, Pd, Sn, Ta 0.06-0.3 Intermetallic
alloys

50-600 … 65, 66

Painting of
slurry

CO2, cw 1-3 kW laser
power

Ti + 6Al + 4V Graphite with
methanol

TiC … 67

Hard phase dispersion
Screen printing CO2, cw with

integrator
36-130 Al99.9 TiC or TiB2 with

organic binder
120 Traces of

Al2O3, Al,
TiC, TiB2

7.5-30 … 68
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The rapid prototyping process enables thin-walled, precisely
designed metal structures with a density close to 100% (Ref 60,
61) to be obtained. The structures can be produced with the use
of a few powdered components introduced through the nozzles
into a laser melted pool (Fig. 14).

The thickness of the walls produced by rapid prototyping
could be as small as the laser spot (from 0.1 µm to a few millime-
ters). The microstructure of these three-dimensional products is
similar to that obtained by powder sintering. The process was
applied to form shapes for stamping machines (Ref 61) and to
fill cracks in damaged bearings, crankshafts, and cylinders in
automotive engines (Ref 62). 

3.2 Two-Step Laser Deposition

The 2SLD consists of a laser treatment of a predeposited
coating (Fig. 15). The laser treatment, being a second step in a
two-step laser deposition process, is easier to control than it is in
the 1SLD process. The laser treatment process does not include
variables related to powder injection (e.g., powder feed rate, car-
rier gas flow rate, angle of injection, etc.). Moreover, the prede-
posited coating already has a defined thickness. However, the
2SLD requires expertise in mastering two different processes.

Predeposition with Techniques Other than Thermal
Spraying. A few examples of the 2SLD process with an initial
coating deposited with methods other than thermal spraying are
shown in Table 8. The reviewed methods belong to families
(classified in Ref 69) of bulk coating deposition for thick films
(painting, screen printing, and paste deposition) and atomistic
coating deposition for thin films (physical vapor deposition)
(PVD). The microstructure of coatings that are laser treated in
the liquid phase is typical for rapidly solidified materials, and
the coatings are mainly developed to resist wear.

Predeposition with Thermal Spraying. The application of
a laser can improve the properties of thermally sprayed coatings.
Improvements recently studied concern biomedical coatings, ther-
mal barrier coatings, wear resistant composite coatings, corrosion
resistant alloys, and wear resistant coatings engraved with a laser
(anilox rolls). Most of the laser treatments correspond to the process
of cladding, and only a few papers concern alloying or hard phase
dispersion. Therefore, the following discussion is segmented to
take into account the state of the sprayed coating at the laser proc-
essing stage (i.e.: the solid, liquid, and gaseous states).

Fig. 13 Sketch of laser rapid prototyping process

(a)

(b)

Fig. 14 Rapid prototyping. A, installation; B, examples of thin-
walled metal structures produced at the laboratory CLFA, Arcueil,
France

Fig. 15 Two-step laser deposition
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Treatment in the solid phase has been performed for hy-
droxyapatite (HAp) coatings. Thermal spraying of HAp is
achieved by the atmospheric plasma spraying (APS) process
(Ref 70, 71) and sometimes by VPS or HVOF processing. The
major problem of spraying is related to the fact that grains of
HAp powder decompose in a flame at about 1550 °C (Eq 7), and
the products of this decomposition, Ca3(PO4)2 (TCP), Ca4P2O9
(TTCP), and also CaO, are not the preferred phases from the
point of view of biocompatibility.

Ca10 ( PO4)6(OH)2 → 2 α Ca 3(PO4)2 +

Ca4 P2O9 + H2O  (Eq 7)

Because the HAp has relatively low thermal conductivity, it
is probable that the particles in the flame are liquid on their pe-
riphery and solid inside. On solidification, the low melting point
oxides are known to become amorphous. Thus, the individual
lamellae in the coatings are composed of many phases (Fig. 16).

Laser treatment in the solid phase might enable transforma-
tion of the amorphous phase in an outer region of the HAp lamel-
lae. The parameters of the treatment are collected in Table 9.

The laser treatment was optimized in Ref 70 and enabled the
content of crystalline HAp to be restored from 23% in as-
sprayed coatings to 90% (Fig. 17). The following study (Ref 71)
enabled the phase content to be related to the temperature of the
coating surface on laser treatment. The optimum temperature of
the treatment was in the range of 800 to 1100 °C, which is well
below the decomposition temperature. At these conditions, the
amorphous calcium phosphates were indeed transformed to a
crystalline HAp (Fig. 18).

Another example of the laser treatment in the solid phase
concerns composites reinforced with carbides. The carbides are
known to decompose at high temperatures. Therefore, laser
treatment via a shock treatment (see section 2) at room tempera-
ture is a promising way to improve their properties. The Al +
SiC coatings predeposited with HVOF were treated with LSP in
Ref 73. The composites were processed with the parameters col-
lected in Table 10.

The treatment modified the microstructure and morphology
of the coatings in many ways: (a) contact between the aluminum
matrix and the SiC reinforcement became closer (Fig. 19), (b) la-
mellae of the aluminum matrix became plastically deformed,
and (c) the coating surface became smoother. However, in spite
of an improved microstructure, the oscillating wear resistance of
treated composites was worse than that of as-sprayed deposits.
This effect was explained by the formation of structural defects
at the coating surface during the laser processing.

Treatment in liquid phase is sometimes called remelting or
glazing. This concept to improve the properties of sprayed coat-
ings is only several years older than the laser itself (Ref 74).
Presently, it is the most popular variation of laser treatment of
thermally sprayed coatings. Many types of sprayed coatings,
such as metals, alloys, and oxide ceramic, and carbide rein-
forced composites were reportedly processed in this fashion
(Table 11).

Metals such as Ti (Ref 75, 83) and Ni (Ref 76) were laser re-
melted. Ayers and Schaefer (Ref 75) indicated that the laser
beam quality influences the depth of the treatment. The melting
of the coating is associated with an evacuation of expanding
gases entrapped in closed pores, which might leave holes on the

Fig. 16 Transformation of a HAp grain in a lamella inside the coating

Fig. 17 Optical micrograph of the surface of HAp coating predepo-
sited with atmospheric plasma spraying (APS) and laser treated in solid
phase. The laser processing enabled the increase of crystalline HAp
from 23% (as-sprayed coating) to 90%. Source: Ref 70

Fig. 18 Phase composition of the plasma sprayed HAp coatings sub-
mitted to a laser treatment at different processing parameters resulting
in different temperatures of treatments. Source: Ref 71
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coating surface. Finally, the processing parameters, such as sub-
strate speed and laser power density, should be carefully opti-
mized to avoid residual stresses that can relax to form cracks.
Laser remelting seals the metal coatings and eliminates the post-
spray porosity. A formation of 3 µm thick TiC was observed
(Ref 83) in the interface of remelted titanium coating on graph-
ite. Thus, to obtain a dense metal coating without holes on the
surface, the predeposition with VPS and laser treatment in a vac-
uum are prerequisite. The laser remelted Ti or Ni coatings were
developed to resist corrosion.

A modeling of laser remelting of VPS NARloy-Z alloy (Co +
3 wt% Ag + 0.5 wt% Zr) was analyzed with a mathematical
model in Ref 84. The model enables estimation of the melting
depth. Typical parameters of treatment are collected in Table 11.

The sprayed alloys can form amorphous and nanocrystallite
phases of different intermetallic compounds, such as AlNi3 (Ref
77) after remelting of NiCrBSi self-fluxing alloy. The laser glaz-
ing eliminated unmelted grains in the coatings and closed the
open porosity that occurs frequently in sprayed deposits (Fig.
20).

The characteristics of laser glazed coatings make them useful
in such applications as corrosion resistance (Hastelloy C in Ref
85, Hastelloy 6 in Ref 86, and NiCr in Ref 87), oxidation resis-
tance at high temperatures (NiCoCrAlYTa in Ref 88), and wear
resistance (CoCrAlY in Ref 78, NiCrBSi in Ref 89). An interest-
ing technique of simultaneous VPS and CO2 laser treatment of a
phosphor bronze coating was also proposed recently (Ref 90).

As opposed to metals and alloys, laser remelted ceramic
coatings are cracked on their surface (Fig. 21). Typical process-
ing parameters of ceramic coatings are shown in Table 11. The
Al2O3 coatings deposited by APS onto a low thermal expansion
Kovar alloy was tested in Ref 79. The authors observed transfor-
mation of γ + α phases of alumina present in the sprayed coat-
ings into α Al2O3 in laser remelted samples.

The alumina alloyed with titania (Al2O3 +  13 wt% TiO2)
transformed from γ + α alumina phases and rutile (TiO2), pres-
ent in the sprayed deposit, into α Al2O3 and spinel (Al2TiO5) in
a laser remelted deposit (Ref 91). The transformation was asso-
ciated with coating densification, the formation of a columnar
structure in a zone remelted with the laser, an increase in micro-

Fig. 19 SEM of the cross section of a Al + 15 SiC particulate composite (a) predeposited with HVOF and (b) laser shock treated

Table 9 Parameters of laser treatment of atmospheric plasma sprayed calcined HAp powder

Laser Substrate Final coating Substrate
Lasing medium density (q), kW/cm2 composition, wt% Thickness, µm Phase composition speed, cm/s Ref

Nd-YAG, τ = 2.7 ms, repetition
rate = 7 Hz

Laser power = 0-400 w Medium-carbon steel … … … 72

CO2, cw Laser power = 10-70 w Ti + 6Al + 4V 150 90%HAp, amorphous
TCP, TTCP, CaO

(Fig. 17)

0.025-2.5 70

CO2, cw, kaleidoscope 0.52-0.68 Ti + 6Al + 4V 150 HAp, amorphous, CaP
(Fig. 18)

2-5 71

Table 10 Parameters of laser shock treatment of Al + SiC composites

Laser treatment process
Spraying Laser Substrate Final coating Number Pressure of one

Powder Laser power density composition, Thickness, Phase of shocks Overlapping, shock (p), 
Technique composition, wt% medium (q), GW/cm2 wt% µm composition in a spot % GPa

HVOF Al + (15-50)SiC
powder blend

Nd:glass,
 τ = 5-20 ns, 
energy = 80 J

5-10 Al alloy 100-400 Al, SiC
(Fig. 19)

1-2 50 4-5.5

Source: Ref 73
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hardness (HV0.2) from 950 to 2000, and an improvement of wear
and corrosion resistance. Ceramics of the same composition
were plasma sprayed on top of a multicoating composed of a
NiAl bond layer and a NiAl + 50 wt% (Al2O3 + 13 wt% TiO2)
intermediate layer. The multicoating was applied onto AlSi al-
loy and remelted with a CO2 cw laser (Ref 92). The samples
were subsequently submitted to thermal shocks (500 °C for 5
min followed by water quenching to 10 °C). The laser treated
specimen was more resistant to thermal shocks than the as-
sprayed coating. The authors pointed out that the stresses
generated by thermal shock testing were more easily relieved
by the formation of the network cracks in the laser treated
samples.

Another important thermally sprayed oxide ceramic, ZrO2,
was also the subject of many studies on laser glazing (Ref 80,
93-100). In most papers, zirconia was a part of a thermal barrier
coating (TBC) system (ZrO2, top coating; MCrAlY alloy, bond
coating). The reason for interest in laser treatment results from
the formation of a columnar microstructure in the sprayed de-
posits (Fig. 22). This type of segmented microstructure with ver-

tical columns is typical for zirconia obtained by electron beam
physical vapor deposition (EBPVD) (Ref 101) and might also be
obtained by a cryogenic gas cooling during the spraying process
(Ref 102). Because TBCs are submitted to intensive thermal
shocks during service, the distance between the columns could
increase (at heating) and decrease (at cooling) without damag-
ing the entire TBC. Thus, the strain tolerance of the TBC having
a segmented microstructure is improved. Another improvement
introduced by laser glazing is the decrease of the coating rough-
ness resulting in better aerodynamic behavior of the TBC onto
turbine blades.

The density of segments was reportedly smaller when a
pulsed (instead of cw) CO2 laser was applied (Ref 97). The
microstructure of the laser remelted zirconia depended on the
percentage of yttria stabilizer in the powder used to spray. At 8
wt%, the structure was mainly tetragonal nontransformable (t′)
and cubic (c) (Ref 95), and at 12 wt%, it was cubic (Ref 98). At
20 wt%, the structure was cubic again (Ref 94). The grains in the
laser treated coating were reported (Ref 97) to be cellular at a la-
ser specific energy less than 1 J/mm2 and dendritic at the higher
energies. The thermal shock behavior of laser remelted TBC
compared to as-sprayed coatings indicated no improvement in
the initial study (Ref 93) and a fourfold improvement in a more
recent study (Ref 98). The corrosion resistance of a glazed
specimen can be improved by better sealing of the coatings,
and two ideas were proposed. Chen et al. (Ref 99) initially re-
melted the coating to a depth of about 100 µm and applied a
zirconia suspension to the coating surface, followed by treat-
ment with lower laser power density to the depth of 50 µm.
Troczynski et al. (Ref 80) employed sol gel sealing with the
laser treatment.

Laser treatment of MMC (mainly with carbide reinforce-
ment) should improve contacts between the reinforcement and
the matrix and reduce/eliminate the porosity of the metal matrix.
Consequently, the wear resistance of the composites is expected
to increase. The main problem of the treatment is related to the

Fig. 20 Optical micrograph of the polished cross section of CoCrAlY
coating deposited initially by vacuum plasma spraying (VPS) and laser
remelted (see Table 11)

Fig. 21 SEM micrograph (secondary electrons) of the surface of
Al2O3 coating deposited initially by APS and laser remelted (see Table
11)

Fig. 22 SEM micrograph (backscattered electrons) of the polished
cross section of a thermal barrier coating (TBC) composed of
MoCrAlY bond coating and ZrO2 + 8 wt% Y2O3 ceramic laser re-
melted (see Table 11)
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melting of the carbide reinforcement being associated with pos-
sible decomposition and the decrease in hardness or the round-
ing of the blocky carbide particulate that does not favor wear
resistance. The first solution by laser shock treatment was pre-
sented previously.

Another solution is a laser remelting of MMCs in a way that
keeps carbide reinforcement solid and melts the metal matrix.
This solution is possible because the melting point of metals is
usually much lower than that of carbides. It demands, however,
careful control of the laser treatment temperature. This approach

was adopted by the authors of Ref  81 who applied a very porous
powder of a composition (Fe + 13 wt% Cr) + 55 wt% TiC pre-
pared with a self-propagating high-temperature synthesis (SHS)
method with APS technique onto steel substrate. The sprayed
coating was very porous (Fig. 23a), and it was submitted to a la-
ser glazing.

The alloy matrix melts at 1538 °C, and, at the other extreme
of temperature, a eutectic reaction of the titanium carbide rein-
forcement with the graphite can take place at 2776 °C, as in the
following:

(a) (b)

Fig. 23 Optical micrograph of the polished cross section of FeCr-TiC coatings (a) as sprayed and (b) laser glazed. The microstructure features are TiC,
grains of TiC; P, pore; D, dendrite; and FeCr, matrix.

Table 11 Parameters of laser remelting of selected thermally sprayed coatings

Spraying Laser Substrate Final coating Laser treatment process
Powder Lasing power density composition, Thickness, Phase Substrate

Technique composition, wt% medium (q), kW/cm2 wt% µm composition speed, cm/s Atmosphere Overlapping, % Ref

Metals
VPS Ti CO2, cw 1300 1020 steel 300-380 Ti 30 He, vacuum … 75
APS Ni CO2, pulsed, τ

= 40 µs
8000 Steel 50-300 … … … … 76

Alloys
APS Self fluxing alloy:

Ni + 11Cr + 11Fe +
1.5Si + 1B

CO2, cw 36 Al + 8Si +
1Cu + 0.5Mg

400 Al, Al3Ni,
AlNi, Al 3Ni2,

…

1 Ar … 77

VPS Co + 17Cr + 12Al
+ 0.5Y

CO2, cw 7.5 Mild steel
St38b

100-150 Fig. 20 12-22 66 78

Ceramics
APS αAl2O3

CO2, cw 13 Kovar, Fe +
29Ni + 17Co

+ 0.4Mn

400-500 γAl2O3
(Fig. 21)

1.2 Air, Ar 70 79

ZrO2 + 8Y2O3 CO2, cw 3-7 Ni alloy 380 Fig. 22 20 … … 80

Composites
APS Fe13Cr +

55wt%TiC by SHS
method

CO2, cw,
beam shaped

with
kaleidoscope

8 Steel St38 200 or 400 TiC, Cr, Fe2C 0.25-1 … 1 pass 81

WC + 17Co CO2, cw,
beam shaped

with integrator

Energy density,
300-2300 J/cm2

Steel AISI
1043

… Dendritic
grains

0.83 Ar 25 82
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TiC + C ↔ L (Eq 8)

On solidification from the melt, the formation of solid solu-
tions of α Ti, β Ti, and/or Ti2C is possible. Consequently, to melt
the matrix and keep the reinforcement solid, the temperature of
the coating surface at laser glazing was maintained at about
2000 °C. Post-processing in these conditions enabled the densi-
fication of the coating at the surface (Fig. 23b) without the de-
composition of titanium carbide (Fig. 24). The wear resistance
of laser glazed coatings was more improved than that of as-
sprayed coatings.

Treatment in gaseous phase mainly concerns laser engrav-
ing, which is part of the manufacturing of anilox rolls reviewed
in Ref 103. The rolls are used to transport a precise quantity of
ink in flexographic printing machines. The actual technology of
the rolls includes the spraying of Cr2O3 coating with APS and
the subsequent laser engraving of the cells. The typical cell line
density is a few hundred lines on one centimeter.

Recent developments in this field concern the research of al-
ternative coatings to Cr2O3 ceramics and research to improve
the production quality of laser engraving. Beczkowiak et al.
(Ref 104) investigated the laser engraving of Al2O3, TiO2,
Al2TiO5, and Al2O3 alloyed with different contents of TiO2
coatings applied with the APS technique. These authors found
that the industrial laser engraving of Al2TiO5 and Al2O3 + 60
wt% TiO2 coatings produces cells that are quite similar to those

engraved in Cr2O3 coatings. The laser engraving process was
also simulated with a mathematical model (Ref 105, 106). The
model verified that, using the same laser engraving parameters,
the thickness of a liquid phase for Al2O3 and Al2TiO5 coatings is
smaller than that for Cr2O3 coating (Fig. 25).

Because liquid ceramics can be blown out of the cell and de-
teriorate the coating quality (overflow effect), anilox rolls of
better quality can be produced by applying alumina and alu-
mina-titania spinel. However, many further studies are neces-
sary to convince roll manufacturers and their customers to
replace chromia with these ceramics. On the other hand, the
manufacturers of the installations to engrave the coatings have
introduced sophisticated optical systems, such as the new anilox
technology of ZED Instruments (Ref 107). This technology en-
ables, for example, deflection of the laser beam across the sur-
face of the engraved roll to obtain higher quality of engraving at
a high density of cells or double engraving of the same cell to
reach higher depth of cells. The industrial tendency is toward an
increase of the density of the cells (fine pattern anilox rolls). Be-
cause the engraved cell diameter is physically limited by the la-
ser emission wavelength CO2 (Eq 3), it is impossible to obtain a
cell of diameter less than 10 µm with a currently used CO2 laser.
Therefore, the solid state lasers (e.g., Nd:YAG) having shorter
wavelength are increasingly tested in anilox roll production (Ref
108, 109).

4. Conclusions

• Thick coatings of metals, alloys, and ceramics can be de-
posited with high power lasers.

• The metal and alloy coatings are frequently deposited in
one step by the use of powder injection to the melt pool.

(b)

(a)

Fig. 24 XRD of (a) as sprayed and (b) laser glazed FeCr-TiC com-
posites

Fig. 25 Calculated liquid phase thickness in the cells engraved in dif-
ferent ceramic coatings using the laser power density q = 2.5 MW/cm2

and a pulse length τ = 75 µs. The calculations for titania were made us-
ing the parameters thermal conductivity = 2 W/(m ⋅ K) and thermal
diffusivity = 5 × 10–7 m2/s.
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• A new technology related to this deposition technique is
rapid prototyping.

• Another technique consists of placing the initial coating
onto substrate and subsequent laser treatment (two-step la-
ser deposition). This method was used to improve proper-
ties of thermally sprayed metals, alloys, composites, and
ceramics applied as biomedical coatings, thermal barrier
coatings, wear resistant coatings, corrosion resistant coat-
ings, and wear resistant coatings engraved with a laser
(anilox rolls).

• Future research should be focused on better control of the
process and better understanding of the physical phenom-
ena occurring at laser treatment, such as injection of solid
particles in a melt pool or solidification of the coating.
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