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Process Analysis of Laser Beam
Cladding
The technology of laser beam cladding of metals by single-step powder delivery is
lyzed with a process model which is based on balance equations of energy and
Effects like powder heating, clad layer formation, substrate dilution and overlappin
tracks are discussed in dependence of the process parameters. In particular, the p
catchment efficiency and the beam energy redistribution in the material can be optim
by the powder mass flow rate and by the geometrical properties of the beam and
powder jet. @DOI: 10.1115/1.1344899#
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Introduction
Surface processing of materials by high power laser beams@1#

encompasses the technologies of laser hardening, laser reme
laser glazing, laser alloying, laser dispersing, and laser cladd
Laser cladding of metal surfaces is integrated into indust
manufacturing lines in order to create surfaces with enhan
hardness, wear resistance, or corrosion resistance. Common i
trial applications@2# cover cladding of gear shafts, cam-shaf
piston rings, extruder parts, engine exhaust valves@3#, turbine
blades, or pipes@4#.

Laser cladding@1,5# is usually carried out by single-step pow
der delivery, illustrated in Fig. 1, i.e., during the laser heat
process the powder is simultaneously blown to the workpiece
face rather than being preplaced in advance. The mechanis
the cladding process is as follows. The laser beam, focused
providing intensities in the order of 103– 105 W/cm2, is absorbed
at the workpiece surface causing melt pool formation@6#. Simul-
taneously, the powder to be added is carried to the proces
zone by a shielding gas jet through an inclined nozzle. The p
der particles travel through the laser beam where they abso
portion of the beam power. Those particles which enter the m
pool are molten in the pool and stick up during resolidificatio
thus forming a clad layer track due to continuous motion of
workpiece.

The substrate material, in most applications aluminum alloy
mild steel, shall usually be clad by a material of enhanced ha
ness. Common powders in use are Co- and Ni-base alloys
carbides@7,8# like the Co-base alloys Stellite 6 and Stellite F a
the Ni-base alloy Deloro 50. Since melting of carbide powde
difficult and not desirable, a second powder component w
lower melting point is added, thus providing a molten matrix f
embedding the carbides. A typical composite coating consist
60 percent WC/Co~88/12 mass percent! and 40 percent NiCrBSi,
the latter acting as the matrix@9#. Besides the carbides TiC, SiC
or the ceramics ZrO2 and CrAl2O3 are frequently used@10#. More-
over, stainless steel can be deposited in order to improve the
rosion resistance of unalloyed steel surfaces@11#. All materials
mentioned above significantly increase the surface hardness
thus the wear resistance compared to technical surfaces of ste
aluminum.

Since the technology of laser beam cladding relies upon c
plex physical mechanisms, numerous experimental and theore
investigations were conducted in the past in order to improve
understanding of the process. The experimental behavior of
cladding process was explained in simple equations by Wee
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inghe and Steen@11#. Applying FE-methods, numerous researc
ers @12# have computed the thermocapillary Marangoni flow, i
duced by surface tension gradients, since it can significantly a
the melt pool shape. A model of laser cladding was elaborated
Picasso et al.@8# who demonstrated that absorption by the powd
is proportional to the powder feeding rate. The model is not s
consistent, since it requires a prescribed clad layer height. Atte
ation of the laser beam by the powder jet was also estimated b
et al. @13#. Marsden et al.@7# and Pelletier et al.@14# discovered
the significant geometrical influence of the areas of intersec
between laser beam, melt pool and powder jet on the pow
catchment efficiency. By stating a simple energy balance, Po
@15# estimated heating of the powder by the beam. Moreover,
experiments revealed that different shapes of cross sections
result, depending on the operating conditions. A model describ
the diffusion effects during laser cladding was developed by K
and Mazumder@16#.

In general, optimization of the cladding process aims for ma
mum coverage rate, maximum powder catchment and beam
sorption efficiency, but for minimum surface roughness and
strong clad layer adhesion, thus, improving the mechanical or
corrosion properties of the surface under optimum econo
conditions.

The present work is based on a mathematical model that
mits theoretical analysis of the laser cladding process, which
ables the derivation of useful optimization strategies for proc
parameters in industrial applications.

Mathematical Model

Energy Balance. Heating of the powder and of the bulk ma
terial is considered by stating energy balances. According to
1, two mechanisms of powder heating can be distinguished:~1!
heating of the powder during traveling through the laser beam,~2!
subsequent heating by the melt pool. The two mechanisms
discussed by Kaplan et al.@17,18# in more detail.

Heating of a powder particle by the laser beam can be ca
lated by the following energy balance@17,18#:

hp~ t !5cpTa1
3r p

2p

r4r p
3p

1

np cosb
apE

2`

xp~ t !

I ~x,y!dx2Dhr (1)

wherehp is the average specific enthalpy of the powder partic
Dhr can take into account the heat of formation of addition
chemical reactions~negative for exothermic reactions!. Real pow-
der particles are irregular in shape, while in the model they
approached by equivolumetric spheres with an average pow
particle radiusr p . The powder absorption coefficientap is aver-
aged over the angle of incidence according to the grain surf
While traveling through the laser beam along a trajectoryxp(t)

e
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5xp01tvp cosb ~at fixed y-coordinate! each powder particle is
heated by the absorbed beam intensityapI (xp(t),y) that has to be
integrated along the trajectory (dt5dx/vp cosb) and multiplied
by the particle interaction cross sectionr p

2p in order to obtain the
rise of enthalpy of the powder. Here the powder injection anglb
is defined relative to the workpiece surface. As proven by num
cal estimations, heat losses of the powder particle by radiation
convection can be neglected. Moreover, the spatial enthalpy
tribution in the particle approaches equilibrium in a short tim
scale~0.01–0.1 ms! compared to the dwelling time~1 ms!. From
the enthalpyhp the average temperatureTp of the powder par-
ticles can be derived by an enthalpy transformation that takes
account latent heat of meltingDhm :

hp,hs :Tp5
hp

cp

hs<hp,hl :Tp5Tm (2)

hl<hp :Tp5
hp2Dhm

cp

where

hs5cpTm

hl5cpTm1Dhm

are the solidus and liquidus enthalpies, respectively. Any chem
reactions can be correspondingly considered by their tempera
and enthalpy of phase change.

The temperature fieldT(x,y,z) in the bulk material is calcu-
lated by the model of a moving Gaussian source of heat scan
over a semi-infinite workpiece surface@19#:

T~x,y,z!5Ta1
aPL

Kr b
E

0

` exp~2H !

~2p3!1/2~11m2!
dm (3)

with the function

H~m!5
~X1m2R/2!21Y2

2~11m2!
1

Z2

2m2

a is the surface absorption, already considering attenuation by
powder jet@8#. Equation~3! has been extended@20# by superim-
posing different Gaussian beams in order to approach real,
Gaussian beam intensity distributions. The above approach is
useful, because the whole temperature field can easily be c
lated by an analytical expression. However, applied to laser c
ding Eq.~3! contains several strong simplifications. Latent heat
melting is neglected. Theoretical studies have shown that this
plification shifts the isotherms, but their size remains similar,
particular since latent heat of melting and resolidification comp

Fig. 1 Basic mechanism of single-step laser beam cladding
610 Õ Vol. 123, NOVEMBER 2001
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sate each other in the overall energy balance, but they of co
appear at different locations. An enthalpy transformation can
applied in order to consider latent heat. As in most analyti
solutions, thermal conductivity is taken independent of tempe
ture @21#. By proper choice of an average value the error in t
calculation remains little, as investigated earlier. In the pres
study the thermal properties are averaged over the solid ra
thus from ambient to melting temperature. Therefore any temp
ture gradients are overestimated in regions of high conducti
and underestimated in domains of low conductivity, whi
slightly alters the shape of the melt pool. Moreover, Eq.~3! can
only be applied to a homogeneous substrate with a flat surf
Thus the geometry of the clad layer as well as the different th
mal conductivity are not considered. This strong simplificati
was necessary in order to apply an analytical solution. It can
justified by the fact that heat conduction is mainly governed
the large bulk material compared to the confined clad layer. T
model assumes that the dimensions of the melt pool in the
layer will be of similar size than for the case of a flat surfac
Surface heat losses due to radiation and convection are negle
an often applied simplification for modeling of laser materia
processing, justified by several authors. In addition, thermoca
lary melt flow due to Marangoni convection, which can widen t
melt pool, is not considered in the model in order to keep
simple.

From Eq.~3! the boundary of the liquid pool, described by i
characteristic dimensions of maximum lengthl m(y) and depth
dm(y) as a function ofy, and the average pool temperatureTmp ,
or enthalpyhmp by adding the latent heat of melting, can b
calculated.

When the powder particle enters the liquid pool, it contains
initial enthalpyhpl which results from heating by the beam, E
~1!. The particle is surrounded by melt at average enthalpyhmp ,
yielded from Eq.~3!, corresponding to an instationary bounda
value problem of Dirichlet type with prescribed enthalpy at t
surface of a sphere. An analytical solution of this problem@21# is:

hp~r ,t !5hp11
r p~hmp2hp1!

r (
n50

` FerfcS ~2n11!r p2r

2Akt
D

2erfcS ~2n11!r p1r

2Akt
D G2Dhr

The powder enthalpy, spatially averaged over the spherical
ticle coordinater @17,18#, is

hp~ t !5hp11~hmp2hp1!
3Akt

r p
F 2

Ap
2

Akt

r p
14(

n51

`

i erfcS nrp

Akt
D G

2Dhr (4)

Again, the enthalpy transformation Eq.~2! is applied for deriving
the corresponding powder temperatureTp from hp . Chemical re-
actions can be considered when calculating the powder hea
cycle, Eq.~1!, Eq. ~4!, because these equations yield the entha
and in the subsequent enthalpy transformation, Eq.~2!, any heat
of formation can be considered.

In order to estimate the maximum clad layer cross sectionAc a
theoretical upper energy limit can be stated. This approach, w
is not part of the model but serves for claiming a theoretical phy
cal limit, is valid for high cladding rates, assuming that all a
sorbed laser power is solely consumed for melting the clad la
An energy efficiency coefficienthe can be stated:

he5
nAcr~hl2cpTa!

aPL
5

nAcr@cp~Tm2Ta!1Dhm#

aPL
<1 (5)

Mass Balance. The mass balance relates the mass flow rate
the striking powder to the workpiece motion, consequently yie
ing the clad layer heightdc ~see Fig. 2~b!!:
Transactions of the ASME
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dc~y!n5hp

l m~y!

tanb

ṁp

rr j
2p

dc~y!5hp

1

rr j
2p tanb

l m~y!ṁp

n
(6)

The clad layer height is proportional to the length of the melt po
l m(y) resulting from Eq.~3! and to the ratio between the powde
mass flow rateṁp and the processing speedv. Consequently, the
angle of inclinationu of the processing front results from the ma
balance Eq.~6!:

tanu[
dc~y!

l m~y!
5hp

1

rr j
2p tanb

ṁp

n
(7)

Geometry. The model relies on the assumption that the
mensions of the melt pool during laser cladding remain sim
compared to pure surface melting in the absence of a clad la
The process geometry is thus defined by the melt pool dimens
~see Fig. 2! which in turn determine the clad layer cross secti
dc(y). At the surface, the melt pool interface solid-liquid can
described by the melting frontxm(y) and by the resolidification
front xr(y) which in turn determine the length of the melt po
l m(y)5xr(y)2xm(y) required fordc(y), Eq. ~6!. The cross sec-
tion dm0(y) of the melt pool determines the remolten bulk mat
rial in absence of powder. When a clad layerdc(y) forms, Eq.~6!,
the clad powder linearly sticks on the melt pool from the front
the rear, thus yielding the processing front angleu, Eq. ~7! ~see
Fig. 2~a!! and creates the front surfacedf(x,y)5(x
2xm(y))tanu. Assuming that the relative depthdm0(x,y) of the
melt pool remains unchanged, while the surfacedf(x,y) has been
elevated, the absolute values of the molten bulk cross section
also elevated to a maximum depthdm(y)5minx$df(x,y)
2dm0(x,y)%.

Dilution hd is defined as the ratio of molten bulk material o
cross sectionAb to the total molten cross sectionAc1Ab :

hd5
Ab

Ac1Ab
(8)

Moreover, the geometry of the powder jet has to be taken i
account, which is projected onto the workpiece surface leadin
an elliptical area according to its diameter and angle of incide
~see also Fig. 1 and Fig. 2~a!!. If this ellipsis does not cover the
entire processing front, a smaller, effective powder-covered m
pool lengthl m* (y) has to be considered in Eq.~6! by geometrically
cutting off the calculated melt pool surfacexf(y),xr(y) point-by-
point at the borders of the impinging powder jet.

The shapedc(y) that is obtained point-by-point from Eq.~6!
can be approximated by a potential law function

Fig. 2 Model geometry: „a… side view, „b… cross section
Journal of Manufacturing Science and Engineering
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dc~y!5dc0S 12S 2y

wc
D pD (9)

where dc0 is the central clad layer height,wc is the clad layer
width and the exponentp is obtained from a calculated interme
diate point, e.g., by insertingy5wc/4 into Eq. ~6!. The shape
dc(y) results from the mass balance, while fluid flow and surfa
tension effects are not considered in order to keep the mo
simple.

Consideration of surface tension is a difficult task that ne
additional comprehensive investigation due to the complexity
the surface geometry~see Fig. 1!, the interaction with the imping-
ing powder particles, and the dependence of the surface tensio
temperature and impurities, which also causes Marangoni flow
a first order approach surface tension forces,s/r 5650
21600 N/m2, dominate against gravity,rgdc5402150 N/m2, by
one order of magnitude~here: iron! for typical geometries of lase
cladding. Thus, minimizing the surface area causes a circ
cross section of the track that is approached by a parabolic s
in the model, Eq.~9!, which is very similar and easier to solve
Neglecting surface tension effects causes an error in the shap
the track cross section, thus in track height and width. The e
increases with increasing powder feeding rate because larger
sections cause smaller radii of the surface curvature and in
dominating forces. Comparison with experimental results of Po
ell @15# and Weerasinghe and Steen@11# yields very similar shapes
~error ,5 percent! at low powder feeding rate and geometric
deviations of 10–30 percent for high powder delivery. For ve
high powder feeding rates the track approaches a drop-like c
section wider than the melt pool that cannot be described by
~9!, but by a circle of equivalent cross section. An approach si
lar to Eq.~9! can be stated for the bulk melt cross sectiondm(y).
From these approximations, the area of the cross sectionsAc and
Ab can be calculated analytically by integration, e.g., for the c
layer:

Ac5E
2wc/2

1wc/2

dc~y!dy5dc0wcS 12
1

p11D (10)

For overlapping tracks the basic cladding mechanism rem
similar, which means that the width and the area of the tra
remain unchanged. The shapedc,i(y) of the new clad sticks onto
the shapedc,i 21(y2Dyb) of the previous clad according to th
track displacementDyb . Since a smooth curved shape can
expected the potential law Eq.~9! is again applied to obtain the
new shapedc,i(y). The shape is achieved by tilting the origin
cross sectiondc(y), however, under consideration of conservati
of mass, i.e., ofAc .

Results and Analysis
The numerical investigations focus on laser cladding of Stel

6-powder~Co-base-alloy, 28 percent Cr, 4 percent W, 1 percent
grain size 2r p550mm! blown ~b530°, 2r j53 mm, hp
580 percent! on a mild steel substrate by a cw-CO2-laser beam
with flattened intensity profile@20#. Powder heating is shown in
Fig. 3 for particles that enter the pool at three different locatio
xe : close to the melting frontxm , close to the resolidification
front xr and at an intermediate locationxe5xm10.5 mm. Obser-
vation of an individual powder particle shows that it initially
heated when flying through the laser beam~1: beam heating!, and
then it enters the pool at a location determined by the flight
jectory of the particle. In the pool the particle is heated by t
surrounding melt pool~2: pool heating! until it is in thermal equi-
librium with the melt pool~3: equilibrium! and subsequently ex
periences the same heating and quenching cycle as the melt
Although powder melting takes place in the demonstrated cas
high beam focusing, usually heating by the laser beam me
enhances the temperature but does not normally cause meltin
also concluded by Pustovalov and Bobuchenko@22#. Once the
NOVEMBER 2001, Vol. 123 Õ 611
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particles enter the melt pool, they are molten within a few mic
seconds, which is a negligible duration compared to the trave
time l m /v through the pool. The mechanism of pool heating
determined by the pool temperature. Therefore carbides like W
powder are not molten due to the much higher melting point.
and stainless steel have similar melting points below unallo
steel; consequently they are molten by a steel pool, but also
their own pools since the pool temperature exceeds the me
point, which is considered in the calculation, too. The spec
material aspects for blown powder are discussed in more deta
Kaplan et al.@17,18#. Reaching equilibrium with the pool, powde
and substrate undergo the same quenching cycle, except fo
resolidification transition.

The clad layer height and width decrease with increasing p
cessing speed, as shown in Fig. 4. Comparisons with experime
data from Weerasinghe and Steen@11# are in good agreement with
the calculations. The decrease in width can be explained by
rowing of the melt pool, while the decrease in height is caused
the reduced number of powder particles per unit length due to
higher speed. Despite the strong simplification of the model, p
dictions of the clad layer cross sections also were in good ag
ment with experimental shapes obtained by Weerasinghe
Steen@11# and Powell@15#.

For moderate mass flow rates, the clad layer height is pro
tional to the powder feeding rate, since it is limited by the ma
balance, Eq.~6!, as illustrated in Fig. 5. However, for large cla
layer cross sections the fundamental energy limit, Eq.~5!, is
reached. Any additional powder cannot melt and is thus lost
also observed experimentally@15,23#. The most efficient operating
point is achieved at the mass flow rate that corresponds to
point of intersection of both limits, which means that, both, po
der and energy losses are minimized. Moreover, the influenc
speed and power can be seen in Fig. 5, both shifting the lim
The corresponding dilution is plotted in Fig. 6 as a function of t
powder feeding rate. The melting depth and in turn the dilut
drops from 100 percent for absence of powder to 0 percen
moderate powder rates which means that severe dilution ca
easily avoided when applying sufficiently high powder feedi
rates, leading to an optimum operation range. Thus the reme
track of the substrate diminishes for thick clad layers and dilut
vanishes. Beyond this limit the substrate is solely liquid at
leading frontxm(y) which is thus responsible for adhesion b

Fig. 3 Heating of a Stellite 6-powder particle as a function of
time; „1… heating by the laser beam, „2… heating by the melt
pool, „3… equilibrium with the melt pool; the three curves corre-
spond to particles with different pool entrance location x e
612 Õ Vol. 123, NOVEMBER 2001
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tween the clad layer and the substrate while the whole melt poo
completely shifted into the clad layer. Moreover, the higher t
clad layer height the better the energy efficiencyhe , Eq. ~5!. In
the energy-limited range, i.e., forhe5ap , no additional clad
growth can take place, while in turn powder efficiency decrea
with increasing mass flow rate.

Overlapping tracks for two different degrees of overlap a
shown in Fig. 7. Larger overlap increases the final clad la

Fig. 4 Experimental „Weerasinghe and Steen, 1987 … and calcu-
lated melt pool and clad layer dimensions in dependence of the
processing speed for laser cladding of stainless steel on mild
steel

Fig. 5 Clad layer height and bulk melting depth as a function
of the powder feeding rate for varying translation speed and
beam power; height limited by: „1… mass balance, „2… energy
balance
Transactions of the ASME
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height and decreases the surface roughnessRz . A few tracks are
necessary for reaching a constant state of overlapping tracks
lution shifts from the bulk material in case of a single track to t
previous clad layer during overlapping.

The applicability of the model to real processes fails for hi

Fig. 6 Substrate dilution, powder catchment and powder heat-
ing efficiency as a function of the powder feeding rate, corre-
sponding to Fig. 5

Fig. 7 Cross sections of overlapping clad layer tracks: „a…
little overlap „45 percent, Dy bÄ3 mm …, „b… significant overlap
„75 percent, Dy bÄ1.5 mm …
Journal of Manufacturing Science and Engineering
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intensities if vaporization occurs. Moreover, pulsed process
cannot be considered in the present model. Real surface co
tions can be considered in the absorption coefficient and rea
tensity distributions can be modeled@20#.

Conclusions

~i! An analytical model of laser beam cladding has be
elaborated based on balances of mass and energy, accompan
geometrical aspects.

~ii ! The model permits calculation of the temperature distrib
tion in the workpiece, of powder heating, and of the resulting c
layer shape.

~iii ! The powder is heated~1! by the beam~relatively slow, 1
ms!, ~2! by the pool~almost immediately, 10ms!, ~3! by equilib-
rium quenching~slow, 10–100 ms!.

~iv! Beam melting has to be avoided, which is easily possi
for moderate beam focusing.

~v! The stacking limits for the clad height are governed by t
balances of either mass or energy and by the borders of the p
der jet.

~vi! In order to avoid bulk dilution, the mass flow rate and t
processing speed have to exceed a lower limit.

~vii ! However, vanishing dilution causes worse layer adheren
since only the leading curve of the processing front is then resp
sible for resolidification.

~viii ! Large overlap causes low clad surface roughness and
layer thickness.
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Nomenclature

Ab 5 bulk melting cross section, m2

Ac 5 clad layer cross section, m2

cp 5 specific heat capacity, Jkg21 K21

dc 5 clad layer height, m
dc0 5 central clad layer height, m
dm 5 substrate melting depth, m

dm0 5 dm in the absence of powder, m
dc,i 5 height of clad layer i, m

erfc( ) 5 complementary error function,
hl5hs1Dhm 5 liquidus enthalpy, Jkg21

hp 5 enthalpy, powder particle, Jkg21

hp1 5 enthalpy, powder after beam heating, Jkg21

hs5cpTm 5 solidus enthalpy, Jkg21

hmp 5 melt pool enthalpy, Jkg21

H( ) 5 function, see Eq.~3!
i 5 index of overlapping tracks

ierfc( ) 5 integral of complementary error function
I (x,y) 5 beam intensity distribution, Wm22

K 5 thermal conductivity, substrate, Wm21 K21

l m 5 melt pool length, m
ṁp 5 mass flow rate, powder, kgs21

p 5 exponent, cross section
PL 5 laser beam power, W

r 5 radial co-ordinate, powder, m
r b 5 laser beam radius, m
r j 5 powder jet radius, m
r p 5 radius powder particle, m

R5r /r b 5 dimensionless beam radius
t 5 time, s

T 5 temperature, K
Ta 5 ambient temperature, K
Tm 5 melting temperature, K

Tmp 5 average melt pool temperature, K
Tp 5 powder temperature, K
NOVEMBER 2001, Vol. 123 Õ 613
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v 5 processing speed, ms21

vp 5 powder particle velocity, ms21

wc 5 clad layer width, m
x 5 coordinate, parallel, m

xm 5 melting front location, m
xe 5 entrance powder into pool, m
xp 5 powder flight location, m
xr 5 resolidification front, m

X5x/r b 5 dimensionless coordinate
y 5 coordinate, lateral, m

Y5y/r b 5 dimensionless coordinate
z 5 coordinate, vertical, m

Z5z/r b 5 dimensionless coordinate
a 5 absorption, surface

ap 5 absorption, powder
b 5 powder jet angle, rad

Dhm 5 latent heat of melting, Jkg21

Dhr 5 heat of formation of chemical reactions, Jkg21

Dyb 5 track displacement, m
hd 5 dilution
he 5 energy efficiency
hp 5 powder catchment rate
k 5 thermal diffusivity, ms22

u 5 processing front angle, rad
r 5 specific density, powder, kgm23

m 5 dimensionless timem5A2kt/r b
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