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Introduction inghe and Steefill]. Applying FE-methods, numerous research-

. . . ers[12] have computed the thermocapillary Marangoni flow, in-
Surface processing of materials by high power laser bddins duced by surface tension gradients, since it can significantly alter

lencom||oas_,ses lthe teclrlmc_)lognlas of Ig_ser h?fde”'”%’ llaser r?rgg!tfﬂg’melt pool shape. A model of laser cladding was elaborated by
aser glazing, laser atloying, 1aser dispersing, and 1aser cladoiily,qqq e al.8] who demonstrated that absorption by the powder
Laser cIadgjmg .Of metal surfaces is integrated into |ndustr|@ proportional to the powder feeding rate. The model is not self-
manufacturing Ilne_s in order to create su_rfaces with e”haf‘c gnsistent, since it requires a prescribed clad layer height. Attenu-
hardness, wear resistance, or corrosion resistance. Common indli, of the laser beam by the powder jet was also estimated by Li
trial applications[2] cover cladding of gear shafts, cam-shaftsat 5| [13]. Marsden et al[7] and Pelletier et al[14] discovered
piston rings, extruder parts, engine exhaust val@s turbine e significant geometrical influence of the areas of intersection
blades, or pipepd]. , , between laser beam, melt pool and powder jet on the powder

Laser claddind1,5] is usually carried out by single-step poW-catchment efficiency. By stating a simple energy balance, Powell
der delivery, |Ilustrat_ed in Fig. 1, i.e., during the laser _heatlnE;l5] estimated heating of the powder by the beam. Moreover, his
process the powder is simultaneously blown to the workpiece sigkperiments revealed that different shapes of cross sections can
face rather than being preplaced in advance. The mechanismy@fy|t, depending on the operating conditions. A model describing
the cladding process is as follows. The laser beam, focused {gg diffusion effects during laser cladding was developed by Kar
providing intensities in the order of $910° W/cn?, is absorbed and Mazumdef16].
at the workpiece surface causing melt pool formafiéh Simul- In general, optimization of the cladding process aims for maxi-
taneously, the powder to be added is carried to the processigm coverage rate, maximum powder catchment and beam ab-
zone by a shielding gas jet through an inclined nozzle. The powerption efficiency, but for minimum surface roughness and for
der particles travel through the laser beam where they absorlsteong clad layer adhesion, thus, improving the mechanical or the
portion of the beam power. Those particles which enter the melbrrosion properties of the surface under optimum economic
pool are molten in the pool and stick up during resolidificationgonditions.
thus forming a clad layer track due to continuous motion of the The present work is based on a mathematical model that per-
workpiece. mits theoretical analysis of the laser cladding process, which en-

The substrate material, in most applications aluminum alloy ables the derivation of useful optimization strategies for process
mild steel, shall usually be clad by a material of enhanced hanparameters in industrial applications.
ness. Common powders in use are Co- and Ni-base alloys and
carbideq7,8] like the Co-base alloys Stellite 6 and Stellite F angijgthematical Model
the Ni-base alloy Deloro 50. Since melting of carbide powder is
difficult and not desirable, a second powder component with Energy Balance. Heating of the powder and of the bulk ma-
lower melting point is added, thus providing a molten matrix foterial is considered by stating energy balances. According to Fig.
embedding the carbides. A typical composite coating consists bf two mechanisms of powder heating can be distinguistigd:
60 percent WC/C@88/12 mass percenand 40 percent NiCrBSi, heating of the powder during traveling through the laser be&am,
the latter acting as the matrj9]. Besides the carbides TiC, SiC,subsequent heating by the melt pool. The two mechanisms are
or the ceramics Zr@and CrALO; are frequently usefll0]. More-  discussed by Kaplan et 417,18 in more detail.
over, stainless steel can be deposited in order to improve the corHeating of a powder particle by the laser beam can be calcu-
rosion resistance of unalloyed steel surfafes. All materials lated by the following energy balan¢&7,18:
mentioned above significantly increase the surface hardness and 3r2

. : rom 1 Xp(1)

thus the wear resistance compared to technical surfaces of steel or hp(t)=CpTat —5— ————a, l(x,y)dx—Ah, (1)
aluminum. pArgm vy COSB o

Since the technology of laser beam cladding relies upon com- ) - .
plex physical mechanisms, numerous experimental and theoretié¥ereh, is the average specific enthalpy of the powder particle.
investigations were conducted in the past in order to improve thg!r can take into account the heat of formation of additional
understanding of the process. The experimental behavior of fffaemical reactionenegative for exothermic reactionskeal pow-

cladding process was explained in simple equations by Weer§§! particles are irregular in shape, while in the model they are
approached by equivolumetric spheres with an average powder
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sate each other in the overall energy balance, but they of course
appear at different locations. An enthalpy transformation can be
applied in order to consider latent heat. As in most analytical
solutions, thermal conductivity is taken independent of tempera-
ture [21]. By proper choice of an average value the error in the
calculation remains little, as investigated earlier. In the present
study the thermal properties are averaged over the solid range,
thus from ambient to melting temperature. Therefore any tempera-
ture gradients are overestimated in regions of high conductivity
and underestimated in domains of low conductivity, which
slightly alters the shape of the melt pool. Moreover, E).can
only be applied to a homogeneous substrate with a flat surface.
Thus the geometry of the clad layer as well as the different ther-
mal conductivity are not considered. This strong simplification
was necessary in order to apply an analytical solution. It can be
justified by the fact that heat conduction is mainly governed by
the large bulk material compared to the confined clad layer. The
Fig. 1 Basic mechanism of single-step laser beam cladding model assumes that the dimensions of the melt pool in the clad
layer will be of similar size than for the case of a flat surface.
Surface heat losses due to radiation and convection are neglected,
=Xy ttv,cosp (at fixed y-coordinate each powder particle is an often applied simplification for modeling of laser materials
heated by the absorbed beam intenaity(x,(t),y) that has to be processing, justified by several authors. In addition, thermocapil-
integrated along the trajectoryl{=dx/v, cosp) and multiplied lary melt flow due to Marangoni convection, which can widen the
by the particle interaction cross sectiofn-r in order to obtain the melt pool, is not considered in the model in order to keep it
rise of enthalpy of the powder. Here the powder injection agyle simple.
is defined relative to the workpiece surface. As proven by numeri-From Eq.(3) the boundary of the liquid pool, described by its
cal estimations, heat losses of the powder particle by radiation a¢fthracteristic dimensions of maximum lendti(y) and depth
convection can be neglected. Moreover, the spatial enthalpy dis«(y) as a function ofy, and the average pool temperatiig,,
tribution in the particle approaches equilibrium in a short timer enthalpyh,,, by adding the latent heat of melting, can be
scale(0.01-0.1 mscompared to the dwelling timgl mg. From  calculated.
the enthalpyh, the average temperatufl, of the powder par- ~ When the powder particle enters the liquid pool, it contains an
ticles can be derived by an enthalpy transformation that takes iribdtial enthalpyhp; which results from heating by the beam, Eq.

Melt Pool

Processing
Front

account latent heat of meltingh,,,: (1). The particle is surrounded by melt at average enthalgy,
yielded from Eq.(3), corresponding to an instationary boundary
h<h.:T :E value problem of Dirichlet type with prescribed enthalpy at the
PrstPo¢, surface of a sphere. An analytical solution of this prob[@d] is:
hs§ hp< h| :Tp:Tm (2) rp(hmp_hpl) i

hp(rit) = hpl+

2n+1)r,—
C(n+)rp r)

hi<h, p:hp_cAhm r " 2
P (2n+1)r,+r
where —erf —————| | —Ah,
2kt
hs:Cme . .
The powder enthalpy, spatially averaged over the spherical par-
hj=c,Tn+Ahy ticle coordinater [17,18), is
are the solidus and liquidus enthalpies, respectively. Any chemical o
reactions can be correspondingly considered by their temperaty&t)=h ,+ (h,,,— h )_3\/H i_ E+42 i erf ﬂ)
P pL mp~— Np1
and enthalpy of phase change. o [N Tp =1 Jkt
The temperature field'(x,y,z) in the bulk material is calcu-
lated by the model of a moving Gaussian source of heat scanning —Ah, 4)
over a semi-infinite workpiece surfa¢ed): Again, the enthalpy transformation E@) is applied for deriving
aP, (*  exp—H) the corresponding powder temperatdtefrom h, . Chemical re-
T(X,y,2)=Ta+ Ko Wdu (3) actions can be considered when calculating the powder heating
o Jo (277) 7 (1+u%) cycle, Eq.(1), Eq. (4), because these equations yield the enthalpy
with the function and in thg subsequent enthalpy transformation, (Bg.any heat
of formation can be considered.
X+ uPR2)2+YZ 72 In order to estimate the maximum clad layer cross sedipa
H(w)= 2(1+u?) + 2_/.142 theoretical upper energy limit can be stated. This approach, which

) . o ) is not part of the model but serves for claiming a theoretical physi-
ais the surface absorption, already considering attenuation by g |imit, is valid for high cladding rates, assuming that all ab-
powder jet[8]. Equation(3) has been extendd@0] by superim- sorped laser power is solely consumed for melting the clad layer.
posing different Gaussian beams in order to approach real, Ny energy efficiency coefficieny, can be stated:

Gaussian beam intensity distributions. The above approach is very

useful, because the whole temperature field can easily be calcu- vAp(N—C,Ta)  vAp[Cy(T—Ta)+Ahg]
lated by an analytical expression. However, applied to laser clad- 7e~ =
ding Eqg.(3) contains several strong simplifications. Latent heat of
melting is neglected. Theoretical studies have shown that this simMass Balance. The mass balance relates the mass flow rate of
plification shifts the isotherms, but their size remains similar, ithe striking powder to the workpiece motion, consequently yield-
particular since latent heat of melting and resolidification compeimg the clad layer heighd.. (see Fig. 2b)):

<
aPL aPL L (5)
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Laser Beam 2y\P
. Melt Pool Shape dc(y):dw( 1*(\,\,—) ) C)
d_,(x,y) in Absence ¢
of a Clad Layer whered., is the central clad layer heighty, is the clad layer
| Processia Front . width and the exponen is obtained from a calculated interme-
' d,(x% Clad Layer Height diate point, e.g., by inserting=w.4 into Eq. (6). The shape
dyy) =) __ d.(y) results from the mass balance, while fluid flow and surface

tension effects are not considered in order to keep the model
simple.
Consideration of surface tension is a difficult task that needs

" _BUIK Melting dz(x) dyfy) Bulk Metting  additional comprehensive investigation due to the complexity of
Yy S Ly . RPN A the surface geometrigee Fig. 1, the interaction with the imping-
S Podl Length” | | Clad LayerWidth w; ing powder particles, and the dependence of the surface tension on
I, = fy) 2 5 temperature and impurities, which also causes Marangoni flow. As
a first order approach surface tension forces/r=650
@) ) —1600 N/nt, dominate against gravitygd,= 40— 150 N/nf, by
one order of magnitudéhere: iron for typical geometries of laser
Fig. 2 Model geometry: (a) side view, (b) cross section cladding. Thus, minimizing the surface area causes a circular

cross section of the track that is approached by a parabolic shape
in the model, Eq(9), which is very similar and easier to solve.
Neglecting surface tension effects causes an error in the shape of

de(y)v= 7 Im(y) ™My the track cross section, thus in track height and width. The error
¢ Ptang prl-zﬂ' increases with increasing powder feeding rate because larger cross
. sections cause smaller radii of the surface curvature and in turn
do(y)=7 1 Im(y)mp ©) dominating forces. Comparison with experimental results of Pow-
¢ ppl’jzw tang v ell [15] and Weerasinghe and Stefdri] yields very similar shapes

<5 tl der feedi t d trical
The clad layer height is proportional to the length of the melt poéfrror percent at low powder feeding rate and geometrica

| tna f h : h eviations of 10—30 percent for high powder delivery. For very
m(y) resulting from Eq(3) and to the ratio between the powdetyion nowder feeding rates the track approaches a drop-like cross
mass flow raten, and the processing speed Consequently, the

N . section wider than the melt pool that cannot be described by Eq.
znlgle of Ecl(lg)atlona of the processing front results from the masgg) ¢ by a circle of equivalent cross section. An approach simi-
alance Eq(6):

lar to Eq.(9) can be stated for the bulk melt cross sectiiy).
d 1 m From these approximations, the area of the cross sectigresd
oY) p ! . .
=Ny — (7) A, can be calculated analytically by integration, e.g., for the clad
Im(Y) primtang v layer:

Geometry. The model relies on the assumption that the di- +wy/2
A= j

tang=

mensions of the melt pool during laser cladding remain similar —_—
compared to pure surface melting in the absence of a clad layer. —Wel2 p+1
The process geometry is thus defined by the melt pool dimensiongzor gyerlapping tracks the basic cladding mechanism remains
(see Fig. 2 which in turn determine the clad layer cross sectiogimijar, which means that the width and the area of the track
de(y). At the surface, the melt pool interface solid-liquid can beg i unchanged. The shapg;(y) of the new clad sticks onto
described by the melting froné,(y) and by the resolidification e shaped.; ,(y—Ay,) of the previous clad according to the
front x,(y) which in turn determine the length of the melt pooky,ck gisplacementy, . Since a smooth curved shape can be
Im(y) =X (y) = Xm(y) required ford(y), Eq. (6). The cross sec- gypacted the potential law E€Q) is again applied to obtain the
tion dno(y) of the melt pool determines the remolten bulk matesa,y shaped, ;(y). The shape is achieved by tilting the original

rial in absence of powder. When a clad lag(y) forms, Eq.(6),  ¢os5 sectionl,(y), however, under consideration of conservation
the clad powder linearly sticks on the melt pool from the front tg¢ 1ass. je. ofh, .

the rear, thus yielding the processing front ang@leEq. (7) (see
Fig. 2@) and creates the front surfacedi(x,y)=(x
—Xm(y))tané. Assuming that the relative depth,o(x,y) of the Results and Analysis
melt pool remains unchanged, while the surfdegx,y) has been

elevated, the absolute values of the molten bulk cross section rghe numerical investigations focus on laser cladding of Stellite
also elevated to a maximum deptt,(y)=min{d(x.y) g—p_owde_r(Co-base-aIloy, 28 percent Cr, 4 percent W, 1 percent C;
—dyo(X.y)} m KA grain size 2,=50um) blown (8=30°, 2r;=3mm, 7,

mi 1 .

Dilution 74 is defined as the ratio of molten bulk material of:.80 percent on a mild steel substrate by a cw-Glaser beam

; ; . with flattened intensity profil¢20]. Powder heating is shown in
Cross sectiom, to the total molten cross sectioy + Ay : Fig. 3 for particles that enter the pool at three different locations

Ap Xe: close to the melting fronk,,, close to the resolidification
M= AT A, (8)  front x, and at an intermediate location=x,+0.5 mm. Obser-
vation of an individual powder particle shows that it initially is
Moreover, the geometry of the powder jet has to be taken infeated when flying through the laser betimbeam heating and
account, which is projected onto the workpiece surface leadingtifen it enters the pool at a location determined by the flight tra-
an elliptical area according to its diameter and angle of incidenpgtory of the particle. In the pool the particle is heated by the
(see also Fig. 1 and Fig(&). If this ellipsis does not cover the surrounding melt pool2: pool heatiny until it is in thermal equi-
entire processing front, a smaller, effective powder-covered m@hrium with the melt pool(3: equilibrium and subsequently ex-
pool lengthl % (y) has to be considered in E@) by geometrically periences the same heating and quenching cycle as the melt pool.
cutting off the calculated melt pool surfagg(y),x,(y) point-by- Although powder melting takes place in the demonstrated case of

de(y)dy=dcowe| 1— (10)

point at the borders of the impinging powder jet. high beam focusing, usually heating by the laser beam merely
The shaped.(y) that is obtained point-by-point from E46) enhances the temperature but does not normally cause melting, as

can be approximated by a potential law function also concluded by Pustovalov and BobuchefRa]. Once the
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particles enter the melt pool, they are molten within a few micrc
seconds, which is a negligible duration compared to the travelil
time |,/v through the pool. The mechanism of pool heating i
determined by the pool temperature. Therefore carbides like W
powder are not molten due to the much higher melting point. C*g
and stainless steel have similar melting points below unalloy(g
steel; consequently they are molten by a steel pool, but also —
their own pools since the pool temperature exceeds the melti-:f
point, which is considered in the calculation, too. The specif-c‘:
material aspects for blown powder are discussed in more detail £
Kaplan et al[17,18. Reaching equilibrium with the pool, powder .,

A TR

Powder 316SS
on Mild Steel

and substrate undergo the same quenching cycle, except for §
resolidification transition. [

The clad layer height and width decrease with increasing pr @
cessing speed, as shown in Fig. 4. Comparisons with experimer.E 2 |je
data from Weerasinghe and Stdéd| are in good agreement with — &
the calculations. The decrease in width can be explained by n 8 e
rowing of the melt pool, while the decrease in height is caused |9'.. 1
the reduced number of powder particles per unit length due to t®
higher speed. Despite the strong simplification of the model, pr
dictions of the clad layer cross sections also were in good agre
ment with experimental shapes obtained by Weerasinghe ¢ 0
Steen[11] and Powell[15].

For moderate mass flow rates, the clad layer height is propt
tional to the powder feeding rate, since it is limited by the mass
balance, Eq(6), as illustrated in Fig. 5. However, for large cladFig. 4 Experimental (Weerasinghe and Steen, 1987 ) and calcu-
layer cross sections the fundamental energy limit, E5), is lated melt pool and clad layer dimensions in dependence of the
reached. Any additional powder cannot melt and is thus lost, Bcessing speed for laser cladding of stainless steel on mild
also observed experimentally5,23. The most efficient operating Steel
point is achieved at the mass flow rate that corresponds to the
point of intersection of both limits, which means that, both, pow- ] )
der and energy losses are minimized. Moreover, the influencetéfeen the clad layer and the substrate while the whole melt pool is
speed and power can be seen in Fig. 5, both shifting the limig@mpletely shifted into the clad layer. Moreover, the higher the
The corresponding dilution is plotted in Fig. 6 as a function of thelad layer height the better the energy efficiengy, Eq. (5). In
powder feeding rate. The melting depth and in turn the dilutiofhe energy-limited range, i.e., fope=ay,, no additional clad
drops from 100 percent for absence of powder to 0 percent @eWth can take place, while in turn powder efficiency decreases
moderate powder rates which means that severe dilution can'$éh increasing mass flow rate.
easily avoided when applying sufficiently high powder feeding Overlapping tracks for two different degrees of overlap are
rates, leading to an optimum operation range. Thus the remel@#Wwn in Fig. 7. Larger overlap increases the final clad layer
track of the substrate diminishes for thick clad layers and dilution
vanishes. Beyond this limit the substrate is solely liquid at the

m,=0.212 g/s
L 2r=3 mm
2r,=5mm

P =3 kW
o=60 %

Processing Speed v [mm/s]

leading frontx,,(y) which is thus responsible for adhesion be,:c: . (2) Energy Limit
ET PSS
B
3000 © B
| Stellite 6-Powder (2r,=50 um) e <4 0 &N S
| in Mild Steel-Melt P e [
5) /7 BX o F
e, i / ot 2 |
[ i / 13 £ 3L
o 2000F .. ! 13 = [ o
2 - i ( /  T.(Steel) ~ L D
N ;o el 2}
o L i € / . 3 2 L ! 2r,=4 mm
5 [ | R 7 TStliee = L Sub: Mild Steel
1000 i :E &S:Thermal Equilibrium 2 | 0=60%
3 S V)\Melting of the Powder T, Pow: Stellite 6
g - s 2|/ “2:Heating by the Pool o L 2r,=50 um
o <t ® : =80%
ST X.. Powder Enters Pool 3 N Np= o7
L 2t _—1:Heating by the Beam o [ p=30
Oll e I PRl PR PR 60 | N I — I | I I I Lo,
0 05 1 15 2 25 3 0 0.5 1 1.5

Time t [ms] Powder Feeding Rate m, [g/s]
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

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
Xe balance
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100 intensities if vaporization occurs. Moreover, pulsed processing
cannot be considered in the present model. Real surface condi-
tions can be considered in the absorption coefficient and real in-

tensity distributions can be modelg20].

Conclusions

(i) An analytical model of laser beam cladding has been
elaborated based on balances of mass and energy, accompanied by
geometrical aspects.

(i) The model permits calculation of the temperature distribu-
tion in the workpiece, of powder heating, and of the resulting clad
layer shape.

(iii) The powder is heate(l) by the beam(relatively slow, 1
ms), (2) by the pool(almost immediately, 1ks), (3) by equilib-

................

Parameters

Dilution Mg, Efficiency N1, [%]

- as in Fig.5, rium quenching(slow, 10-100 ms
v=0.5 m/min (iv) Beam melting has to be avoided, which is easily possible
20k P =3000 W for moderate beam focusing.

(v) The stacking limits for the clad height are governed by the
balances of either mass or energy and by the borders of the pow-
der jet.

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

(vii) However, vanishing dilution causes worse layer adherence,
since only the leading curve of the processing front is then respon-
sible for resolidification.

(viii) Large overlap causes low clad surface roughness and high
layer thickness.

Operating
Point

0 0.5 1

1.5
Powder Feeding Rate m, [g/s]

Fig. 6 Substrate dilution, powder catchment and powder heat-
ing efficiency as a function of the powder feeding rate, corre-
sponding to Fig. 5
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E AYP RothneSS RZ 250pm_ Nomenclature
: A, = bulk melting cross section, m
op A, = clad layer cross section,m
g ¢, = specific heat capacity, JkgK *
d. = clad layer height, m
2 d.o = central clad layer height, m
d,, = substrate melting depth, m
dyo = d, in the absence of powder, m
d.; = height of clad layer i, m
erfc() = complementary error function,
(b) h=h.+Ah,, = liquidus enthalpy, Jkg*
4 h, = enthalpy, powder particle, Jkg
Track Displagement h,; = enthalpy, powder after beam heating, Jkg
- Ay > hs=c,Ty, = solidus enthalpy, JKg
. hmp = melt pool enthalpy, Jkg"
T H() = function, see Eq(3)
c L i = index of overlapping tracks
:’ ierfc() = integral of complementary error function
o], D I(x,y) = beam intensity distribution, Wn?
/ // // 7 K = thermal conductivity, substrate, WrhK ~*
/{//% |, = melt pool length, m
) . 0 m, = mass flow rate, powder, kg$
-2 0 2 4 6 8 p = exponent, cross section
P_ = laser beam power, W
y [mm] r = radial co-ordinate, powder, m
Fig. 7 Cross sections of overlapping clad layer tracks: (a) r, = laser beam radius, m

littte overlap (45 percent, Ay,=3 mm), (b) significant overlap I

powder jet radius, m
(75 percent, Ay,=15mm)

r, = radius powder particle, m
R=r/r, = dimensionless beam radius
t = time, s

height and decreases the surface roughfessA few tracks are T = temperature, K
necessary for reaching a constant state of overlapping tracks. Di- T, = ambient temperature, K
lution shifts from the bulk material in case of a single track to the T, = melting temperature, K
previous clad layer during overlapping. Tmp = average melt pool temperature, K

The applicability of the model to real processes fails for high T, = powder temperature, K
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