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The influence of convection on the 
homogeneity of laser-applied coatings 
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During laser alloying, a melt pool is created at the passage of a laser beam in which mixing 
occurs by convection because of surface tension gradients. This mixing process in the melt 
bath is reported here in different alloying elements on aluminium (manganese, nickel, cobalt) 
and steel (nickel) substrates and a homogeneous distribution did not appear to be evident. It 
is concluded that density differences, interface tensions and diffusion are the main factors 
affecting the mixing process. 

1. Introduct ion  
Nowadays surface alloying techniques are attracting 
more interest for practical applications. A promising 
process is laser surface alloying. A laser is scanned 
across a surface covered with powder. During passage 
a melt pool is created in which the surface layer is 
mixed with the substrate surface to obtain an im- 
proved microstructure at the surface. An important 
aspect is the homogeneity of the layer determining the 
reliability of the coating, especially if the coating is 
intended to be used in wear or corrosion-resistant 
applications. 

Usually it is assumed that there exists perfect mix- 
ing in the melt pool [1]. In this work aspects of mixing 
are investigated and related to the convective flow in 
the melt pool. Because of the variation of the surface 
energy with temperature, a surface tension driven flow 
is created in the pool [2-4]. This flow takes up 
alloying elements or (ceramic) particles which are 
mixed with the molten material of the laser bath by 
diffusion and by centrifugal forces [5]. If there is 
insufficient time for these processes, a layered struc- 
ture remains after resolidification. 

A detailed study is made of manganese, nickel and 
cobalt on aluminium and nickel powder on iron. 
Powders and substrates are chosen because of their 
different melting points and densities. 

2. Experimental procedure 
The substrate material was ground and ultrasonically 
cleaned. Powder material of different compositions 
was deposited on it by making a suspension of the 
powder in methanol, submersing the sample in this 
suspension and evaporating the methanol. The coat- 
ing material/substrate systems are listed in Table I. 

The samples were scanned by the beam of a 1.5 kW 
CW-CO 2 laser (Spectra Physics 820) under an argon 
atmosphere. The laser passes were well separated to 
inhibit influences of adjacent laser scans. The 
Gaussian beam was deflected by a molybdenum mir- 

ror and focused by a ZnSe lens with a focus distance of 
127 mm.The focus point lay 5 mm above the surface. 
At the surface the power of the beam was 1300 W. The 
scanning velocities were between 1 and 25 cm sec-1. 

After the laser treatment, cross-sections were made 
of the different passes and were analysed by light 
microscopy, transmission electron microscopy (TEM) 
and scanning electron microscopy (SEM). Energy dis- 
persive spectrometry (EDS) was also performed on the 
cross-sections to obtain information of the distribu- 
tion of the different elements in the melt pool. 

3. Theoretical model 
Many studies have been devoted to the investigation 
of the convective flow in electric arc or laser weld 
pools [2-9]. It is generally accepted that the main 
reason for this flow is the gradient in the surface 
energy between the centre of the melt pool and the 
edges. The surface energy increases with decreasing 
temperature in pure liquid metals, which gives an 
outward directed flow at the surface [10]. The flow 
descends at the edges of the melt pool to the bottom 
whereas it rises again in the middle of the beam (see 
Fig. 1). The velocities at the surface are much higher 
than in lower parts of the pool. Sometimes a second- 
ary convection cell was found in the lower parts of the 
melt pool especially at lower velocities [6]. If there are 
surface active elements such as oxygen and sulphur 
present, the surface energy gradient can be diminished 
or changed in sign. In the last case the surface flow is 
also reversed [5]. 

TABLE I Coating material/substrate systems used 

Substrate 

A1 AI AI A1 Fe Fe/0.2% C 

Surface material TiC Mn Co Ni Ni TiC 
Layer thickness 33 13 9 15 8 20.7 
(lam) 
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Figure 1 Convective flow in a cross-section of the melt pool. The 
velocity is indicated by the vectors. 

Because heat flow is faster than the penetration of a 
velocity field in a fluid (thermal diffusion distance 
larger than flow diffusion distance), at the melt front 
the fluid velocity is very low, especially in the lower 
parts of this region [8]. At places with low thermal 
gradients, low fluid velocities are also found, e.g. at the 
edges and in the centre of the pool further away from 
the beam [11]. Because the convective velocity is 
determined by the temperature field it is not linearly 
dependent on the scan velocity [12]. 

Debate exists in the literature concerning the mag- 
nitude of the velocity in the melt. Numerical calcu- 
lations give velocities, v, of the order of 0.1 to 
10 m sec-1 for aluminium [2, 5, 6, 12]. Analytical ap- 
proximations using Anthony and Cline's model reveal 
velocities of 10 to 100 msec -1 for aluminium [4, 13]. 

In the former case, the Reynolds number is below 
2000 if one uses the dimensions of the area of the pool 
where the highest velocities are found. In the latter, the 
melt pool would be very turbulent. 

Ler us consider a two-dimensional case: a cross- 
section of the laser pass. In the time w/vc a volume of 
fluid flows across the surface, a layer of volume, V, 
melts 

/ N 

V = (W-- ]vwd (1) 
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where w represents the width of the melt bath and d is 
the depth. This volume replaces the fluid at the surface 
having a thickness, dm, 

vd 
dm - ( 2 )  

v c 

In the case when the coating material has already 
melted and the interfacial energy is low or negative, 
the surface material behaves almost as part of the melt 
pool and the thickness, dg, of a layer of this material 
will be at the end of the melt pool before it sinks 

Vdl 
dg - (3) 

Uc 

where d~ is the layer thickness. 
If the surface material is heavier than the substrate 

material, due to gravity it will descend into the melt, 
provided it is not prohibited by interfacial tension, 
which means that the contact angle must be smaller 
than 90 ~ The depth, d'g, to which material descends 
during passage is limited. The maximum distance a 
particle falls with a certain velocity is found by equa- 
ting gravity and the friction forces in equilibrium in 

7 1 2  

the melt pool. 

aA9r2 g 
s - At (4) 
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where Ap is the difference in density, r the size of the 
descending volume, a a geometrical constant and At 
the time interval. If there is only diffusion in the 
surface layer, the distance travelled by coating ele- 
ments in the melt will be 

= ( D w ~  U2 

where D is the diffusion coefficient, and dD the diffu- 
sion distance. 

Because the convective velocity is many times 
higher than the laser scan velocity, a fluid element 
circulates many times in the melt pool before solidi- 
fication and a periodic structure emerges with a 
period ¦ 

B = d m + dg (6) 

After surface material has been taken up by the 
flow, the fluid will be homogenized by diffusion. The 
relaxation time, z, for such a process is [14] 

(~)2 

r~2D (7) 

To obtain homogeneity by diffusion only, x should be 
smaller than 1/v, i.e. the average residence time a 
volume is in the melt bath. 

If the density of the particles or droplets is equal to 
the density of the melted fluid only, the surface energy 
term determines if the powder is taken up in the 
stream. After pick up it will follow the streamlines. 

Particles with different density will be displaced 
relative to the streamlines. However, if one calculates 
the maximum travel distance using the steady velocity 
found by equating the centrifugal forces with the 
friction forces, only small ( y  I am) distances are 
found, which is in contrast to electron-beam melt 
pools [15]. 

Usually particles are entrapped at solidification, 
except at low velocities of the order of 10 to 
100 ~tm sec-1, when they can be pushed forward. Be- 
cause the solidification velocity is larger than these 
values, only entrapment is expected [16, 17]. 

4. Resul t s  
Nickel, manganese and cobalt powders on aluminium 
and electro-deposition of nickel on iron were carried 
out. The samples were scanned by the laser at velo- 
cities between 1 and 25 cm sec- 1. 

Three different types of distribution were found in 
the investigated systems: 

(i) completely dissolved material; 
(ii) "onion scale" type layers of alternating surface 

and substrate material (Fig. 2); 
(iii) irregularly formed areas of the surface material 

surrounded by substrate material. 
The manganese on aluminium system did not show 

a completely homogeneous distribution. Manganese- 
and aluminium-rich layers are formed in an "onion 



Figure 2 Schematic representation of a cross-section after a laser 
treatment without complete mixing. Areas with high concentrations 
of surface material are shaded. 

scale" m a n n e r  a r o u n d  the centre of the mel t  poo l  
(Fig. 3). 

On ly  at  scan velocit ies of  1 cm sec -  1 was an a lmos t  
h o m o g e n e o u s  mel t  poo l  formed. At  higher  velocities 
the n u m b e r  of  scales decreased somewha t  and  the 
d is t inc t ion  be tween manganese - r i ch  and  a lumin ium-  
rich areas  became clearer.  After a subsequent  laser  
pass at  the same place, the mixing  became bet ter  but  at  
least  three passes were necessary for the mixing to 
become homogeneous .  After the second pass, dis- 
t inct  "on ion  scales" could  no longer  be detected bu t  
i r regular  manganese- r i ch  areas  were found (Fig. 4). 
The mic ros t ruc tu re  in the resolidif ied area  was cellu- 
l a r /dendr i t i c  (cell size 1 to 10 lam). Eutect ic  o r  feature-  
less areas  somet imes  existed in the i nhomogeneous  
laser  passes, depend ing  on the concent ra t ion .  

The  nickel  and  coba l t  on a lumin ium bo th  showed 
an a lmos t  h o m o g e n e o u s  d i s t r ibu t ion  after laser  t rea t -  
ment  at  low velocities. Large  onion-scale  shaped  
N i / C o  rich areas  were formed d iv ided  by  small  N i / C o  
p o o r  areas.  At  h igher  velocities, on ly  small  N i / C o  rich 

Figure 4 Manganese on aluminium; cross-section after two laser 
passes at the same place. Scanning velocity 1 cm sec i. 

Figure 3 Manganese on aluminium; "onion scale" type layers. 
Scanning velocity 10 cm sec- 1 

Figure 5 Cobalt on aluminium; some cobalt-rich areas were found 
in the upper parts of the laser-molten and resolidified area. Scan- 
ning velocity 40 cm sec- 1 
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T A B L E  II  Layer thicknesses and diffusion times compared with residence time, tr, for manganese,  nickel and cobalt on aluminium and 
nickel on iron. Experimental error in the measured quantities 30%, w = 700 gm, D = 2 x 10-9 m 2 sec-1 

System v Depth d m d I dg d'g d o ~ t r 
(cm sec-  1) (p.m) (gm) (gm) (~tm) (nm) (gm) (ms) (m sec) 

Mn/AI 1 300 3 10 0.1 10 1 0.5 70 
10 150 15 10 1 10 1 11.0 7 
20 150 30 10 2 10 1 51 3.5 

Ni/A1 2.5 160 4 15 0.4 13 1 1 28 
10 110 11 15 1.5 13 1 8 7 

Co/AI 1 150 1.5 9 0.1 13 1 0.1 70 
10 150 15 9 1.5 13 1 14 7 

Ni/Fe 1.6 160 2.6 6 0.1 0.3 1 0.4 70 

areas were formed, mostly at the surface. The concen- 
tration of Ni /Co in the enriched areas increased by 
tenths of a per cent with increasing scan velocity. 

Laser melting of the nickel layer on iron produced a 
homogeneous microstructure: the fluctuations of the 
concentration were smaller than the accuracy of EDS 
measurements. At the edges of the laser passes, over a 
short distance (10 lam), in the cross-sections, a nickel 
layer was found at the bottom of the melted and 
resolidified area. 

5. Discussion and conclusions 
The experimental results can be explained by the 
model described. Table II shows the residence time 
compared with the necessary diffusion times. A 
convective velocity of 1 m sec- 1 was used and a diffu- 
sion coefficient of 2 x 10-9 m 2 sec-1. From the upper 
limit for sinking of the coating material, it can be seen 
that this effect can be neglected. 

Because liquid metals mix well, their interfacial 
energies are low and melted coating and substrate 
material will acc as one liquid. At low velocities 
convection in the melt pool is large enough to create a 
homogeneous distribution of elements, especially in 
the system of nickel on iron. At higher velocities in the 
nickel on aluminium and the cobalt on aluminium 
system the available time is insufficient to homogenize 
the melt by dissolution and diffusion. For  velocities of 
20 cm sec-1 and higher, the temperature in the melt 
pool was probably too low for nickel or cobalt to 
attain a sufficiently low viscosityy A simulation with 
pure aluminium revealed, as a comparison, that only a 
quarter of the surface had a temperature higher than 
1800 K. This effect becomes more distinct if one con- 
siders the case of manganese on aluminium. Mangan- 
ese has a lower melting point than nickel or cobalt. No 
large conglomerates of surface material were ob- 
served. Although there is insufficient time for dissolu- 
tion, especially at higher velocities, the manganese is 
already distributed as onion scales throughout the 
pool. It is not a solidification effect, because in that 
case one would expect that after the second pass, a 
similar distribution, although fainter, would be found. 

Thus the following conclusions are drawn. 
1. Although usually a homogeneous distribution of 

surface material and substrate material is found dur- 
ing a laser treatment, inhomogeneities occur, which 
can be explained by a convective mixing model. 

2. In this study (nickel, cobalt and manganese on 
aluminium, and nickel on iron) it was found that for 
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metals on a metallic substrate the take-up of the 
surface material presented no difficulties. 

3. Mixing is mainly achieved by distribution of the 
material in the convective flow and by diffusion during 
laser treatment. 

4. The larger the melting temperature between sub- 
strate and surface material, the w0rse the homogeniza- 
tion will be. 
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