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Transport Phenomena in Spray Processing of 
Structural Materials: An Extended Abstract* 

Y. Wu and E.J. Lavernia 

The interaction behavior between metallic droplets and ceramic particulates during spray atomization 
and co-injection is investigated in the present investigation. A model is developed to predict the penetra- 
tion of ceramic particulates into metallic droplets in the liquid and semi-liquid states. Both surface ten- 
sion and fluid drag forces are considered in formulating the penetration behavior of ceramic particulates. 
It is found that the penetration ability of ceramic particulates increases in the sequence: graphite, SiC, 
A!203, and TiB2. 

1. Introduction 

AN important aspect of discontinuously reinforced metal matrix 
composite (MMC) fabrication is the incorporation of ceramic 
reinforcements into metallic matrices. In particular, in the liquid 
and semisoFid processing of particulate-reinforced MMCs, it is 
often necessary to incorporate ceramic particulates into the ma- 
trix materials through stir mixing, centrifugal mixing, or gas in- 
jection (Ref 1-5). 

Spray atomization and codeposition processes, for example, 
involve the co-injection of ceramic particulates into a dispersion 
of matrix droplets under highly nonequilibrium thermal and so- 
lidification conditions (Ref 5-7). An example of the interactions 
that occur between ceramic particulates and alloy droplets dur- 
ing spray atomization and codeposition is shown in Fig. 1. In the 
processes of spray atomization and co-injection, each particular 
droplet may be in the liquid, semiliquid, or solid state, depend- 
ing on factors such as droplet size and solidification kinetics. 
During the impact with such droplets, ceramic particulates may 
break through the surface and penetrate the droplets if they pos- 
sess sufficient kinetic energy. 

The complex factors that affect penetration behavior render 
the prediction of penetration a challenging task. Although ex- 
perimental evidence has shown that ceramic particulates may 
penetrate metallic droplets during co-injection, there is still a 
need for a systematic study of the penetration phenomenon. 

composite powders were synthesized using a spray atomization 
and co-injection approach. The penetration of ceramic particu- 
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Fig. 1 Schematic diagram showing the interactions between ceramic 
particulates and metallic droplets during spray atomization and co-in- 
jection 

2. Interactions between Droplets and 
Reinforcements 

The present investigation examines the penetration behavior 
of ceramic particulates into metallic droplets during spray at- 
omization and co-deposition. To that effect, A1-4wt%Si-SiC, 
Al-12wt%Si-SiC, A1-4wt%Si-TiB2, and aluminum-graphite 
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(a) (b) 

Fig. 2 The presence of ceramic particulates in aluminum-silicon 
powders prepared by spray atomization and co-injection. (a) SiC. (b) 
TiB 2 

216---Volume 3(2) June 1994 Journal of Thermal Spray Technology 



400 

300 

8 
> 

200 
g 

100- 

Fig. 3 

\ 
\ Droplet diameter = 80 l.un 

Ii \ Fraction of solid = 
I 

', \ ~ 0 . 1 0  
~ \ . . . .  0.05 

\ . . . .  0.025 
~ ~ . . . . . . . .  0.01 

~\ ~ . . . . . . . .  0.0 
\, \ \  

\ , \  \ -, .... 

i i i i 

0 5 10 15 20 25 

Particulate Size (I.tm) 
The critical penetration velocity of SiC plotted as a function of 

particulate size for various fractions of solid 

200 

150- 
.b 

ID 
> 
=o 100- 

. i- ,4 

o 

50- 

0 

Droplet diameter = 80 l.trn 

\ - -  graphite 
I \ . . . .  SiC 

', \ . . . .  a120 3 

\ ~ x ~  . . . . . . . .  TiB 2 
\ , , ,  x~  
' , \ \  

,, ' \ , \ \  -, 

0 5 10 15 20 25 

Particulate Size (~m) 
Fig. 4 The critical penetration velocity plotted as a function of par- 
ticulate size for various ceramic particulates (droplets contain 2.5% 
solid phase) 

lates into atomized droplets was characterized by quantita- 
tive metallography. The results show that ceramic particu- 
lates were incorporated into the droplets. The example in Fig. 
2 shows the presence of TiB 2 particulates in aluminum-sili- 
con droplets. The extent of penetration, however, was found 
to depend critically on the solidification condition of the 
droplets and the physical properties of the ceramic particu- 
lates. Accordingly, extensive incorporation was found in the 
A1-SiC and A1-TiB 2 systems; however, incorporation of 
graphite particulates in the aluminum-graphite system was 
not commonly observed. 

3. Modeling of Interactions 

To provide insight into the penetration behavior of ce- 
ramic particulates into metallic droplets, a theoretical model 
was developed that incorporated the effects of wetting char- 
acteristics and the physical properties of the ceramic particu- 
lates. The model considered both the surface tension of the 
liquid alloy and fluid drag effects. The penetration depth of 
ceramic particulates was calculated by considering the force 
balance during penetration. The force acting on a particulate, 
Fr, was calculated from: 

Fr=Fs+ F d (Eq 1) 

where Fs is the force due to surface energy change induced by 
penetration and Fd is the fluid drag force due to the motion of the 
particulate in the droplet. Furthermore, Fs and F d may be calcu- 
lated from: 

dSpl dS d 
Fs = ~ ~lg cos 0 - ~ )'lg (Eq 2) 

and 

F d = - �89 SpV2f (Eq 3) 

where Spl is the contact area between the particulate and the 
droplet, Sd is the area of the droplet,S is the projected area of the 
particulate in its moving direction, )'lg is the interfacial energy, 0 
is the wetting angle between the particulate and the liquid alloy, 
x is the coordinate in the particulate moving direction, V is the 
particulate velocity, p is the density of the alloy that forms the 
droplets, andfis  a frictional factor (Ref 8). 

4. Results and Discussion 

In the present investigation, the critical penetration velocity 
(i.e., the initial velocity of particulates at which the penetration 
depth of the particulate equals particulate size) was defined as 
the criterion of penetration. By using this model, the factors that 
affect the penetration include the density of the ceramic particu- 
late, the wetting angle between the particulate and the liquid al- 
loy, the fraction of solid contained in the semiliquid alloy, and 
the surface tension of the liquid alloy (Fig. 3). Accordingly, it 
was found that the critical velocity required for penetration in- 
creased with increasing wetting angle and fraction of solid, but 
decreased with increasing particulate density. Alternatively, for 
each given velocity, a minimum size of particulates was found 
that can penetrate the droplets. Finally, the penetration ability of 
ceramic particulates was defined by the area underneath the 
critical penetration velocity versus the minimum particulate 
size curve. When the various ceramic particulates that are nor- 
mally encountered in MMCs were compared, penetration abil- 
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ity was found to decrease  in the fol lowing sequence:  TiB2, 
A1203, SiC, and  graphite (Fig. 4). 
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