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ABSTRACT The pattern of making round billets by spray forming technology was studied by means of nu-

merical method combined with experiment. The results show that during the atomization deposition process ,

the shape of the deposit reaches a stable state after a primary transient state , and then the round billet grows in

the mode of equr diameter. The basic condition to reach the stable state is that the withdraw velocity of the

collector, v

,is smaller than acos ¢, where a is the atomization density along the atomization axis , and #is the

atomization angle . With the other technological para meters being constant , round billets with different dia me-

ters can be made by adjusting the withdraw velocity . Additionally, the ratio of gas flux to melt flux ( G/ M)

also directly affects the shaping of round billets in the atomization deposition process .
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1 INTRODUCTION

The spray forming technology is a new
technology for making materials . It has been de-
veloped on the basis of the conventional rapid so-
lidification powder metallurgy[l]. The materials
prepared by the spray forming technology not
only maintain the advantages of the conventional
rapid solidification powder metallurgy , but also
reduce many intermediate processes, cut down
the production cost and depress the oxidation de-
gree . Recently, this new technology has drawn
wide attentions from the industrial circlest?™ *!.

The key is to develop technologies for
preparing deposits of certain shapes[S’(’] . In this
paper, by combining the numerical method with
experiment, the pattern of making round billets
by spraying forming technology was studied, and
the effects of the key technological parameters on

the shaping of round billets were revealed.

2 GROWIH MATHEMATICAL MODEL OF
ROUND BILLETS IN SPRAY DEPOSI-
TION PROCESS

2.1 Establishment of mathematical model

In order to establish the growth mathe mati-
cal model of round billets in the spray deposition
process , two coordinates are introduced as shown
in Fig .1(a) : one is ( R,, &,, Z,) for describing
the shape of the deposit, the other is (r,, 6,
z,) for describing the distribution function of at-
omization density . Fig .1(b) shows the angle be-
tween the central axis of atomization and the
normal growth direction of point P on the de-
posit . This model has several assumptions[7]
(1) The distribution function of atomization

density presents a Gauss distribution with the at-
omization axis as the symmetrical axis, and is
given by
2
M(ry) = aexp(- bry) (1)

where a is the atomization density along the
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atomization axis, bis a distribution coefficient of
the distribution function of atomization density .

(2) All the melt droplets reaching the de-
posit surface will be deposited completely , name-
ly the deposition coefficient is 100 % .

(3) When the atomization included angle of
the atomizer is very small , it can be believed that
the flying direction of the melt droplets is parallel
to the nozzle axis .

(4) When the rotation frequency of the col-
lector is relatively high, the shape of the deposit
is of axial symmetry, and the tangent plane of
the deposit top is parallel to the collector.

Let the initial eccentric distance be [, at the
beginning of the atomization deposition ; it repre-
sents the distance from the center of the collector
to the intersection point of the atomization axis
and the collector. The withdraw velocity of the
collector is kept at v . Let D be the vertical dis-
tance of an arbitrary point P on the deposit to
the atomization axis , and f( R;, ) be the Zval-
ue of point Pat t{ moment, then

D* = (Rsin )2 +

[ Reos @ - tan b+ f(R., t) +

(1 +tan®) - -
vttan 4 - 1] 2 5
(1 + tan ) )

where R, is the radius of point P. Let M( D)
be the atomization density at point P, then
M(D) = a-+exp(- bD%) (3)
There exists a critical boundary between the
melt droplets and the deposit surface in the at-
omization deposition process, i.e. a region |
>TJT/2, in which there are no liquid droplets to
reach . Therefore , we define
1, cos(g) 20
F(@JO, o <0 (4)
Then the surface growth rate, G, at point P is
given by
G(Ry, f(R,, t),t) = F(¢o M(D) N;-
N, (5)
The average growth rate at point P after
each cycle becomes
G(R:, f(R., t), t) =
I
*J‘ F(¢o M(D) N+ N,d® (6)
2T o
When the growth of the round billet reaches
the stable state , its diameter does not change any
more, and the growth rate of the top surface
should be equal to the withdraw velocity of the
collector , namely
dZ, G
dt T ocosa C 7
Substituting Eq.(6) into Eq.(7) yields
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1
2Tcos

T
q[z F(¢o M(D)Ng* N, d®= v
(8)
If the origin of the coordinate ( R,, &,, Z,)
is located at the intersection point of Z, and Z,
then Eq.(2) can be reduced to
D* = (Rsin ®2 + [ Rcos O -
tan #+ f( R,)]’cos’ ¢ (9)
At the center of the top surface, we have
R, = 0and a = 0. Substituting these conditions
and Eq.(9) into Eq.(8) and integrating gives
acos #+ exp[ - bsin® e £(0)]27 = 270
(10)
Simplification of Eq.(10) gives

> 1

0) = In 11
f(0) (bsin2 »in( (1)
The nom negativity of Eq.(11) decides that

acos &
v )

the condition of the existence of stable state in
the growth process of the round billet is
acos ¢
— 21
v

namely
v < acos # (12)
Solving Eqs .(8) and (7) through program-
ming , the growth process of the deposit can be
simulated .
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2.2 Calculation results

A bellFshaped deposit was prepared on the
self- made SF-200 type spray forming equip ment
with the self- made free-fall type atomizer in the
mode of vertical spray and nomreccentricity . The
atomization pressure and the melt flux are con-
stant, the initial receiving distance is 530 mm
and the withdraw velocity of the collector in the
deposition process is zero. The atomization den-
sity at the center of the spray axis, a,is calcu-
lated to be 5 mm/s and the corresponding distri-
bution coefficient of atomization density , b, is
calculated to be 0.001 mm~ 2, thus

M(r) = Sexp(- 0.001 r2) (13)

Based on the mathematical model estab-
lished above , the growth process of the deposit
was calculated by the method of finite difference
under the following conditions: ¢ = 30°, I, =
f=30r/ min, and v =1.0, 0.8,
0.6 mm/s. The calculation results are shown in

45 mm ,

Fig .2 . Corresponding to different withdraw ve-
locities,, the diameters of the deposits are 142,
159,181 mm, respectively .

3 EXPERI MENTAL

3.1 Experimental procedure
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Calculated shapes of round blanks at different withdraw velocities
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The test material is a hypereutectic Al-Si al-
loy with the composition( mass fraction, %) of
Si22.5~23.5, Fe 4.6 ~5.2, and balance Al.
The atomization gas is nitrogen gas .

The tests were carried out with PF-200 e-
quipment in the mode of oblique spray (¢ =
30° . The initial eccentric distance is 45 mm,
and the atomization distance is 530 mm . In the
tests, the melt flux was controlled at 41 g/s by
adjusting the liquid level in the tundish and the
temperature of the melt was kept at 750 *5C.
The gas pressure and flux were changed so as to
find the technological conditions for obtaining
optimum shaping and density ; the withdraw ve-
locity of the collector was changed so as to find
the relationship between the diameter of the
round billet and the withdraw velocity .

3.2 Results and discussion

Table 1 shows the effects of atomization gas
pressure and flux on the shaping and density of
the deposits .

Fig .3 (a) presents the photographs of the
round billets of different specifications prepared
by the atomization deposition process . The max-
imum length and diameter of the round billets
can reach 700 mm and 180 mm, respectively.
Fig .3(b) presents the photographs of the central
cross-sections of two round billets , from which it
can be seen that there exist some porosity in the

parts near the substrate . This is due to the very
rapid solidification rate in these parts which
makes feeding by melt flow very difficult, thus
forming fine solidification porosity. When the
round billets reach their stable states , sequential
solidification is realized except the several mil-
limeters near the external surface , thus the de-
posits have high densities which in general can
reach over 95 % .

Table 1 Effects of atomization parameters
on shaping and density of deposit

Gas Gas Shaping As-cast
pressure  flux i/ti(])vl of density
/ MPa /(g*s™") billet ! %
0.5 32.3 0.79 Poor -
0.7 45 .2 1.10 Ordinary 82
0.8 51.7 1.26 Good 95

Fig .4 shows the relationship between the
diameter of round billet and withdraw velocity
under the experimental conditions adopted in this
work . It indicates that at the same withdraw ve-
locity of the collector, the diameter of the actual
deposit is always s maller than the calculated one .
This is due to the fact that some atomized
droplets collide elastically with the deposit sur
face , thus making the actual deposition efficien-
cy lower than 100 % . But it can also be conclud-
ed from the tests that round billets of desired dr

(a) Profile

(b) Cross section

Fig .3 Photographs of billets made by atomization deposition process
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Fig.4 Relationship between diameter of
round billets and withdraw velocity

ameters can be produced by adjusting the with-
draw velocity of the collector under the condi-
itions that all the other technological parameters
are definite . This is of great importance to the
practical applications of the spray forming in the
industry .

4 CONCLUSIONS

(1) The numerical method in combination
with experiments shows that when the techno
logical parameters are suitably selected, the
shape of the deposit passes a primary transient
stage , and finally reaches a stable state , then the
round billet will grow in the mode of equt dia me-

ter. The basic condition for reaching the stable
state is that the withdraw velocity of the collec-
tor satisfies v < acos 2.

(2) Round billets of different diameters can
be produced by adjusting the withdraw velocity
of the collector with the other technological pa-
rameters being definite .

(3) The ratio of gas flux to melt flux
( G/ M) directly affects the shaping and density
of deposit. For the test Al-Si alloy in this work,
when G/ M = 1 .26, the density of the as-cast
deposit can reach above 95 % .
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