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ABSTRACT

In order to prepare good magnetic abrasive particles (MAPs) and make it play a better role in magnetic
abrasive finishing (MAF), an experimental investigation on the formation mechanism of Al,03/Fe-based
composite spherical MAPs prepared via gas-solid atomization is presented. The morphology of MAPs and
the distribution of Al,03 abrasives inside and outside the iron matrix were characterized by scanning
electron microscopy and energy-dispersive spectroscopy. The breaking mechanism of gas-solid two-phase
flow to molten metal was analyzed by comparing with the metal powder prepared via gas atomization. The
formation mechanism of MAPs was studied by analyzing and calculating the mutual movement and cooling
process between Al,03 abrasive and metal droplet. The results show that the breaking mechanism of gas-
solid two-phase flow to molten metal is quite different from that of pure gas. Under the same experimental
conditions, the average particle size of MAPs prepared by gas-solid atomization is smaller than that of metal
powders prepared by gas atomization. After observing the surface and cross-section of MAP, it is found that
Al,05 abrasives are only evenly and densely distributed on the surface of iron matrix, and there is almost no
Al,05 abrasives inside the iron matrix. The calculation shows that in the process of MAPs’ formation, the
time of Al,03 abrasive moving from the inside to the surface of the droplet is less than that of droplet

cooling.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic abrasive finishing (MAF) is a special precision-finishing
technology that drives magnetic abrasive particles (MAPs) to finish
the surface of parts through the magnetic force generated by mag-
netic pole [1-3]. Due to the flexibility and self-adaptability of MAPs
in the machining process, MAF is mostly used in areas those are not
easy to be finished by traditional grinding, such as complex curved
surfaces and inner surfaces of parts [4-6]. As a finishing tool, the
preparation methods of MAPs include mechanical mixing, sintering,
plasma powder melting, gas-solid atomization, etc., among which
sintering and mechanical mixing are the main methods [7-10].

In order to give full play to the machining advantages of MAPs,
the ideal MAP model should be spherical, and the ceramic abrasives
are evenly and densely distributed on the surface of iron matrix, and
there are no ceramic abrasives inside the iron matrix (Fig. 1) [11]. The
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ideal MAPs will not only enhance the processing efficiency and
uniformity of MAF, but also provide high strength and long proces-
sing life for the iron matrix of MAPs, which are not easy to damage in
MAF [12]. Sintering and mechanical mixing have simple preparation
process and low cost, but the prepared MAPs are often irregular in
shape; ceramic abrasives are distributed inside and outside the iron
matrix; and the bond formed between ceramic abrasives and iron
matrix is not strong, which are far from the ideal MAPs [13,14].
We have successfully prepared Al,Os, SiC, CBN, PCD/Fe-based
composite spherical MAPs by gas-solid atomization, which are close
to the ideal MAP model. They are used in MAF of stainless steel, 718
and other materials, and the MAPs show good processing efficiency
and uniformity [15-18]. In the process of MAF, the ceramic abrasives
and the iron matrix are firmly combined, and there are almost no
ceramic abrasives shedding and iron matrix breaking. The finishing
life of MAPs can reach 120 min. Although we have prepared MAPs
close to the ideal MAP model, their formation mechanism has not
been explored. Sajjadi et al. prepared A356 composite reinforced
with Al,Os; particles by a developed compocasting method and
studied the dispersion process of Al,O5 particles in the matrix [19].
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Fig. 1. Ideal model of MAP.

Ao et al. investigated the degradation mechanism of 6063 aluminum
matrix composites reinforced with TiC and Al,03 particles and found
that the adding of TiC and Al,03 particles reduces the corrosion
resistance of the composite material [20]. Gupta et al. prepared
metal matrix nanocomposites using Fe as base material reinforced
with Al,03 and doped with CeO, by powder metallurgy technique
and found that 1.0 % CeO, doped Fe-Al,0; metal matrix nano-
composite system showed the formation of nano amorphous layer
on the specimen surface [21]. We will study the formation me-
chanism of MAP by analyzing the movement process of Al,03 par-
ticles in iron matrix.

In this paper, an investigation on the formation mechanism of
ceramic/metal composite spherical MAPs prepared via gas-solid
atomization is presented. Compared with the experiment of pre-
paring metal powder via gas atomization, the breaking mechanism
of gas-solid two-phase flow to molten metal was analyzed. The
formation mechanism of ceramic/metal composite droplets was
studied by analyzing the movement process of ceramic abrasives in
metal droplets and the cooling process of composite droplets. It
provides a theoretical basis for the better development of ceramic/
metal composite spherical MAPs prepared via gas-solid atomization.

2. Experiment procedures

MAP consists of iron matrix and ceramic abrasives. The iron
matrix had the following composition (in wt%): Sig ¢-Als 4-Nis-Fegs.
The abrasive phase used in the experiment was Al,Os; abrasives
(99.99 % pure) with grain sizes of W7 (5-7 um). The atomization gas
was N,. Fig. 2 presents a schematic diagram of the ceramic/metal
composite spherical MAP-preparation system. First, the Al,03 abra-
sives were added to the mixing device, which was connected to the
atomizing nozzle and the N, cylinder respectively. The iron matrix
material was added into the melting furnace and heated to 1650 °C.
Then, the molten iron matrix was poured into the heat crucible,
while the mixing device was opened at the same time. The falling
metal flow was blown and atomized into Al,03/Fe-based composite
droplets by N, mixed with Al,O3 abrasives sprayed from the ato-
mizing nozzle. Finally, the composite droplets were cooled and so-
lidified during the falling process to form Al,03/Fe-based composite
spherical MAPs. In order to study the crushing mechanism of gas-
solid two-phase flow to molten metal, a group of control experi-
ments of preparing metal powders via gas were added. Except that
the atomizing medium was replaced by pure N,, other experimental
conditions were the same.

To investigate the breaking mechanism of gas-solid two-phase
flow to molten metal, the particle size distribution of MAPs prepared
by gas-solid atomization and gas atomization was counted and
compared. The distribution of Al,03 abrasives on the surface and

High-pressure gas
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Atomizing chamber
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Fig. 2. Schematic diagram of ceramic/metal spherical MAPs preparation system.

inside of iron matrix was observed by scanning electron microscopy
(SEM). The distribution of Fe and Al on the surface of MAPs was
detected using energy-dispersive spectroscopy (EDS) to analyze and
calculate the movement process of Al,03 abrasives in metal droplets.
The secondary dendrite arm spacing of MAPs was measured to es-
timate the cooling rate of composite droplets and determine the
formation mechanism of the MAPs. The formation mechanism of
MAPs was finally determined by exploring the movement and
cooling process.

3. Results and discussion
3.1. Breaking mechanism of gas-solid two-phase flow to molten metal

Fig. 3 shows the Al,03/Fe-based composite spherical MAPs pre-
pared via gas-solid atomization. It can be seen that the MAP exhibits
considerable sphericity, and the Al,03 abrasives are uniformly and
densely distributed on the surface of iron matrix, which is basically
consistent with the ideal MAP model. Fig. 4 shows the comparison of
particle size distribution of powders prepared by gas-solid atomi-
zation and gas atomization under the same experiment conditions.
The average particle size of MAPs prepared by gas-solid atomization
is smaller than that of metal powder prepared by gas atomization,
which shows that gas-solid two-phase flow has stronger breaking
ability to molten metal.

When the atomizing medium impacts the molten metal, the in-
ertial force of the atomizing medium is the fundamental factor to
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Fig. 3. SEM images of Al,03/Fe-based composite spherical MAP prepared via gas-solid atomization.
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Fig. 4. Particle size distribution of powders prepared by gas-solid atomization and gas
atomization.

break the molten metal. When pure gas impacts molten metal, its
inertia force is very small due to the extremely small mass of gas
molecules. In this case, the gas molecule cannot penetrate the metal
liquid surface, but only destabilize the surface through the dis-
turbance energy of gas [22]. The metal droplets get rid of the

Molten alloy

(@

(b)

bondage of viscous force and separate from the liquid surface to
break the molten metal (Fig. 5a). When the gas-solid two-phase flow
impacts molten metal, the inertia force of Al,03 abrasives is much
greater than that of gas molecules because the mass of Al,03 abra-
sives is much greater than that of gas molecules. When the gas
disturbs the surface of molten metal, it is accompanied by the pro-
cess of Al,Os abrasives penetrating the surface of molten metal,
which makes the molten metal easier to be broken (Fig. 5b).

Weber number (W,) is the main parameter to measure the de-
gree of droplet breakage in gas atomization [23]. When the Weber
number of atomizing medium is greater than a certain critical value,
the droplets begin to break. The larger Weber number is, the shorter
breaking time and the smaller breaking particle size will be. The
Weber number can be expressed as [24]:

We = 20g (v — vi)*n/q, (1)
where p; is the gas density, v, is the gas velocity, v; is the droplet
velocity, r; is the droplet radius, and ¢, is the surface tension of the
droplet. Due to the low viscosity of molten metal, the metal droplets
are mainly affected by aerodynamic force and surface tension. When
aerodynamic force and surface tension of metal droplets are in
equilibrium [25]:

1
ERIPg(Vg — vt = 270

Molten alloy

Fig. 5. Schematic diagram of molten metal impacted by different atomizing media: (a) Ny, (b) N».Al,O3.
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Fig. 6. Cross-sectional pictures of Al,03/Fe-based composite spherical MAPs: (a) Multiple MAPs, (b) Single MAP.

where R, is the resistance coefficient of metal droplets. The following
equation can be obtained by combining Eq. (1) and Eq. (2):

_ 208 (Vg — Da _ E

We
ol R (3)

In the process of breaking molten metal by gas-solid two-phase
flow, metal droplets are affected not only by aerodynamic force and
surface tension, but also by the collision force of ceramic abrasives.
The abrasive collision force (F;) per unit time can be expressed as:

F; = psVs(vs — v)) (4)
where ps is the density of Al,O3 abrasive, Vs is the volume of Al,03

abrasive, and v; is the velocity of Al,O3 abrasive. Then the critical
equation of metal droplet breakage is:

1 ’
ERng(Vg — v)%an? + psVs(vs — vi) = 27 (5)
The following equation can be obtained by combining Eq. (3) and
Eq. (5):
208 (vg' — v’ 4psVs(vi—v) _ 8
al mhoiR R (6)

Comparing Eq. (3) with Eq. (6), it can be seen that v;~ <v,. That
is, when the same metal droplet is broken by different atomizing
medium, the velocity of gas-solid two-phase flow is smaller than
that of pure gas. In other words, when the velocity of gas-solid two-
phase flow is the same as that of pure gas, the breaking effect of gas-
solid two-phase flow on metal droplets is better.

3.2. Formation mechanism of ceramic/metal composite spherical MAP

Fig. 6 shows the cross-sectional picture of Al,03/Fe-based com-
posite spherical MAPs prepared via gas-solid atomization. It can be
seen from Fig. 6a that some Al,05 abrasives on the surface of MAPs
forcibly separated from the phenolic resin remain in the phenolic
resin, and there are almost no Al,O3 abrasives inside the MAPs
embedded in the phenolic resin. It is further revealed that Al,03
abrasives are mostly embedded on the surface of MAP, which is si-
milar to the ideal MAP model. The cross-sectional picture of the MAP
after corrosion is shown in Fig. 6b. The average spacing of secondary
dendrite arms of MAP with particle size of 102 um is about 2.5 pm.

Fig. 7 shows the EDS results of MAP surface, in which four main
elements of Al, Fe, Si and Ni are detected. It can be seen that most
Al,05 abrasives on the surface of MAP are partially covered by iron
matrix, and a few Al,05 abrasives are completely covered by iron
matrix. It can be inferred that there are two reasons for the phe-
nomenon of Al,O3 abrasives partially covered by iron matrix in the
atomization process. One is that some Al,O5 abrasives float out of
the droplet surface soon after entering the droplet interior in the

early stage of metal droplet cooling, and the other is that the re-
maining Al,03 abrasives fail to break through the droplet surface due
to insufficient dynamics. The phenomenon of Al,03 abrasives com-
pletely covered by iron matrix is because that they enter the interior
of the droplet in the middle and late stage of droplet cooling, and the
droplet has solidified when they are about to float out of the surface
of the droplet.

When Al,03 abrasives collide with metal droplet, the following
three situations may occur. First, the Al,03 abrasives fail to break
through the metal droplet surface and stick to or fall off the droplet
surface. Second, the Al,03 abrasives are captured by the droplet and
move together after entering the metal droplet. Third, the Al,03
abrasives continue to move after entering and penetrating the metal
droplet. The first two situations occur when the relative velocity
between Al,0O3 abrasives and metal droplet is low or the internal
resistance of droplet is large. The third situation occurs when the
relative velocity is high or the internal resistance is small.

When Al,0O5 abrasive collides with metal droplet, the kinetic
energy (AE;) of the Al,03 abrasive changes as follows:

1
AEs = —psVsAv?
2 (7)
where Avy is the velocity difference before and after Al,03 abrasive
collide with the surface of metal droplet.
When Al,03 abrasive enter metal droplet, the surface energy
(AE)) of metal droplet changes as follows [25]:

AEl = —S;07 cos 6 (8)

where S; is the surface area of Al,0O3 abrasive, and @ is the wetting
angle between Al,O5 abrasive and metal droplet. When AE; - AE; < 0,
the Al,03 abrasive cannot break through the surface of metal dro-
plet. When AE; - AE; >0, the Al,03 abrasive enter the metal droplet
and move with the droplet or penetrate the droplet. Generally, the
Al,O5 abrasive’s entering and penetrating the droplet should meet
the following relationship [26]:

_ 0.407 —0.096 -0.278
1- 0.246(2”’°5|’75 i ') (2”"5“’) (ﬂ) <0
Yl N Ts

(9)

where 75 is the dynamic viscosity of Al,O5 abrasive, ; is the dynamic

viscosity of metal droplet, and r; is the radius of Al,O5 abrasive.
Assuming that both Al,03 abrasive and metal droplet are sphe-

rical, when Al,03 abrasive cannot penetrate the metal droplet and

stays inside the droplet, it is mainly affected by three forces: gravity

(Fy), buoyancy (Fp) and internal friction resistance (Fy). Fig. 8 shows

the force analysis diagram of Al,O3 abrasive in the metal droplet.
The gravity (Fg) of Al,05 abrasive can be expressed as:

4
Fy=pVsg = E”psgr$3 (10)
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Fig. 7. (a) SEM image and (b-d) EDS analysis of MAP surface: (b) Al-Fe-Si-Ni, (c) Al, (d) Fe.
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Fig. 8. The force analysis diagram of Al,05 abrasive in the metal droplet.

The buoyancy (F,) of Al,O3 abrasive in metal droplet can be ex-
pressed as:

4
Fy = pigVs = Eﬂplgrs3 (11)

According to Stokes law, the internal friction resistance (Fy) of
Al,03 abrasive in metal droplet can be expressed as [27]:
Ff = 6717),1”3\/5 (12)

The resultant force (F;) of Al,05 abrasive in metal droplet can be
expressed as:

b =F—F—F (13)

Therefore, the acceleration of Al,05 abrasive in metal droplet is:

a = R _ 2,o,gr52 - 2pSgT52 — I vs
) PSVS 2,057'52 (14)

Then the time taken for the Al,O3 abrasive at the center of the
droplet to move to the surface of the droplet is:

"\ (15)

In the above equations, the density (p;) of metal droplet is about
7 g/cm?, the density (ps) of Al,O3 abrasive is 3.5 g/cm®, the gravita-
tional acceleration (g) is 9.8 m/s?, the radius (r;) of Al,O5 abrasive is
3.5 mm, and the average viscosity (7;) of iron matrix at 1300-1600 °C
is about 0.008 Pa-s [28]. If the Al,O3 abrasive is only affected by
gravity and buoyancy when moving in the droplet, the average ve-
locity (vs') of the Al,O3 abrasive moving from the center to the sur-
face of the droplet can be expressed as:

n ]
VSI — 1 — 1

J2nja;  \[2n]g (16)

The velocity of Al,03 abrasive in the actual movement process is
not only affected by gravity and buoyancy, but also by the internal
friction resistance of droplet. Therefore, the actual average velocity
(vs) of Al,O5 abrasive in the droplet is lower than v By substituting
the above data into Eqs. (14)-(16), it can be calculated that the ac-
celeration (a,) of ceramic particle in the metal droplet with particle
size of 100um is about 9.79m/s?, and the time (t,) taken for the
Al,05 abrasive at the center of the droplet to move to the surface of
the droplet is about 0.0032 s

In the process of preparing metal powder via gas atomization,
the solidification of metal droplet follows Newton's law of cooling.
The forms of droplet heat dissipation are convective heat dissipation
and radiant heat dissipation, in which convective heat dissipation is
the main form [29]. In gas-solid atomization, there is convective heat
transfer not only between N, and metal droplet, but also between
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Al,03 abrasive and metal droplet. Therefore, the heat dissipation of
metal droplet in the preparation of MAP via gas-solid atomization
can be expressed as [30]:

Q: thg(n - Tg) + hsAs(Tl - Ts) (17)

where hy is the convective heat transfer coefficient between gas and
droplet, A; is the contact area between gas and droplet, T; is the
droplet temperature, T, is the gas temperature, h; is the convective
heat transfer coefficient between Al,O5 abrasive and droplet, A; is
the contact area between Al,05 abrasive and droplet, and T is the
temperature of Al,O3; abrasive. The temperature of gas and Al,03
abrasive is approximately the same after mixing, i.e. T = T,. The
contact area between Al,03 abrasive and droplet is set as As = aA,.
Then, Eq. (17) can be written as:

Q=hAg(T - Ty) (18)

where h = hg +ah; is the comprehensive heat transfer coefficient of
gas-solid two-phase flow and metal droplet. The cooling rate of
metal droplet can be obtained from Newton's law of cooling [31]:

dr _ 3h(i-Ty)

where C; is the specific heat capacity of metal droplet. Because the
contact area (As;) between Al,03 abrasive and droplet and other
parameters are difficult to predict, the cooling rate of metal droplet
cannot be accurately calculated by Eq. (19). Therefore, the cooling
rate (Cg) of metal droplet is estimated by measuring the secondary
dendrite arm spacing (1) of MAP. The relationship between sec-
ondary dendrite arm spacing and cooling rate can be expressed
as [32]:

1 = 148(Cy)-038 (20)

And we calculated that the average secondary dendrite arm
spacing of MAPs with particle size of 100 um is about 2.5 um. By
substituting 4= 2.5 into Eq. (20), it can be calculated that the cooling
rate (Cg) is 4.6 x 10 °C/s. Then, the time taken for the metal droplet
temperature to drop from 1600 °C to 1300 °C is about 0.0065 s. The
cooling time (t. = 0.0065) of droplet with particle size of 100 um is
about twice the time (t,, = 0.0032) of Al,O3 abrasive moving from
the center to the surface of droplet. After that, the cooling time of
MAPs with different particle sizes and the time of Al,Os; abrasive
moving from the center to the surface of droplet were measured and
calculated. The comparison results are shown in Fig. 9. The differ-
ence between cooling time (t.) and moving time (t,,) gradually in-
creases with the increase of MAP particle size. In the early stage of
gas-solid atomization, when the Al,O3 abrasives initially break the
liquid flow, the metal droplet diameter is large, and the cooling rate
of the droplet is slow. Most of the Al,O3 abrasives have moved to the
droplet surface before the droplet solidifies. Therefore, most MAPs
have few Al,03 abrasives inside. The few Al,05 abrasives remaining
inside the iron matrix are due to the fact that when the Al,03
abrasives enter or move out of the droplet, the metal droplet has
begun to solidify. Or the droplet diameter is small and the droplet
solidifies quickly, so that the Al,05 abrasives have no time to move to
the droplet surface.

Therefore, during the preparation process of ceramic/metal
composite spherical MAPs in MAF via gas-solid atomization, the
cooling rate should not be too large, and the density difference be-
tween ceramic and metal should not be too small. It must be ensured
that the Al,O3 abrasive has enough time to move from the inside of
metal droplet to the surface, and the metal droplet also has enough
spheroidization time. On the other hand, the cooling rate should not
be too small either, and it must be ensured that the composite
droplet has completely solidified before falling to the bottom of the
atomizing chamber. After that, we want to prepare ceramic/metal

Journal of Alloys and Compounds 923 (2022) 166400
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Fig. 9. Comparison of the time of Al,03 abrasive moving from the center to the
surface of droplets and the cooling time of droplets with different particle sizes.

composite spherical powders in 3D printing via gas-solid atomiza-
tion, and the ceramic particles should be evenly distributed inside
and on the surface of the powder. Therefore, when preparing
ceramic/metal composite powders in 3D printing, it is necessary to
increase the cooling rate or reduce the density difference between
ceramic particle and metal droplet, so as to slow down the moving
speed of ceramic particle in metal droplet.

4. Conclusions

In this study, the breaking mechanism and formation mechanism
of ceramic/metal composite spherical MAPs prepared by gas-solid
atomization were explored. The results are summarized as follows:

1. The breaking mechanism of gas-solid two-phase flow to molten
metal is different from that of the pure gas to molten metal.
When the molten metal is broken by pure gas, the droplets are
stripped from the surface of the molten metal through the dis-
turbance of gas, while the way that the molten metal is broken by
the gas-solid two-phase flow is the disturbance breaking of gas,
accompanied by the penetration breaking of ceramic abrasives.
Under the same experimental conditions, the molten metal is
easier to be broken by gas-solid two-phase flow, where the
average diameter of droplets is smaller and the breaking effi-
ciency is higher.

2. The MAP prepared by gas-solid atomization has good sphericity,
with Al,0O5 abrasives evenly and densely distributed on the sur-
face of the iron matrix, and there are almost no Al,O3 abrasives
inside the iron matrix, which is basically consistent with the ideal
MAP model. Most Al,03 abrasives on the surface of MAP are
partially covered by iron matrix, and a few Al,03 abrasives are
completely covered by iron matrix.

3. After analyzing and calculating the movement process of Al,03
abrasive in metal droplet and the cooling process of metal dro-
plet, it is found that the time for most Al,03 abrasives in droplet
to move to the surface of droplet is less than the solidification
time of droplet. Therefore, the ceramic/metal composite sphe-
rical MAP prepared by gas-solid atomization is closer to the
ideal MAP.

4. This study reveals the breaking mechanism of gas-solid two-
phase flow to molten metal and the formation mechanism of
ceramic/metal composite spherical MAP, which provides theo-
retical support and method guidance for the development of
ceramic/metal composite MAPs in MAF and ceramic/metal
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composite powders in 3D printing prepared by gas-solid atomi-

zation.
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