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THE EFFECT OF GAS PRESSURE ON POWDER SIZE AND MORPHOLOGY IN THE PRODUCTION OF AZ91 POWDER
BY GAS ATOMIZATION METHOD

In this study, the effect of gas pressure on the shape and size of the AZ91 alloy powder produced by using the gas atomization
method was investigated experimentally. Experiments were carried out at 820°C constant temperature in 2-mm nozzle diameter
and by applying 4 different gas pressures (0.5, 1.5, 2.5 and 3.5 MPa). Argon gas was used to atomize the melt. Scanning electron
microscope (SEM) to determine the shape of produced AZ91 powders, XRD, XRF and SEM-EDX analysis to determine the phases
forming in the internal structures of the produced powders and the percentages of these phases and a laser measuring device for
powder size analysis were used. Hardness tests were carried out to determine the mechanical properties of the produced powders.
The general appearances of AZ91 alloy powders produced had general appearances of ligament, acicular, droplet, flake and spheri-
cal shape, but depending on the increase in gas pressure, the shape of the powders is seen to change mostly towards flake and
spherical. It is determined that the finest powder was obtained at 820°C with 2 mm nozzle diameter at 3.5 MPa gas pressure and

the powders had complex shapes in general.
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1. Introduction

Magnesium represents the lightest engineering metal with
a density of 1.74 g/cm®, which is 35% lower than aluminum
and 75% lower than iron from the main building metals in use
[1,2]. Compared to these metals, magnesium has a similar spe-
cific hardness and advantages such as higher specific strength
and a high absorption capacity [1,3]. However, magnesium has
some disadvantages that limit its use as engineering material.
Especially at high temperatures, its creep resistance and mechani-
cal strength are relatively low [1]. Secondly, due to its crystal
structure, the hexagonal close packing (HSP) provides very low
ductility and formability [4]. In addition, magnesium has the high
oxidation sensitivity and the tendency to have a strong chemical
reaction and it can sometimes lead to spontaneous combustion
[5,6]. Therefore, they are usually alloyed with elements such as
aluminum, zinc, zirconium and rare earth elements in order to
increase the strength, corrosion, and fire resistance of magnesium
[7,8]. Magnesium alloys can be divided into two broad categories
as containing aluminum and aluminum free one depending on
whether it was alloyed with aluminum [9-11]. AZ series alloys
are the most common magnesium alloys due to their low cost,
improved corrosion resistance and high mechanical strength
achieved by the addition of aluminum, zinc and manganese
[12-14]. In this alloy family, AZ91 alloy seems to have opti-

mum structural strength because it tends to precipitate from the
magnesium matrix to form dual precipitates with aluminum and
manganese [15,16]. In addition, since it will increase the strength
in these materials having fine microstructure, the production of
the materials with low formability like magnesium and their
alloys with powder metallurgy has become a need.

Powder metallurgy has been developed as an alternative
to the manufacturing methods such as casting, hot and cold
pressing, machining. Since coarse-structured microstructures are
produced by casting method, powder metallurgy is considered
an effective way to encourage a finer microstructure [17,18].
By obtaining composites by using powder metallurgy method,
properties such as increasing surface wear resistance, surface
friction and surface tensions can be brought to the materials at
high temperature [19-22]. Powder production technique with
powder metallurgy method is done by 4 different methods.
These are mechanical methods, chemical methods, electrolysis
method, and atomization method. Among these production
methods, gas atomization method is most widely used one to
obtain fine and spherical powders. The most important reason
to want spherical powder is that powder-powder contact in
pressing and sintering stages is required to be homogeneous
and multi-directional [23].

Atomization is defined as the degradation and solidification
of molten metal into very small droplets with water, air and gas
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pressures or mechanically. Therefore, atomization process is
divided into 4 different parts including, water atomization, gas
atomization, centrifugal atomization, and vacuum atomization.
However, the production of more than 60% of the metal and
nonmetallic powders with gas atomization makes this method
superior. Gases such as air, nitrogen, argon and helium can be
used as pressurized fluid to decompose the liquid metal bundle
in gas atomization [24]. In fact, it is possible to produce all
kinds of metal and alloy powders that can be melted by using
gas atomization method.

In powder production by gas atomization method; pa-
rameters such as gas type, gas pressure, nozzle diameter and
melting temperature are used. As the gas pressure increased,
the temperature and viscosity of the molten material decrease,
which allows the production of smaller size powders [25-27].

2. Materials and methods

For this study, a new gas atomization system, shown in
Fig. 1, was designed and manufactured. For the powder pro-
duction, AZ91 alloy was obtained in the mass from Varzene
Metal A.S. and Table 1 shows the chemical composition of the
obtained material. Determination of chemical composition was
made by XRF (X-Ray Fluorescence Spectroscopy) analysis.
Powder production at different gas pressures was performed by
using argon gas in AZ91 alloy powder production. As a result
of powder production studies, the effect of gas pressure on the
particle size and distribution and the shape of the produced
powders were investigated.

TABLE 1
Chemical composition of AZ91 ingot
Element Content (%)
Mg 90,3
Al 8,74
Zn 0,67
Mn 0,18
Fe 0,01
Ni 0,0062

2.1. Gas atomization unit

Gas Atomization Unit consists of 7 basic parts: Melting
furnace, Atomization tower, Nozzle and nozzle holder, Powder
collecting unit, Gas pressure ramp, Cyclones, and Control panel.

The atomization tower was made of stainless steel in such a
way that it would not hit the wall of the tower during the atomi-
zation of the powders. Produced powders were gathered in the
powder collection unit located at the bottom of the atomization
tower. For the discharge of the gas used from the atomization
tower and the retention of fine powders, two cyclones connected
in serial to each other were designed. During the atomization
process, three argon tubes were connected to the gas ramp to

collection
unit

Fig. 1. Gas atomization unit

prevent the change in the gas pressure and fluctuation when the
gas pressure decreased in the tube. Method of measurement and
adjustment of the gas pressure was made by manometer. Melting
process was carried out in a stainless steel crucible placed in the
furnace. The temperature of the molten material was measured
by means of two thermocouples (Type K), one of which was
immersed in a stainless steel crucible and the other one was
located outside the crucible.

The melting furnace was designed in such a way to oper-
ate continuously at approximately 1200°C. During the melting
process, gas inlet and outlet units were installed on the sides of
the melting furnace in order to form a shielding gas medium and
to prevent the formation of oxide during and after the time of
atomization. In order to control the flow of molten metal in the
crucible, a graphite plug was used with the worm gear system.
A closely matched and circular slotted supersonic nozzle holder
was used to atomize the liquid metal. The distance between outlet
jet and furnace was 3 mm. The angle of outflow of the gas was
42 degrees. The liquid metal performs a free fall through the
exit of the nozzle. Type of the jet was a ring and circular holey
supersonic nozzle. The nozzle was placed on the nozzle holder
in the furnace.

2.2. Atomization studies

Within the scope of the experimental studies carried out in
the atomization unit, AZ91 powder was produced using argon
gas. AZ91 alloy found in ingot was heated to 820°C in a stainless
steel crucible in a melting furnace and held at this temperature
for 1 hour. The melt was then atomized at 2 mm nozzle diameter
and at gas pressures of 0.5, 1.5, 2.5 and 3.5 MPa.



2.3. Analysis of atomized powder

Powder size analyses were performed by using the Mas-
tersizer 3000 model device at the Bartin University Central
Research Laboratory. The working principle of the device is
that red and blue laser lights are sent on the sample. Particle
size analysis was made according to ISO 13320:2009 standard
with Mie theory.

The SEM images and EDX analyses of the produced AZ91
alloy powders were taken from the “Carl Zeiss Ultra Plus Gemini
Fesem” brand device from Karabuk University Institute of Iron
and Steel Research Laboratories. The powders were poured on
“carbon tape” and coated with gold for the images taken from
SEM.

Crystalline phases present in gas atomized powders were
determined by X-ray diffractometry (XRD, RIGAKU-Ultima
IV). In the chemical analysis of produced AZ91 alloy powder,
X-ray fluorescence spectrometry (RIGAKU ZSX Primus II)
was used.

In order to measure the hardness of the produced powders,
the powders were firstly pelletized with ATLAS GS15011 device.
The hardness of the pelletized AZ91 powders was measured us-
ing Vickers HV s method with the Q250 M Universal Hardness
Measurement device.
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3. Experimental results and discussion
3.1. Powder size and distribution

The particle size values of the produced AZ91 alloy powders
(as taken from the atomization unit) are shown as 10% (D, ),
50% (Dy50), 90% (Dy,90) of the volume distribution and span
values in Table 2. In addition, the specific surface area is seen
in Table 2 in order to determine the powder type depending on
the variables and to support the SEM images in Fig. 2.

Gas pressure is known to have an important effect on the
size and shape of the powder in the powder production with
gas atomization method. As is seen in Table 2, the highest gas
pressure value in this study was taken as 3.5 MPa. Powder
production cannot be performed because the gas charged on
the nozzle over this pressure formed reverse pressure (positive
pressure) in the flow direction of the liquid metal from inside
the nozzle. Aydin and Unal [25] emphasized in their study on
the effect of production variables on metal powder production
that the positive pressure values forming at the end of the flow
pipe during the atomization process would slow down the liquid
metal flow, Bostan and Gokmese [26] stated in a similar study
that liquid flow stopped or realized in the reverse direction in
some cases. However, it was observed that this condition did not

Fig. 2. SEM images of AZ91 alloy powders produced at different gas pressures a) 0.5 MPa b) 1.5 MPa c) 2.5 MPa d) 3.5 MPa
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exist under the 3.5 MPa gas pressure. In their study about the
effect of Pb during the solidification of AZ91 alloy, Baram et al.,
emphasized that there was never a back pressure in the nozzle
under 3.0 MPa gas pressure [28]. It is seen in this table that the
powder size reduced as the gas pressure increased.

TABLE 2
Size values of AZ91 powders
Gas Pressure | Dv (10) | Dv (50) | Dv (90) Span Specific Surface
(MPa) pm pm pm P Area (m?*/kg)
0,5 50,5 155 344 1,897 85,18
1,5 34,6 77,4 161 1,635 99,89
2,5 25,9 72,9 156 | 2,334 115,9
3,5 24,2 66,6 160 | 2,046 127.9

Smaller powder production was performed since there
is more energy transfer to the melt metal as the gas pressure
increased. As is seen in Table 2, powder size decreased as the
gas pressure increased. The 50% of powders size at constant
temperature of 820°C and different gas pressures was obtained
as 66.6 pm at 2 mm nozzle diameter and 3.5 MPa gas pressure.
Generally, while 10% of the powders produced for these vari-
ables were below 24.2 um, 90% were composed of powders less
than 160 pm. It was determined that at least 10% of the produced
powders were composed of powders below 10 pm, but it was
not possible to measure these powders since they were coated
both on the atomization tower and cyclones and on the contain-
ers storing the powders.

3.2. Shape and surface form of the powders

Fig. 2 shows SEM images of AZ91 powders produced at
different gas pressures by gas atomization.

When the general appearance of the produced AZ91 alloy
powders was examined, it was observed that the powders had
ligament, acicular, droplet, flake and spherical shapes, but the
shapes of the powders mostly turned to flake, droplet and spheri-
cal depending on gas pressure. The powders produced especially
in a 3.5 MPa gas pressure and whose SEM image is given in
Fig. 2d significantly decreased and it was evident that their
shapes were of dropleted and spherical. In the study conducted
by Fischmeister et al., [29] on the solidification of gas atomized
high-speed steels it was found that the most important parameter
forcing a liquid droplet to become spherical was the surface
tension. When Fig. 3 was examined, a small proportion of the
powder was seen to be spherical. The most important reason for
this was associated with the fact that the atomization tower was
not at the sufficient height. This is because the powder particles
solidified by hitting onto the base of the atomization tower before
they could find time to become spherical.

When the powders randomly solidified under the effect of
atomization were examined in detail, it was observed that small
particle powders formed a satellite on large particle powders.
Satellization process occurs as a result of collision of the small
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Fig. 3. SEM image showing the general appearance of AZ91 powder
produced in 2.5 MPa gas pressure

powder particles with the large powder particles, which have
not yet completed the solidification process, during atomiza-
tion [22,29]. The difference between the solidification times of
powders forming at large and small sizes and the acceleration
of droplets at different sizes in different ratios by the effect of
atomization gas lead to the satellization process [18,30]. Satel-
lization was also observed in the coatings formed by collision
of powder and liquid droplets. Such satellization occurred as is
seen in the SEM images given in Fig. 4 and Fig. 5; on the other
hand, it was observed that the satellization formed by partial
coating the powder by droplet or by the complete coating of the
droplet by powder [31]. The spiral satellization seen in Fig. 5 is
a good example for this.

Satellite
formation , Satellite

formation

Satellite
Jormation

Fig. 4. SEM image of AZ91 powder produced in 3.5 MPa gas pressure

On the other hand, when the satellization in Fig. 5 was ex-
amined, it was observed that the satellites were generally formed
by the powders below 10 um and most of these powders were
composed of spherical particles. The early solidification of small
powders and the collisions of large powders while still in liquid



form cause the formation of satellization. Spherical satellites was
thought to be associated with very large contact surface areas and
having time to become spherical to reduce the surface energy.
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Fig. 5. SEM image of AZ91 powder produced in 3.5 MPa gas pressure

In addition, Fig. 6 shows SEM images taken from surfaces
of the atomized powders at 15000X magnification. When the
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powders produced were examined, it was observed that surface
images of the powders also changed depending on the change of
gas pressure and the powder surfaces had dendritic or cellular-
dendritic microstructure.

It is clearly seen in Fig. 6 that the powder surfaces were
porous and the amount of pores decreased depending on the gas
pressure. In addition, when the surfaces were carefully examined,
it can be noticed that a powder particle (such as in solidification)
was formed by the sub particles and the sub particles got smaller
with increasing gas pressure. The reason for this can be inter-
preted as the increase of the nucleation forming the sub-particles
depending on the solidification rate as in the solidification of
the liquid metal and as the fact that the structure was formed
by smaller particles. On the other hand, it was understood from
SEM images that the increased gas pressure increased the pres-
sure on the unit surface and a denser surface formed due to the
faster cooling of the surface.

3.3. X-Ray diffraction (XRD) and X-Ray fluorescence
(XRF) analyses of the powders

Fig. 7 shows the XRD graph of the atomized AZ91 alloy
powder and Table 3 shows its XRF chemical analysis results.

Fig. 6. SEM images of AZ91 alloy powders produced at different gas pressures a) 0.5 MPa b) 1.5 MPa c) 2.5 MPa d) 3.5 MPa
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Fig. 7. XRD graph of the produced AZ91 alloy powder

TABLE 3

Chemical (XRF) analysis results of the produced AZ91
alloy powders

Element Content (%)
Mg 89,6732
Al 8,2790
Zn 1,2084
Mn 0,4024
Fe 0,0330
Ni 0,0087

4670

In XRD pattern of AZ91 alloy, Mg which is the a (main
phase) phase and f (intermediate phase) phase along with a very
small amount (0.30%) of magnesium oxide (MgO) phase were
determined (Fig. 7). It was thought that the magnesium oxide
phase formed during open-air contact after solidification. This
is because constant argon gas was supplied to the system during
melting and atomization.

AZ91 alloy, whose chemical analysis is presented in Table 3,
contained 89.67 wt % Mg, 8.27 wt % Al and 1.20 wt % Zn. In
addition, trace amounts of Mn, Fe, and Ni were also observed. It
is seen in XRD results given in Fig. 7 that Mg and Al combined
to form Mg;,Al;, precipitate. Grant and Daloz [32,33] stated
in their study on solidification of Al and Mg that Mg;,Al,,
compound formed depending on the solidification path. As is
seen in Fig. 8, AZ91 included hexagonal close packing a-Mg
and eutectic o+ y (y phase is named as volume-centered cubic
p-Mg,,Al;, phase) phases [34,35].

Through SEM and EDX studies performed to determine the
phases forming during the atomization, a-Mg and £ (Mg;,7Al;,)
phases in the internal structure are seen in Fig. 8. As a result
of EDX analysis taken from the points coded with numbers 2
and 5 in Fig. 8, a phase was shown to contain 90.29% Mg,
7.82% Al and 1.88% Zn during the solidification. The result
of EDX analysis taken from the point coded with numbers 1
and 4 in Fig. 8 showed that it consisted of § (Mg;;Al,,) phase,
an intermetallic compound with 50.2% Mg, 48.04% Al, 1.16%
Zn, and 0.57% Mn. The result of EDX analysis taken from the
zone shown with number 3 in Fig. 8 gave AZ91 alloy forming
the main structure.

(AZ91)

SE MAG: 15000 x HV: 10.0 kV  WD: 8.8 mm

Fig. 8. EDX analysis of a and B phases determined on the SEM image



3.4. Microhardness measurement values of
the powders

Six different hardness measurements were made from the
samples which were pelletized in the cold pressing device and
the averages of these hardness values were taken. As a result
of measurements made by the Vickers method under a load of
0.5 g, the hardness. When the results were examined, AZ91 alloy
powders produced at different parameters had average hardness
values of 110-115 HV 5. These results showed that it had no
effect on the hardness of the powders produced depending on
the gas pressure.

4. Conclusions

The following results were obtained in this study conducted
on the characterization of AZ91 powder produced by the gas
atomization method applying different parameters.

1. Powders in different shapes and sizes were obtained with
gas atomization method. The smallest powder size was
obtained at 820°C, in 2 mm nozzle diameter and at 3.5 MPa
pressure.

2. It was observed that the powder size decreased for D, 5,
from 155 pm to 66,6 um depending on the increasing gas
pressure (Table 2).

3. With increasing gas pressure, it was found that the powder
shape changed from the ligament and the acicular to the
droplet and spherical structure. Shares of individual kinds
of shape of obtained powder were determined in relation
to total surface of the material.

4. Itwas observed that during the atomization different shapes
of satellization occurred with the collision of powder and
droplets in the 3.5 MPa atomization gas pressure.

5. It was found that the surfaces of the produced powders
changed depending on the gas pressure and had a dendritic
or cellular dendritic structure.

6. It was determined from XRD and XRF results that the
produced AZ91 alloy powder was composed of a and
(Mg;,Al},) phases and there was a little amount of MgO
phase in the structure.

7.  Gas pressure was determined not to have any serious effect
on the hardness of the produced AZ91 alloy powder.
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