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Abstract

In this study, the effect of sintering temperatures were investigated
experimentally on the (B) (Mgl7Al12) phase formed at the grain
boundaries of the AZ31 alloy produced via the gas atomization
method. This was achieved through tests carried out on pressed
powder under pressure of about 600 MPa and different sintering
temperatures of about 500, 550 and 600 °C. The SEM images were
obtained and examined. The images showed that the phase [
(Mg17Al12) which was formed at the grain boundaries started to
spread to the surface with the increase of the temperature. In
addition, the effect of temperature was evident through the
occurrence of shrinkage of the grains. This can be practically
explained by the increase in temperature and the increase of plastic
deformation in powders. After a certain value, the powders were
resistant to deformation and consequently disintegration occurred.
The effect of temperature was not only spread on the grain
boundaries but also throughout the whole structure.

Key words: Gas atomization, AZ31 alloy powder, sintering
temperature.
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1. Introduction

Magnesium is known as the lightest engineering metal having a
density of 1.74 g/cm?, that is 35% less than aluminum and 75%
less compared to primary metals used today [1,2,3]. In
comparison, magnesium has a remarkable hardness and brings
many benefits such as better specific strength and increased
absorption capacity [2,4]. The AZ31 series alloys are one of the
most common magnesium alloys thanks to their lower cost, better
resistance to corrosion as well as mechanical strength obtained
through adding aluminum, zinc and manganese [5,6]. In this
family of alloys, the AZ31 alloy has additional structural strength
since it precipitates from the magnesium matrix and forms dual
precipitates with aluminum and manganese [7,8]. Furthermore, as
it adds to the strength of these materials with fine microstructures,
producing them with low formability such as that of magnesium’s
and their alloys with powder metallurgy today has turned into a
necessity in the industry. For this reason, powder metallurgy has
been proved to be an option in manufacturing methods like casting,
hot and cold pressing, and machining. Whereas coarse-structured
microstructures can be formed via casting, powder metallurgy is
regarded as a useful method so as to come up with finer
microstructures [9,10]. Making composites with the help of the
powder metallurgy method, characteristics like increased surface
wear resistance, surface friction and surface tensions can be
achieved at high temperature [11,12]. Powder production
technique using this method can be carried out in four different
ways: mechanical, chemical, electrolysis, and atomization. Among
the other methods, gas atomization is the most common for the
purpose of obtaining fine and spherical powders. The primary
reason for demand behind spherical powder material is that
powder-powder contact in pressing and sintering stages has to be
both homogeneous and multi-directional [1,13,14]. In this respect,
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atomization can be described as the degradation and solidification
of molten metal into tiny droplets using either water, air and gas
pressures or mechanical pressure. In return, the atomization
process has 4 different forms: water atomization, gas atomization,
centrifugal atomization, and vacuum atomization. Producing over
60% of the metal and nonmetallic powders with gas atomization
makes has made this specific method an advantageous one over the
other forms. Gases including air, nitrogen, argon and helium can
be applied as pressurized fluid so as to decompose the liquid metal
bundle in gas atomization [15]. In other words, one can produce
any form of metal and alloy powder which can be melted using the
gas atomization method. In doing so, there are major factors at
play, mainly the type of gas, its pressure, nozzle diameter and
melting temperature. As the gas pressure is added, the temperature
and viscosity of the molten material tend to drop, thereby allowing
the formation of smaller powders [16,17].

2. Sintering

Sintering is a kind of heating process, which enables the bonded
powdered metal parts to connect to each other and provides
significant strength increase and improvement of the properties. For
sintering to be effective, the most important factor is the contact of
the powders with each other. In this context, sintering is applied to
pressed or molded powders [18]. Sintering is the heat treatment of
the pressed parts in order to obtain the desired properties in a
controlled atmosphere and at high temperature. In the case of
sintering temperature; 70% to 80% of the melting temperatures of
the metals are taken, while the sintering temperature in some
refractory materials reaches up to 90% of the melting temperature.
The sintering temperature can be mixed with more than one material
and the pressed parts can be above the melting temperature of some
components. In such cases, materials with a low melting
temperature melt and fill the gaps between powders with high
melting temperatures [19,20].

The sintering process usually occurs in 3 stages (Figure 1). These;
1. Burning or cleaning zone
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Figure 1. Stage of the sintering [20]

The first combustion and cleaning zone is the area where oil and
binders are removed by air burning. Cleaning of lubricants and
binders in the material occurs at low heating speeds. At high heating
speeds; the binder and air, which usually burn in the pores, cause
internal fragmentation by causing internal pressure. Bonds begin to
form between the particles in the high temperature zone. This
process occurs by solid state diffusion. The formation of
intermetallic phases and solid solutions occurs by means of solid
state diffusion. At the high temperature, a bond is formed between
the contacting parts and this bond is strengthened by the mutual
transfer of atoms. The waiting time in this region varies according
to the desired density and characteristics. Waiting time is usually 10
min. between several hours. Oxidation is prevented as the cooling
zone is made under atmospheric control. Since fine powder particles
do not provide full contact before sintering and contain residual
porosity, atmosphere control must be present in these 3 steps [16].
Another measure of sintering is determined as the ratio of neck
diameter to sphere diameter. (X/D) and the neck diameter as
determined by Figure 2. The region indicated by P in the figure is
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called the radius of the neck circular profile. In addition to the actual
neck growth, a sintered mass is shrunk (i.e, the pores are ejected),
concentrated and increased in strength.

Figure 2. Sintering profile of two grains [18]

When two of the assemblies in Figure 3, are considered, there is a
plurality of mating zones in the compressed powder pile. The bonds
between the particles in contact with the progress of the sintering
process expands and join. Each boundary grows one limit. As shown
in Figure 3, the two particles are completely joined together as a
result of a long sintering, resulting in a single sphere of 1.26 times
the starting diameter.

Figure 3. Sintering model of two grains [21]

6 Copyright © ISTJ il sine waball (358
4l 5 o glall 40 al) Aol



International Science and Volume32aad) gy plall A3 i

Imtrwaational beimrs mad Taviasiags demraal

Tyl part2 s pemeeg 2K

July 2023 s s

#2023/ 7 /30 :fuh ddsal) o b pdialy 42023/ 6/ 26 sfmty 488N adia) &

As shown in Figure 4, a schematic diagram showing the change of
the pore structure during sintering starting with the point contact of
the particles is given. The space volume gradually decreases and
gaps become more spherical. Clearly, it is clear that gaps are
replaced by grain boundaries as globalization of space is formed.

T ——— RS
o

Figure 4.Schematic illustration of change of the pore structure during
sintering [21]

2.1. Solid Phase Sintering

The solid phase sintering process is the result of intense
condensation of the powder particles to the sintering temperature.
The solid phase sintering process is shown in the diagram in Figure
5. In the diagram, solid-state sintering occurs in the X1 composition
between A and B at temperature T1.

Liquid phase Sintering

Viscous circulation sintering

Tme
* Transient liguid phaﬂ

e e

Solid phase sintering

A X B
Composition

Figure 5. Sintering phase diagram [22]
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2.2. Liquid Phase Sintering

The liquid phase sintering is sintered at the temperature at which the
liquid phase is formed. A sudden shrinkage occurs by the formation
of the liquid phase. During this shrinkage, the solid particles enter a
new order in the liquid phase. Liquid phase sintering occurs when a
liquid phase is formed in the powder during sintering. The diagram
showing the liquid phase sintering is given in Figure 5. In the
diagram, liquid phase sintering occurs in composition X1 at
temperature T3. In liquid phase sintering, the amount of liquid phase
cannot exceed 20 percent. In liquid phase sintering, ceramic
powders can be sintered at low temperature and in short time.
However, parts produced by liquid phase sintering are not suitable
for use at high temperatures [21].

While the main powder remains solid during the sintering, the
additive powder provides the liquid phase formation. Figure 6
consists of 4 parts. In the first part, the powders appear to be crude.
In the second part, liquid phase propagation occurs. In the third
section, the precipitation process occurs in the melt. Finally, in the
fourth section, the liquid phase sintering process is finished and the
solid skeleton of the material appears.

Figure 6. Stage of liquid phase sintering using two powder mixtures [22]

In Figure 7, grain growth occurs by re-precipitation of solids formed
by the precipitation of small size grains on large grains. In addition
to grain growth, the sintering process also gives the grain shape
adjustment process. Thus, the solid is better packed and any
remaining pore is thought to be better filled with liquid.
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Figure 7. Precipitation and grain growth in liquid phase sintering process
[22]

3. Experimental Work

In this study, firstly, gas atomization unit was used. In this gas
atomization unit, production of AZ31 powder, which is magnesium
alloy by gas atomization method from metal powder production
methods, was chosen. The parameters used in the materials, which
have similarity to AZ31 alloy as production parameters, are taken
into consideration. Experimental studies were performed with three
different parameters, temperatures, nozzle diameters,gas pressures
were used,. In addition, in order to determine the usability of the
powders produced, rectangle shaped of 32 mm length, 13 mm width
and 7 mm thickness samples were manufactured. For this purpose,
samples prepared at 600 MPa pressing pressure in one-way press
were subjected to be sintered at different temperatures (500, 550 and
600 C°). Pre and post sintering densities of the prepared samples
were determined and the pore amount and percentage of the samples
were determined approximately.

Table 1. Chemical composition of AZ31 alloy

Material Mg AL Zn Mn
Content (%) 95.7144 2.77 1.1065 0.4015
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Table 2. Chemical (XRF) analysis of produced AZ31 powders.
Material Mg AL Zn Mn Si
Content (%) 94.71 2.75 1.62 0.61 0.22

Table 1 and Table 2 are examined as a powder with gas atomization.
The chemical composition of the AZ31 material was found to be
almost the same. Powder with gas atomization system shows how
important it is in production.

3.1. Powders Pressing

The powders produced in different parameters and then mixed in the
turbulent were subjected to pressing. The pressing process was
carried out with HALIM USTA HIDROLIKSAN brand, illestrated
in figure 8.

Figure 8. The pressing machine (HALIM USTA HIDROLIKSAN) branded

In the pressing process, a rectangular mold with a dimension of
30*13*7 mm was used as a die. Approximately 4.7 grams of powder
was applied to each sample and pressed. Pressures of 600 MPa were

10 Copyright © ISTJ A gina auball (5 i
Ayl g o shell 40 sal) Alaall



International Scienceand ~ VOlumMe323! Ry g bt it g

Technology Journal Part 2 sl g )<
i 4 w ISTA7

July 2023 ss

82023/ 7 /30 i adsall o Wi aly 22023/ 6/ 26 sl 4yl adiad 3

applied as the pressing pressure. Figure 9 shows the appearance of
the raw material.

Figure 9. General view of pressed powder

3.2. Sintering of Powders

The samples, which were pressed and massed at pressure 600 MPa,
were subjected to sintering in controlled furnace for two hours at
three different temperatures (500, 550 and 600 C°).

In order to determine the optimum sintering temperatures, the
parameters given in Table 3, were applied.

Table 3. Sintering parameters of samples

Sample Pressing Pressure MPa Sintering Temperature C°
No
1 500
2
3 550
4 600
5
6 600
7

3.3.Sintering of Powdered Powders

The sintering process of the powders were carried out with an
atmosphere controlled heat treatment furnace (PTF 16/80/610) as
shown in (Figure 10 ).
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Ayl g o shell 40 sal) Alaall



International Science and Volume32aad) Ryl p glll A0 g

Bi:ﬁ ﬁﬁf?ﬂ‘ Part 2 alaal) |_§:F:] %

July 2023 s s

#2023/ 7 /30 :fuh ddsal) o b pdialy 42023/ 6/ 26 sfmty 488N adia) &

A

Figure 10. Atmosphere controlled heat treatment furnace (PTF
16/80/610)

The sintering process was completed in a total of 180 minutes. In
order to expel the wastes, they were raised to 500, 550 and 600 C°.
Sintering temperatures were kept at a constant temperature for 120
minutes, the cooling zone in room temperature up to 180 minutes
were cooled under atmospheric control.

3.4. Density Measurement

Sintered and post-sintered densities were measured to determine the
optimum compressibility and sinterability of samples sintered at
pressing 600 MPa and sintered at different temperatures (500, 550
and 600 C). Pre-sintering and post-sintering density values were
measured separately for each sample. The determination of the
densities was calculated by the ratio of the weight (m) / sample to
the volume (v) of the sample produced. After these processes, the
relative densities (% density) of the samples were determined.
Calculated by the ratio of the weight (m) / sample to the volume (v)
of the sample produced. After these processes, the relative densities
(% density) of the samples were determined.Before sintering,
density values of AZ31 alloys at 600 MPa were determined. Density
values of massed samples are given in Table 4.
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Table 4. Before sintering Density results of AZ31 alloys.

S. | Pressing | Weight| Length | Width | Thickness | Volume | Density | Relative | Average
Pressure | (gr) (cm) | (cm) (cm) (em®) | (gr/em® | Density | Relative
No| (MPa) (%) Density %
11| 4.70 32 13 0.7 291 1.61 89.83
| 2 | 4.68 32 13 0.68 282 1.65 91.97 90.01
| 3] 4.69 32 l 0.71 2.95 1.58 88.23
| 4 | 4.70 3.2 1.3 0.69 2.87 1.63 91.00
| 5] 600 4.66 32 13 0.69 287 1.62 90.3668 91.12
| 6 | 4.68 32 13 0.68 2.82 1.65 92.00
| 7] 4.68 32 13 0.685 2.84 1.64 91.29
| 8 ] 4.71 3.2 13 0.70 291 1.61 80.85 91.123
9 4.90 32 13 0.701 2956 1.65 92.20

Sample 7— Weight = 4.683, Length =3.2, Width = 1.3, Thickness
=0.685.

Volume = Length * Width * Thickness = 3.2 * 1.3 * 0.685 = 2.8496
(cm3).

Density (p) = Weight/Volume = 4.683/2.8496 = 1.6433 (gr/cm3).
Relative Density (%) = Density (p)/1.8 =1.6433/1.8 =91.2993 (%).

After sintering density values of AZ31 alloys sintered at three
different temperatures were determined. Sintering density values of
massed samples are given in Table 5.

Table 5. Density results of sintered AZ31 alloys.

S.N | Pressing Sintering | Weight | L W T ¥ Density Relative Average

o |(MPa) T.(C°) (gr) (cm) | (cm) | (cm) | (cm®) | (gr/cm’) | Density (%) Relative
Density (%)

| 1] 448 |3.17]128[0.66 | 2.67 | 1.67 93.06

| 2| 466 |3.181129]0.67| 275 | 1.69 94.16

| 3] 500 458 |3.17]129]0.66| 2.70 | 1.69 94.12 93.78

| 4] 419 |3.15]126[0.64) 254 | 1.65 91.81

ER 550 33 13.15]127]0.63] 2.52 1.34 74.72 85.80

| 6| 600 416 |3.13]125]0.65) 254 | 1.63 90.86

7 437 |3.18127]0.64| 258 | 1.69 93.99

| 8 | 600 381 |3.15[127]058] 232 | 1.64 9192 9224

9 449 31911291066 2.72 | 1.64 91.50
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When the density results given in Table 5 were examined, the
average relative density of the samples sintered at 600 C° was
measured as 92.2418 %. However, the average relative density of
the samples sintered at 500 C° was measured as 93.7856 %. When
Table 5 is examined, it is determined that the increasing density of
the samples increases with decreasing sintering temperature.

The density values of AZ31 alloys, which were massed at constant
pressures and then sintered at different temperatures, were
determined. The density values were determined separately for each
sample.

4. Image Analysis after Sintering Optical Microscope

Optical microscope images of AZ31 Mg alloy pressed powders,
600, 550 and 500 C° temperature and samples produced with
pressures of 600 MPa. Figure 11.

2% 20 pm

20 pm

Figure 11. Optical microscope images after sintering a 500 C°, b 550 C°,
¢ 600 C°, and 600 (MPa).
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When the optical microscope images are examined, it is clear that
the B (Mgl7Al12) phase formed at the grain boundaries increases
with the increase of temperature. In addition, the f (Mgl7Al12)
phase is clearly seen on the images given to surround the grains. In
addition to this, it is observed that the f (Mgl7Al12) phase with the
effect of temperature not only spread on the grain boundaries but
also throughout the structure [13,17].

5. SEM-EDS Analysis after Sintering

SEM images of samples produced with AZ31 Mg alloy at 600 MPa
pressures and 500, 550 and 600 C° temperatures are shown in Figure
12. When the SEM images are examined, it is seen that the
(Mg17Al12) phase formed at the grain boundaries starts to spread to
the surface with the increase of the temperature. In addition, the effect
of temperature is clearly seen that the grains are shrinking. This can be
explained by the increase in temperature and the increase of plastic
deformation in powders. After a certain value, the powders are resistant
to deformation and disintegration occurs.

M 7A
Mg Ly - \ = f-Mgl17A1

B-Mgl7AI12

SE_MAG: 500 W93 wn

Figure 12. SEM images after sintering a 500 Co, b 550 Co, ¢ 600 Co at
600 MPa
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SEM images of the AZ31 Mg alloy with 600 MPa pressure and
samples produced at 500, 550 and 600 C° are given in Figure 12.
When the SEM images of the AZ31 alloy are examined, it is seen in
Figure 12 that the other phases are distributed along the grain
boundaries as well as the a-Mg matrix phase in the structure.
Microstructure of the a-Mg matrix as well as grain boundaries with
SEM-EDS analysis  (Mgl7Al12) phase extending along and o + 3
eutectics as a fine phase at grain boundaries. Observed Figure 13.

O Mg Al Si Mn Zn
1731 7886 2.5 008 085 066
61.50 33.57 129 021 0.19 296

455 4205 24.03 0.84 2853 00

2701 6892 201 026 040 06

»
1554 8149 227 005 00 065

1562 : 70 pm
SE MAG: 500 x HV: 15.0 kV WD: 8.3 mm

Figure 13. SEM-EDX image after sintering

High tendency of discrimination and the solid and liquid interface
in the early stages of hardening during cooling. In a study conducted
by Unal et al [23], Al reported that enrichment with a-Mg forms an
easy-fusion structure or phase 3. Alpha-rich alpha-phase occurs in
an area that does not reach enough composition to form an f-phase
in the grain boundary.
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6. General Results

1. At the end of XRF, the chemical composition of AZ31 powder
and in got material were found to be close to the values.

2. As a result of XRD analysis, micro phase, phase a (Mg main
matrix) phase  (Mgl7Al12) was observed.

3. Sintered samples at three different temperatures (500, 550 and
600 C°) were determined and increase of their relative density after
sintering was seen.

4. The sample having the highest relative density value after
sintering process was measured at 600 MPa and at 500 C° it was
94,167%.

7. Discussion and Conclusion

After sintering, XRD measurements revealed that the structure con
tained Mg, (Mg17Al12), and phases.XRD examination before sint
ering, on the other hand, clearly indicated Mg peaks, whereas XR
Danalysis after sintering revealed a modest decrease in the degree
of Mg peaks.Furthermore, the phase of sintering XRD investigatio
n revealed that the sintering temperature increasedand the Mgl7Al
12 phase grew clearer.It was determined after sintering that the dec
rease in Mg phase was caused by crystallization in thematerial.
The cracks of the sintered materials were observed between the gra
ins at high sintering temperatures, while the sintering temperature
was reduced and the sintering surface was reflected in the SEM pic
tures.Internal energies are thought to increase particle deformation
and increase their size during flocculation.
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