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Abstract

In this work, pre-alloyed Al-Si-Cu-Mg powders wetempacted and sintered using
different sintering conditions by adjusting the dbwf vacuum applied before heating, the
atmospheric controlling conditions, the purity @fogen gas, sintering chamber and chamber
capacity.The results suggested that the sinterability camipmroved by employing higher
purity of nitrogen gasln addition, a sufficient flow of gas compared e thamber capacity
of furnace is highly important to ensure propertesimg. Well sintered Al-Si-Cu-Mg
aluminium alloy has more homogeneous dispersionsibéon phase and less pores.
Furthermore, the self-gettering phenomenon is #sellt of poor sintering at the specimen
surface. The optimum sintering condition had thedst dew point temperature, which was -
38°C. This optimum sintering condition produced diaeteparts with the best properties, i.e.
the highest sintering density (2.62 gfymthe highest tensile strength (131MPa) and the
highest hardness (76 HRF).

Keyword: Aluminium-Silicon based alloy, Powder metallurgyntrability

1. Introduction alloy [2]. However, sintering of aluminium
The internal combustion engine is a and its alloys powder is difficult due to the
significant source of COemissionsLight presence of the extremely stable aluminium

weight is one of the most effective routes to oxide layer covering the powder. Hence,
reduce C@emissiongrom vehicles.It was the atomic diffusion between each particle
found that 100 kg weight saving in a car is is prevented. The compact is said to have
equivalent to a reduction of 9 grams of CO “poor sinterability” as the powders are
per kilometer [1].Therefore, this leads to Wweakly bonded with each other. Poor
the increased usage of light-weight sinterability results in low sintered density
aluminium alloys in the automotive indus and poor mechanical properties [3].
try. However, it is still possible to sinter
Al-Si alloy powder metallurgy and improve the sinterability of aluminium.
(P/M) is a high wear resistance light-weight There are several factors that affect the
alloy. The mechanical properties of the Sinterability of aluminium, for example, the
P/M parts are comparable to wrought or cast Presence of magnesium in an alloying
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composition. It was found that addition of capacity as shown in Table 2.  Moisture
less than 1%wt. of magnesium will facilitate within the furnace during sintering was also
the sintering of aluminium by disrupting the measured.
oxide film through the formation of spinel As-sintered density was measured
(MgAI,Oy) [4]. Sintering parameters, such by Archimedes’'s method according to the
as sintering atmosphere and moisture can Metal Powder Industrial Federation (MPIF)
also influence the sinterability. standard no. 42. Dimensional change of the
Therefore, this work investigated specimen was measured and compared to
the effects of sintering conditions on the the corresponding green state. Hardness
sinterability of AI-Si-Cu-Mg alloy by test in HRF scale according to the MPIF
varying the sintering conditions. Properties standard no. 43 was carried out using
indicating sinterability such as sintered Instron Wolpert 930/250 hardness tester. In
density, dimensional change characteristic, addition, the tensile test according to the
hardness and microstructure are shown andMPIF standard no. 10 was examined using

discussed. the Instron 8801 universal mechanical
testing machine. Microstructure was
2. Experiments observed using the optical microscopy. The

The pre-alloyed aluminium powder samples were cut, mounted, mechanically
used in this study was Alumix 231 (Al- ground with silica papers and finally
14.9Si-2.4Cu-0.55Mg), which was air- polished with diamond suspension solution
atomised and supplied by ECKA Granulate respectively.

Velden GmbH, Germany. The powder was
admixed with 1.5%wt. of Amide wax |
(Ethylene bisstearamide). Scanning electron

image of this powder is shown in Fig. 1.
The powders have irregular shape and they '\

The particle size distribution is listed in
Table 1.

Alumix 231 powder was compacted
into tensile specimens. In order to obtain
the green specimens with the green density A BTN —oum
of 2.50 g/cm, or 93.6% theoretical density Fig. 1 Scanmng electron image of Alumix
(TD), compaction pressure of 700 MPa was 231 powder.
needed [7]. It is noted that the theoretical
density of Alumix 231 is 2.67 g/cin Table 1 Powder size distribution of Alumix

After compaction, dewaxing was 231 [7].
carried out in nitrogen atmosphere at 420

i 0
for 60 minutes [7]. Subsequently, sintering S'ie%m) 3206
was continued in nitrogen atmosphere, a :
. . 45-63 24.9
560°C for 60 minutes [7]. The heating rate
) 63-100 25.3
for these thermal processes wa€/min. 100-160 120
Different sintering conditions were 160-200 1'7
achieved by adjusting the level of vacuum 500-250 65
applied before heating, the atmospheri - .

controlling conditions, the purity of nitro-
gen gas, sintering chamber and chamber
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Table 2 Sintering conditions.

Level of Purity of
vacuum . urity Nitrogen Lo Chamber
" ) Atmospheric | nitrogen Sintering :
Conditions | applied . flow rate capacity
controlling gas . chamber )
before (I/min) (litres)
hea (%)
eating
A Low Pressure 99.99 Graphite
B Low Pressure 99.099 | 6 o 165
C High Pressure 99.999
D - Flow 99.999 4 Ceramic 5.3
tube

3. Results and Discussion
3.1 Effects of Sintering Conditions on
Dew Point Temperature

From the different sintering condi-
tions shown in Table 2, the corresponding
dew point temperatures, which are related to
the level of moisture within the furnace,
were obtained and shown in Fig. 2. It
suggests that sintering with high purity
nitrogen (99.999%, condition B) results in
lower dew point temperature than those
sintered in 99.99% purity (condition A).
Higher purity nitrogen gas has lower
concentration of water vapour in the gas
mixture. Moreover, applying high level of
vacuum before the heating started
(condition C) did not significantly improve
the dew point temperature when compared
with condition B. However, it was found
that the dew point temperature was
significantly improved by using the
ceramic-tube furnace with the permanent
flow of nitrogen gas as shown condition D.

A B c
29 -32 33 I

(0]

D
-10
-20
-30
-40 _38

Dew point temperature (°C)

-50

Sintering condition

Fig. 2 Furnace dew point temperatures of
the nitrogen atmosphere corresponding to
the various sintering conditions.
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Flow controlling atmosphere gave
lower dew point temperature than pressure
controlling atmosphere due to the water
vapour in the atmosphere being con-
tinuously swept out by the permanent flow
of gas. In contrast, for pressure controlling
atmosphere, the pressure of the sintering
atmosphere was always kept constant.
Therefore, the rate of sweeping out of water
vapour was less, although the gas flow rate
was lower in condition D.

Applying a higher vacuum state
before heating up did not significantly
decrease the dew point temperature during
sintering because of the limitation of the
sintering equipments. It was suggested that
for the furnace with the 42.5-litre chamber,
the suitable gas flow rate in order to
maintain a -40 to -50C furnace atmos-
phere dew point, should be 28-47 I/min [8].
However, the gas flow rate through the
chamber was only 6 I/min compared to the
chamber size of 165 litres as shown in
Table 2.

3.2 Effects of Sintering Conditions on
Physical Properties

The effects of these sintering
conditions on the density of the sintered
specimens are shown in Fig. 3. It shows
that the sintered density of about 2.51 g/cm
(94%TD) can be obtained for the specimens
sintered in condition A with the dew point
of -29°C. The sintered density increased as
the dew point temperature decreased. When
the specimens were sintered in condition D
with the dew point of -38C, a 2.62 g/cth
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(98%TD) was obtained. The increase in
density after sintering suggests that shrink- 3.3 Effects of Sintering Conditions on

age occurred. Mechanical Properties
15C 90
-
2651 100 < 180
' 2 212t L
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Sintering condition Sintering condition

Fig. 5 Tensile strength and hardness tested

Fig. 3 Variations of sintering conditions on 4t the surface and centre of the specimens
the sintered density of Alumix 231. sintered in various conditions.

~ Consequently, the shrinkage of the Fig. 5 shows that the effect of

specimens was evaluated by comparing the sintering conditions on tensile strength of
dimensional change of the sintered the specimens. The best and worst tensile
specimens and their corresponding green gyrength were observed on  specimens
state. ~ Fig. 4 shows the shrinkage at sintered in condition D (lowest dew point)
indicated positions and compares with 549 condition A (highest dew point)
others fror_n differe_nt sinter_ing conqli_tions. respectively. The decrease in dew point
The specimens sintered in condition A temperature caused the powders to densify
shows the least shrinkage at any position. and shrink more. Although the tensile
The specimens sintered in conditions B and resyts varied with the sintering conditions,
C show similar shrinkage and the largest hardness of the specimens measured at the
shrinkage was observed for the specimens specimen surface was nominally constant.
sintered in conditon D.  Hence, the The results of hardness are contradicted
shrinkage is in good agreement with the as- yith other properties, especially for the

sintered density. specimens sintered in condition D. This can
be explained later by the microstructural
2.0 T study and the measurement of hardness at

the centre of the specimens.

=
o

3.4 Effects of Sintering Conditions on
Microstructure

I : From the microstructural images of
i fgg;g:;:g:g Alumix 231 specimens sintered in various
J O Condition C sintering conditions shown in Fig. 6, the
1
a b

o
o

Shrinkage (%)
=
o

. . O Condition D microstructure consists of a silicon phase
dispersed in an aluminium matrix. It is
suggested that this aluminium alloy shows
the “duplex” microstructure [9], which

Fig. 4 Shrinkage of the sintered specimens occurrs by the penetration of the master
from their green dimension.

o
o

c d
Position
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alloy through the aluminium matrix during
sintering.

All observed microstructures in this
study show that the sinterability was
relatively poor near the specimen surface
(Fig. 6 (a), (c), (e), and (g)), resulting in the
lower hardness, while the centre of the
specimens showed better sinterability (Fig.
6 (b), (d), (f), and (h)). The observation is
in good agreement with results by Casellas,
et al. [10], who observed a porous layer
near the surface of sintered aluminium
alloy.

It was suggested that during
sintering of aluminium powder, the
aluminium powders at the surface layer
acted as self-gettering [5]. During sintering,
the gas flow rate inside the compacted
specimen was much lower than at the

This will allow the powders in the inner
section to sinter better.

From Fig. 6, it can also be seen that
as the dew point temperature decreased, the
sinterability improved. This can be
observed by the reduction of pores and the
dispersion of silicon phase in the aluminium
matrix. The specimens sintered in the
highest dew point atmosphere (Fig. 6 (b))
had pores distributed throughout the
specimens and the shape of the pores was
irregular. This indicated that there was low
level of densification for the compacts. The
specimens sintered in lower dew point
atmosphere (Fig. 6 (d) and (f)), had small
and rounded pores, and higher densification.
However, the dispersion of silicon phase
within the aluminium matrix in these two
specimens was poor. Fig. 6 (h) shows the

surface. Hence, the powders at the surfacemicrostructure of the specimens sintered in
the lowest dew point atmosphere. It shows
the compact with good sinterability, low
porosity and well-dispersed silicon phase.

b

consumed more oxygen causing the lower
oxygen partial pressure in the inner section.

Y T Aluminiumsmatrix
Silicon
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100 pm 100 um

Fig. 6 Microstructural images of Alumix 231 specimensteaiad in various conditions;
condition A (a) and (b), condition B (c) and (dpndition C (e) and (f), and condition D (g)
and (h). The left images show the microstructiith@ area near the specimen surface, while
the right images show the microstructure at thereesf specimens.

The unexpected lower hardness at specimen centre is a better representative.
the specimen surface observed in Fig. 5 for In addition, the specimens sintered in the
condition D could be explained as the result lowest dew point atmosphere (condition D)
of the low sinterability of aluminium alloy showed the highest hardness of 76 HRF,
powder at the surface region as shown in while the lowest hardness was observed to
Fig. 6 However, in the central region, it be 55 HRF for the specimens sintered in the
shows better sinterability. Therefore, the highest dew point atmosphere (condition
hardness of the specimens measured at theA). Sintering of Alumix 231 powder in a
centre of the specimen is also shown in Fig. lower dew point atmosphere caused the
5 For all sinter conditions, the hardness at more effective dispersion of hard phase
the specimen centre was higher than those(silicon) in the aluminium matrix. There
at the surface associated with the self- fore, higher hardness result was observed.
gettering phenomenon. It is noted that the
trend of hardness measured at the specimen
centre is similar to the trend of the tensile
strengthHence, the hardness at the
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4. Conclusion

Sintering conditions can affect
furnace dew point temperature and hence
can significantly affect the sintered pro

perties of aluminium alloy. The best
sintering condition for Al-Si-Cu-Mg alloys
was 99.999% purity nitrogen atmosphere
permanently flowing at sufficient flow rate.
This condition resulted in the lowest dew
point temperature and improved the final
properties, such as density, tensile strength,
and hardness. Microstructure of the Al-Si-
Cu-Mg alloys showed poor sinterability of

[3]

the powders at the surface region due to the [3]

self-gettering phenomenon. However, at the
centre section, the sinterability was better.
Well sintered parts showed microstructure
with more homogeneous disp@a of
silicon phase and less pores throughout the
specimens.
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