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ABSTRACT

This work is the first step towards aluminjum injection moulding process by studying the
process ability of aluminjum alloy through the compaction and sintering process. The starting
material was the Al-Si-Cu-Mg alloy powder containing Si and Cu as the alloying elements and
Mg as the sintering aid. This work was divided into two parts. The first part concerned to the
effects of sintering conditions on the sinterability of Al-8i-Cu-Mg alloy. In this part, the
aluminium alloy powder was compacted into the tensile test specimens with the average green
density of 2.50 g/cms. Those green specimens were sintered in four sintering conditions, in which
the purity of nitrogen, the level of vacuum applied before sintering, the control atmosphere, and
the sintering chamber, were adjusted. However, dewaxing and sintering temperature profile was
set to be the same in all sintering conditions. It was found that sintering by using the flow
controlled 99.999% purity of nitrogen atmosphere with appropriate gas flow rate in the tubular
furnace, produced the best sintered properties. This condition gave the lowest atmosphere dew
point and hence enhanced sintering of aluminium alloy powder because it was found that there
was the reduction of oxygen per aluminium content after sintering when compared with the green
stage. The second part was to study the effects of compaction pressures on the sinterability of
aluminium alloy by applying compaction pressures varied from 150 to 700 MPa. The green
specimens were sintered by using the best sintering condition obtained from the first sub-
experiment. It was found that the sintered properties were decreased as the compaction pressure

decreased. The main cause of decreasing in densities and properties was the self-gettering



phenomenon, which was more pronounced at lower compaction pressure. This caused a thicker

layer of pores remained and distributed at the superficial region.
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CHAPTER 1

INTRODUCTION

1.1 Significance and Background

Increasing demand for lightweight components, primarily driven by the need to reduce
energy consumption, has led to increase usage of aluminum especially for the automotive
components. Aluminium and its alloys are used in several automotive parts, including sliding and
frictional parts. Therefore, the high wear resistant components, such as aluminium silicon alloy
(Al-Si alloy), are mostly required (Vukcevic and Delijic, 2002). Additionally, the most common
process to fabricate those components is casting, for example sand casting, investment casting, or
pressure die casting. However, the automotive components are usually fabricated in large
quantities, therefore sand casting and investment casting are limited because non-permanent
moulds are used and the quality control is difficult. In addition, although the permanent mould is
used in pressure die casting, the high temperature of molten metal is the limited factor of the
mould life and dimensional accuracy. Casting is also limited and non-economical if parts are
small and complex, especially very thin.

Powder metallurgy (P/M) is the near net-shape metal forming process that transforms the
metallic powder into finished components by the application of pressure and heat. P/M process is
competitively economic process for the large volume production. However, the components
commercially fabricated through this process are commonly made of ferrous metals. Non-ferrous
metal, such as aluminium and its alloy are still in an experimental stage due to the presence of its
stable oxide layer that always covers the powder surface. This oxide will prevent the particle
bonding during sintering and.hence will cause the poor sinterability.

In order to achieve good sintering of aluminium, therefore, the oxide should be reduced
and/or ruptured before and/or during sintering. There have been a limited number of researches
focusing on techniques to reduce and/or rupture the oxide layer covering the powder surface and
hence enhance sinterability such as (1) vacuum processing (Flumerfelt, 1999; Griffith et al.,
1986; Pickens, 1981), (2) powder coating (Ciomek, 1991; Hu, 1995), (3) applying high

compaction pressure (Andreeva and Rastrigina, 1966; Gutin et al., 1972), and (4) using sintering



aids or alloying (Fuentes et al., 2003; Lumley ef al., 1999; Schaffer et al., 2001; Schaffer, 2004;
Sercombe and Schaffer, 1999; Sercombe, 2003).

There was one previous work on the processing of Al-Si P/M alloy by using vacuum
processing (Yilmas and Altintas, 1996), but it was found that it was not feasible to obtain high
density. The alternative process with a high compaction pressure, such as the pressure-assisted
sintering was required in order to obtain high density. However, it was found that the
sinterability of this aluminium alloy was improved by using of sintering aids (LaDelpha et al.,
2002).

Not only the sintering aids that improved the sinterability of aluminium, but also the
processing parameters. Atmosphere dew point was found to be the most important parameter in
the sintering process of aluminium. Sintering of aluminium requires the lower atmosphere dew
point than sintering of ferrous metal (German, 1996), which can not physically attain in the
conventional sintering furnace. The effects of this parameter on the sinter ability of aluminium
were not clear in previous works (Dudas and Dean, 1969; Schaffer et al., 2006) and there was no
systematic study about this parameter.

Therefore, this work would like to investigate in the effects of atmosphere dew point on the
sinterability of Al-Si-Cu-Mg alloy that contained Mg as the sintering aids. The effects of
atmosphere dew point were studied by adjusting sintering conditions. In addition, from the
previous work, it was also found that compaction pressure can improve the sintered density
(Yilmas and Altintas, 1996). Hence, the effects of compaction pressures on the sinterability of

Al-Si-Cu-Mg alloy were also investigated.

1.2 Objectives
1.2.1  To study the effects of sintering conditions on process ability of Al-Si-Cu-Mg
alloy.
12.2  To study the effects of compaction pressure on process ability of Al-Si-Cu-Mg
alloy.

1.3 Scopes
1.3.1  The first study was on the compaction and sintering process of the aluminjum alloy

powder by using the sintering aids technique under various sintering conditions. In



14

this work, an example grade of aluminium alloy powder, that used in automotive
parts, was selected. The pressing process was employed primary to shape the
powder into the tensile test specimens. Consequently, these specimens were
sintered in various sintering conditions and then studied their physical and

mechanical properties.

13.2  The second study was on the sinterability of aluminium alloy by varying
compaction pressure. The specimens after compaction using various pressures
were sintered using the optimum condition from the sintering condition study and
hence their sintered properties were evaluated.

Expected Benefits

14.1  Understanding the processing method for aluminium parts through the powder
metallurgical process.

1.42  Understanding the process mechanism occurred during sintering.

143  Being able to use the basic scientific equipments and characterising instruments for
material science and engineering study.

1.44  Useful research works which can be extended to the actual application in the

automotive industries or more advanced applications.



CHAPTER 2

LITERATURE REVIEWS

2.1 Introduction to Aluminium Powder Metallurgy (Al-P/M)

Aluminium and its alloys are currently favourable for applications that need lightweight,
high-strength-to-weight ratio, good electrical and thermal conductivity, and excellent corrosion
resistance (Apelian and Saha, 2000). Especially in automotive industries, there are high
consumption of aluminium in order to reduce the automobile weight and lead to reduce the fuel
consumption (Carpenter, 2000). Additionally, the cost of part fabrication together with its
reliability has led to develop the net-shaped manufacturing process, known as powder metallurgy
(P/M).

The advantages of aluminium P/M lie in the inherent advantages of the powder
metallurgical process. P/M is a net-shaped manufacturing process, whereby the solid metal and
alloys in the form of small particle or powder is converted to the nearly finished or finished parts
by mechanical and thermal consolidation. Die compaction or pressing process is the first and
most common forming process for P/M. Hence, die compaction is also known as the
conventional P/M process. The basics steps consist of the powder preparation, the compaction of
loosed powder into a handleable specimen, and sintering or heating the compacted specimen in a
controlled atmosphere and at a temperature below the melting point of the major constituent. The
conventional P/M process is cost effective in producing relatively complex parts with only minor
secondary operations if necessary. Parts like cam, gear, sprocket, and pulley can be economically
produced (Delarbre and Kerhl, 2000; Jangg et al., 1996).

Apart from the conventional P/M process, there is another forming process that has been
recently interesting for the production of small and very complex parts, namely metal injection
moulding (MIM) process. For MIM, the metallic powders have to be transformed into a
mouldable state by mixing the metallic powders with the polymeric binder. This binder will
make the powder flowable in an injection moulding machine under the moulding condition. After
moulding, the binder has to provide the shape stability and strength for the moulded part
(Thummler and Oberacker, 1988). The subsequent step, called debinding, is to remove the

binder, which leaves the skeleton of metallic powder. The process is finally completed by



sintering similar to the conventional P/M process. The major difference between the conventional
P/M and MIM processes is he forming steps. In the conventional P/M process, the specimen is
formed in the compacted solid using a high pressure. However in MIM, the specimen is shaped
in fluid-like form by less pressure. Hence, it is possible to inject parts with higher shape
complexity than the conventional P/M (German and Bose, 1997). Another difference between
those two processes is that MIM process needs the debinding process prior to enter the sintering
process, while the conventional P/M process can omit the debinding by directing to the sintering
process.

Currently, the aluminium part fabrication through the P/M process is an on-going research
and developing stage because sintering of aluminium is difficult. This is due to the oxide layers
that always present and cover the powder surface and hence they will act as the sintering barrier
that prevents any mass transport event during sintering. Therefore, these layers have to be

reduced or ruptured in order to enable and enhance sinterability of aluminium.

2.2 Oxide and the Techniques to Reduce or Rupture the Oxide Layers in

Aluminium P/M
2.2.1 Ocxide of Aluminium Powder
Aluminium powder is always covered by the oxide layers if it comes into content
with oxygen, for example, in air and water. The thickness of the oxide layers is varied depending
on the powder production process and the post-production handling and storage atmosphere. For
the atomisation process, the oxide layer thickness was initially 5 A on the molten droplet. The
residual water in the atomising gas and spray chamber was chemisorbed into the oxide layers and
physiosorbed onto the surface oxide layers (Flumerfelt, 1999). In addition, the oxide thickness
was also dependent on the types of atomising agents, for example air and inert gases. It was
found that the oxide thickness calculated from the air-atomised aluminium powder was
significantly higher than that calculated from the gas atomised powder (Gorer and Forster,
1995). In addition to the gas atomisation, the atomising gas with different physical properties,
such as density, thermal conductivity, and flow properties, also affected the oxide thickness of the
atomised aluminium powder (Ozbilen et al., 2000).
However, if the oxide thickness had not reached it saturated value, oxidation

continued during post-atomisation handling until the oxide thickness had grown to a saturated



value. The rate of oxidation of the post-atomised aluminium powder directly depended on the
atmosphere humidity and temperature at which the powder was stored (Kim e? al., 1996; Neikov

and Krajnikov, 1996).

2.2.2  Techniques to Reduce or Rupture the Oxide Layers in Aluminium P/M
Sintering of aluminium is impeded by the presence of oxide layers. To facilitate
sintering, these layers have to be reduced or ruptured. Consider the oxidation and reduction of a
metal (M), which is in equilibrium with oxygen and its oxide (M;0;) shown in Equation (2.1)
(German, 1996). The subscript represents the stoichiometry of the oxide. The bracket shows the

matter state, which is g for gas and s for solid.
xM (s)+ O, (g & M0, (s) 2.1
The free energy is given by:
AG=—-RT Ink, (2.2)
where T is the absolute temperature, R the gas constant and k; the equilibrium constant given by:
k=(P,,)" (2.3)

where P, is the oxygen partial pressure. By substituting Equation (2.3) into Equation (2.2)

yields,
AG =RT In(F,,) 24

In addition, the atmosphere containing hydrogen is often used in P/M to reduce the metal oxide

(Lumley et al., 1999) by:
MO(s)+ H, (g) & M (s)+ H,0(g) (2.5)
The equilibrium constant for this reaction, k,, is given by:

P
k, =22 (2.6)

H,




where PH,O and Py, are the partial pressures of water vapour and hydrogen respectively.

Therefore, by the similar way to Equation (2.4), the free energy can be represented by:

AG =—RT h{ 2 J @.7)
H,

The ratio of water and hydrogen partial pressure can be converted to dew point, which relates to
the water vapour content. From Equations (2.4) and (2.7), it was found that for aluminium
sintered at 600°C, an oxygen partial pressure, Fp, , of less than 10 atm or a dew point of less
than -140°C was required in order to reduce aluminium oxide (Lumley et al., 1999). Neither of
these is physically attainable in practical sintering process. Therefore, other mechanisms of oxide
reducing or rupturing are required.

From literature reviews, there have been four techniques to reduce or rupture the
oxide layers of aluminium powder during processing. More detail of each technique is described

next.

2.2.2.1 Vacuum Processing

Vacuum processing is the reducing technique. As aforementioned that
an oxygen partial pressure of less than 10 atm is required to reduce the oxide (Lumley et al.
1999). It is over the ultrahigh vacuum level, which cannot probably be reached in a conventional
furnace. In practice, the ultrahigh level of vacuum used in Al-P/M is to minimise reaction with
contaminants and prevent as much as possible Al from further oxidation. In addition, vacuum
processing can be applied to treat the powder before consolidating, this process is known as
degassing. Degassing is always operated with the hot forming process, for example hot forging
of hot isostatic pressing (Pickens, 1981). Powder should be degassed at a temperature below the
consolidation temperature. Degassing is carried out in order to remove the adsorbed species such
as oxygen or water, which come from the atomisation and handling (Thummler and Oberacker,
1993). The surface oxide layers on aluminium and aluminium alloy powders contain aluminium
oxide and aluminium hydroxides. During degassing of the aluminium powders, by products such
as moisture, adsorbed hydrogen, and oxygen are removed, the hydroxides are decomposed, and
the ductile amorphous aluminium hydroxide is transformed into the brittle crystalline y-alumina

according to the reaction below (Flumerfelt, 1999; Griffith et al., 1986; Kim et al., 2000);



ALOy - 3H 0> AL Oy - HyO+ 2H,0 T —eesy-dL,O, + H0 T (26)

Although the final yield of the degassing process is not the pure
aluminium, it is the brittle aluminium oxide (y-ALO,) which can be broken away easily during

further consolidation such as pressing or forging.

2.2.2.2  Applying High Compaction Pressure
During compaction step, the powders have to be deformed plastically to
retain the overall shape of the specimen after ejecting from a die. During plastic deformation of
aluminium powders, the oxide layers are ruptured, resulting in the local areas of contact between
the particles are free from oxide (Gutin et al. 1972). Subsequently during sintering, the diffusion
of atoms takes place through these oxide-free interfaces. Thus, the higher compaction pressure,

the sintering operation is more effective.

2223 Powder Coating

The concept of this technique is to cover an aluminium powder with a
less reactive metal. The selection of the less reactive metal is based on an alloying element that
always presents with aluminium such as copper, zinc, or nickel (Ciomek, 1991). In order to
achieve this technique, the reactive metal powder, i.e. aluminium powder should be processed to
ensure that its oxide layers are simultaneous removal, while the less reactive metal is
simultaneously deposited on the powder surface. The mentioned process is the electroless
plating, which is the usual coating technique for the reactive metal such as magnesium,
aluminium, and titanium (Gray and Luan, 2002).

Coating by electroless plating has two main steps (Djokic et al., 1999;
Tomolya et al., 2005). The first step is the surface preparation. In this step, the metal powder as
substrate will be dispersed in an alkaline ammonical solution to remove impurities, activate the
powder surface and readily receive the subsequent coating step. The second step is coating by
addition of the reducing agent and coating media solution in the form of salt solution. For
example, if the copper-coated aluminium powder is prepared, the copper salt solution such as the
copper sulphate solution is needed in the coating step as the coating media. The displacement

reaction takes place at the active surface of powder. After enough coating, the solution is



decanted and the powder is filtered and washed with deionised water to pH 7 and finally dried at
temperature range of 100-105°C.

Ciomek (1991) prepared the aluminium powder having copper coating
for metal injection moulding of aluminium powder. In his work, the aluminium powder was
added into the prepared cupric salt solution. The coating reaction was controlled through the pH
value of the cupric salt solution. Ciomek (1991) suggested that it was advantageous to use a
cupric salt solution that has a pH above 7 to provide a reaction that was easily controlled. In
addition, the nickel coated aluminium powder was prepared by Hu (1995). The nickel chloride

solution was used as the coating media for aluminium powder.

2.2.24  Using of Sintering Aids

The main concept of this technique is based on the reduction mechanism
by adding another element that is more reactive to oxygen than aluminium into an aluminium
powder system. It was found that the addition of magnesium (Mg) in the aluminium powder
system could reduce the aluminium oxide to reveal the underlying aluminium atoms and facilitate
sintering (Fuentes et al., 2003; Lumeley et al., 1999).

Magnesium can reduce the oxide of aluminium resulting in formation of
two species, MgALO, (Spinel) and magnesium oxide (MgO). The forming reactions of these two

species are shown as followed (Kimura et al., 2001; McLeod and Gabryel, 1992):
3Mg + 4A1203 - 3ng41204 + ZAI, AGSOOK =-280kJ/mol (2.7)
3Mg + Al,03 - 3MgO + 2 Al; AGgygyx =—136kJ/mol (2.8)

However, these formations depend on the magnesium content and
temperature, which they are formed as observed by Xie et al. (2005). In aluminium rich
magnesium alloy, MgO is dominantly occurred, while MgALO, is dominantly occurred in
aluminium lean magnesium alloy at the experimental temperature. However, at the critical
content of magnesium, there is a change between MgO to MgALO, with an increasing
experimental temperature (Xie et al., 2005).

Lumley et al. (1999) concluded about the reduction mechanism of
aluminium oxide by the addition of magnesium and represented the reduction mechanism as

shown in Figure 2.1. It shows that at the Mg-oxide contact site, local MgO can occur due to the
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relative rich of magnesium. Magnesium diffuses along the metal-oxide interface and through the
aluminium powder and then reduces the oxide at the metal-oxide interface. Nearby aluminium
particles, which are not directly in contact with magnesium powder, are subsequently exposed to
the reductance and their oxide layers are disrupted.

In addition, for the pre-alloyed powder of aluminium containing
magnesium as an alloying element, the dissolved magnesium in the powder particles migrates
into the surface oxide and is saturated in the composition where the Mg/Al ratio is about 0.5
during heating. When the sintering temperature is reached, magnesium reduces aluminium oxide
at the particle surfaces, resulting in the breakage of the surface oxide layers and eventually
appearance of metallic aluminium on the outer surface of the powder particles (Kimura et al.,
2001). Figure 2.2 (a) shows the TEM observation at the region of bonding interface between two
particles of aluminium alloy containing 0.3% wt. of magnesium. The corresponding high
magnification image in Figure 2.2 (b) was taken from the square frame as shown in Figure 2.2 (a).
Figure 2.2 (b) shows the Al-Mg grain at left and right-hand side and a lot of precipitates observed
at the interface. Therefore, further analysis by EDS was taken at these specific areas, designated
as 4, B, and C in Figure 2.2 (b). The results are found that at the area 4, the peaks of oxygen,
aluminium and magnesium were observed, which were more likely to be MgALO,. While the

areas B and C were observed to be Al-Mg matrix and pure Al respectively (Xie et al., 2005).

Region of
possible MgO
formation

Mg source;
solid or
liquid phase

Initial
diffusion
Extended
Polycrystalline Region of diffusion
aluminum spinel zome
powder particles formation

Figure 2.1 A schematic representation of the processes involved in the reduction of the alumina

layer by magnesium during the sintering of Al-Mg alloys (Lumley et al., 1999).
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technique and hence lower oxygen contents were observed in the specimens. On the other hand,
the applying high compaction pressure t-echnique is the oxide rupturing technique by which the
oxide is ruptured during deformation. While both reducing and rupturing mechanisms are active
in the using of sintering aids technique.

The vacuum and applying high compaction pressure techniques can produce both
pure aluminium and aluminium alloy, while pure aluminium parts cannot be fabricated by the
powder coating and sintering aids techniques because of the addition of coating material or
sintering aids elements respectively. However, the additional alloying elements can also be
tailored to improve the required final properties.

The vacuum processing, applying high compaction pressure, and powder coating
techniques increase the cost of production because these techniques require additional process or
special equipment or machine. Whereas the low production cost can be obtained by using the
sintering aids technique because the alloying of aluminium is commonly done in P/M, hence it

utilises the current P/M equipments without additional process.

Table 2.1 Comparison of each oxide reducing or rupturing technique.

Material
Technique Mechanism Cost
Pure Al | Al Alloy

1. Vacuum processing (Flumerfelt,
1999; Griffith et al., 1986; Kim et al., v v Reducing oxide High
2000; Pickens, 1981)

2. High compaction pressure (Andreeva

and Rastrigina, 1965; Gutin et al., v v Rupture oxide High
1972)
3. Powder coating (Ciomek, 1§91; Hu,
' X v Reducing oxide High
1995)
4. Sintering aids (Fuentes et al., 2003;
Lumley et al., 1999; Schaffer et al., Reducing and
X v Low
2001; Schaffer, 2004; Sercombe and Rupturing oxide

Schaffer, 1999; Sercombe, 2003)
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In addition, it is found that all techniques have been originally applied in
conventional P/M process. There have been works on aluminium injection moulding that applies
some techniques in order to achieve good sinterability, for example, Tan, Ma (2004) applied the
vacuum processing technique, and Ciomek (1991) applied the powder metal coating. However,
the processing details of these two works are not clarified and they are kept as a trade secret.

From the comparison of each technique in Table 2.1, it is found that the sintering
aids technique is outstanding because this technique is simple and can utilise the current P/M
equipments. In addition, this technique has not been adapted for MIM before. In the vacuum
processing technique, all machines have to be modified to carry the processing under vacuum
especially during mixing. Furthermore, the additional degassing process has to be done prior to
shaping or sintering, which relates to the additional cost. For the powder coating technique, an
additional powder coating process is necessary before compaction or injection. Moreover, the

high pressure compaction technique as its name suggests requires high pressure equipments.

2.3 Parameters in Sintering of Aluminium with the Addition of Sintering Aids
2.3.1 The Effects of Sintering Aids

Although magnesium is a common reducing agent during sintering of aluminium,
there is still the limitation of magnesium addition. It was found that the maximum content less
than 1% by weight of magnesium could reduce the oxide through the formation of spinel
(MgALO),), but this was dependent on the aluminium particle size as shown in Figure 2.3
(Lumley et al., 1999). It shows that more magnesium was required to sinter smaller powders
because of the greater surface area and hence more amount of oxide. Furthermore, the addition of
more than 1% by weight caused the net expansion of specimens as shown in Figure 2.4. This is
due to the excess magnesium diffused into the base metal, especially from the liquid phase

(Fuentes et al., 2003; Lumley e al., 1999).
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Figure 2.3 The concentration of magnesium required to achieve maximum densification in binary

aluminium-magnesium alloy as a function of oxide volume (Lumley et al., 1999).

Densification
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Figure 2.4 The effect of magnesium on the densification of aluminium powder. The
densification' was maximised at 0.15% wt. of Mg, and there was net expansion at

concentrations more than 1% by weight (Lumley et al., 1999).

Densification is a parameter that indicates the ability to densify of the sintered compact relative pore free compact from its green

P -p
stage (German, 1996). Densification value is given by v = s 8

> » Where p_ is the sintered density, Py the green density,
L 4

and p, the theoretical density. The positive value indicates there is shrinkage occurred while negative value indicates expansion.
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Copper (Cu) is one of the primary alloying elements for aluminium and can be
used as sintering aid. The major influence of copper is on the tensile properties of sintered
aluminium (Schaffer, 2004). Sintering of aluminium with copper always occurred in transient
liquid phase sintering (Schaffer et al., 2001), in which total Cu in the liquid solution is drawn into
the aluminium and when Cu is completely dissolved, the liquid solution is disappeared.
However, the major problem in sintering of aluminium-copper alloy system is the diffusivity of
copper in aluminium is 5000 times than that of aluminium in copper and hence causes the
expansion of the sintered specimen. Therefore, sintering of the Al-Cu system should be carefully
controlled and is dependent on the process variables.

Silicon (Si) is another possible sintering aid that always presented as a major
alloying element in the 6xxx series alloy, and a minor addition in the 2xxx series alloy. In 6xxx
series alloy, silicon enhances the sinterability through the formation the liquid phase with
aluminium and magnesium (Showaiter and Youseffi, 2007; Youseffi et al., 2006). In the 2xxx
series alloy, the volume of liquid phase is slightly increased by adding silicon in small amount
causing the improvement of tensile strength (Schaffer, 2004). However, pressureless sintering of
pure aluminium with high content of silicon was found to be unfeasible to obtain high sintered
density. Alternative process, such as hot pressing was applied to achieve high density (Yilmaz

and Altintas, 1996).

23.2 The Effects of Compaction Pressures

As described in section 2.2.2.2 that applying high compaction pressure can disrupt
the oxide layers through the plastic deformation of aluminium powder resulting in cracks
occurred at the point where the powders touch each another. This can be explained by the
compaction phenomenon (German, 1994) that the powder initially has the density approximately
equal to the apparent density after die filling. Applying initial pressure causes rearrangement of
the powders to fill the large pore giving a higher packing density. Increasing pressure provides
better packing and leads to decrease porosity with the formation of new particle contacts. The
contact points then undergo elastic deformation. Higher pressures increase the density by contact
enlargement through plastic deformation. However, increasing higher pressure, the density is not
increased significantly due to the entire powders become work hardened. Therefore, the change

in density as a function of compaction pressure can be illustrated in Figure 2.5.
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Figure 2.5 A sketch of the density versus compaction pressure during compaction of metal
powder, showing key stages and declining compressibility as the density increases

(German, 1994).

Gutin ez al. (1972) investigated the effects of compaction pressure on the sintered
properties, i.e. strength and relative electrical conductivity, of both lightly and severely oxidised
aluminium powders compact. For the lightly oxidised aluminium powder, Figure 2.6 (a), shows
that with increasing compaction pressure, the strength of the sintered specimens increased, while
their electrical conductivity gradually increased and nearly approached that of the bulk aluminium
specimen. In the case of severely oxidised aluminium powder, as shown in Figure 2.6 (b), the
trend of the result is similar to that of Figure 2.6 (a) but there was less variation of both strength
and relative electrical conductivity obtained from sintered specimens comparing with their green
specimens. However, this shows the evidence that the applying high compaction pressure was
more effective for the lightly oxidised powders because the oxide films were disintegrated into
small fragment, enabling large contact area to be formed. For the severely oxidised powders,
applying high compaction pressure was not as effective, but the additional application of the shear
force helped to intensify film rupture, enabling some contact area appeared (Andreeva and

Rastrigina, 1965).
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Figure 2.6 Effects of compaction pressures on the strength and relative electrical conductivity of
both green and sintered specimens of (a) lightly oxidised and (b) severely oxidised
aluminium powder, whereas 1 and 3 represent the green and sintered electrical
conductivities and 2 and 4 represent the green and sintered strength respectively

(Gutin et al., 1972)

2.3.3 The Effects of Sintering Atmosphere

Sintering atmosphere is an important factor that plays a significant role during
sintering, especially for aluminium, because it must act as an oxidising protector and/or partial
reducing agent. Sintering atmospheres, that commonly used in aluminium sintering process,
include nitrogen, argon, vacuum and mixture of nitrogen and hydrogen gases (Schaffer et al.,
2006). Among these four atmospheres, it has been found that nitrogen is the most effective
(Pieczonka et al., 2007; Schaffer and Hall, 2002; Schaffer et al., 2006). Figure 2.7 shows the
effects of sintering atmosphere on the densification of Al-3.8Cu-1Mg-0.7Si. The zeroth minute
corresponds to the time at which the sintering temperature was first attained. Samples expanded
initially under all atmospheres and then shrink over time, except where hydrogen was added to
the gas stream, when no shrinkage occurred. With the other three atmospheres, the shrinkage rate
was the same for the first 10 minutes, but it slowed down thereafter in argon and accelerated
under nitrogen. Therefore, it showed that the efficiency of the sintering atmosphere decreased in
the order: nitrogen > vacuum > argon > the mixture of nitrogen and hydrogen gases (Schaffer et
al., 2006). Nitrogen is effective for not only aluminium alloy but also pure aluminium as

investigated by Pieczonka et al. (2007).

71883
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Figure 2.7 The densification of Al-3.8Cu-1Mg-0.7Si as a function of time and atmosphere
(Schaffer et al., 2006).

Nitrogen is not only the protective atmosphere during sintering but also acts as the
reducing agent, while the others act as only the protective atmosphere. It is suggested that there is
the formation of aluminium nitride (AIN) occurred when aluminium is sintered in nitrogen
(Schaffer and Hall, 2002; Schaffer et al., 2006). This formation comes from two reactions; the

first comes from the partial reduction of ALO, by the reaction:

2141203 +2N, > 44IN + 30, (2.9)

and/or the second is the direct reaction with nitrogen according to:

241+ N , 2A4IN (2.10)

However, these reactions can only occur if the partial pressure of oxygen is below the critical

value, Pc, which is given by:

a0 (—AGJ 2/3
_ 2~3 RT
Pc = pN2 ——afﬂN e (2.11)

where Py is the partial pressure of nitrogen, a ALO, and a 4y the activities of ALO, and AIN
respectively, R the gas constant, T the temperature, and AG the change in free energy for the

reaction. It is also found that the critical partial pressure of oxygen at 620°C is 2.56x10™ Pa.
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CAluminium alloy powder)
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Dewaxing and sintering

(Sintered specimens)

Properties testing and analysis

Figure 3.2 Flow chart of the conventional powder metallurgical (P/M) process.

Table 3.2 The recommended sintering parameters (ECKA Granulate GmbH, 2007).

Dewaxing temperature (°C) 380-420, or direct at sintering temperature
Sintering temperature (°C) 550-560
Sintering time (Minutes) 60
Sintering atmosphere Nitrogen
Temperature (°C)
c* N, atmosphere
Dewaxing ~_ Sintering ~ Furnace cooling
560 _--—_——:::'- —

Q20 —=—=-=

Time

60 min 60 min

Figure 3.3 Thermal cycle for sintering.
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In this work, there were two main parameters that were studied, namely sintering
condition and compaction pressure. In order to evaluate the effects of these two parameters, the
properties of the sintered specimens both the physical and mechanical properties, which are
density, shrinkage, microstructure, oxygen contents, tensile test and hardness test, were examined
and discussed. The methodology to examine the properties of the specimens is explained in detail
later. -
3.2.2 The Effects of Sintering Conditions

In this part, the aluminjum alloy powder was initially compacted into tensile
specimens with the green density of 2.50+0.01 g/cm3 or 93.6+0.4% theoretical density (% TD)
(ECKA Granulate GmbH, 2007). It is noted that the theoretical density of this material was 2.67
g/cms. For sintering, there were four sintering conditions designated as conditions 4, B, C, and
D, in which there were several items to be adjusted for each condition such as the level of
vacuum applied before starting the thermal cycle, control atmosphere, the purity of nitrogen gas,
the chamber type and capacity. The details of each condition can be summarised in

Table 3.3. Initially, to compare the effects of sintering gas, nitrogen gas with
different purity, which were 99.99% and 99.999%, was used in conditions 4 and B respectively.
To reduce the oxygen and contamination in the furnace, the low and high level of vacuum were
applied for comparison between conditions B and C. Lastly, the effect of control atmosphere was
carried out for comparison between conditions C and D by changing the control atmosphere from
pressure controlling to flow controlling. However, the sintering parameters were still referred to

the recommendation in Table 3.2.

Table 3.3 The variation of sintering conditions.

Level of vacuum Purity of Nitrogen Chamber
Control Sintering
Conditions | applied before nitrogen gas | flow rate capacity
atmospheric chamber
heating (%) (I/min) (liters)
A Low* Pressure 99.99
Graphite
Low* Pressure 99.999 6 165
box
High** Pressure 99.999
Ceramic
D N/A Flow 99.999 4 53
tube
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Note: *Low = low level of vacuum of 2x10° Pa was applied before starting the thermal cycle.
**High = high level of vacuum of 1x10° Pa was applied before starting the thermal

cycle.

The experimental results were separated into two sections, firstly, the results of
atmosphere dew point affected by sintering conditions and secondly, the effects of sintering

conditions on sinterability of aluminium alloy.

3.2.3 The Effects of Compaction Pressure
The variable in this part was the compaction pressure. The aluminium alloy
powder was compacted with several compaction pressures ranging from 150-700 MPa. The
green specimens were sintered by using the best condition obtained from section 3.2.2. To
evaluate the effects of this parameter, the sintered properties, such as physical and mechanical

properties, were measured and discussed.

3.3 Testing of Properties
3.3.1 Physical Properties
3.3.1.1 Density
The density measurement was based on the Archimedes’ principle. ‘This
corresponded to the standard test method of ASTM B311 (ASTM International, 2005). The

density can be calculated as follows:

_Lmaxpy) G.1)
(ma - mw)
where, p = the density of test specimen (g/cma),
m, = mass of test specimen in air (g),

m,,= mass of test specimen in water (g),

Py = the density of water at the measuring temperature (g/cms).

The green density was not measured for all specimens due to the
reaction of aluminium with water. Water submersion could cause the water to remain within the

pore and then could deteriorate the sinterability of aluminium powders. Therefore, only the green
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density of one specimen from every five pieces was measured. It is possible to control the
deviation of density to be +£0.01 g/cmg. However, the sintered density was measured for all

specimens.

3.3.1.2 Dimensional Change
The dimensional change of the sintered specimens was measured
relatively to their green specimens. The measurement was taken at five specific positions as

shown in Figure 3.4 and each position was designated as W), Wo, W, L, and T.

Figure 3.4 The specific positions for measuring dimension in the specimen.

The dimensional change (DC) of the sintered specimens from their

green stage can be calculated as follows:

_Dg-D,))

g

DC 100 (3.2

where, DC= the dimensional change in which the positive sign indicates shrinkage, while
the negative sign indicates expansion (%),

= the dimension at a specific position of the green specimen (mm),

, = the dimension at a specific position of the sintered specimen (mm).

3.3.1.3  Oxide Analysis
Takahashi (2008) suggested a technique to determine the oxide contents

by using the scanning electron microscope (SEM) equipped with the energy dispersive
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spectroscopy (EDS). By this technique, the unknown oxygen contents in the aluminium alloy
specimen were measured relatively to the aluminium oxide or alumina (ALO,). The calculation
of the oxide content can be explained as follows:

Considering the electron beam with intensity, /, projected on alumina
(AL,0,) specimen, the percentage by weight of aluminium detected by EDS, W 4 4,0, can be

represented as a function of beam intensity as follows,

2
WAI(AI,O,) =§k,41] (3.3)
where, W, 4,0, = the percentage by weight of aluminium in ALO, detected by EDS
(% wt.),

ky = the proportional constant for aluminium,

I

I

the intensity of electron beam,

and number % is the ratio of 2 aluminium atoms from 5 atoms of Al and O in alumina (ALO,).

The percentage by weight of oxygen detected by EDS, Wo( 4,0,) > €an

also be represented as a function of beam intensity in a similar way as follows,

3
Wocano,) = 3 kol (3.4)

where, Wy 4,0,y = the percentage by weight of oxygen in ALO, detected by EDS (% wt.),

ko = the proportional constant for oxygen,

and number % is the ratio of 3 oxygen atoms from 5 atoms of Al and O in alumina (ALO,).

Dividing Equation (3.4) by Equation (3.3) yields,

k

Al

WO(AI,O, )

5

3
=5 (3.5)

=

W aiai0,)

Then, the electron beam with the same intensity projected on the
aluminium alloy specimen with unknown oxide content was considered. It is noted that the
intensity should be equal if the same accelerating voltage is used. If x is the unknown value of
oxygen content relative to aluminium content in an aluminium alloy sample, the ratio of oxygen

to aluminium in the aluminium alloy specimen can be written as O : Al = x : 1. By using the
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same relation as Equations (3.3) and (3.4), the percentage by weight of aluminium, W st sampte)

and oxygen, Wy smp)» detected by EDS can be represented as a function of beam intensity as

follows,
1
W a(samptey = Tox k! (3.6)
x
WO(Sample) = 1+ % kOI (37)

where, W cumpey= the percentage by weight of aluminium in aluminium alloy sample
detected by EDS (% wt.),
Wo(sampiey =  the percentage by weight of oxygen in aluminium alloy sample detected

by EDS (% wt.).

Dividing Equation (3.7) by Equation (3.6) yields,

WoSample) _ x ko

(3.8)
w Al(Sample) 1 kAl
s ko . . . .
Substituting of o from Equation (3.5) into Equation (3.8) yields,
Al
114 /4

O(Sample) _ X Z 0(41,0,) (3.9)

Waisampey 1 3 W a0,

Therefore, the oxygen per aluminium contents value, x, can be

calculated from the following equation,

_3 ) WA/(AI,O,) ) W o( sample)

(3.10)
2 Wocano,y W ar(sampley

3.3.14 Microstructure Preparation
The method to prepare specimens for microstructural observation
started from the sintered specimen was cut into a small piece to reveal the cross section. The
specimen was then hot mounted in the epoxy resin. To reveal the clear and smooth
microstructure, the specimen was firstly gr;>und by the silica papers and subsequently fine
polished with the diamond suspension. The steps of the grinding and fine polishing (ASM

International, 2004) were tabulated in Table 3.4.
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Table 3.4 Grinding and fine polishing for aluminium P/M specimens (ASM International, 2004).

Grinding
Step | Abrasive Grade Lubricant Rotating speed (rpm) Time (minute)
1 SiC 500 H,0 200 1-5
2 SiC 1000 H,0 200 1
3 SiC 2400 H,0 200 25
Fine polishing
Step | Cloth | Abrasive | Gradation Lubricant Rotating speed Time
(rpm) (minute)
1 Nap D.p.* 3 yum Alcohol based 150 I**
2 Nap D.p.* 1 ym Alcohol based 150 1.5%%*
Note: * D.P. = diamond paste.

** If there were still scratches remaining from grinding step, the ¥ step of fine polishing
should be continued.

*** If there were still scratches appeared on the specimen, the 2™ step of fine polishing
should be continued until the scratches were eliminated.

3.3.2 Mechanical Properties
3.3.2.1 Macro Hardness
The Rockwell scale F or HRF hardness test was selected to measure the
apparent macroscopic hardness of the specimen. The test was carried out by indenting the 1/16”
steel ball with the applied load of 60 kgf for 6 seconds according to the standard test method
MPIF standard number 43 (Metal Powder Industries Federation, 2002). Two of eight specimens
were selected to test and the total test point was eight.
3.3.2.2 Tensile Properties

The other five pieces of sintered specimens were selected to test their
tensile properties including ultimate tensile strength and elongation according to the standard test
method for determination of tensile properties of the P/M materials, MPIF standard number 10

(Metal Powder Industries Federation, 2002).



CHAPTER 4
THE EFFECTS OF SINTERING CONDITIONS ON
PROCESS ABILITY OF Al-Si-Cu-Mg ALLOY

4.1 Effects of Sintering Conditions on Atmosphere Dew Point

Table 4.1 shows the atmosphere dew point affected by sintering conditions as shown in
Table 3.3. Dew point temperature is the temperature at which the water vapour in the atmosphere
will condense (Lutgens and Tarbuck, 1998). It also indicates the level of moisture in the
atmosphere in which the lower dew point temperature indicates the lower level of moisture in the

atmosphere.

Table 4.1 Atmosphere dew point affected by the sintering conditions.

Level of
vacuum Purity of
Nitrogen Chamber | Dew
applied Control nitrogen Sintering
Conditions flow rate capacity | point
before atmosphere gas chamber
(I/min) (liters) (°C)
heating (%)
cycle
Low Pressure 99.99 -29.4
Graphite
Low Pressure 99.999 6 165 -31.7
box
High Pressure 99.999 -33.1
Ceramic
D N/A Flow 99.999 4 53 -38.4
tube

From the results of atmosphere dew point obtained from various sintering conditions as
shown in Table 4.1, it is apparent that the purity of nitrogen gas affected directly the atmosphere
dew point. By using higher purity of nitrogen gas in sintering condition B (99.999%) comparing
with sintering condition 4 (99.99%), lower dew point temperature was obtained because of the

higher purity of gas, the less moisture content.
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By applying high vacuum level before heating in sintering condition C slightly decreased
the atmosphere dew point comparing with sintering condition B. The slightly decrease was
because the initial applying of higher level of vacuum evacuated more impurities including
moisture than lower level of vacuum while the other parameters were similarly during sintering.
However, it 1s found that the dew point temperature was significantly improved by using the
ceramic-tube furnace with the permanent flowing of nitrogen gas as shown in condition D.

The results also show that sintering in flow controlling atmosphere gave lower dew point
temperature than pressure controlling atmosphere because the water vapour in the atmosphere
was continuously swept out by permanent flowing of gas. In contrast, for pressure controlling
atmosphere, the pressure of the sintering atmosphere was always kept to be constant. Therefore,
the rate of sweeping out of water vapour was less, although the gas flow rate is lower in condition
D.

In conventional P/M for aluminium alloy, flow controlling atmosphere is commonly used
in order to produce the atmosphere with very low dew point. Moreover, not only the permanent
flow of dry nitrogen gas that is necessary in order to achieve the low atmosphere dew point, the
capacity of sintering chamber and the nitrogen flow rate are also crucial. It is suggested that for
the furnace with the 42.5-litre chamber, the suitable gas flow rate in order to maintain a -40 to -50
°C furnace atmosphere dew point, should be 28-47 I/min (ASM International, 1984).

However, it does not mean that the graphite box furnace could not reach the low
atmosphere dew point. It would be possible if the atmosphere controlling can be set as flow
controlling and the gas flow rate is increased but there was the restriction of the furnace

equipments that limited the operation of flow controlling using high flow rate of sintering gas.

4.2 Effects of Sintering Conditions on Physical Properties
4.2.1 Density

The sintered density of the specimens sintered in various sintering conditions
comparing with their green density is shown in Figure 4.1. Initially, the average green density of
all specimens was 2.50 g/cm3 or 93.6% theoretical density (% TD). The sintered density of
98.5% TD was observed on the specimens sintered in condition D that had the lowest dew point.
While the specimens sintered at the higher atmosphere dew points, as in conditions B and C, had
sintered density of 95.5% and 95.9% TD respectively. Furthermore, the lowest sintered density

of 94.0% TD was observed on the specimens sintered in condition 4 which had the highest
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atmosphere dew point. Nevertheless, the specimens sintered in all sintering conditions showed

the increase in density relative to their green density, which was 93.6% TD.
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Figure 4.1 Density of the specimens sintered in different conditions.

The atmosphere dew point observed from various sintering conditions as listed in
Table 4.1, it shows that sintering conditions affected directly the atmosphere dew point. The
green specimens that were sintered by using different sintering conditions were also different.
Therefore, the relationship between the atmosphere dew point and the sintered density can be
plotted as shown in Figure 4.2. It is noted that the result obtained by Neubing et al. (2002) was
also added into the graph for comparison. It is found that as the atmosphere dew point decreased,
the sintered density increased linearly for the atmosphere dew point from -29.4°C to -38.4°C.
Further decreasing dew point to -45°C, less significant increasing of density was observed. This
suggested that the densification was nearly reached saturation, which meant that the sintered

density would be constant even the dew point was decreased further (Schaffer et al., 2006).
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Figure 4.2 Sintered density of the specimens as a function of atmosphere dew point.

4.2.2 Dimensional Change

From the previous section, there was the increase in sintered density relative to
green density. This had to be accompanied by the shrinkage of the specimens. The linear
shrinkage at a specific position of specimens sintered in each sintering condition was shown in
Figure 4.3. The result showed that the largest shrinkage occurred on the specimens sintered in
condition D at every position and the shrinkage was decreased for conditions C, B, and 4
respectively. This is in good agreement with thie sintered density shown in Figure 4.1. The
shrinkage at position W, W,, W3, were nearly the same as shown in Figure 4.3 (a). Hence, the
average of these three positions was then calculated as shown in Figure 4.3 (b). In addition, it was
observed that the shrinkage in the direction perpendicular to the pressing direction, which were
Wi, W1, W3 and the shrinkage for L, was similar as shown in Figure 4.3 (c). While the direction
parallel to the pressing direction (7), the shrinkage was significantly less as shown in Figure 4.3
(d). Moreover, there was nearly zero shrinkage at position T observed on the specimens sintered

in condition 4.
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Figure 4.3 The linear shrinkage of the specimens at specific positions for each sintering

condition, (a) Wl; WZ, %a (b) ;Vavemgea (C) L’ (d) T.

Although the linear shrinkage at the specific position shows the result
corresponding to the density and the atmosphere dew point, there was the non-uniform shrinkage
between the directions perpendicular and parallel to the pressing direction observed at all
specimens. It was resulted from the density gradient within the compacted specimens that usually
occurred in the uniaxial compaction (German, 1994). The powders were more densified along
with the pressing direction than those along the perpendicular to the pressing direction because
the powders were subjected directly to the applied load. In addition, the uniaxial compaction
caused the powders to elongate perpendicular to the pressing direction and consequently the pores
trended to be elongated in perpendicular to pressing direction. However, the pores trend to
spheroidise during sintering, this will cause the more shrinkage in the direction perpendicular to
the pressing direction and less shrinkage in the parallel pressing direction (German, 1996).

Both density and shrinkage indicated that atmosphere dew point affected the

densification of the powder, but how was still remain as the question. Therefore, microstructural
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network. The fresh gas impinging on the surface of the compact will have a high oxygen partial
pressure. However, deep inside the pore network, where the gas flow rate is much lower, the
oxygen is be consumed by aluminium faster than it can be replenished by the incoming gas. The
local partial pressure oxygen will then fall. Therefore, this suggests that the specimen surface had
poor sinterability because it was always exposed to oxygen in the impinging gas, while better
sinterability was occurred deep inside the pore network because the oxygen partial pressure was
lower.

According to the self-gettering phenomenon, it seemed to give precedence to only
oxygen. However, water vapour or moisture ‘was also the oxidising agent for aluminium and it
was found that the rate of oxidation of aluminium with the moisture was faster than with the
oxygen at the sintering temperature (Kim et al., 1996). If the self-gettering was occurred only
with oxygen, the question was why sintering condition D gave better sinterability at the
superficial region than that observed for condition C. It is noted that the high vacuum was applied
for the condition C but not for condition D and additionally both conditions used the same gas.
Therefore, self-gettering can be occurred not only oxygen but also water vapour. If the water
vapour in the atmosphere was low or low atmosphere dew point, the effects of self-gettering was
less as observed in this work.

In addition, it is also suggested that nitrogen can partially reduce the oxide of
aluminium to form the AIN according to equation (2.9) (Schaffer and Hall, 2002; Schaffer et al.,
2006). Although nitrogen atmosphere was used in the all sintering conditions but no evidence of
AIN formation was occurred as shown in the energy dispersive spectrum (EDS) analysis in Figure
4.6 (a) and (b). It is noted that the EDS analysis at the centre of the specimens sintered in only
conditions C and D was selected to show. There were peaks of aluminium, silicon, copper,
magnesium and oxygen but there was no nitrogen peak. Hence, the partial reduction of oxide to
form AIN was not achievable in this experiment. It suggested that AIN could be formed if both
high vacuum and low atmosphere dew point were applied to the sintering of aluminium (Liu et

al., 2008; Schaffer and Hall, 2002)
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Figure 4.6 Energy dispersive spectrum (EDS) analysis at the centre of the sintered specimens

obtained from (a) condition C and (b) condition D.

4.24 Oxygen contents
The relative O/Al contents measured at the centre of the specimens that were
sintered in various conditions are shown Figure 4.7. By comparing with their green stage, it was
found that the O/Al contents observed on the sintered specimens were increased for the specimens
sintered in conditions 4, B and C. The specimens sintered in condition 4 gained the most amount
of oxygen during sintering, while these contents observed on the specimens sintered in conditions

B and C were similar but lower than condition 4. The specimens sintered in condition D
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contained the lowest O/Al contents and their value was found to be even lower than that observed
on the green specimens. The reduction of oxide for the sintering condition D was dominantly by
magnesium (Neubing et al., 2002). There was no evidence of reduction by nitrogen as already
shown in Figure 4.6 (b). Another factor that caused the improved sinterability, was the self-
getteing phenomenon. The atmosphere of sintering in condition D had the lowest dew point and
low oxygen contents because the sintering chamber was flushed with 99.999% purity nitrogen gas
for 12 hours before sintering. This minimised the residual moisture and oxygen and others
impurities within the chamber. Therefore, self-gettering by the water vapour and oxygen was not

SEvere.
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Figure 4.7 The relative oxygen per aluminium contents measured at the centre of both green and

sintered specimens cross section.

43 Effects of Sintering Conditions on Mechanical Properties
4.3.1 Macroscopic Hardness
Figure 4.8 illustrates the effects of sintering conditions on the macroscopic
hardness of the specimens. Initially, the hardness test was taken on the specimen surface. The
highest hardness of 74 HRF was observed on the specimens sintered in condition D, while the
specimens sintered in conditions C, B and 4 gave the similar hardness results, which were 58, 57,

and 53 HRF respectively. The hardness of conditions A, B and C was not in agreement with the
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microstructures result as shown in Figure 4.5 (b)-(d). However, it was found that the hardness
measured on the specimens surface was not suitable because of the poor sinterability at the
surface due to the self-gettering phenomenon. Therefore, the hardness values were lower than
normal. The hardness was measured again at the centre of the specimens and the result was
significant higher than that measured at the surface for the specimens sintered in conditions B, C,
and D. For condition 4, it was found that the hardness measured at both centre and surface was
similar. This is in agreement with the microstructures observed on both positions. Similar results
were also reported by Casella et al. (2004), who measured the microscopic hardness from the
specimen surface to the centre and found that the significantly higher of the hardness was
observed on the centre. In addition, the hardness measured at the centre agrees well with the

density and shrinkage obtained previously.
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Figure 4.8 Rockwell hardness of the specimen as a result of sintering conditions.

4.3.2 Tensile Properties
In addition, the corresponding tensile properties of sintered specimens are
illustrated in Figure 4.9. This indicates that both tensile strength and elongation were dependent
on the atmosphere dew point. Sintering in the highest atmosphere dew point, the lowest tensile
strength of 100 MPa and elongation of 0.5% was observed. This was due to partial sintering of

the powder resulted from the prevention of pore minimisation by the moisture in the atmosphere.
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As the atmosphere dew point decreased both tensile strength and elongation were improved
because the powders were more densified. Until the atmosphere dew point reached the maximum
value in this experiment, the highest tensile strength of 171 MPa with 1.6% of elongation were
observed. Both tensile strength and elongation also showed the results in agreement with the

physical properties as observed previously.

180 2.5
n
_ 150 | 42.0
[ ]
%‘ 120 } [] ¥ i S
= i Jd15 ~
) ] :
= op—
o 9 |- 8
£ 1 .
g 1 41.0 2
2 60 | 4 'L =
-]
= I ® Tensile strength | 5
30F 4 .
A Elongation
0 . N 1 4 0.0
A B C b

Sintering condition

Figure 4.10 Tensile strength and elongation of the specimens as a result of sintering conditions.

44 Experimental Conclusion

In summary, the sintering conditions affected directly the atmosphere dew point and hence
affected the sinterability of Al-Si-Cu-Mg powder. Sintering in the lower atmosphere dew point
showed the better physical and mechanical properties. During sintering in various conditions,
aluminium alloy powder exposed to various levels of moisture, resulting in different sinterability.
Sintering of aluminium alloy was achieved by the presence of magnesium. The role of
magnesium was to reduce the oxide of aluminium and then exposed the fresh aluminium to sinter
with each other. If the level of moisture was high, it was possible that the exposed aluminium
could be re-oxidised with the moisture and hence gain the oxide from the moisture. This resulted
in poor sinterability as evidenced by the low physical and mechanical properties. While if the
level of moisture was low, the re-oxidised of exposed aluminium was less severe due to the self-

gettering phenomenon, in which the aluminium powders at the surface acted as the getter for the
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inner section. Therefore, if the sintering atmosphere had too high level of moisture, the reduction
by magnesium and self-gettering was not effective because the oxidation rate of aluminium with
moisture was faster than that with oxygen. The reduction by self-gettering was not enough and
the partial pressure of water vapour was still high within the inner section. This caused the
specimens has poor sinterability. For the specimens sintered in the lower atmosphere dew point,
the moisture in the atmosphere was low enough to be reduced or consumed by the aluminium
powders at the surface. In this case, the water partial pressure in the inner section was low and

allowed the powders to sinter better.



CHAPTER 5
THE EFFECTS OF COMPACTION PRESSURES ON

SINTERABILITY OF Al-Si-Cu-Mg ALLOY

5.1 Effects of Compaction Pressures on Physical Properties
5.1.1 Density
The relative densities of the green specimens with various compaction pressures are
shown in Figure 5.1. It shows that the green density was rapidly increased from the initial apparent
density of 44-75% theoretical density (% TD) when the pressure of 150 MPa was applied. When the
compaction pressure was increased, the green density was increased but in the slow rate. In this
experiment, the maximum compaction pressure exerted on the aluminium alloy powder was 700 MPa

with the obtained relative density of 93.6% TD.
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Figure 5.1 Green density resulting from various compaction pressures.

The rate of change of green density with respect to compaction pressure is shown in
Figure 5.2. It was found that as the compaction pressure increased from 0-300 MPa, the rate of change

of green density was change fast from 44-85% TD. While the compaction pressure increased from
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300-700 MPa, the density was changed from 85-93.6% TD with the slow rate of change. At this
region, even the high éompaction pressure was applied, the slightly change of density was observed.
Therefore, the compaction pressures used in this study can be separated into two ranges, namely the

low pressure, regarding 150-300 MPa and the high pressure, regarding 300-700 MPa.
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Figure 5.2 Rate of change of green density with respect to the compaction pressure.

From Figure 5.2, at the low compaction pressure range, the rapid increase in green
density was mainly due to the rearrangement of powder and localised deformation (German, 1994). At
the beginning, the powder had a density approximately equal to the apparent density. As pressure
applied, the first response was the rearrangement of the particles to fill large spaces, giving a higher
coordination. Increasing pressure produced better packing and led to decrease porosity by localised
deformation at the powder contacts. At the high compaction pressure range, the increasing in density
is mainly due to the contact enlargement to reduce porosity through plastic deformation only.
Therefore, the rate of increase in green density was slow.

Figure 5.3 shows the green and sintered densities of the specimens compacted using
various compaction pressures. The relative density was increased from 75% TD for green to 96.6%
TD for sintered if the specimens were compacted with 150 MPa. The sintered density was increased
as the compaction pressure increased. On the other hand, the specimens compacted at 700 MPa had

the green density of 93.6% TD and the sintered density of 98.3% TD. As a result from the green
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density, the specimens compacted with the high pressure, the high sintered density was obtained. It
was mainly because the high compaction pressure increased the number of particle contacts through

plastic deformation and consequently enhanced the sintering rate.
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Figure 5.3 Sintered density with respect to various compaction pressures comparing with their green

density.

From Figure 5.3, the increase in density from green to sintered stages can be
calculated from the density difference between sintered density and green density (o, - Pg) and the
result is shown in Figure 5.4. It shows that the specimens compacted at the low compaction pressure
range had large increase in density, while the specimens compacted with the high compaction pressure

range had less increase in density.
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Figure 5.4 The increase in density after sintering for varied compaction pressure.

5.1.2 Dimensional Change

The density results showed that all sintered densities were higher than their
corresponding green densities, which indicated that there was shrinkage occurred. The shrinkage of
the specimens at particular position is shown in Figure 5.5. It shows that the specimens compacted
with the low compaction pressure shrank more than those compacted with the higher compaction
pressure at all measured positions. It also shows the uniform shrinkage at W), W,, and W; as
illustrated in Figure 5.5 (a). Their average shrinkage, Wyyerage is shown in Figure 5.5 (b). Moreover, it
was found that the shrinkage of these three positions and their average value were also similar to the L
position as shown in Figure 5.5 (c). Therefore, this can be said that that all positions in the direction
perpendicular to the pressing direction showed the uniform shrinkage. However, in the direction
parallel to the pressing direction, 7, the shrinkage was relatively higher for the specimens compacted at
the lower compaction pressure (150-300 MPa) and relatively lower for those compacted at the high

compaction pressure (300-700 MPa) as shown in Figure 5.5 (d).



50

10 10
a) +W1 b) _v_ W

average

Shrinkage (%)
=
N
Shrinkage (%)
P
> L]
j«/

- d L

0 n 2 A 2 P 0 - N i " N 1
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800

Compaction pressure (MPa) Compaction pressure (MPa)
10 10
©) —-L d) -@-T
~_ 8 B ~_ 8 3 {
S S \
2 & & or
k) N g
s 4] N = 4]
ot | 9
= =
7] 7]

N - \
| \‘\‘ 2l \
0 n I Y 1 " 2 M 0 M 1 3 3 Y 1 2
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Compaction pressure (MPa) Compaction pressure (MPa)

Figure 5.5 Effects of compaction pressures on the dimensional change at different positions of the

sintered specimens with respect to their green dimension.

This can be explained that the aluminium powders undergo deformation during
compaction. In the case of low compaction pressure, the aluminium powders were less deformed and
less contact areas between powders led to more and larger pores distributed in the specimens as shown
in Figure 5.6 (a). On the other hand, large deformation and consequently large contact areas were
found on the compacts formed by high compaction pressure, hence, these compacts contained less and
smaller pores as shown in Figure 5.6 (b). After sintering, it was found that, the specimens from all
compaction conditions reached the sintered density higher than 96% TD and up to 98.3% TD. This
was because of the high shrinkage occurred on the specimens compacted by the low pressure and less
shrinkage by the high pressure. However, the shrinkage of the specimens still showed the non-
uniformity between the directions perpendicular and parallel to the pressing direction. The specimens
compacted by the low pressure showed the higher shrinkage in the direction parallel to the pressing
direction than that in the direction perpendicular to the pressing direction. While the specimens

compacted by the high pressure showed the result in the opposite way. This opposite relation can be
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Figure 5.8 EDS analysis at the centre of the sintered specimens compacted at (a) 150 MPa, (b) 300

MPa, and (c) 700 MPa.
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5.1.4 Oxygen Contents
Figure 5.9 shows the relative O/Al contents of the green and sintered specimens
measured at centre. It shows that these contents in the sintered specimen were slightly reduced from
its green state at all conditions. The specimen compacted at the lowest compaction pressure (150
MPa) contained the highest O/Al contents. When the compaction pressure was increased to 200 MPa,
these contents were lower but remained relative constant there after. The tendency of the result was

similarly in both green and sintered state.
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Figure 5.9 The relative O/Al contents measured at the centre of both green and sintered specimens

cross section as a function of compaction pressure.

From the literatures in section 2.2.2.2, the role of compaction pressure is to rupture the
oxide layers of aluminium powder, thus, the O/Al contents measured on the green specimens should be
constant. However, the results of the O/Al contents show the lower contents on the green specimens
when the compaction pressure increased from 200 MPa. It can be explained by using the film rupture
mechanism during compaction (Andreeva and Rastrigina, 1966) that the rupture of the oxide layers
was accomplished by the plastic deformation of aluminium powders, their contact areas were
increased. The oxide layers could not retain when the particle surface changed and the oxide layers
broke up into fragments, forming cracks in between when pure metal appeared. During subsequent

deformation, the cracks began to spread and contact bridges were formed in the zones of film rupture.
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Consequently metallic contact was achieved through a network of bridges. This indicated that the
specimens compacted by low compaction pressure had less deformation as observed on the
microstructure in Figure 5.6 (a), hence the less oxide rupture. In addition, it was possible to have the
non-deformed powders within the specimen, therefore, the high O/Al contents value was observed.
While increasing the compaction pressure, the aluminium powders underwent large deformation and
their surface areas increased. The cracks were formed and subsequently the oxide layers were spread
out by the spreading metal and contact bridges to form in the zones of oxide rupture. Therefore, the
slightly lower of O/Al contents was due to the increase in oxide free zones, where the oxide layers
were spread out.

After sintering, it is found that these contents were slightly lower than those observed on their
green specimens. This indicated that there was the oxide reducing mechanism occurred during
sintering. The reduction of oxide did not depend on the increase in the compaction pressure as the
difference in O/Al contents was similar for all compaction pressures. The compaction pressure could
only rupture the oxide layers. Therefore, the oxide reduction was caused by magnesium similar to the
previous experiment (Neubing et al., 2002). The slightly reduction of O/Al contents suggested that the
oxide was reduced only by magnesium but not by nitrogen as evidenced by EDS analysis.

According to the self-gettering phenomenon, the aluminium powders at the surface acted as
the getter for those in the inner section. Therefore, the aluminium powder in the outer layer got more
oxygen than those inside the specimen. This caused the lowers oxygen partial pressure in the inner
section and allowed the aluminium powders to sinter better. Figure 5.10 shows the proof of the self-
gettering phenomenon on the specimen compacted at 150 MPa by measuring the O/Al contents from
the centre to the surface. The results show that these contents at the region near the centre were
constant, while the near surface region, these contents was rapidly increasing. Pieczonka et al. (2007)
also found that the percentage by weight of oxygen was 4 times higher at the surface than that at the

centre of pure aluminium sintered specimens caused by self-gettering phenomenon.
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Figure 5.10 The relative O/Al contents of the sintered specimens compacted at 150 MPa measuring

from centre to the surface. Dash line indicates the oxygen contents at green state.

5.2 Effects of Compaction Pressures on Mechanical Properties
5.2.1 Macroscopic Hardness

Figure 5.11 shows the macroscopic hardness results of the specimens as a function of
compaction pressure. Initially, the test was taken on the specimen surface and it showed that at the
low compaction pressure range, the hardness was increased from 59 to 71 HRF. When the compaction
pressure increased to the high pressure range, the trend of hardness was constant at the average value
of 72 HRF. The results are similar to the trend of density results.

As similar to the previous experiment, the microstructures of the specimens still showed
the poor sinterability at superficial region affected by the self-gettering phenomenon. Therefore, the
hardness was also measured at the centre of all specimens and their results are also shown in Figure
5.11. The hardness at the centre showed the higher value relative to that at surface which indicated

that sintering was better at centre. This is supported by the microstructural images in Figure 5.7 (a)-

(e).
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Figure 5.11 Rockwell F-scale hardness of specimens as a function of compaction pressure.

5.2.2 Tensile Properties

Tensile properties including tensile strength and elongation of the specimens are
illustrated in Figure 5.12. The tensile properties had similar trend as the hardness at both centre and
surface. As the compaction pressure increased, both tensile strength and elongation were increased.
The maximum values were obtained from the specimens compacted at 700 MPa, which was 171 MPa
for the tensile strength and 1.6% for elongation, while the minimum were 125 MPa for tensile strength
and 1.0% for elongation obtained from the specimens compacted at 150 MPa.

According to the tensile properties, it shows that as the compaction pressure increased,
the tensile strength and elongation were increased, which was similar to the density and hardness
results. However, the hardness results at the surface showed the relatively large deviation, but the
elongation results showed the less deviation for the specimens compacted by low compaction pressure.
The large deviation of the hardness was from the poor sinterability of the specimens surface due to the
self-gettering phenomenon, but the microstructure at centre showed the well sintering and the
corresponding hardness measured at this region showed less deviation. Therefore, the elongation and

the hardness at centre of the specimens had similar deviation.
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Figure 5.12 Tensile strength and elongation as a function of compaction pressure.

5.3 Experimental Conclusion

In conclusion, the compaction pressure affected directly to the sinterability of Al-Si-Cu-
Mg alloy by enhancing both physical and mechanical properties. At the low compaction pressure
region, the green density rapidly increased due to the powder rearrangement to fill the lar_ge pores and
packed together with the adjacent particles. As the compaction pressure increased, the green density
was increased because the powders were more deformed to increase the surface areas, leading to pore
minimising. However, at the high compaction pressure range, the density change was slightly due to
the powders were plastically deformed and work hardened. The sintered density of all compacted
conditions was increased from their green density and showed the value ranging from 96.6-98.3% TD.
The shrinkage results showed that as the compaction pressure increased, the shrinkage was decreased
but the shrinkage was still non-uniform. The microstructures showed the corresponding features to the
shrinkage, in which the sintering was better at centre for all conditions. This corresponded to the fact
that the shrinkage was high for the specimens compacted by the low pressure. However, the poor
sinterability at superficial region was still observed for all specimens due to the self-gettering
phenomenon. The effects of self-gettering was lower as the higher compaction pressure was applied
because the compacts had more densed, therefore, the oxygen or moisture in the atmosphere could not
penetrate in to the deep inside the pore easily. The oxygen contents analysis showed the slightly

reduction of oxygen contents in the sintered specimens, which suggested that the reduction mechanism
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of oxide was dominantly by magnesium and there was no evidence of oxide reduction by nitrogen. In
addition, the mechanical properties showed the similar results to the trend of sintered density. From all
results, it can be suggested that it is possible to form the aluminium powder components from the
initial low green density but the main problem is the self-gettering phenomenon that causes the
compacts to have poor properties. Therefore, this probem can be solved by sintering in the lower

atmosphere dew point.



CHAPTER 6

CONCLUSION AND SUGGESTIONS

6.1 Conclusion

Sintering conditions can affect atmosphere dew point and hence can significantly influence the
sinterability of Al-Si-Cu-Mg alloy. The best sintering condition observed in this experiment was the
flow controlled 99.999% purity of nitrogen gas by using the tube furnace with the appropriated flow
rate of gas. The dewaxing and sintering temperatures were 420 and 560°C respectively and the
sintering time was 60 minutes. Using the best condition for sintering, the sintered density was 98.3%
theoretical density. The linear shrinkage was highest amounts other sintering conditions. However,
the shrinkage was not uniform because of the nature of specimens that were compacted uniaxially.
The tensile strength of 171 MPa with the 1.6% of elongation could be obtained. The macroscopic
hardnesses measured at the surface and centre of specimens were 74 and 80 HRF respectively.
Microstructures showed the duplex microstructure that consisted of the silicon phase dispersed in the
aluminium matrix. However, the specimens were well sintered at the centre but poor at the superficial
region due to the self-gettering phenomenon. The main factor that influenced the properties was an
atmosphere dew point, in which -38.4°C of atmosphere dew point could be reached by using the best
sintering condition. Sintering in the atmosphere with low dew point enhanced densification of the Al-
Si-Cu-Mg powder. If the atmosphere dew point was low enough, the oxide layers were reduced during
sintering and this allowed the exposed aluminium to be sintered together. In contrast, continuing
oxidation was re-occurred to the exposed aluminium, resulting in gaining more oxygen in high
moisture environment. Therefore, sintering was hindered and poor sinterability was obtained.

The compaction pressure is another factor that can enhance sinterability of Al-Si-Cu-Mg alloy.
The effect of compaction pressure could be separated into two ranges, the low and high pressure
ranges. At the low compaction pressure, namely 0-300 MPa, the green density was rapidly increased
from 44 to 85% TD. While applying the higher compaction pressure from 300-700 MPa, the green
density was gradually increased from 85 to 93.6% TD. After sintering with the best condition obtained
from the previous experiment, the sintered density was reached 96.6-98.3% TD. The increase in
density from green to sintered stage was evidenced by the linear shrinkage and microstructures. The

linear shrinkage was higher for the specimens compacted with the low pressure and vice versa. The
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microstructures at the centre of all specimens showed the similar structures, in which a number of
pores were less when compared with the superficial region resulting from the self-gettering
phenomenon. However, the effects of this phenomenon were less pronounced as the compaction
pressure increased, in which the layer of large pores distributed at the superficial region was reduced
as the compaction pressure increased. At low green density, the oxygen or moisture in the atmosphere
easily penetrated into the pore network and was consumed by the aluminium locating near the surface.
Therefore, this layer of pores distributed at the superficial region affected the mechanical properties.
The mechanical properties increased as the compaction pressure increased. In adciition, the oxide
analysis results indicated that the oxide was dominantly reduced by magnesium at all sintered
specimens, when compared with the corresponding green specimens. However, there was no evidence
of oxide reduction by the nitrogen because the partial pressure of oxygen was not low enough to

activate that reduction.

6.2 Suggestions

Although this work was finished, it was only the first step towards aluminium injection
moulding process. There are some suggestions to the work for further study towards injection
moulding for aluminium as follow:

6.2.1 In order to reach the low dew point atmosphere, the gas flow rate should be comparable
to the capacity of the sintering chamber. In addition, the self-gettering phenomenon is found to be a
source of decreasing the mechanical properties. Therefore, an external gettering is required, in order to
minimise the effects of self-gettering. The external getters may comprise any metal that has a higher
affinity for oxygen and moisture than aluminium and does not vaporised at the sintering temperature of
aluminium. Magnesium is geneally suggested (Liu, ez al., 2008) and hence, a few small pieces of it
may be placed in the furnace surrounding the parts.

6.2.2  Another suggestion is on the appropriate binder for aluminium alloy to form a
feedstock. From the literatures about aluminium injection moulding, the components of binder are
kept in secret (Nishiyabu, et al., 2004; Tan and Ma, 2004). However, there is only one work that gave
the components of the binder used, but the moulded parts are solvent debinded prior to thermal
debinding and sintering (Liu et al., 2008). Solvent debinding is not recommended due to the
environmental hazard. However, MIM process is currently a commercial process for titanium and
titanium itself is also a reactive metal. Therefore, it is possible to use the binder that commonly used

in titanium MIM.
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6.2.3  Together with the above suggestion, the moulded parts have to be debinded prior to
sinter. Debinding in air is seemed to be detrimental for aluminium. Therefore, the debinding process
for aluminium should be carried out in the protective atmosphere or continuously with the sintering

process to avoid the air exposure.
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