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ABSTRACT 

The aims of this PhD project were to understand and improve the mechanical 

properties of aluminium Al-Cu-Si-Mg P/M alloy Alumix 123 by application of a warm 

compaction process. They were achieved by investigating the effect of (a) compaction 

pressure/temperature, (b) admixed lubricants (e.g. Acrawax C and Kenolube P11) on 

green/sintered density and mechanical properties of Alumix 123 P/M Al powder.  

It was found that compaction at 110ºC led to (1) a reduction in the ejection force up 

to ~ 40 % and (2) an increase in sintered density up to ~ 98 % of theoretical density. After 

heat treatment at 200ºC for 5 hours (T6), the tensile strength reached ~ 365 MPa and 

hardness of ~ 126 HV was achieved. These mechanical properties are comparable to wrought 

alloy of Al 2014 A (Al-Cu-Si-Mg). Further improvement of mechanical properties of 

aluminium alloy Alumix 123 can be achieved by reducing the amount of admixed lubricant 

to 0.5 wt %, and using Acrawax C as the lubricant rather than Kenolube P11. 0.5 wt % of 

lubricant improved the blending properties of the powder premix thus allowing the most 

effective filling of the die. Also lower content of lubricant leads to higher amounts of metal-

to-metal contacts between powder particles. 

Taguchi analysis was used to identify which parameter (compaction pressure, 

temperature and lubricant content) affected the densities and mechanical properties of 

Alumix 123 specimens with single lubricants the most. It was observed that the most 

effective parameter in warm compaction of Alumix 123 specimens with Acrawax C as 

admixed lubricant was actually the lubricant content. The next parameters are compaction 

pressure and temperature. A similar effect was noted for Alumix 123 specimens with 



admixed Kenolube P11, where the most effective parameter was also lubricant content 

followed by compaction pressure and temperature.  
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CHAPTER 1 

INTRODUCTION 

Powder metallurgy (P/M) technology covers a broad subject of powder production, 

powder consolidation and characterisation of both powder and bulk samples. Consolidation 

into net-shape forms is achieved by the application of pressure and heat at temperature below 

the melting point of the major constituent. 

Although P/M is just small fraction of the global metal industry, it plays an important 

role in many sectors because it has many advantages compared to other conventional 

technologies. They include:  

 Fabrication of metals which cannot readily or satisfactorily be produced by 

alternative processes (porous materials, hardmetals, and composite materials). 

 Cost effective production. 

 Typically more than 97% of the starting raw material is used in the finished part. 

 Elimination or minimisation of machining.  

 Long-term performance reliability. 

 Good surface finishes. 
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 Materials with properties that can be improved through secondary processing 

operations. [1-3] 

While P/M materials are dominated by ferrous alloys (which are close to 80 % of 

global metal powder production) there is a growing interest in Al P/M (8%). Aluminium and 

aluminium P/M alloys are characterised by a low weight-to-strength ratio, which makes 

aluminium useful in many applications, e.g. in the automotive sector for production of 

camshafts, bearing caps, mirror brackets, shock absorber parts and pumps. Aluminium P/M 

alloys can compete with conventional aluminium casting alloys, as well as with other 

materials, for cost-effective manufacture of complex or unique shapes impractical with other 

applications. Also in P/M the microstructure can be more refined and homogenous than in an 

ingot or a cast. Therefore, the use of aluminium alloys in high-technology applications, such 

as those in aircraft, aerospace structures and automobile industry is extended. [4] 

Other benefits of aluminium P/M parts include: 

 Ability to increase strength by alloying and precipitation hardening. 

 Good workability. 

 Corrosion resistance, (Al in contact with air creates a protective oxide film which 

reduces corrosion attacks). 

 High thermal and electric conductivity. [1-3] 

Most of the structural aluminium P/M alloys used today are those based on the 2xxx 

and 7xxx wrought alloy compositions, being blends of Al-Cu-Mg-Si and Al-Zn-Mg-Cu, 

respectively. These alloys can achieve similar properties to their wrought equivalents. [5] 

One of these alloys is commercial blend known as ECKA Alumix 123 from ECKA 
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Granulate GmbH & Co. KG. During the preparation of compacts from powder blend 1.5    

wt % of Microwax C is used as admixed lubricant. Microwax C is a fatty acid amide wax 

recommended by ECKA Granulate. It is trademark of Hoechst AG Company. Chemical 

composition and sintered properties of Alumix 123 and wrought Al 2014 A are listed in  

table 1.1. 

Table 1.1: Chemical composition and sintered properties of Alumix 123 and Al 2014 A [6, 7] 

Alloy Nominal composition 

Sintered properties 

Sintered 

density 

[g/cm
3
] 

Tensile 

strength 

[MPa] 

Hardness 

HB 

Elongation 

[%] 

Alumix 

123 
Al-4.5Cu-0.6Si-0.5Mg 2.55 - 2.65

*
 

190 

260T4 

320T6 

64 

~5 

~3 

~1 

Wrought 

Al 2014A 

Al-4.5Cu-0.8Mn-0.7Si- 

0.5Mg 
2.8 

190 

430T4 

485T6 

55 

110T4 

140T6 

20 

18T4 

12T6 

*Sintered density depends on the compaction pressure and heat treatment. 

The continued growth of aluminium P/M in automotive applications is dependent on 

the improvement of dynamic properties through development of higher density. Several 

approaches have been proposed to increase green density. The warm compaction process is 

one technique developed for increasing density levels in ferrous alloys by a single 

compaction process. Typically the powder and tools are heated to 130 and 150°C. In the 

warm compaction process high temperature polymers are often used as lubricants. The 

compacts can be sintered in the normal way. This process also provides increased green 

strength and reduced ejection forces. [8-10] 
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Taguchi design is used in many industries to optimize the manufacturing process, e.g. 

to determine the role of process parameters on the final properties at minimal cost. By 

incorporating orthogonal arrays in Taguchi design of experimental methods it is possible to 

minimize the number of experiments required to determine the effect of parameters upon 

performance characteristics. [11] 

The main aims of this PhD project were to study the effect of warm compaction 

conditions on the resultant microstructures and mechanical properties of Alumix 123. This 

was achieved through the addition of different lubricants in varying amounts, and use of 

different compaction pressures and temperatures. In addition, Taguchi analysis was applied 

to the experimental data to study the effect of the warm compaction processing on 

parameters.  

This work is divided into six chapters. In the next chapter (Chapter 2), a literature 

review of powder production and powder consolidation techniques is presented. Chapter 3 

describes the experimental methods applied during this research. This includes preparation of 

specimens and their characterization. This is achieved by optical microscopy, scanning 

electron microscopy (SEM), simultaneous thermal analysis (STA), and tensile and hardness 

testing. In chapter 4 experimental results of this work are presented and in chapter 5 

experimental results are discussed. Chapter 6 gives the conclusions of the research and 

recommendations for future work. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Powder Production 

At present, it is possible to produce powder from more than 50 % of all metals within 

the Periodic Table. The required physical and chemical characteristics of the powder may be 

produced by a variety of methods. Generally, these processing methods can be categorized 

into three main groups; physical, chemical and mechanical. [12] 

 Physical: e.g. atomization of a liquid metal by high-pressure air or water jets. 

 Chemical: includes electrolysis of solutions or fused salts, thermal decomposition, 

and chemical displacement. 

 Mechanical: machining, crushing, grinding, or milling of metallic stock to powder. 

The choice of method depends on many factors including physical-chemical 

characteristics, reactivity, ductility or brittleness and reducibility of any oxide content and 

the economic factors. [13-15] 
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2.1.1. Physical Processing Methods 

2.1.1.1 Atomization 

Atomization is widely used for production of elemental and alloyed powders. They 

include powders from: aluminium, iron, copper, tin, cobalt, titanium and nickel systems. 

Atomization is commonly used as a powder production method. There are several 

techniques which fall under the general heading of atomization. However the most common 

commercial techniques are: 

 Gas atomization.  

 Water or oil atomization.  

 Centrifugal atomization, splat cooling. [12, 16, 17] 

The basic principle of atomization involves three steps: (1) melting of initial material 

to form of a stream of molten metal, (2) disintegration of molten metal into droplets and (3) 

solidification of droplets to solid particles. 

 

2.1.1.1.1 Gas Atomization 

In the gas atomization process, the liquid metal stream is disrupted by a high-velocity 

gas, up to 4 MPa (Figure 2.1). Gases such as nitrogen, helium or argon, act as a medium for 

breaking up the molten metal stream. Molten metal of appropriate composition is supplied 

from a melting furnace held at the required temperature in an atomizing bay. The liquid is 

drawn from the bay through a liquid delivery tube into the atomizing nozzle. This is achieved 
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by a suction effect caused at the nozzle end of the delivery tube by the flow of the high-

pressure atomizing gas in the nozzle. When the liquid metal meets the high-velocity gas it is 

broken up into droplets. [19, 20] 

 

Figure 2.1: Vertical gas atomization. [18] 

 

The creation of droplets can be described in five stages as shown in figure 2.2. In the 

first stage, waves on the liquid are formed after molten metal is hit by high-pressure gas. 

This is followed by the transformation into a thin sheet form in second stage. The sheet is 

unstable because of a high surface area to volume ratio. In the third stage, the liquid 

continues to respond to the shear and acceleration forces, giving first ligaments and then 

droplets. The fourth stage is characterized by additional deformation and droplets reduction. 
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The fifth stage involves collision between particles and creation of agglomerates. Finally 

droplets solidify into a powder with a wide range of particle sizes. [16] 

 

Figure 2.2: Model for the disintegration of a liquid sheet by a high-velocity gas jet. [21] 

 

The median size of droplets produced by gas atomization can be calculated by 

equation 2.1. This equation has been determined by many experimental observations and is 

suitable for gas atomization. [16] 

 

𝑑0 = 585
 σ

𝑣. 𝜌
+ 597  𝜇

 𝜍.𝜌
 

0.45

∗  1000
𝑄𝑡

𝑄𝑣
 

1.5

                                                            (eq. 2.1) 

 

where d0 is the median droplets size [µm], ρ is the specific weight of melting [g/cm
3
], σ is the 

surface tension [dyn/cm], µ is the viscosity coefficient of melting [dyn.s/cm
2
], v is the 

 

differential speed of gas [m/s], Qt is the flow velocity of melting, Qv is the flow velocity of 

gas. 



9 
 

It is assumed that the size of droplets decreases with decreasing surface tension of 

molten metal and increasing flow velocity of atomizing medium. 

The working pressure for atomizing gases lies between 0.4 and 4 MPa. The gas 

velocities in the nozzles range from Mach 1 to 3. Typically, mean particle size of gas 

atomized powder is in the range of 10 to 300 µm with oxygen content of about 100 ppm. 

Shorter distances between the gas exit and melt stream lead to better energy transfer, 

aiding the formation of finer powders. The gas velocity on exit from the atomizer is the 

dominant factor in determining the resulting particle size. The morphology of gas atomized 

powders varies from rounded-irregular to spherical (Figure 2.3), with a log normal size 

distribution. This depends on a range of parameters including base material and atomizing 

conditions such as atomizing pressure, gas composition and temperature. The temperature at 

which the molten metal is atomized (i.e. superheat) is generally 75 to 150°C above the 

melting point of the metal. At superheat temperature, the viscosity of molten metal decreases 

so smaller particle size can be achieved using a lower pressure of gas. [19, 20, 22] 

 

Figure 2.3: Aluminium gas atomized powder. 
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2.1.1.1.2 Water Atomization 

The principle is similar to gas atomization but the molten metal stream is 

disintegrated by water jets. These two atomization methods have design differences in the 

shape of the fluid nozzle and the direction of flow as well as in the diameter of the opening 

for the molten stream. For water atomization a convergent nozzle is used. Figure 2.4 shows 

an example of the water atomizing process. The water can be delivered in the form of a 

single jet, multiple jets or an annular ring. The working pressure for commercial water 

atomizing systems is between 3 to 50 MPa, resulting in mass median particle sizes of 30 to 

150 µm. Higher water pressures between 50 to 150 MPa are used to produce finer powders 

with median particle size of 5 to 20 µm. The cooling rate is higher than in gas atomization 

due to a better heat transfer coefficient. Water atomized powder has more irregular 

morphology than gas atomized. Powders produced in this way acquire a film of oxide on the 

surface of the particles and so in some cases the powder requires a reduction treatment. 

Therefore, only low oxygen sensitive materials are suitable for water atomization. 

The production cost of water atomization is lower than gas atomization; accordingly 

annual tonnage of water atomized powder is much more than gas atomized powder. [23-25] 
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Figure 2.4: Water atomization process. [26] 

 

2.1.1.1.3 Centrifugal Atomization 

Centrifugal atomization, also known as the rotating electrode process, is mostly used 

for reactive metals which are aggressively corrosive in their molten state and attack 

conventional ceramic crucibles. Primary metals are titanium, zirconium, molybdenum, and 

vanadium alloys. However it can be used to produce powders of other metals.  

Many variations of centrifugal atomization exist. The basic principle is based on the 

centrifugal force that throws off the molten metal as a fine spray of droplets which solidify 

into spherical powder particles before hitting the chamber walls. The rotating electrode is 

schematically shown in figure 2.5. The apparatus (Figure 2.6) consists of a consumable 

electrode made from the required material. The end of the electrode is commonly melted by 

an electric arc or plasma generated from a tungsten electrode. The consumable electrode is 
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the anode and rotates at velocities up to 50,000 revolutions per minute. The cooling rate is 

higher than 10
5 

K/s and average particle size is in the range of 100 to 160 µm.  

Centrifugal atomization, like gas atomization, is often performed under an inert gas, 

or vacuum, to protect the powder from oxidation. The preferred medium is helium, which 

enhances the heat transfer coefficient and electric arc characteristics. [27-31] 

 

Figure 2.5: Schematic of rotating electrode process. [28] 

 

A median droplet size can be predicted by the equation [29]: 

 

𝑑0 =
3.464

𝑤
 

𝛾

𝜌.𝐷
                                                                                                               (eq. 2.2) 

 

where d0 is the median droplet diameter [µm], w is the rotation rate [rpm], γ is the surface 

tension [dyn/cm], ρ is the density of the alloy being atomized [g/cm
3
] and D is the electrode 

diameter [mm]. 
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Figure 2.6: Centrifugal atomization by the rotating electrode. [32] 

 

2.1.1.1.4 Splat Cooling 

Basically, the metal is melted and liquid droplets are sprayed or dropped against a 

chilled surface of high thermal conductivity. Figure 2.7 shows a rotating disc from which 

molten droplets are thrown. They impact against the conical plate where they are deformed 

to splats and cool extremely fast. As they cool, they shrink from the surface and they are 

ejected by centrifugal force. The splat cooling process enables cooling rates even higher than 

those obtained in atomization. Typical cooling rates are 10
5
 K/s and particle sizes range from 

50 to 100 μm. The speed of the rotating wheel normally ranges from 500 to 4,000 

revolutions per minute depending on the required properties of the powder. [33, 34] 
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Figure 2.7: The splat cooling process. [34] 

 

2.1.1.2 Melt Spinning 

This technique is similar to the splat cooling technique, but the spinning-rotating 

wheel is in the vertical position (Figure 2.8). Melt spinning is a rapid solidification technique 

which employs centrifugal force to throw off solidified metal from a rotating chill wheel. 

Rotation speed can reach up to 25,000 revolutions per minute. This technique is used for 

production of ribbons or flakes which can be used in secondary processes like milling to get 

final product. The cooling rate of melt spinning process is between 10
5 

to 10
7
 K/s and the 

material thickness is in the range of 10 to 100 µm. The melt spinning process is performed in 

the vacuum or under protective atmosphere. [35] 
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Figure 2.8: Melt spinning process. [36] 

 

2.1.1.3 Advantages and Disadvantages of Physical Processing Methods 

Each technique is defined by certain advantages and disadvantages. The most 

dominant are: 

 

 Gas atomization: Advantages: -    high production rate, 

- low pressure requirements, 

- low oxide content, 

- high range of produced particles. 

                          Disadvantages: -    the cost of gases (argon, helium), 

- larger-scale facilities, 

- lower metal feed rates. 
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Water atomization:  

                               Advantages: -    high production rate, 

- low cost of atomizing medium (water), 

- low energy use for pressurization. 

                          Disadvantages: -    powder impurity, 

- irregular shape, 

- high oxygen content. 

 

Centrifugal atomization and splat cooling: 

                               Advantages: -    powder cleanliness, 

- low pressure requirements, 

- almost spherical shape,  

- minimum level of porosity,  

- uniform particle size. 

                          Disadvantages: -    low production rate, 

                                                    -    high cost of making a high-quality bar of metal, 

                                                    -    high energy consumption. 

 

Melt spinning:     Advantages: -   high ribbon purity, 

- production of amorphous structure, 

 Disadvantages: -    cleaning of the nozzle after each run, 

- low production rate. [19-35] 
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2.1.2 Chemical Processing Methods 

2.1.2.1 Electrolysis 

It is possible to produce powders of about 60 elemental metals and/or alloys by 

electrolysis. The majority of the metal is obtained from aqueous solutions. Powder 

production by electrolysis in its simplest form is carried out as follows: two electrodes are 

connected to direct current, where the anode is made up of the metal whose ions are 

contained in the electrolyte. As current flows metal dissolves at the anodic electrode and is 

deposited at the cathodic electrode based on electrochemical reaction e.g. copper sulphate 

(Figure 2.9): 

 

CuSO4 => Cu
2+

 + SO4 
2-

                                                                                                 (eq. 2.3) 

 

 

Figure 2.9: Electrolysis of copper sulphate solution. [37] 
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After deposition, extensive further processing is required. The powder is washed to 

remove all traces of the electrolyte to prevent the powder from becoming oxidized. The 

powders are dried, annealed and crushed in high-speed water-cooled hammer mills. They are 

then classified and blended to the desired particle size distribution. 

Metals can be deposited in a spongy or powdery state. Typically the shape of powder 

particles formed by electrolysis is dendritic, as shown figure 2.10, although considerable 

control of particle size and shape is possible. The properties of the powder depend on 

conditions, such as composition and concentration, voltage, type and quantity of the addition 

agent (e.g. boric acid, glucose, glycerine and glue), temperature of the electrolyte and bath 

circulation. 

The most common metal powder produced by electrolysis is copper. However, iron, 

chromium, manganese, silver, cadmium and zinc powders can also be produced. Purity of 

copper powder prepared by electrolysis is more than 99 % copper. [37-40] 

 

Figure 2.10: Typical dendritic Cu powder. 

Cu 
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2.1.2.2 Oxide Reduction 

The chemical reduction of metal compounds with solid or gaseous reducing agents 

plays an important role in powder production. This technique is mostly used for iron, copper, 

molybdenum and tungsten powders.  

The most common process for iron powder production is the Höganäs process. In this 

process highly pure magnetite ore and pure coke are used as initial compounds. Limestone is 

also added to reduce the sulphur contained in the coke. The ground mixture of ore and coke-

limestone is charged into ceramic tubes and placed into a tunnel kiln, where reduction 

occurs. The temperature of reduction is 1260ºC and takes approximately 68 hours. The iron 

is produce by chemical reduction between magnetite and graphite (eq. 2.4): 

 

Fe3O4 + 2 C →3 Fe + 2 CO2                                                                                          (eq. 2.4) 

 

The resulting iron is known as sponge iron and is then mechanically cleaned and 

crushed into pieces of 25 mm diameter. This is followed by grinding, magnetic separation 

and removal of nonmagnetic impurities, to yield powdered iron with particle size about     

150 µm. The resultant powder contains approximately 1 wt % of O and 0.3 wt % of C. The 

powder is consequently annealed in a belt furnace at 870ºC in an atmosphere of dissociated 

ammonia to reduce the oxide content. Final iron powders contain around 0.3 wt % of O. 

During annealing, the powder is loosely sintered, but just light grinding and screening is 

required to yield the final Fe powder. [41-43] 
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2.1.2.3 The Pyron Process 

The alternative process to iron powder production by reduction of oxides is the Pyron 

process. In this process, mill scale taken from steel mills is used as raw material instead of 

iron ore.  

After cleaning, mill scales are ground to particle size < 150 µm and mixed by 

layering in a bed. Oxidation at 980ºC converts the mill scale iron oxides FeO and Fe3O4, to 

ferric oxide Fe2O3. After oxidation, the reduction of oxides by hydrogen at 980ºC in an 

electric furnace is performed. The ferric oxide reacts with hydrogen (eq. 2.5) to give iron 

cake. The cake during reduction is slightly sintered but simple milling operation transforms it 

to iron powder. 

 

Fe2O3 + 3H2 => 2Fe + 3H2O                                                                                          (eq. 2.5) 

 

The resulting powder has fine porosity and a sponge microstructure. The pores in the 

interior structure of Pyron powders are finer than powders produced by Höganäs process 

because Höganäs is a lengthy reducing treatment at higher temperature that coarsens the 

pores. Because of the fine pore structure, compacts from Pyron iron powder sinter faster than 

those from other commercial iron powders. [44, 45] 
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2.1.2.4 Carbonyl Decomposition 

This is a technique for production of very fine powders. Primary iron and nickel 

powders are produced by decomposition of carbonyl. However, manganese, vanadium, 

chrome and tungsten can be also produced.  

The iron powder is produced by the decomposition of iron pentacarbonyl, Fe(CO)5, 

(eq. 2.6) 

 

Fe + 5 CO ↔ Fe (CO)5                                                                                                  (eq. 2.6) 

 

Firstly, the raw iron pentacarbonyl is formed by passing carbon monoxide over 

reduced sponge iron at a pressure of 7 to 30 MPa and temperature of 200 to 250ºC. By 

increasing pressure the gas products become liquids, so iron pentacarbonyl is in a liquid form 

at room temperature.  

Decomposition of iron pentacarbonyl is endothermic. The maximum rates of 

decomposition are achieved at pressure of 0.13 to 0.18 MPa and temperature of 200 to 

250ºC. Released carbon monoxide is reused during production. The final powder has a high 

purity of up to 99.8 % of Fe (depending on the grade) and spherical shape with particle sizes 

in the range 2 to 10 µm. [41, 46, 47] 
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2.1.3 Mechanical Processing Method 

2.1.3.1 Milling 

In the milling process, the starting material is crushed to finer form via mechanical 

impaction using hard balls normally either stainless steel or ceramic in a drum. The starting 

material is usually in the form of turnings, chips, filings, or spongy cakes. Figure 2.11 shows 

a jar mill in action. As the jar rolls, the balls continuously impact on the material, crushing it 

to powder. 

Milling is widely used for powder production from hard and brittle or some soft and 

ductile materials (e.g. ferrous alloys, beryllium, chrome and some aluminium alloys). Highly 

ductile materials are not suitable for the milling process because of their cold welding ability. 

There are several types of mills: ball mills; vibratory mills; attrition mills; and 

hammer and rod mills. Milling can be carried out in dry or wet conditions. 

Material with particles up to 6 mm can be milled. The size and density of milling 

medium is selected based on deformation and fracture resistance of the metals to be milled. 

Large and dense milling medium is used for grinding of large particles, and smaller sizes are 

used for fine grinding. The milling speed and time of milling depends on type of mill and 

required properties of milling material. 

Generally, the particle sizes for soft materials are in the range of 5 to 10 µm and for 

hard material up to 2 µm. [48, 49] 
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Figure 2.11: A jar mill action movements; (a) the movements of powder and impact balls - front view, (b) the 

movements of powder and impact balls - side view. [50] 

 

2.1.4 Aluminium and Aluminium Alloy Powder Production 

Aluminium and aluminium alloy powders are almost exclusively produced by gas 

atomization. The atomizing gas can be either compressed air or inert gases (helium, nitrogen, 

and argon). Air atomized particles are of irregular shape because of the oxygen content in the 

air, while particles atomized in an inert gas have a spherical shape. Also centrifugal 

atomization and melt spinning are used for aluminium powder production. In both 

techniques, molten metal impinges onto rapid rotating wheel where it is rapidly cooled. In a 

melt spinning process a thin, rapidly solidified ribbon is produced, which is then used as 

starting material for flake production in rotating mills. [19, 33, 49] 
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2.2 Powder Preparation 

In most cases, before they can be used, powders have to be modified to suit the 

purpose of their applications. The most fundamental powder preparation operations are: 

 Classification by particle size. 

 Heating for purification and softening. 

 Addition of different lubricants or binding agents to improve powder compaction. 

 Mixing of various particle fractions or powder types. [51, 52] 

 

2.2.1 Classification by Particle Size 

Powder production methods tend to yield particle sizes with a broad size range. 

However, a specific range of sizes is needed for powder metallurgy products and so 

classification of powders has to be defined. [52] 

Classification of powders to single narrow size fractions can be done by vibrating 

sieves. Fine particles (< 45 µm) are classified by sedimentation or by air separation. Gas 

separation and sedimentation is based on particle size and their speed of falling in gas or 

liquid environment. Figure 2.12 shows separation of titanium powder. Raw powder is pored 

to the container. Powders slowly fall to separation chamber through a funnel hole in the 

bottom of the container. The chamber is divided into sub-chambers by particle size i.e. by 

weight. As powder falls it is hit by pressurized gas which gives it speed. The trajectory 

depends on particles volume, shape and weight, and viscosity of environment. The lightest 

particles have the longest trajectory so the collecting chamber for the finest powders is 
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located at the end of the separation chamber. Inert gases such as nitrogen and argon are used 

in the separation and can be recycled. Particles size from 5 to 60 µm can be classified by gas 

separation. [51-53] 

 

Figure 2.12: Separation of titanium powder. 1 – raw powder, 2 – fan, 3 – argon recirculation, 4 - nozzle,          

5 – fine powders. [53] 

 

2.2.2 Heating for Purification and Softening 

Powder particles oxidize during long term storage in undesirable environments. 

Therefore they have to be purified in a heated environment to remove the oxide layer. The 

heating is performed in conventional furnaces under a reducing atmosphere. Pure hydrogen 

or cracked ammonia is often used as the reducing agent. 

Metal powders with high oxygen affinity like Al, Cr, Mn and Ti are quite difficult to 

purify in industry. The temperature for purification should be kept as low as possible in order 

to eliminate a high degree of sintering between the particles. Otherwise the use of greater 

forces will be required to disintegrate sintered cakes, and there will be a danger of                
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re-oxidation and cold-working of the powders. Work-hardened powders must be softened by 

annealing in inert gas atmosphere before pressing. [51, 52] 

 

2.2.3 Addition of Different Lubricants or Binding Agents to Improve 

Powder Compaction 

Lubricants are used to overcome the friction generated between the die wall and the 

powders and between powders particles. As compaction pressure is increased, the ejection of 

the powder mass from the die becomes more difficult, so surface quality is detrimentally 

affected. Therefore, lubricants are used to minimize die wear, ease ejection from the die body 

and improve the homogeneity of compact. There are two types of lubrications in pressing 

operations: (1) die wall and (2) powder. [54-55] 

Die wall lubricant consist of the solids such as zinc stearate, amide wax and stearic 

acid, which is mixed with a volatile solvent (methylchloroform or acetone) and is either 

painted or sprayed on to the tooling. The solvent evaporates and leaves a thin film of dry 

lubricant on the working surface of the die cavity.  

In powder lubrication, the powder is mixed with dry lubricant before it is delivered to 

the press. The amount of admixed lubricant depends on many factors (e.g. composition of the 

metal powder, type of tooling, compacted density) and may vary from 0.5 to 1.5 wt %. The 

choice of lubricant is based on the ability of the lubricant to adhere to the metal particle 

surfaces. [54-56] 
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Higher amounts of admixed lubricant reduce the powder flow rate and can lead to 

difficulties during die filling. Additionally, higher admix lubricant content lowers the green 

strength of compacts by preventing, or at least reducing, metal-to-metal contacts between 

particles, thus reducing their cold welding ability. [51] 

If powders are not lubricated, fine debris within tool clearances gall the die wall and 

adjacent punch areas, thereby requiring tool removal and cleaning. The amount of lubricant 

added to the powder should be proportional to the total surface area of the die assembly that 

requires lubrication during forming and ejection. 

Lubricants have to be removed before the sintering process to allow the growth of 

particle-to-particle contacts. This happens in a de-waxing chamber in sintering furnaces 

where the temperature is significantly lower, depending on the type and amount of lubricant, 

than in the sintering zone. However, residual lubricant left in the compact can contaminate 

the sintering furnace atmosphere or be deposited on heating elements. In some cases the 

lubricants, or their residue, may react with the metal during sintering. [54-57] 

  

2.2.3.1 Ferrous Materials 

Lubricants play an important role in the powder compaction process. Hoeganaes 

Corporation has made a study of different lubricants on iron-based premix powder 

properties. It has been found that large particles of lubricant provide good flow and lower the 

initial amount of pressure required to eject a green compact from the die. [58] 
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Powder mixtures used in the P/M industry contain ingredients of different particle 

sizes and specific gravities that have a strong tendency to segregate during handling. In order 

to reduce the premix segregation, the powder particles must be bigger than particle size of 

the lubricants. For example, if iron powder particles are in range of 150 to 200 µm lubricants 

particles should be in the range of 75 to 100 µm.  

The lubricant is removed by heating at 425°C or higher. Moyer showed that no 

residue was found using commercial waxes (Acrawax and Nopco Wax). However, about    

15 % of residue was found using stearates (lithium stearate, zinc stearate) even at 

temperatures of up to 540°C. [58, 59] 

 

2.2.3.2 Nonferrous Materials 

In nonferrous systems (90Cu-10Sn) the zinc stearate, lithium stearate, stearic acid and 

waxes have been successfully used as lubricants. Often a bi-lubricant system is used (e.g. 

lithium-zinc stearate). 

In bronze, Acrawax alone is used to provide increase of green strength, but it can 

lower apparent density and retard the flow. [60] 

Acrawax was also successfully used for aluminium high-density parts usually with 

content of 1.5 wt %. The sintered parts achieved high properties, because there was no ash 

residue after burn-off of waxes that could interfere with particle bonding during sintering. 

[61] 
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2.2.4 Mixing of Various Particle Fractions or Powder Types 

The problem of homogenising different powder fractions into a uniform powder with 

a certain particle size distribution is solved by mixing. Mixing can also process different 

powder constituents into a powder mixture of statistical distribution in terms of size or 

composition. 

For the production of sintered alloys and compound materials, powder constituents of 

different chemical compositions are used. The mixing process should be realized in the 

manner that obtains a mixture which is as similar as possible to a random mixture. This is 

achieved when mixed powders have approximately the same particle size, density and shape. 

Thus, a mixture reaches the greatest number of point contacts between the components. This 

results in a uniform fine distribution and satisfactory degree of homogeneity of the 

components. [62, 63] 

The quality of the mix depends not only on the properties of the constituent powders, 

but also on the method of mixing. The powder can be mixed under dry or wet conditions. 

Improved homogeneity and decreased agglomeration of the mixture is possible by adding 

mixing agents such as alcohol, which do not inhibit sintering. 

As there are many different types of mixing processes available, it is preferable to 

classify them according to forces which give rise to particle movements. They include 

diffusion, convection and shear, as shown in figure 2.13. For diffusion, mixing is performed 

using a rotating drum and relies on gravity to move the powder. In convection, mixing is 

provided in screw mixers which include stationary or rotating mixing members and they are 

capable of higher intensity of mixing. In shear mixing, groups of powder particles are mixed 
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through formation of slipping planes within the mass of mixture. The movements of powder 

mass in convection and shear mechanisms are based on the effects of mechanical forces. [62, 

63] 

 

Figure 2.13: Three mechanism of powder mixing; (a) diffusion, (b) convection and (c) shear. [64] 

 

2.2.5 Aluminium Powder Characterization  

P/M aluminium alloy powders are commercially available in several grades. They are 

classified as aluminium powder premixes, prealloyed powders, or aluminium powder 

composites. Aluminium alloy premixed powders contain elemental Al with alloying 

additions and Al-based alloy compounds. [65] 

As mentioned before, the commercially available aluminium P/M alloys are used in 

industry for their good mechanical properties and are based on 2xxx and 7xxx series. 
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2.2.5.1 2xxx Al Alloy 

The alloying elements in Al based powders largely determine the mechanical 

properties of the final component. The principal alloying element in these alloys is copper, 

with magnesium as a secondary addition, thus allowing material strengthening by 

precipitation hardening, resulting in very strong alloys. Copper content up to 6 wt % can 

increase the strength of an alloy through precipitation hardening. Hardening is obtained by 

precipitation of Al2Cu intermetallic phases during ageing which leads to high strength. In the 

presence of Mg and Si, hardening is formed by precipitation of Al5Cu5Mg8Si6. More details 

of Cu precipitation hardening of 2xxx series is in section 2.4.4.1. Si and Mg content in Al 

2xxx alloys is usually in range of 0.5 to 1.0 wt %. 2xxx Al alloys have also good fatigue 

properties and hardness, with a lower corrosion resistance. [66, 67] 

 

2.2.5.2 7xxx Al Alloy 

The major alloying element in 7xxx series alloys is zinc, which can be added in 

quantities up to 8 wt %, while magnesium up to 3 wt % can be used and only a small 

percentage of copper (less than ~ 1 wt %). Hardening is obtained by precipitation of MgZn2 

with AlZnCuMg components. [66] 

This alloy system offers the best combination of strength, fracture toughness and 

corrosion resistance compared to any other aluminium system. Based on their strength, 7xxx 

series alloys have been used in aerospace, military, nuclear structures, and also as structural 

parts in building applications. [67, 68] 
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2.3 Powder Compaction Methods  

One of the most important steps in the P/M process is compaction of the powder. 

Many compaction methods are known and they cover a large range of applied pressures. 

Basically the reason for using compaction is to consolidate powders into a useful form. The 

choice of method depends on many variables e.g. powder composition, powder size and 

morphology. [69] 

Compaction relies on an external pressure source to plastically deforming the metal 

powders into a high density mass, and to provide the required shape and dimensional control. 

The main process parameters which determine the resulting densities are the mechanical 

constrains and the rate of pressurisation. 

There are three main zones through powder compaction which relate with 

compaction pressure (Figure 2.14). In the first zone (A) there is transitional repacking in 

which the particles rearrange themselves and slide past each other until they can not move 

further. Rearrangement of the particles is not uniform. Particles situated in ideal locations are 

rearranged to cavities without restrain. In the second zone (B), rearrangement of the powder 

particles is maximised, which leads to an increase in pressure but with little increase in 

density through plastic deformation. The plastic deformation occurring in this stage has just 

local character. In the third zone (C), the increase of pressure leads to plastic deformation of 

the particles. Oxide films on particles are broken and particles start to agglomerate by cold 

welding. Further increase of pressure extends the areas of contacts and increases green 

strength and density. [69-73] 
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Figure 2.14: Relationship between pressure and relative density of aluminium powder. [73] 

 

In the first and second zone, particle rearrangement is dominant while in the third 

zone, plastic deformation of particles is dominant. Compaction energy is consumed by 

friction between particles, friction between particles and die wall and by particle 

deformation. Deformation of particles is in the direction of the compaction pressure. If the 

compaction pressure is applied in uniaxial direction from the top by an upper punch, the 

density of the compact decreases from the top to the bottom as illustrated in figure 2.15 (a). 

This is caused by increasing length to cross-section ratio, thus it is more difficult to densify 

the lower end of the compact. Pressure transmission is reduced further from the top punch 

due to die wall friction. To improve this, compaction should be performed by upper and 

lower punches simultaneously, where the length to cross-section ratio is effectively 

decreased, as shown in figure 2.15 (b). [69, 75, 76] 
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Figure 2.15: Density distribution during die wall compaction (a) single punch pressing (b) double punch 

pressing. [76] 

 

When the punch load is released the elastic deformation in the compact will try to 

recover by the radial pressure. During the ejection of a compact from the die it is necessary 

to overcome the radial pressure and in some cases, if the value of radial pressure is higher 

than the fracture limit of the compact, then it will cause the compact to fracture. [77] 

Also, oxide layers on the particles play an important role during compaction. In some 

cases, the amount of oxides can be as high as 10 % of whole particle volume. This requires 

the use of the higher compaction pressures. [69] 

 

The Heckel equation (eq. 2.7) describes the relationship between the relative density 

and compaction pressure; [67] 

 

𝑙𝑛
1

1−𝐷
= 𝐴 + 𝑘𝐻𝑃                                                                                                          (eq. 2.7) 
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where D is the relative density (i.e. 𝐷 =
𝜌𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝜌𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
), P is the applied pressure, A and kH are 

constants. A plot of 𝑙𝑛
1

1−𝐷
 versus compaction pressure P gives a linear relationship with a 

slope kH as shown in figure 2.16. Heckel found that constant kH is related to the yield stress 

σy of the material by the expression kH = 1/3σy. So the constant kH is taken as a material 

constant which determines the deformation mechanism of materials. [78] Augsburger 

reported that if the slope is small along the linear portion of Heckel plot then the yield 

strength of material is high, which suggests that it is more difficult to induce plastic 

deformation within the powder during compaction. [79] 

Generally the Heckel plot (Figure 2.16) has a linear part, with curves at the low and 

high pressure ends. According to Heckel the linear part of the curve describes the plastic 

deformation of the material. The non-linear part of the curve at low pressure is associated 

with particle densification and rearrangement in the absence of interparticle bonding, and 

that the transition from curved to linear portion corresponds to the minimum pressure 

necessary to form a compact. The Heckel model is very sensitive to variations in 

experimental conditions, such as compaction under exceptionally high pressure with high 

loading, weight of the compact and temperature. [80]  
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Figure 2.16: A typical Heckel plot of 𝑙𝑛
1

1−𝐷
 versus P based on theoretical and experimental data. [77] 

 

Compaction methods can be divided into two main categories: (1) compaction 

employing pressure and (2) pressureless compaction. These categories include the following 

processes: (1) with pressure e.g.: cold and warm compaction, double pressing - double 

sintering, isostatic pressing and powder forging; (2) without pressure e.g.: slip casting or tape 

casting. [69, 77] 

In the following parts of this section, the most common pressure-based powder 

compaction methods will be introduced and described. 

 

2.3.1 Cold Compaction 

Cold compaction is the most common compaction method in the powder pressing. It 

starts with bulk powders containing small amounts of lubricant to eliminate friction between 

particles and particles and die wall. The powder is compacted inside a die between upper and 
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lower punches. Presses for compaction may be either mechanical or hydraulic. Because 

compaction requires vertical motion, the product size and shape is limited by the constraints 

of available press capacity. A maximum size of 160 cm
2
 for compaction area, part thickness 

of about 75 mm and a weight of 2.2 kg are normally produced. [69, 75, 77] 

The basic tools motions during compaction cycle are illustrated in figure 2.17. During 

powder filling, the upper punch is retracted to the fill position. The lower punch position 

during powder entry is termed the fill position. A predetermined amount of powder in an 

external feed shoe is vibrated into the die. The lower punch position during pressurization 

differs from the fill position to position which allow pressing in the centre of the die. After 

filling, the lower punch is dropped to the pressing position and the upper punch is brought 

into the die. Both punches are loaded to generate stress within the powder mass. At the end 

of the compaction stoke, the powder experiences the maximum stress. Finally, upper punch 

is removed and the lower punch is used to eject the compact. Density after compaction is 

commonly between 70 to 90 %. After compaction the green compacts are sintered, followed 

by heat treatment if it is needed. Dimensional tolerances of sintered parts depend on the 

material system, density of compacts and the sintering mechanism. For example, after solid 

state sintering of Fe based P/M parts, only 0.3 % of size change occurs. However, typically 

around 1.3 to 2.5 % of dimensional change is found after liquid phase sintering of Al alloys. 

[69, 70, 72] 
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Figure 2.17: Tool motions during a powder compaction process, showing the sequence of powder filling, 

pressing and ejection. [72] 

 

2.3.2 Warm Compaction 

The warm compaction process was practically introduced by Hoeganaes Corporation 

for use in Fe-based metal powders. Earlier work at MeriSinter pointed at an increase in 

compressibility of bulk ferrous powder by heating to a temperature around 100°C as 

compared to the same powders in an unheated condition. Further experimental work at 

Höganäs AB showed a 30 % reduction in compressive yield strength of iron powder when 

heated to 150°C. A similar trend has been observed in aluminium alloys as is shown in figure 

2.18. It can be seen that a decrease of yield strength with increasing temperature is quite 

significant. [81, 82] 
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Figure 2.18: Yield strength of aluminium alloys as a function of temperature. [86] 

 

Warm compaction technology provides a means to mass produce high density P/M 

compacts by a conventional single pressing operation. The tooling design and compaction 

process for warm compaction is essentially the same as for cold compaction process with just 

the addition of a heating system which is placed on the die, as is shown in figure 2.19. 

Temperatures of the powder and die vary from 75 to 250°C depending on the metal powder 

and type of lubricant. Temperature of the heated powder and tooling system should be 

controlled in a range ± 2.5°C. [82-85] 

As compaction temperature reaches the melting point of a lubricant, it can soften and 

partially melt the lubricant. This gives better redistribution of the compacted mixture, which 

increases the green density and reduces the ejection force by 25 to 35 %. However, if the 

temperature of the powder mixture exceeds the lubricant melting temperature, the lubricant 

degrades which results in diminished powder flow and causes problems with particle 

rearrangement. [82-85] 
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Figure 2.19: Schematic of warm compaction process. 

 

Previous work on Fe-based materials shows that the density of warm compacted and 

sintered parts increases from 0.1 to 0.25 g/cm
3
 over traditional cold pressed and sintered 

parts. This increase gives attractive improvements in tensile strength. Generally, densities of 

compacts prepared by warm compaction and sintering are close to those which were 

produced by double pressing - double sintering (DP/DS) process. However, DP/DS requires 

additional secondary processing and the referred costs of products increase. Another 

improvement was observed in the reduction of force necessary to eject the compact from the 

die, which reduced the risk of crack formation. In addition, the increased green density 

obtained by warm compaction yields higher green strength and reduces the risk of crack 

formation at ejection or handling. [87, 88] 
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In the first decade since the invention of the warm compaction process, the 

production of Fe-based parts was dominant. However, with increasing demand on aluminium 

P/M parts, the interest in warm compaction for aluminium alloys has increased. 

A similar improvement of green density, ejection force, green strength and 

subsequent tensile strength in warm compaction of aluminium alloys was noted. Simchi et al. 

[89] and later Eksi et al. [90] reported improvement in green density of 7xxx series 

aluminium alloys up to 7 % of theoretical density, which resulted in improved mechanical 

properties of sintered parts. Jiang et al. [91] found that the green density of Al 2014 with   

1.5 wt % of Acrawax increased with increasing compaction temperature up to 200ºC. 

However, the compaction temperature above 250ºC caused a decrease in green density due to 

the removal of lubricant during compaction. 

 

2.3.3 Double Pressing - Double Sintering 

Double pressing - double sintering is a compaction method where it is possible to get 

compacts with high density (up to 99 % of theoretical density) and good dimensional 

tolerance of the final compact. This method is successfully used in Fe-based P/M 

compaction.  

Figure 2.20 shows that two stage pressing with an annealing process between each 

pressing cycle allows a high density to be achieved using much lower pressure. To reach 

similar density in single compaction would require a much higher pressure. 
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Figure 2.20: Effect of double pressing on porosity of sintered iron: P1 V1 - compaction pressure and resultant 

porosity during first compaction, P2 V2 - compaction pressure and resultant porosity during second 

compaction. [92] 

 

During the first compaction cycle the powder undergoes cold working and the 

hardness of the particles increases. Annealing of the compact preform at a temperature lower 

then the sintering temperature can eliminate this strain hardening and leads to softer 

particles. This means the particles remains deformable in the second compaction stage and 

continue to provide enhancement in density. By sintering at a higher temperature than the 

first heat treatment and subsequent sizing in the die, a good dimensional tolerance of the 

compacted part can be obtained. [92, 93] 
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2.3.4 Isostatic Pressing 

There are two forms of isostatic pressing: cold isostatic pressing (CIP) and hot 

isostatic pressing (HIP).  

In general, compaction of powders is achieved by means of pressurised fluids through 

a flexible mould (Figure 2.21), which has to have desirable properties. At high pressure the 

mould has to behave like a liquid to be able to apply pressure on metal powder isostatically. 

However, at normal pressure the mould behaves like solid material, so after filling with 

powder it keeps the demanded form of the final product. Powder is filled and sealed outside 

of the vessel, into which the sample to be pressed is placed. Reaction between mould and 

metal powder must not occur during the compaction process and also during thermal 

treatment in HIP process. For CIP the mould is made from rubber, neoprene, urethane or 

other elastomeric compounds. In HIP the mould is usually made from low carbon sheet steel 

or stainless sheet steel. The fluids used in pressing are various oils, water and glycerine (CIP) 

and gasses (HIP). 

 

Figure 2.21: Schematic diagram of an isostatic compaction unit. [94] 
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The green strength of compacts formed by isostatic compaction is generally higher 

then those by die compaction. The mould moves with the powder as it densifies, therefore 

friction effects are minimized. Thus applied pressure has an almost unrestricted effect on the 

compact from all sides. The uniform application of pressure results in the uniform density of 

compacts and less pressure is required to reach the same compact density as compared to die 

compaction. In addition, it is possible to compact metals powder which are not possible by 

die compaction, i.e. mostly very course and very fine powders and also hardmetals. 

However, dimensional control is not as tight as with die pressing due to flexible tooling. [94-

96] 

 

2.3.4.1 Cold Isostatic Pressing  

The working pressure for CIP is between 200 and 400 MPa. The dimensions of the 

vessel are up to 2 m in diameter and 4 m in the height. The compaction pressure needs to be 

maintained just for a few seconds. However, if compaction of metals with low 

compressibility is performed, the decompression must be carried out over a period of several 

minutes to eliminate crack formation caused by elastic springback. [95-97] 

 

2.3.4.2 Hot Isostatic Pressing  

Nowadays, HIP is more preferable in the isostatic pressing processes. It can be used 

as primary or secondary operation process and powder can be compacted up to theoretical 

density. 
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HIP process requires high purity powders, which are vibrated in place in a container, 

sealed and then placed inside a pressure vessel. Finally a heating device is fitted inside the 

pressure vessel. The dimensions of the vessel are up to 1 m diameter and 2 m length. In the 

process, pressure is applied by inert gas, such as high purity argon. Working temperature for 

HIP processes vary between 800 and 1500°C, while the maximum working pressure is 

usually 200 MPa. The cost of HIP processing is generally high because a long time is 

required to carry out a full working process, e.g. maximum 2 cycles in 24 hours. [95-98] 

 

2.3.5 Powder Forging / Sinter Forging  

The limiting factor in cold powder compaction is powder consolidation. Compaction 

of powder at elevated temperature allows up to 99.5 % of the theoretical density to be 

reached, and yields properties similar to wrought alloys produced by ingot metallurgy and 

hot working processes. Powder forging and sinter forging imply the same process. [101] 

A typical process of sinter-forging is illustrated in figure 2.22. A measured quantity 

of powder is compacted to a preform with a similar shape as the final compact. Density of 

the preform can be up to 80 % of compacted material. Preforms are heated to the forging 

temperature in a furnace with controlled atmosphere and subsequently forged to final 

dimension. Powder forging is normally performed hot at temperatures between 1000 and 

2000°C but it can also be executed at warm or cold forging temperatures. Working pressure 

depends on the material system, for example for steel the pressure can vary from 550 to      

950 MPa. High-speed mechanical presses (screw presses) with modifications to allow 

automated mass production are mainly used for forging. [99-102] 
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Figure 2.22: Schematic diagram of sinter-forging process. [102] 

 

The modification of this process includes electric induction for heating without 

protective atmosphere. The main difference is in the method of heating and amount of the 

heat. The advantages of electric induction are the short heating times required simplicity of 

the process and high production rates. On the other hand, the difficulties in heating of 

samples with irregular shape, non-uniform heating in cross-section and possibility of crack 

formation by high speed of heating, result in the preference of the furnace method. [99-102] 
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2.3.6 Hot Pressing 

The hot pressing process combines compaction and sintering processes in one 

operation. This process leads to a fully, or near fully dense (less than 1 % of porosity), final 

compact. Hot pressing is mostly used for materials which at room temperature exhibit low or 

no plasticity. The commercial application of hot pressing is for the preparation of diamond 

tools, beryllium components, cemented carbides or tungsten carbides. For example tungsten 

carbide powders are hot pressed in graphite moulds heated to 1400°C with pressures of up to 

17 MPa. Hydraulic and pneumatic presses are used in hot pressing. Because of the high 

temperature used in hot pressing, die materials have to resist compaction temperatures. They 

include molybdenum, molybdenum alloy TZM (Mo-0.5Ti-0.1Zr), tungsten, superalloys, and 

alloy steels that are highly heat resistant. For temperatures higher than 2000ºC, graphite or 

ceramics are used as die material. In addition, the high temperatures used in pressing 

increase the ability of the pressed powder to oxidize. Therefore pressing is carried out under 

argon or vacuum atmosphere. [96, 97] 

Heating methods for the hot pressing can be provided directly through induction or 

electrical resistance heating, or indirectly by heat transfer from the die, which is heated by 

other means. Indirect heating of the powder through heated die is the most common method 

for heating. An example of indirect induction heating of the powder is shown in figure 2.23.  
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Figure 2.23: Induction-heated graphite die assembly. [102] 

 

The main disadvantage of hot pressing is the need to prevent powder from oxidation, 

not only during heating and pressing but also during cooling and ejection from the die, which 

makes the process slow. [102-104] 

 

2.3.7 Extrusion 

As well as other compaction processes extrusion can be performed at room 

temperature as cold extrusion and at high temperature as hot extrusion. This process is 

mostly used to produce wires, rods and relatively long structure profiles from materials, 

which are difficult or impossible to prepare by casting or working. 
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2.3.7.1 Cold Extrusion 

In cold extrusion, the powder mixture and lubricant agent are continuously extruded 

through a die which has a cross-section of the final product. This process is used to prepare 

P/M parts from lead, tin, aluminium alloys, copper, titanium, molybdenum, vanadium, steel 

and commercial ceramics. The extruding mixture normally contains 15 to 20 % of 

lubricating agent. For metal powders, paraffin or waxes are used as lubricants. The 

production speed of extrusion is quite low, generally about 5 to 10 mm/min. The part then 

needs to be heat treated in a furnace for de-binding and sintering to full density. [105] 

 

2.3.7.2 Hot Extrusion 

Metal powders are predominantly processed by the hot extrusion method. Hot 

extrusion is performed at a temperature of 50 to 75 % of melting temperature. Depending on 

the material system pressures vary from 35 to 700 MPa. [107] 

Three main approaches to metal extrusion are shown in figure 2.24. In the first, loose 

material is poured to extrusion container. In this approach relatively coarse powder is used 

(70 to 450 µm). In the second approach, the material is firstly compacted to a preform 

followed by heat treatment (if it is required) and consequently extruded through a die. In the 

third approach, powder is firstly compacted in a can and afterwards is extruded through a die. 

The can may be evacuated and sealed, e.g. enabling easier handling of toxic materials 

(beryllium and uranium), or left open for encapsulation of spherical and other difficult-to-

compact powders. [105, 108]  
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Figure 2.24: Hot extrusion techniques for metal powders. [102] 

 

In hot extrusion, by selection of a suitable die, the powders are well dispersed during 

extrusion. The high deformation breaks the oxide layers of the particles and allows metallic 

bonding between them, which leads to a wrought structure of material without the need of 

additional high temperature thermal treatment. Hot extrusion is applied to materials such as 

aluminium, titanium and their alloys, high-speed steel, beryllium and uranium. [105, 107] 

The limitation of these methods is their slow production cycle which makes them 

relatively expensive. In addition, high temperature and pressure in hot extrusion adversely 

affects tool life. Also another limitation is the shape geometry. Only simple shape with 

uniform cross-section through the length can be extruded. [105] 
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2.4 Sintering  

The sintering process has a huge importance for many technical applications. It is a 

thermal treatment for the purpose of increasing strength by bonding together of powder 

particles. Sintering is the process where loose metal powder or powder compact is changed 

to solid metal in a temperature range of 60 to 90 % of the melting point of the main single 

element or multi-component system. The driving force for sintering is a reduction in the 

system’s free energy, manifested by decreased surface curvatures and elimination of surface 

area. The sintering process is accompanied by shrinking. 

Sintering can be generally split into four steps (Figure 2.25). The first step is point 

contact - reorganization of particles. In the compaction process, powder is shaped whereby 

the starting microstructure is formed and new contacts between particles are created. The 

second step is the initial-neck creation step. Initial step is characterized by the formation of 

necks between particles. Oxide is present on the particle surfaces and must be reduced to 

allow the particle to come in contact. This is achieved by the reaction between the furnace 

atmosphere and the Oxygen in the oxide layer. The end of this step is when the compact 

densification increases to about 5 %. The third step is an intermediate step - growth of the 

neck and grains. The change of contact between particles and the neck growth is a result of 

enhanced movements of metal atoms. The driving force is the reduction of interfacial energy, 

including both the surface and grain boundary energy. Pores within the compact have an 

interconnected structure. The fourth step is the final stage - growth of the grain with pore 

elimination at grain boundaries. The interconnected pores collapse into isolated spherical 
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pores which are not effective in slowing grain growth. Spherical pores have lower specific 

surface and therefore lower free energy. [109] 

 

Figure 2.25: Simplify sintering process. 

 

The sintering process can be accelerated by higher sintering temperatures due to 

increased mobility of atoms. 

The most important parameters in the sintering process are temperature, time and 

protective atmosphere. These variables are specific for each material system and have to be 

controlled during sintering. Other factors influencing the sintering process are heating and 

cooling rate.  

In multi-component systems the sintering temperature is driven by the component 

with the highest melting temperature. In some cases this temperature can be higher than the 

melting temperature of other components (e.g. liquid phase sintering). 

There are two broad categories of sintering, namely; 

 Solid state sintering. 

 Liquid phase sintering. 
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Figure 2.26 shows these two cases in a schematic binary phase diagram. T1 is the 

temperature for solid state sintering in an A-B powder compact with composition X, and T2 

is the temperature for liquid phase sintering in the same powder compact. [109-111] 

 

Figure 2.26: Schematic phase diagram with sintering areas. [109] 

 

2.4.1 Solid State Sintering 

In solid state sintering all densification is achieved through changes in particle shape, 

without particle rearrangement or the presence of liquid. The driving force of solid state 

sintering is the difference in free energy or chemical potential between the free surface of 

particles and contact points of linked particles. 

Mass transfer in solid state sintering can be realized by surface diffusion, viscous 

flow, lattice or volume diffusion, grain boundary diffusion and evaporation and 

condensation, as shown figure 2.27. Lattice volume diffusion, viscous flow and grain 

boundary diffusion are mechanisms which contribute to densification and shrinkage. 
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Shrinkage occurs because material is removed from the contact area of the particles. On the 

other hand, in surface diffusion and vapour mechanisms, there is no shrinkage even though 

the neck growth occurs. These mechanisms lead to coarsening of microstructure, so reducing 

driving force for densification. [110, 111] 

 

Figure 2.27: Material transport paths during sintering. [110] 

 

2.4.2 Liquid Phase Sintering 

Liquid phase sintering describes any sintering technique where a small amount of 

liquid is used to assist the sintering process. Liquid phase sintering is faster than solid state 

sintering because of fast material transport through the liquid. This is caused by the fact that 

surface energy at solid-liquid phase interfaces is lower than the surface energy at solid-

vapour interfaces. Therefore, mass transfer is not realized through surface diffusion but 

through the liquid phase. The formation of a liquid film surrounding the solid phase has the 

benefit of a surface tension force acting to aid densification and pore elimination. Pore 

elimination is accompanied by high shrinkage of the compact.  
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Liquid phase sintering can be divided into three stages: 

• Liquid flow. 

• Solution–reprecipitation. 

• Solid state sintering. 

In the first stage, due to capillary forces liquid is responsible for motion of solid 

particles, and the initial densification of the compact. Capillary forces also exert an attractive 

bonding force on the particles, resulting in rapid shrinkage. In the second stage, material 

from the points of solid-solid contact is transferred to the free surfaces of the particles caused 

by different solubilities of the solid in the liquid. In the final stage, liquid phase sintering 

ends and permanent solid-solid contacts between particles are formed. [112-115] 

Two forms of liquid phase sintering can occur: 

1. Persistent liquid phase sintering; where a liquid phase is created by inducing melting 

in the powder mixture and is persistent during the high-temperature part of sintering 

process. Persistent liquid phase sintering is widely used in the processing of tool 

steels, stainless steels, and superalloys. 

2. Transient liquid phase sintering; where a liquid phase is temporary and dissolves into 

a solid or forms a new phase/compound with increasing time. Shrinkage in transient 

sintering is higher than persistent sintering due to rearrangement of particles. [112, 

114] 
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2.4.3 Effect of Sintering Parameters on Material Properties 

The sintering parameters (e.g. temperature, time, protective atmosphere and 

heating/cooling rate) can influence the properties of the sintered parts. 

 

2.4.3.1 Sintering Temperature 

The effect of sintering temperature on mechanical properties of a sintered compact is 

shown in figure 2.28.  

 

Figure 2.28: The effect of sintering temperature on mechanical properties. [116] 

 

From figure 2.28 it can be seen that properties of the compact increase with 

increasing sintering temperature. However, sintering in the highest temperature levels can 

cause a drop in the properties because of excessive grain growth. [116] 

An example of effect of sintering temperature on microstructure and subsequently on 

transverse rupture strength of Fe-1.25C test bars is shown in figure 2.29. In figure 2.29 (a) 
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sintering temperature was 1010ºC and rupture strength was measured to be 138 MPa. At a 

sintering temperature of 1175ºC (Figure 2.29 (b)) the rupture strength increased to 655 MPa. 

Strengthening at higher temperatures is caused by increased sintering, as evidenced by the 

elimination of grain boundaries and spheroidization of pores. [117] 

                   

Figure 2.29: Effect of sintering temperature on microstructure of Fe-1.25C.                                    

Magnification of the figures is 800 X. [117] 

 

In general, the sintering temperature of single component system should be about    

80 % of melting temperature of the component. In multi-component systems, if liquid phase 

sintering is involved, the sintering temperature depends on the melting temperature and 

composition of the liquid phase. [116, 118] 

 

2.4.3.2 Sintering Time 

At the start of sintering process, if the temperature is constant, physical and 

mechanical properties increase rapidly. This rate of change of properties with time decreases 

and reaches a maximum value as illustrated in figure 2.30. 
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Figure 2.30: The effect of sintering time on mechanical properties. [116] 

 

Sintering time depends on particle size and shape of powdered compact. Fine 

powders sinter more quickly but if the sintering time is too short, creation of contacts 

between particles is not sufficient, leading to an open porous structure with sharp-edges. 

However, if sintering time is too long, the fine powders become coarse-grained with reduced 

mechanical properties. This happens mainly in liquid phase sintering process. [116] 

The effect of the sintering time on the microstructure of Fe-1.25 C is shown in   

figure 2.31. The sintering temperature of prepared specimens was 1120ºC. A sintering time 

of 5 minutes is represented in figure 2.31 (a) where numerous grain boundaries are visible, 

and the porosity is quite angular. The strength of the specimens is ~ 421 MPa. Figure 2.31 

(b) shows the microstructure of a specimen sintered for 30 minutes, with some disappearance 

of grain boundaries and slight spheroidization of pores. The strength of specimen sintered for 

30 minute was ~ 552 MPa. [117] 
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Figure 2.31: Effect of sintering time on microstructure of Fe-1.25C.                                                 
Magnification of the figures is 800 X. [117] 

 

2.4.3.3 Sintering Atmospheres 

Sintering atmospheres are essential for almost all sintering processes. This is due to 

the fact that a majority of metals react with air and subsequently oxide layers are created on 

the surface. A suitable atmosphere is required to protect powder compacts against oxidation. 

In addition, sintering atmospheres have been used to prevent or to control chemical reactions 

and to remove lubricant from the sintering zone. It also protects the surface of sintered parts 

and furnaces from degradation. [118] 

The protective atmospheres commonly used in sintering of metal powders are 

endothermic and exothermic atmospheres, nitrogen, dissociated ammonia, hydrogen, argon, 

and vacuum. [119] 

A protective atmosphere must have a low dew point in order to eliminate the reaction 

of compacted material with water moisture contained in sintering atmosphere. A dew point is 

the temperature at which condensation of water vapour occurs at a given pressure. Water 
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vapours at this temperature condense in the form as dew, cloud droplets, ice crystals, mist or 

fog. In general, dew points of protective atmospheres for sintering are in the range of – 50 to 

20ºC. Typically, for sintering of aluminium alloys protective atmospheres with dew point of 

– 50 to – 40ºC are used. [120]  

 

2.4.3.3.1 Endothermic Atmospheres 

Endothermic atmospheres are produced by catalytic combustion of air and 

hydrocarbon gas. The nickel catalyst chamber is heated externally to produce the carbon and 

nitrogen rich gas.  

Endothermic atmosphere typically contains 40 % nitrogen, 40 % hydrogen, and 20 % 

carbon monoxide, carbon dioxide, or methane with small amounts of water. Usually 60 % of 

the gaseous constituents are combustibles, which are oxide reducing agents. Carbon 

monoxide and methane are carburizing agents, while carbon dioxide and water decarburizing 

agents, which also act as oxidizers, and de-lubricants.  

The mechanical system used to produce an endothermic atmosphere is significantly 

more expensive than the exothermic design and the nitrogen atmosphere. [121, 122] 

 

2.4.3.3.2 Exothermic Atmospheres 

Exothermic atmospheres are produced by the partial combustion of natural gas or 

propane to produce heat and an atmosphere rich in nitrogen, carbon monoxide, carbon 
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dioxide, and hydrogen. They typically contain 67 to 87 % of nitrogen. Oxide reduction of the 

exothermic atmospheres is significantly lower than in endothermic atmospheres or nitrogen 

based atmospheres. Exothermic atmospheres are used for decarburizing of steel at 

temperature above 700°C. Also because of water and carbon dioxide content, an exothermic 

atmosphere is an effective de-lubricating agent.  

Exothermic atmospheres are normally used for sintering of bronze and some other 

copper base parts. [119, 121] 

 

2.4.3.3.3 Dissociated Ammonia 

Dissociated ammonia is obtained by catalytic reaction of gaseous NH3. It is used in 

the sintering of brass, bronze, and ferrous alloys, as well for aluminium alloys. 

Dissociated ammonia contains high concentrations of flammable hydrogen of          

75 vol. % and 25 vol. % of nitrogen. So care must be taken in handling.  

Dissociated ammonia is commonly used as the sintering atmosphere for reason of 

low cost, high purity, consistency and dryness. Because of its dryness, it does not provide 

optimum burning off of the lubricant during de-waxing. [119, 123] 

 

2.4.3.3.4 Vacuum 

Vacuum is the principal alternative to dissociated ammonia or nitrogen atmosphere. 

Because of its low oxidation potential, vacuum is used for sintering of stainless steels, 
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carbides, magnetic alloys and metals such as titanium, zirconium, uranium, tantalum, and 

other refractory metals and compounds that react with hydrogen, nitrogen, and carbon-

monoxide atmospheres.  

Most P/M green compacts contain a lubricant or binder, must be removed before 

sintering in vacuum, in order to keep the vacuum pump free from contamination. Burn-off of 

lubricant is mostly occurs in the controlled atmosphere. 

Conventional vacuum sintering offers low operating costs. Vacuum sintering is 

mostly performed in batch type furnaces. [124, 125] 

 

2.4.3.3.5 Nitrogen 

Nitrogen is produced from air by cryogenic and non-cryogenic methods. In cryogenic 

methods, air is rapidly depressurized to an ultra-cold liquid and distilled to separate out the 

high-purity molecular nitrogen. In non-cryogenic production, a stream of compressed air is 

passed through an absorbent, where water vapour, oxygen and carbon dioxide are 

preferentially retained. 

Nitrogen is widely used as an atmosphere for its availability, moderate cost, high 

purity and ease of handling. [119, 123] 
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2.4.3.3.6 Hydrogen 

Hydrogen is produced by extraction from natural gases or hydrocarbon fossil fuels 

via a chemical path. Hydrogen is widely used for its high reducing ability. However, dry 

hydrogen is highly explosive and is a relatively expensive gas, so care must be taken during 

handling. Minimum ignition temperature is 574ºC. Commercial hydrogen has a purity of 

99.995 %. Because of its low dew point (- 40ºC) hydrogen is non-decarburizing and also is 

not effective as de-lubricating agent. 

Hydrogen atmosphere is used for sintering of stainless steels and magnetic alloys. 

[118, 127] 

 

2.4.3.3.7 Argon 

Argon is produced as by-product of oxygen and nitrogen production. Atmospheric air 

is compressed and cooled. Initially, the liquid nitrogen is separated by distillation of the 

cooled air. The residual liquid, containing approximately 10 % of argon, is subsequently 

refined in a separate distillation column to produce argon with 98 % purity. [126] 

An argon atmosphere is used for sintering of aluminium, steel, titanium and their 

alloys. However, production of argon is quite expensive so it is mostly used for heat 

treatment rather than sintering atmosphere. [119]  

  

 



64 
 

2.4.3.4 Heating and Cooling Rate 

Particle size, purity of the powder, and compact size, shape and density all play a role 

in the choice of heating rate. 

Fine powders (< 45 µm) have higher specific surface area and higher volume of 

impurities (e.g. oxides). The oxygen content of fine powders atomized in air can approach    

1 % wt. To eliminate these impurities, the heating rate for fine powders and compacts with 

high green density (95 % of theoretical density) have to be slow (< 15ºC/min).  

Depending on the material system, high heating rates during sintering of large 

compacts (> 305 mm diameter) can cause crack formation due to thermal shock. [128, 129] 

 

A controlled cooling rate is important for materials that contain carbon, such as 

ferrous alloys, where an increase in mechanical properties is required. The cooling rate 

affects the phase transformation in Fe-based alloys, so changes the mechanical properties, 

predominantly hardness and strength. Table 2.1 show three cooling rates and their effect on 

the mechanical properties of Fe-1.25C. The specimens were sintered at 1120 ºC for             

30 minutes. The higher the cooling rate the finer pearlite spacing was observed (Table 2.1). 

[128, 130] 
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Table: 2.1 Effect of cooling rate on Fe-1.25C alloy [117] 

Sample No. 
Cooling rate 

[ºC/min] 

Transverse 

rupture 

strength 

[MPa] 

Hardness 

[HRB] 

Pearlite 

spacing 

1 1.9 462 37 Very coarse 

2 64 565 50 Medium 

3 125 600 57 Very fine 

 

An example of the effect of cooling rate on the microstructure and mechanical 

properties of Ancorsteel 4300, Cr-Si-Ni-Mo P/M steel with 0.6 wt % C is shown in figure 

2.32. Ancorsteel 4300 was sintered at temperature 1120ºC and then cooled at the rates of 

0.7ºC/s (Figure 2.32 (a)) and 2.2ºC/s (Figure 2.32 (b)), respectively. At a cooling rate of 

0.7ºC/s the tensile strength was measured to be 1062 MPa and hardness 66 HRA. At a higher 

cooling rate of 2.2ºC/s, the tensile strength increased to 1241 MPa and hardness to 71 HRA. 

With a higher cooling rate the microstructure of Ancorsteel 4300 is almost entirely 

martensitic. [131] 

        

Figure 2.32: Effect of the cooling rate on the microstructure of Ancorsteel 4300-0.6 wt % C; 

(a) cooling rate of 0.7 ºC/s and (b) cooling rate of 2.2ºC/s. [131] 
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2.4.4 Sintering of Aluminium and Aluminium Powder Alloys 

Choice of sintering temperature and sintering time is based on composition of the 

alloy and its sintering mechanism. Sintering time depends on part section thickness. The 

recommended minimum time for parts 6.4 mm thick is between 10 to 15 minutes, whereas 

parts of 20 to 50 mm thick require 30 to 40 minutes. Liquid phase sintering is mostly used 

for sintering of aluminium alloys. During sintering, alloying elements form a liquid phase 

which helps rupture the oxide layers and allows bonding between aluminium particles. 

Generally, sintering temperatures are in the range 595 to 625°C and sintering time varies 

from 10 to 30 minutes. [132, 133] 

Sintering of aluminium P/M parts can be carried out in a controlled inert atmosphere 

or in vacuum. The most common inert atmospheres for sintering of aluminium alloys are 

nitrogen or dissociated ammonia. Nitrogen is the preferred atmosphere because its use results 

in high mechanical properties and it is also more economical than other atmospheres. The 

recommended dew point for a nitrogen atmosphere is - 40°C or lower. [132, 133] 

The types of sintering furnaces used for manufacture of P/M aluminium parts 

include: batch, continuous or vacuum furnaces. Sintering requires these furnaces to maintain 

the temperature to within ± 2.8°C. [132] Heating cycles for batch, continuous and vacuum 

furnaces are shown in a figure 2.33. 
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Figure 2.33: Typical heating cycles for aluminium P/M parts sintered in: (a) a batch furnace (b) a continuous 

furnace (c) a vacuum furnace. [132] 

 

2.4.4.1. Sintering and Heat Treatment of Aluminium Alloys 2xxx Series 

Early work by Martín et al. [134] and later work by Min et al. [135] showed that the 

best density and hardness of 2xxx series alloy are given by liquid phase sintering in a 

temperature range of 590 to 620ºC in nitrogen atmosphere during 30 minutes. Sintering at 

temperature below 590ºC results in a decrease of density (~ 90 % of theoretical density) as 

produced by swelling of the specimens. Sintering at temperature above 620°C increased the 

density (~ 97 % of theoretical density) since a larger amount of liquid was produced, 



68 
 

however this also led to larger amounts of shrinkage by typical liquid phase sintering 

mechanisms. 

The main alloying element in aluminium alloys 2xxx series is copper. It is added to 

these alloys principally to improve the wetting behaviour of the liquid phase of aluminium 

and also because it contributes to precipitation hardening.  

Figure 2.34 illustrates solution treatment and quenching of an aluminium alloy 

containg 4 % Cu. Point 2 in figure 2.34 represent temperature when Cu goes into solid 

solution in the alumium matrix. Fast quenching, cooling to point 1, is necessary to freeze into 

supersaturated Cu-rich solid solution.  

 

 

Figure 2.34: Solution treatment and quenching before aging of an aluminium alloy containing 4 % Cu. [136] 
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By quenching and then reheating to the aging temperature in an Al-4Cu alloy, a fine 

dispersion of Al2Cu precipitates forms within the α grain. These precipitates are effective in 

hindering dislocation motion and, consequently, increasing alloy hardness and strength. The 

main precipitation sequence for 2xxx alloys is: [66]  

 

SSSSα GP zone  θ’’ θ’ θ (Al2Cu)                                                                   (eq.2. 8) 

 

where SSSSα is the supersaturated α solid solution, GP zone (Guinier-Preston zone) is the 

mono atomic layers of Cu on (001)Al, θ’’ is the coherent precipitate phase, θ’ is the semi-

coherent precipitate phase and θ is the equilibrium phase within the α matrix. 

GP zones are formed at low temperature around 130ºC. θ’’ coherent phase is created 

at temperature around 130ºC over a long time, or at temperature below 180ºC for a shorter 

time. The equilibrium phase θ is formed at temperature above 190ºC. The presence of single 

phases depends on aging temperature and time as can be seen in figure 2.35. Figure 2.35 

shows the relationship of hardness versus aging time for various Al-Cu alloys. It can be seen, 

that alloys with higher content of Cu reached highest hardness. This is caused by creation of 

higher amount of precipitates. 
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Figure 2.35: Hardness versus aging time for various Al-Cu alloys; (a) aging temperature 130ºC, (b) aging 
temperature 190ºC. [137] 

 

Raviprasad et al. [138] and Song et al. [139] suggested a temperature of 200ºC as the 

best aging temperature for Al 2xxx series. At this temperature, the peak hardness and 

abrasive resistance was found within the microstructure of rod-shaped GP zones along 

<100>α together with X’ (CuMgAl2) and Ω (orthorhombic Al2Cu phase) precipitation. Both 

X’ and Ω are plates on the {111}α planes. In recent work, Falticeanu [140] found that aging 

at 200ºC for 5 hours gives the best mechanical properties for aluminium alloy Al-4.4Cu-

0.8Si-0.5Mg. In addition, longer aging times led to a decrease in mechanical properties due 

to a coarsening of the Al2Cu precipitates. 
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2.5 Taguchi Design 

Taguchi design - also known as the Taguchi method was developed by Japanese 

engineer Dr. Genichi Taguchi. It is a statistical method based on products or processes and it 

is used to improve industrial productivity by reducing the variation in a process through 

robust design of experiments. The main aim of the design is to find factor settings that 

minimize response variation. Design with fewer variables is more robust. Taguchi design is 

based on testing pairs of combinations of parameters rather than testing all possible 

combinations. This gives the necessary data to define which factor most affects product 

quality with minimum experimentation. To organize the parameters affecting the process and 

the levels at which they should be varied an orthogonal array is used. Use of an orthogonal 

array allows the analysis of many factors with least number of runs. [141-144] 

For example if we have 3 parameters and each of them has 2 levels, an L4 (2
3
) array 

is the proper array to use. The model for an orthogonal array is LRuns (Levels
Factors

). A sample 

of an L4 orthogonal array is shown in table 2.2. L4 means the array requires four 

experimental runs. It is the number of rows in the array and describes the number of test 

cases that will be generated. The values inside the array (1, 2, 3 and 4) represent levels and 

should be replaced with the actual level values to be varied, and P1, P2 and P3 should be 

replaced with the actual parameters. [141-144] 
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Table 2.2: L4 orthogonal array [142] 

Experiment P1 P2 P3 

1 1 1 1 

2 1 2 2 

3 2 1 2 

4 2 2 1 

 

When the experiments include numerous runs, and results are measured in 

quantitative terms, Taguchi recommends signal-to-noise ratio analysis. The signal-to-noise 

ratio is a log function of desired output characteristics. Signal is the change in the quality 

characteristic of the product in response to the factor introduced in experimental design. 

Signal factors can be controlled and their level can be fixed. The external factors are called 

noise factors and they are difficult or very expensive to control. [145] 

Taguchi effectively applied this concept to establish optimum conditions for 

experiments and also to identify which parameter has the most effect on the experiments. 

[136] 

Depending on the quality characteristic, parameter design can be classified and 

evaluated into three types:  

1. Smaller is better, when the aim is to minimize the response. 

 

𝑆/𝑁 = −10 𝑙𝑜𝑔  
1

𝑛
 𝑦𝑖

2𝑛
𝑖=1                                                                                             (eq. 2.9) 
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2. Larger is better, when the aim is to maximize the response. 

 

𝑆/𝑁 = −10 𝑙𝑜𝑔  
1

𝑛
 

1

𝑦𝑖
2

𝑛
𝑖=1                                                                                           (eq. 2.10) 

 

3. Nominal is better, when the aim is to target the response and it is required to base the 

S/N ratio on standard deviations only. [147] 

 

𝑆/𝑁 = 10 𝑙𝑜𝑔
𝑦 𝑖

2

𝑠𝑖
2                                                                                                           (eq. 2.11) 

 

where S/N is the signal-to-noise ratio; yi is the mean value and si is the variance, 𝑦 𝑖  is the 

value of the performance characteristic for a given experiment. 

 

𝑦 𝑖 =
1

𝑛
 𝑦𝑖

𝑛
𝑖=1                                                                                                                (eq. 2.12) 

 

𝑠𝑖
2 =

1

𝑛−1
 (𝑛

𝑖=1 𝑦 𝑖 − 𝑦𝑖)                                                                                               (eq. 2.13) 

 

where i is the experiment number, u is the trial number, n is the number of trials for the 

experiment. [141] 

Even if each type is determined by a different formula to calculate the appropriate 

S/N ratio, the interpretation of the results is always the same, the higher the S/N ratio, the 

better. [148] 
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An advantage of the Taguchi method for experimental design is that it is 

straightforward and easy to apply to many engineering situations, and can be used to identify 

problems in a manufacturing process from data already in existence. Also the Taguchi 

method allows testing of numerous different parameters at once. 

The limitation of Taguchi method is that it is offline, and therefore inappropriate for a 

dynamically changing process. It also requires specialized statistics knowledge to understand 

the results. Another disadvantage of the Taguchi method is that by using orthogonal arrays, it 

assumes the noise factors are independent, which may be helpful in setting up the 

experiment, but is not necessarily a good assumption. In addition, Taguchi ignores the 

interactions between controllable and noise variables. [141-150] 

Taguchi design is mostly used in the industrial environment, but it can also be used 

for scientific research. Taguchi design has been successfully applied to P/M. For example, 

Hong et al.[151] used the Taguchi method to determined the effect of processing parameters, 

i.e. vacuum hot pressing temperature, pressure, extrusion temperature, pressure and extrusion 

ratio on mechanical properties of SiC/w 2124Al. It was found that the vacuum hot pressing 

parameter is the most sensitive parameter to the tensile strength.  

Selcuk et al. [152] applied the Taguchi method to optimize the conventional sintering 

process of porous tungsten. The study showed that tungsten can be reactively sintered at 

temperatures (< 1200ºC) which are much lower than those (> 2000°C) employed in 

conventional sintering. 

Another successful application of Taguchi method was for the injection molding 

process. Jamaludin et al. [153] used it to optimize the sintering process of specimens made 
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from water atomized 316L stainless steel powder by injection molding, for its best sintered 

density. They found, that all sintering process parameters (e.g. temperature, time, 

heating/cooling rate) influence significantly the sintered density. The optimal sintering 

condition was found to be: sintering temperature of 1360°C, heating rate of 6°C/min, 

sintering time of 240 min and cooling rate of 8 °C/min, with possibility to achieve a sintered 

density of 98.52 % of theoretical density. 
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CHAPTER 3 

EXPERIMENTAL METHODS 

 

3.1 Starting Material 

3.1.1 Powder Premix 

The material used in this project was the Al commercial premix alloy ECKA Alumix 

123 (without lubricant). Lubricant was introduced subsequently during powder blending. The 

composition of this alloy is comparable with the wrought aluminium alloy Al 2014A. The 

starting premix used for the manufacture of green/sintered aluminium parts in this study was 

supplied by ECKA Granulate Metal Powders Ltd. The premix was analyzed at ECKA 

Granulate Velden GmbH Quality Control laboratory with the following size analysis data: 
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Table 3.1: Analysis of ECKA Alumix 123 

Screen analysis ISO 4497 residue  wt % 

> 200 Micrometer 1.3 % 

> 160 Micrometer 4.8 % 

> 100 Micrometer 29.1 % 

> 63 Micrometer 36.0 % 

> 45 Micrometer 13.9 % 

< 45 Micrometer 14.9 % 

   

Apparent density ISO 3923/1 1.04 g/cm
3 

Chemical analysis:  wt % 

Copper (Cu) 4.5 % 

Magnesium (Mg) 0.5 % 

Silicon (Si) 0.6 % 

 

3.1.2 Lubricants 

The role of lubricants was to improve compaction and mechanical properties of green 

specimens. In this study, two types of conventional synthetic amide powdered waxes were 

used. They were Acrawax C supplied by Lonza Inc. and Kenolube P11 supplied by Hoganas 

GB. Tables 3.2, 3.3 and 3.4 list the physical properties and composition of these two waxes. 

Table 3.2: Characteristic of lubricants [154, 155] 

Lubricant type Density [g/cm³] Melting point [°C] Boiling point [°C] 

Acrawax C 0.97 140 to 145 285 

Kenolube P11 1.006 ~100 to 145 250 to 450 

 

 



78 
 

Table 3.3: Composition of added lubricant Acrawax C [154] 

Acrawax C 

Substance Ethylenebisstearamide Stearic acid 

wt % content 98 2 

CAS Number 110-30-5 57-11-4 

 

Table 3.4: Composition of added lubricant Kenolube P11 [155] 

Kenolube P11 

Substance Ethylenebisstearamide Zn-Stearate 

wt % content 75 25 

CAS Number 110-30-5 557-05-01 

 

 

3.2 Mixing Lubricant into Alumix 123 

Blending of lubricants with powder premix was performed inside a blending 

container using a Turbula T2F Shaker Mixer (Figure 3.1) operated at a speed of 45 rpm for 

20 minutes. Lubricant in the amounts of 0.5, 1.0 and 1.5 wt % was added into the powder 

premix. The blending container during the blending operation was filled to between 45 to    

50 % to ensure homogeneity of final blend.  
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Figure 3.1: Turbula T2F shaker mixer. 

 

3.3 Power Compaction  

Cold and warm compaction of powder blends were performed in this study. Cold 

compaction was performed at room temperature (RT) while warm compaction was 

performed at 60, 80 and 110°C. 

In both types of compaction, the mixed powder with a given amount of lubricant was 

pressed using a standardized die set to produce a standard tensile test specimen shape (MPIF 

Standard No. 10) [156], as shown in figure 3.2. All compactions were carried out using a 

Denison uniaxial hydraulic operated press. Arrangement of the die set is displayed at     

figure 3.3. The die was supported by two rectangular blocks of soft foam to allow movement 

of the die during compaction, and also to make die behave as a floating die as this provides 

pressing in both directions. [141] The cleaned surfaces of die wall and tools (upper and lower 
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punch) were sprayed with a lubricant-saturated solution of Acrawax C in acetone (10 g of 

Acrawax C and 100 ml of acetone), prior to each compaction event.  

 

Figure 3.2: Standard tensile specimen. [157] 

 

 

 

Figure 3.3: Arrangement of die set for cold compaction. 
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3.3.1 Cold Compaction Cycle 

8 g of premixed powder with lubricant was weighed on a digital scale. The die wall 

and tools were lubricated, followed by filling of the powder into the cavity. Once the 

punches were placed into the powder filled die, the press was switched on and the punches 

were forced into the die to compress the powder. Compaction pressure varied between 200 to 

400 MPa, at 50 MPa intervals and typically held for a period 30 seconds. After releasing the 

compaction pressure, compacts were ejected from the die. Prior to the ejection process, the 

die was turned over and a rectangular steel stands replaced the foam supports, so as to force 

the compact from the die when the press was switched on.  

 

3.3.2 Warm Compaction Cycle 

Warm compaction of the specimens was performed under the same conditions as cold 

compaction with modification of die equipment to accommodate pressing at elevated 

temperature, as illustrated in figure 2.19 (Section 2.3.2). Because of the heat during 

compaction the foam blocks were replaced by support made of steel springs. The correct 

mass of powder was filled into the heated die and held to pressing position for 2 minutes to 

ensure the powder had reached the required temperature. Throughout the process, heating 

was monitored and controlled via a feedback loop from a thermocouple situated on the die. 
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3.4 Sintering and Heat Treatment  

Sintering of both cold and warm compacted specimens was carried out in a Thermal 

Elite
TM

 tube furnace model TSH12/38/500.  

Sintering at 600°C for a time of 30 minutes was followed by solution treatment at 

550°C for 120 minutes and subsequently quenched to room temperature in a solution of 

water and ethanol. The quenched specimens were stored in freezer prior to aging. Ageing of 

quenched specimens was performed in a Thermal Elite
TM

 box air furnace, followed by air 

cooling to room temperature. Aging was carried out at 200ºC for a period of 5 hours. 

Sintering temperature, solution treatment temperature and aging temperature were selected 

based on previous reports (Section 2.4.4.1). 

The heating rate of the sintering cycle was set to 10°C/min. Oxygen-free nitrogen 

with a dew point of - 45°C, was used as a protective atmosphere during sintering and 

solution treatment. The furnace was flushed before the sintering cycle with a flow of 5 l/min 

of nitrogen gas for 10 minutes to eliminate all influences of surrounding air. The flow of 

nitrogen gas was adjusted to a value of 2 l/min for the duration of complete sintering. The 

sintering and the ageing cycle is shown in figure 3.4. 

 

Figure 3.4: The sintering and the ageing cycle. 



83 
 

3.5 Material Characterization  

3.5.1 Thermo Analysis of Used Lubricants  

A NETZSCH STA 449 C Jupiter
TM

 (simultaneous thermal analyzer STA), was used 

to determine the melting/boiling points of waxes and to study the de-binding behaviour. STA 

was performed under nitrogen atmosphere with a heating/cooling rate of 10ºC/min.  

 

3.5.2 Density Measurement 

The densities of green/sintered compacts were measured by an immersion technique 

based on Archimedes principle, i.e. by weighing the specimen in air and subsequently in 

liquid with a known density. This method is standardized as per Metal Powder Industries 

Standard No. 42, “Determination of Sintered Density of Compacted or Sintered Metal 

Powder Products”. [156] Ethanol with density of 0.789 g/cm
3
 was used as a liquid rather than 

distillate water which is used in Standard No.42 (to minimize reaction of water with Al and 

Al-50Mg powders). The mass was measured using a scale with an accuracy of 0.001 g. This 

method can be applied for parts of any geometry. The density of specimen is calculated from 

a following equation: 

 

𝜌 =
𝑚

𝑉
=

𝑚𝑎

𝑚𝑎−𝑚 𝑙
× 𝜌𝑙                                                                                                                               (eq. 3.1) 
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where m is the mass, V is the volume of the dry specimen in air, ρl is the density of the 

known liquid at its measuring temperature, and ma and ml are the masses weighed in air and 

liquid, respectively.  

 

3.5.3 Tensile Testing 

A computer controlled Zwick Roell universal tensile test machine was used to 

measure the maximum breaking force and extension of tensile test specimens. The 

preparation of test sample was described in “Powder Compaction“ (Section 3.3). The 

extension of tensile specimens was monitored through an extensometer with 20 mm gauge 

length. The cross head speed of the tensile machine screw was set to a value of 0.6 mm/min. 

The ultimate tensile strength was calculated by: 

 

𝜍 =
𝐹

𝑆0
                                                                                                                             (eq. 3.2) 

 

where F is the maximum breaking force and S0 is the original cross-sectional area through 

which the force is applied. 

The elongation is defined as: 

 

𝑒 =
∆𝑙

𝑙0
× 100                                                                                                                  (eq. 3.3) 
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where Δl is the amount by which the length of the object changes, and l0 is the original 

length. 

Young’s modulus is given by the following equation: 

 

𝐸 =
𝑡𝑒𝑛𝑠𝑖𝑙𝑒  𝑠𝑡𝑟𝑒𝑠𝑠

𝑡𝑒𝑛𝑠𝑖𝑙𝑒  𝑠𝑡𝑟𝑎𝑖𝑛
=

𝜍

𝜀
=

𝐹𝑒/𝑆0

∆𝑙𝑒 /𝑙0
=

𝐹𝑙0

𝑆0∆𝑙𝑒
                                                                            (eq. 3.4) 

 

where Fe is the elastic force applied to the object, S0 is the original cross-sectional area 

through which the force is applied, Δle is the amount by which the length of the object 

changes under the application of elastic force, and l0 is the original length of the object. 

 

3.5.4 Hardness Testing 

A Vickers micro hardness machine was used to determine the HV values. An 

Indentec hardness machine of model type 5030SKV was used with a load of 10 kg and time 

period of 10 seconds. The surfaces of the specimens were finished by grinding and polishing 

to remove all errors. An average of 5 hardness measurements was recorded for each 

specimen.  
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3.5.5 Microstructure 

The microstructures of as-supplied powder, green/sintered specimens were examined 

by scanning electron microscopy, using either a Joel 6060 or Philips XL30 operated at        

20 kV. A combination of secondary electron imaging (SEI) and backscattered electron 

imaging (BSI) was used to examine loose powder morphology and the resultant 

microstructures. The chemical composition of the starting material and the studied specimens 

was evaluated by energy dispersive microanalysis (EDX). 

The samples for powder morphology study were prepared by spreading the powder 

onto a conductive adhesive carbon disc stuck on top of an aluminium stub. The 

microstructure of specimens was interpreted by mounting the samples in the conductive 

bakelite. This was followed by mechanical grinding and final polishing on a semi-automatic 

polishing system, using abrasive grinding paper up to 1200 µm and diamond paste up to       

1µm. In addition, compacted specimens were etched in HNO3 + H2O solution to reveal the 

grain structure of the green compact. 
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CHAPTER 4 

RESULTS  

This chapter presents results on the study of thermal stability of various admixed 

lubricants and effect of processing conditions (e.g. compaction temperature, compaction 

pressure, admixed amount of lubricant and lubricant type) on the microstructure, density, 

mechanical properties of specimens before and after sintering at optimum conditions, as 

specified in the sections 3.3, 3.4 and 3.5.  

 

4.1 Analysis of Used Materials 

4.1.1 Particle Size Analysis  

A Joel 6060 SEM and INCA software were used to characterise the particle size of 

the starting material (Alumix 123) and lubricants (Acrawax C and Kenolube P11). From 

figure 4.1 and screen analysis of Alumix 123 (Section 3.1), it can be seen that aluminium 

powder size varied within the range from 200 µm to 45 µm. In table 4.1, the average particle 

sizes of powders in the Alumix 123 mixture are presented. 
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Figure 4.1: SEM micrograph of Alumix 123 without lubricant 

 

Table 4.1: The average particle size of aluminium, copper, and prealloyed powder 

Powder Average particle size [μm] 

Aluminium from 200 to 45 

Copper < 75 

Al-12Si < 110 

Al-50Mg < 75 

 

Figure 4.2 shows X-ray maps of the starting material Alumix 123 using Al, Mg, Si 

and. It can be seen that the Al powder represents major part of the mixture followed by Cu 

powder and prealloyed powders Al-12Si and Al-50Mg.  
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Figure 4.2: X-ray of Alumix 123 (a) BSI (b) Mg, (c) Al, (d) Si and (e) Cu.  

 

The particle size of the lubricant varied in the range 25 to 100 µm. Figure 4.3 shows 

the average particle size of lubricants (a) Acrawax C and (b) Kenolube P11. It was noted that 

particles of Acrawax C are approximately twice as large as Kenolube P11 particles. 

 

Table 4.2: The average particle size of used lubricants 

Lubricant Average particle size [μm] 

Acrawax C ~ 75 

Kenolube P11 ~ 35 
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Figure 4.3: SEM micrograph of used lubricants; (a) Acrawax C and (b) Kenolube P11. 

 

4.1.2 Thermal Stability of Admixed Lubricants 

Simultaneous thermal analysis of the admixed lubricants was carried out in order to 

understand the thermal stability of lubricants with increasing temperature, in terms of heat 

flow as for DSC and mass change as for TGA. Figure 4.4 shows heat flow versus 

temperature spectra for Acrawax C and Kenolube P11 admixed lubricants. They consist of 

multiple endothermic peaks occurring at two temperature regions. The low temperature 

region was found to be between 80 to 160ºC while the high temperature region was found to 

be in excess of 200ºC. The low temperature region corresponds to the melting of the waxes 

while the high temperature region corresponds to the evaporation of the waxes. The melting 

behaviour of Acrawax C is represented by two endothermic peaks, suggesting two melting 

events. The perturbation in the trace just below 100ºC represents softening of Acrawax C. 

Acrawax C remains in a powdered form up to 142ºC. The second endothermic peak of 

Acrawax C starts at 142ºC and finishes at 153ºC. The melting behaviour of Kenolube P11 is 

represented by three endothermic peaks suggesting three melting events. At a temperature 

around 80ºC Kenolube P11 is softened. The second peak occurs at 100ºC. This peak finishes 
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at 120ºC where the wax is mainly in powdered form. The third endothermic peak starts at 

120ºC and finishes at 145ºC where the Kenolube P11 is fully molten. The difference in 

melting behaviour of lubricants may be due to the presence of various additives in the waxes 

(Tables 3.3 and 3.4). 

DSC of used lubricants
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Figure 4.4: DSC of used lubricants: Acrawax C and Kenolube P11. 

 

As previously mentioned, the high temperature region in figure 4.4 corresponds to the 

evaporation of lubricants. This is clearly shown in figure 4.5, where the mass change versus 

temperature for lubricants is illustrated. The evaporation behaviour of Kenolube P11 occurs 

in three stages as in melting. The first stage of Kenolube P11 mass change is close to 200ºC 

but this change is quite small. With increasing temperature this change grows and at 250ºC 

Kenolube P11 starts to evaporate, complete burn-off of Kenolube P11 is at 452ºC. It can be 

seen that the range of evaporation for Kenolube P11 occurs much wider compared to 
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Acrawax C. The evaporation of Acrawax C is a simple de-binding process. Little mass 

change occurs at temperature below 260ºC. The evaporation process of Acrawax C starts 

around 260ºC. The whole process of evaporation is complete at 395ºC.  

TGA of used lubricants
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Figure 4.5: TGA of used lubricants: Acrawax C and Kenolube P11. 

 

In addition, figure 4.5 shows that both lubricants burn-off completely leaving behind 

no residues. As mentioned in section 2.2.3.1 zinc stearate in pure form leaves about 15 % 

residue which can reduce the sintered part by hindering more complete and uniform sintering 

of the powder particle and also may result in less favourable pore structure. [158] However, 

Kenolube P11 contain just 25 wt % of zinc stearate so no residues was found. 

Figure 4.6 shows the optical observation of melting behaviour of Kenolube P11. This 

refers to the low temperature region in figure 4.4. Kenolube P11 was heated up at three 
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different temperatures. The powders remain solid at temperatures up to 80ºC, as shown in 

figure 4.6 (a). At temperatures around 80ºC the fine particles of Kenolube P11 are partly 

molten and they begin to agglomerate (Figure 4.6 (b)). As the temperature is increased to 

100ºC, some of the powdered lubricant is changed to the liquid form (Figure 4.6 (c)). At 

145ºC the lubricant is completely molten (Figure 4.6 (d)). 

                    

                    

Figure 4.6: Temperature dependence of Kenolube P11; (a) RT, (b) 80ºC, (c) 100ºC and (d) 145ºC. 
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A similar observation of melting behaviour for Acrawax C compared with Kenolube 

P11 has occurred, and is shown in figure 4.7. As mentioned above, the melting behaviour of 

Acrawax C has two endothermic peaks. Acrawax C powders remain solid at temperatures up 

to 100ºC (Figure 4.7 (a)). At temperatures above 100ºC Acrawax C is partly molten, while 

some lubricant particles are agglomerated and some small particles are transformed to liquid 

(Figure 4.7 (b)). As the temperature increases more Acrawax C is transformed to liquid and 

at 153ºC Acrawax C is completely molten (Figure 4.7 (c)). 

                         

 

Figure 4.7: Temperature dependence of Acrawax C; (a) RT, (b) ~ 100ºC, (c) 153ºC. 
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4.2. Effect of Compaction Pressure and Temperature and 

Lubricant Content on Ejection Force of Alumix 123 Compact 

Compacts of Al powder Alumix 123 with lubricant amount of 0.5, 1.0 and 1.5 wt % 

were pressed using an uniaxial hydraulic press to standard tensile specimen shape as 

described in “Experimental Methods” chapter. The force required for ejection of compacts 

was measured. An average of highest ejection forces needed to initiate movement of the 

specimen from the die was calculated using 4 specimens.  

 

4.2.1 Acrawax C 

Figure 4.8 shows plots of the ejection force versus various compaction pressures, 

temperatures and Acrawax C contents of 0.5, 1.0 and 1.5 wt %. The ejection force was found 

to increase with increasing compaction pressure at RT. 

For compacts ejected from the die at RT the maximum value of the ejection force was 

measured to be 12.97, 7.2 and 10.1 kN for specimens prepared using 0.5, 1.0 and 1.5 wt % of 

Acrawax C, respectively. 

For Acrawax C content of 0.5 wt % the decrease of the ejection force between 

compaction temperatures of RT and 110ºC (Figure 4.8 (a)) was found to be 33.3, 41.6, 46, 

46.4 and 47.6 % for compaction pressures of 200, 250, 300, 350 and 400 MPa, respectively. 

For 1.0 wt % of Acrawax C (Figure 4.8 (b)) the decrease of the ejection force 

between compaction temperatures of RT and 110ºC was found to be 50.7, 56.4, 68.6, 60.9 

and 68.7 % for compaction pressures of 200, 250, 300, 350 and 400 MPa, respectively. 
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For Acrawax C content of 1.5 wt % (Figure 4.8 (c)) the decrease of the ejection force 

between compaction temperatures of RT and 110ºC was found to be 40.6, 31.6, 32, 27.6 and 

40.1 % for compaction pressures 200, 250, 300, 350 and 400 MPa, respectively. 

A list of measured values of the ejection force for specimens compacted at various 

pressures, temperatures and Acrawax C contents are illustrated in table A1 in the appendix.  
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Figure 4.8 (a): Ejection force of specimens with Acrawax C with contents of 0.5 wt %. 
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Ejection force - Acrawax C 1.0 wt % 
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Ejection force - Acrawax C 1.5 wt % 
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Figure 4.8(b-c): Ejection force of specimens with Acrawax C with contents of (b) 1.0 wt % and (c) 1.5 wt %. 
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4.2.2 Kenolube P11 

Figure 4.9 shows plots of ejection force versus various compaction pressures, 

temperatures and Kenolube P11 contents of 0.5, 1.0 and 1.5 wt %. A similar trend of the 

increase in ejection force with increasing compaction pressure at RT compared with 

Acrawax C occurs. 

For compacts ejected from the die at RT the maximum value of the ejection force was 

measured to be 10.58, 10.75 and 10.13 kN for specimens prepared using 0.5, 1.0 and          

1.5 wt % of Kenolube P11, respectively. 

For Kenolube P11 content of 0.5 wt % the decrease of the ejection force between 

compaction temperatures of RT and 110ºC (Figure 4.9 (a)) was found to be 35.7, 42.3, 45.8, 

42.8 and 28.4 % for compaction pressures of 200, 250, 300, 350 and 400 MPa, respectively.  

For Kenolube P11 content of 1.0 wt % (Figure 4.9 (b)) the decrease of the ejection 

force between compaction temperatures of RT and 110ºC was found to be 48.8, 50.5, 40.7, 

53.1 and 51.8 % for compaction pressures of 200, 250, 300, 350 and 400 MPa, respectively.  

For Kenolube P11 content of 1.5 wt % (Figure 4.9 (c)) the decrease of the ejection 

force between compaction temperatures of RT and 110ºC was found to be 29.5, 34, 36.8, 

35.2 and 50.1 % for compaction pressures 200, 250, 300, 350 and 400 MPa, respectively. 

A list of measured values of the ejection force for different compaction pressures, 

temperatures and Kenolube P11 contents is displayed in table A2 in the appendix.  
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Ejection force - Kenolube P11 0.5 wt % 
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Ejection force - Kenolube P11 1.0 wt % 
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Figure 4.9 (a-b): Ejection force of specimens with Kenolube P11 with contents of (a) 0.5 wt % and                 

(b) 1.0 wt %. 
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Ejection force - Kenolube P11 1.5 wt % 
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Figure 4.9 (c): Ejection force of specimens with Kenolube P11 with contents of 1.5 wt %. 

 

In general, the ejection force was found to decrease with higher compaction 

temperature. Ejection force was reduced when the compaction temperature increased from 

RT to 110°C. It should be noted, that the amount of decrease in ejection force was over       

40 %. This is because a larger number of fine particles of lubricant on the die wall are 

softened and pushed to the boundary between the green compact and the internal die wall 

surface, leading to a reduction in die wall friction, as the compaction temperature is 

increased. 

Use of Acrawax C and Kenolube P11 resulted in similar development of the ejection 

force. This could be caused by the use of compaction temperatures below the melting point 

of both lubricants.  
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4.3. Effect of Compaction Pressure and Temperature on Green 

Density of Alumix 123 Compacts 

 

4.3.1 Acrawax C 

Figure 4.10 shows the green density of compacts (a-c) and relative green density (d-f) 

versus different compaction pressures, temperatures and various Acrawax C contents. The 

relative densities were determined by equation (eq. 4.1): 

 

𝐷𝑅𝑒𝑙 =
𝜌𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝜌𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
× 100                                                                                                (eq. 4.1) 

 

where DRel is the relative density, ρmeasured is the measured compact density and ρtheoretical is 

the theoretical density of alloy. 

As theoretical density of Alumix 123 alloy the density of 2.8 g/cm
3
 was used. 
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Green density - Acrawax C 0.5 wt %
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Figure 4.10: Green density (a-c) and DRel - relative green density (d-f) of Alumix 123 compacts as a function of 

pressure and temperature with Acrawax C contents of 0.5 wt %, 1.0 wt % and 1.5 wt %.                                  
(GD – green density of the specimens) 
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The specimens with Acrawax C content of 0.5 wt % compacted at 110°C and        

400 MPa reached a green density of over 96.58 % (2.704 g/cm
3
) of the theoretical density 

(TD), while specimens compacted at RT and 400 MPa reached a green density just over 

95.45 % (2.672 g/cm
3
) of TD. A similar trend of increased green density was also found in 

specimens with a higher amount of admixed lubricant. For the specimens with Acrawax C 

content of 1.0 wt % compacted at 110ºC and 400 MPa the green density was measured to be 

95.36 % (2.670 g/cm
3
) of TD and for the specimens compacted at RT and 400 MPa the green 

density was 92.73 % (2.612 g/cm
3
) of TD. The green density of the specimens with 1.5 wt % 

of Acrawax C compacted at 110ºC was over 93.98 % (2.631 g/cm
3
) of TD and at RT it was 

92.54 % (2.591 g/cm
3
) of TD. This shows that the specimens with Acrawax C content of   

0.5 wt % compacted at RT reached higher green density than the specimens with Acrawax C 

content of 1.5 wt % compacted at 110ºC. The list of measured green densities and calculated 

relative green densities can be found in table A3 in the appendix. 

 

4.3.2 Kenolube P11 

Figure 4.11 shows the green density (a-c) and relative green density (d-f) as a 

function of compaction pressure, temperature and amount of admixed Kenolube P11. The 

specimens with Kenolube P11 followed the same tendency in the green densities as the 

specimens with Acrawax C; i.e. higher compaction temperature, higher pressing pressure and 

lower amount of admixed lubricant led to improved densities. It was observed that specimens 

compacted at 110ºC reached highest green density in all Kenolube P11 contents. 
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Compaction pressure [MPa]

200 250 300 350 400

D
e
n
s
it
y
 [

g
.c

m
-3

]

2.50

2.52

2.54

2.56

2.58

2.60

2.62

2.64

2.66

2.68

RT - GD 60°C - GD 80°C - GD 110°C - GD(a)        

Relative density - Kenolube P11 0.5 wt %

Compaction pressure [MPa]

200 250 300 350 400

D
R

e
l [

%
]

89

90

91

92

93

94

95

96

RT - GD 60°C - GD 80°C - GD 110°C - GD(d)  

Green density - Kenolube P11 1.0 wt %

Compaction pressure [MPa]

200 250 300 350 400

D
e
n
s
it
y
 [

g
.c

m
-3

]

2.48

2.50

2.52

2.54

2.56

2.58

2.60

2.62

2.64

2.66

RT - GD 60°C - GD 80°C - GD 110°C - GD(b)         

Relative density - Kenolube P11 1.0 wt %

Compaction pressure [MPa]

200 250 300 350 400

D
R

e
l [

%
]

89

90

91

92

93

94

95

RT - GD 60°C - GD 80°C - GD 110°C - GD(e)  

Green density - Kenolube P11 1.5 wt %

Compaction pressure [MPa]

200 250 300 350 400

D
e
n
s
it
y
 [

g
.c

m
-3

]

2.48

2.50

2.52

2.54

2.56

2.58

2.60

2.62

2.64

RT - GD 60°C - GD 80°C - GD 110°C - GD(c)        

Relative density - Kenolube P11 1.5 wt %

Compaction pressure [MPa]

200 250 300 350 400

D
R

e
l [

%
]

89

90

91

92

93

94

RT - GD 60°C - GD 80°C - GD 110°C - GD(f)  

Figure 4.11: Green density (a-c) and DRel - relative green density (d-f) of Alumix 123 compacts as a function of 

pressure and temperature with Kenolube P11 content of 0.5 wt %, 1.0 wt % and 1.5 wt %.                              
(GD – green density of the specimens) 
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The green density of the specimens with 0.5 wt % of Kenolube P11 reached 95 % 

(2.660 g/cm
3
) of TD and 93.47 % (2.617 g/cm

3
) of TD (Figure 4.17 (a-c)) when compacted 

at 110 ºC for 400 MPa and at RT for 400 MPa, respectively. The specimens with 1.0 wt % of 

Kenolube P11 achieved a green density of 94.47 % (2.645 g/cm
3
) and 93.06 % (2.605 g/cm

3
) 

of TD when compacted at 110ºC for 400 MPa and at RT for 400 MPa, respectively. The 

specimens with 1.5 wt % of Kenolube P11 obtained the green density of 93.77 %          

(2.625 g/cm
3
) of TD and 91.98 % (2.617 g/cm

3
) of TD when compacted at 110ºC for        

400 MPa and at RT for 400 MPa, respectively. The list of measured green and relative green 

densities for compacts with Kenolube P11 is shown in table A4 in the appendix. 

The effect of warm compaction on the green density of aluminium powder was 

reported by Simchi et al. [89]. They reported that compaction at RT and 350 MPa leads to 

green density as high as 95.5 % of TD and warm compacted specimens compacted at 110ºC 

reached up to 98 % of TD. 

Martín et al. [134] in their study of Alumix 123 with Microwax C as admixed 

lubricant achieved green density of 2.58 g/cm
3
 at compaction pressure of 400 MPa and RT 

with lubricant content of 1.5 wt %. This is comparable with present study where Alumix 123 

with 1.5 wt % of Acrawax C and Kenolube P11 reached green density of 2.571 and        

2.576 g/cm
3
, respectively. 
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4.4 Relationship between Compaction Pressure and Green 

Density of Alumix 123 Compacts 

The green density results show that compaction at elevated temperatures, even at 

same compaction pressure, gives higher deformability, through better compressibility of 

powder constituents. This can be explained by the temperature dependence of yield strength 

in Al powder. (Figure 2.18, Section 2.3.2). 

Heckel describes the relationship between compaction pressure and relative density 

by equation 2.5 (Section 2.3). 

As mentioned in section 2.3, the Heckel relationship is very sensitive to variations in 

experimental conditions, such as compaction under exceptionally high pressure with high 

loading, weight of the compact and temperature, the maximum compression pressure and 

temperature. Owing this sensitivity the figures 4.12 and 4.13 show deviations from the linear 

relationship. Apparent density, for each lubricant contents, was used as starting point of the 

plots to include pressureless region to the Heckle equation.  

 

4.4.1 Acrawax C 

Figure 4.12 shows the Heckel relationship of compaction pressure versus ln  
1

1−𝐷
  for 

different compaction temperatures and Acrawax C contents. It was found that with 

increasing compaction temperature and reduction in admixed lubricant the slope kH 

increases, thus the yield strength of powder is decreasing. Tables 4.3 and 4.4 shows the 

Heckel slope kH and yield strength for Acrawax C using various amounts of lubricant and 

compaction temperatures, respectively. 



107 
 

Acrawax C 0.5 wt %

Compaction pressure [MPa]

0 100 200 300 400

ln
 (

1
/(

1
-D

))

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

RT

Linear regression

60ºC

Linear regression

80ºC

Linear regression

110ºC

Linear regression

 

 

 

Acrawax C 1.0 wt %

Compaction pressure [MPa]

0 100 200 300 400

ln
 (

1
/(

1
-D

))

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

RT

Linear regression

60ºC

Linear regression

80ºC

Linear regression

110ºC

Linear regression

 

Figure 4.12 (a-b): Heckle relationship between compaction pressure and ln (1/ (1-D)) with different 

compaction temperatures and Acrawax C contents of (a) 0.5 wt % and (b) 1.0 wt %.                                               

(D is the relative density) 
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Figure 4.12 (c): Heckle relationship between compaction pressure and the ln (1/ (1-D)) with different 

compaction temperatures and with Acrawax C content of 1.5 wt %.(D is the relative density). 

 

 

Table 4.3: Heckel slope kH for different compaction temperatures and Acrawax C contents 

Lubricant 

Heckel slope kH [MPa
-1

] 

Compaction temperature [ºC] 

RT 60 80 110 

Acrawax C 0.5 wt % 0.005488 0.00557 0.006055 0.006526 

Acrawax C 1.0 wt % 0.00516 0.00534 0.005764 0.006052 

Acrawax C 1.5 wt % 0.00501 0.00554 0.00565 0.0058 
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Table 4.4: Yield strength for different compaction temperatures and Acrawax C contents 

Lubricant 

Yield strength [MPa] 

Compaction temperature [ºC] 

RT 60 80 110 

Acrawax C 0.5 wt % 60.74 59.84 55.05 51.08 

Acrawax C 1.0 wt % 64.6 62.42 57.83 55.08 

Acrawax C 1.5 wt % 66.53 60.17 59 57.47 

 

4.4.2 Kenolube P11 

A similar observation of an increase of the slope kH with increasing compaction 

temperature and decreasing amount of admixed lubricant was found for Kenolube P11 

compared with Acrawax C. Figure 4.13 shows the Heckel relationship of compaction 

pressure versus ln  
1

1−𝐷
   for various compaction temperatures and Kenolube P11 contents. 

The calculated slope kH and yield strength for various lubricant contents and 

temperatures are listed in tables 4.5 and 4.6, respectively.  
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Figure 4.13 (a-b): Heckle relationship between compaction pressure and ln (1/ (1-D)) with different 

compaction temperatures and Kenolube P11 contents of (a) 0.5 wt % and (b) 1.0 wt %.                                        

(D is the relative density) 
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Figure 4.13 (c): Heckle relationship between compaction pressure and ln (1/ (1-D)) with different compaction 

temperature and with Kenolube P11 content of 1.5 wt %. (D is the relative density) 

 

Table 4.5: Heckel slope kH for different compaction temperatures and Kenolube P11 contents 

Lubricant 

Heckel slope kH [MPa
-1

] 

Compaction temperature [ºC] 

RT 60 80 110 

Kenolube P11 0.5 wt % 0.00501 0.00538 0.00560 0.00589 

Kenolube P11 1.0 wt % 0.00498 0.00535 0.00550 0.00572 

Kenolube P11 1.5 wt % 0.00479 0.00515 0.00525 0.00554 

 

Table 4.6: Yield strength for different compaction temperatures and Kenolube P11 contents 

Lubricant 

Yield strength [MPa] 

Compaction temperature [ºC] 

RT 60 80 110 

Kenolube P11 0.5 wt % 66.53 61.95 59.52 56.59 

Kenolube P11 1.0 wt % 66.93 62.31 60.61 58.27 

Kenolube P11 1.5 wt % 69.59 64.72 63.49 60.17 



112 
 

4.5 Microstructure of Alumix 123 Green Compacts 

Figure 4.14 shows the typical microstructure of the green compacts. The 

microstructure corresponds to Alumix 123 with 1.5 wt % of Acrawax C as admixed lubricant 

compacted at 80ºC and 300 MPa. The grey region represents elemental Al or Al-12Si 

particles. The black regions represent pores and bright regions are Cu particles. There were 

regions characterised as Al-50Mg by EDX. Figure 4.15 shows the EDX spectrum of          

Al-50Mg region with percentage of the elements, as is illustrated in table 4.7. 

 

 

Figure 4.14: Typical microstructure of Alumix 123 green compact (BSI). 
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Figure 4.15: EDX spectrum of the Al-50Mg region. 

Table 4.7: Percentage representation of Al-50Mg region 

Element Weight % Atomic % 

        

Mg  51.14 53.79 

Al  48.52 45.99 

Si  0.15 0.14 

Cu  0.19 0.08 

Totals 100.00 100.00 
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4.5.1 Effect of Lubricant Content on Microstructure of Alumix 123 Green 

Compacts  

Figure 4.16 shows the microstructures of green compacts prepared at room 

temperature and pressures 400 MPa, using Acrawax C and Kenolube P11 with contents of 

0.5, 1.0, and 1.5 wt %, respectively. Room temperature was chosen to visibly present the 

improvement in green compact microstructure with decreasing amount of lubricant in terms 

of porosity level.  

From measured data of green density the overall porosity of the single lubricant 

contents increased with increasing lubricant content as can be seen at table 4.8. Data in   

table 4.8 are average values for specimens compacted at RT and 400 MPa for a given 

lubricants contents. 

Table 4.8: The overall porosity of the green specimens compacted at RT and 400 MPa. 

 Overall porosity [%] 

Lubricant content Acrawax C Kenolube P11 

0.5 wt % 4.5 6.5 

1.0 wt % 6.6 6.9 

1.5 wt % 7.4 8.1 
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Figure 4.16: Microstructures of green compacts; (a-c) Acrawax C, (d-f) Kenolube P11 with different lubricant 

contents, compacted at RT by pressure of 400 MPa. 
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4.5.2 Distribution of Porosity in Alumix 123 Green Compacts 

Figure 4.17 shows the distribution of porosity in a specimen with 0.5 wt % of 

Acrawax C compacted at 110ºC and 400 MPa and a specimen with 1.5 wt % of         

Acrawax C compacted at RT and 200 MPa. 

As mentioned above, higher compaction pressure, compaction temperature and lower 

lubricant content result in decreasing amount of porosity in the compact. However, 

compaction at low pressure (200 MPa) and temperature (RT) with lubricant content of       

1.5 wt % shows that overall porosity at the edge of specimen was significantly higher     

(10.2 %) than at the centre of specimen (4.3 %). For specimens compacted at 400 MPa at 

110ºC with lubricant content 0.5 wt % the distribution of porosity is more uniform. Porosity 

at the edge and at the centre of specimen was represented by 1.7 % and 0.8 %, respectively. 

To evaluate the porosity level, Zeiss KS 300 4.0 image analysis software was used.  

A similar observation on distribution of porosity using Kenolube P11 compared with 

Acrawax C has occurred. For specimens compacted at RT and 200 MPa with Kenolube P11 

content of 1.5 wt %, porosity at the edge and at the centre was 11.7 % and 6.1 %, 

respectively. For specimens with 0.5 wt % of Kenolube P11 compacted at 110ºC and 400 

MPa, porosity at the edge and at the centre was represented by 2.7 % and 1.5 %, 

respectively. 
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Figure 4.17: Distribution of porosity (a-b) specimen with 1.5 wt % of Acrawax C, (c-d) specimen with 0.5 wt % 

of Acrawax C; (a) and (c) the edge of the specimen and (b) and (d) the centre of specimen.  
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4.6 Effect of Compaction Pressure and Temperature on 

Sintered/Aged Density of Alumix 123 Compacts 

Higher compaction pressure, compaction temperature and reduction in lubricant 

content led to higher green density, subsequently resulted in higher sintered density of 

specimens. 

 

4.6.1 Acrawax C 

Figure 4.18 shows the sintered/aged density (a-c) and relative sintered/aged density 

(d-f) as a function of various compaction pressures, temperatures and Acrawax C contents. It 

can be said that sintered density followed the tendency of green compacts with Acrawax C 

contents. As mentioned above, higher green density gives higher sintered density.  

The maximum sintered density for specimens with Acrawax C content of 0.5 wt % 

was measured to be 98.26 % (2.751 g/cm
3
) of TD. The specimens were compacted by a 

pressure of 400 MPa at a temperature of 110ºC. For Acrawax C content of 1.0 wt % the 

maximum sintered density reached for specimens compacted at a pressure of 400 MPa and 

temperature of 110ºC was of 97.28 % (2.724 g/cm
3
) of TD. The highest sintered density for 

specimens with Acrawax C content of 1.5 wt % was measured to be 95.68 % (2.679 g/cm
3
) 

of TD at pressing conditions of 400 MPa and 110ºC. The list of sintered/aged and relative 

sintered/aged densities for specimens with Acrawax C can be found in table A5 in the 

appendix. 
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Figure 4.18: Sintered/aged density (a-c) and DRel - relative sintered/aged density (d-f) of Alumix 123 specimens 
as a function of pressure and temperature with Acrawax C contents of 0.5 wt %, 1.0 wt % and 1.5 wt %.       

(SD – green density of the specimens) 
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4.6.2 Kenolube P11 

Figure 4.19 shows the sintered/aged density of specimens (a-c) and relative 

sintered/aged density (d-f) versus different compaction pressures, temperatures and various 

Kenolube P11 contents. As with Acrawax C, the higher green density resulted in higher 

sintered density. However, the sintered densities of specimens with Kenolube P11 are 

slightly lower than those with Acrawax C. For all lubricant contents, the specimens 

compacted at 110ºC and pressure 400 MPa reached the highest sintered density as compared 

to other compaction pressures and temperatures. 

The highest sintered density for 0.5 wt % Kenolube P11 was measured to be 95.83 % 

(2.683 g/cm
3
) of TD. For Kenolube P11 content of 1.0 wt % the maximum sintered density 

reached 94.77 % (2.654 g/cm
3
) of TD and for 1.5 wt % of Kenolube P11 the greatest sintered 

density was 94.69 % (2.651 g/cm
3
) of TD. The list of sintered/aged and relative sintered/aged 

densities for specimens with Kenolube P11 can be found in table A6 in the appendix. 

 

 



121 
 

Sintered density - Kenolube P11 0.5 wt %

Compaction pressure [MPa]

200 250 300 350 400

D
e
n
s
it
y
 [

g
.c

m
-3

]

2.52

2.54

2.56

2.58

2.60

2.62

2.64

2.66

2.68

2.70

RT - SD

60°C - SD

80°C - SD 

110°C - SD

(a)

        

Relative density - Kenolube P11 0.5 wt %

Compaction pressure [MPa]

200 250 300 350 400

D
R

e
l [

%
]

90

91

92

93

94

95

96

97

RT - SD 60ºC - SD 80ºC - SD 110ºC - SD(d)  

Sintered density - Kenolube P11 1.0 wt %

Compaction pressure [MPa]

200 250 300 350 400

D
e
n
s
it
y
 [

g
.c

m
-3

]

2.52

2.54

2.56

2.58

2.60

2.62

2.64

2.66

2.68

RT - SD

60°C - SD

80°C - SD 

110°C - SD

(b)

        

Relative density - Kenolube P11 1.0 wt %

Compaction pressure [MPa]

200 250 300 350 400

D
R

e
l [

%
]

90

91

92

93

94

95

RT - SD 60ºC - SD 80ºC - SD 110ºC - SD(e)   

Sintered density - Kenolube P11 1.5 wt %

Compaction pressure [MPa]

200 250 300 350 400

D
e
n
s
it
y
 [

g
.c

m
-3

]

2.52

2.54

2.56

2.58

2.60

2.62

2.64

2.66

RT - SD

60°C - SD

80°C - SD 

110°C - SD

(c)

        

Relative density - Kenolube P11 1.5 wt %

Compaction pressure [MPa]

200 250 300 350 400

D
R

e
l [

%
]

90

91

92

93

94

95

RT - SD 60ºC - SD 80ºC - SD 110ºC - SD(f)  

Figure 4.19: Sintered/aged density (a-c) and DRel - relative sintered/aged density (d-f) of Alumix 123 specimens 

as a function of pressure and temperature with Kenolube P11 contents of 0.5 wt %, 1.0 wt % and 1.5 wt %.    
(SD – green density of the specimens) 
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The sintered densities of Alumix 123 specimens with Acrawax C and Kenolube P11 

content of 1.5 wt % were found to be similar to the sintered density of Alumix 123 

specimens with Microwax C represented in table 1.1. When comparing the sintered densities 

of specimens compacted at RT and 250 MPa, sintered in nitrogen atmosphere at 590°C to 

600ºC (low value of the sintered density in Table 1.1.), specimens with Acrawax C gave a 

slight increase in sintered density (2.554 g/cm
3
) compared to specimens with Kenolube P11 

and Microwax C (both 2.55 g/cm
3
). 

For green density, as well for sintered density Martín et al. [134] showed similar 

observation of the sintered density for Alumix 123. The sintered densities of specimens 

achieved value of 2.584 g/cm
3
 for compaction pressure of 400 MPa at RT with 1.5 wt % of 

Microwax C. The increase between green and sintered density is 0.15 %. This is similar to 

Alumix 123 with 1.5 wt % of Kenolube P11 whereby densities increased by 0.19 % after 

sintering. In the case of specimens with Acrawax C the improvement was 0.92 %. However, 

in their study, specimens were sintered at 590ºC for 20 minutes, which is lower than to 

traditional sintering temperature of 600ºC for 30 minutes, respectively. 
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4.7 Mechanical Properties of Sintered/Aged Alumix 123 

Compacts  

 

4.7.1 Effect of Compaction Pressure and Temperature on Tensile Strength 

of Sintered/Aged Alumix 123 Compacts  

 

4.7.1.1 Acrawax C 

Figure 4.20 shows the tensile strength of sintered/aged specimens compacted at 

different temperatures and pressing pressures with Acrawax C contents of 0.5, 1.0 and       

1.5 wt %. It was noted, that the green/sintered density and subsequent tensile strength 

increased with increasing compaction pressure, temperature and using lower lubricant 

content. 

At a pressure of 400 MPa and temperature of 110ºC the specimens reached the 

maximum tensile strength values of 365.65, 343.51 and 324.90 MPa using Acrawax C 

contents of 0.5, 1.0 and 1.5 wt %, respectively. 

For 0.5 wt % of Acrawax C (Figure 4.20 (a)) the tensile strength increased by 9.01 % 

when the compaction pressure changed from 200 to 400 MPa at RT. For a compaction 

temperature of 60ºC, the tensile strength increased by 6.68 % (when the compaction pressure 

increased from 200 to 400 MPa). The tensile strength increased by 14.4 and 11.48 % for 

compaction temperatures of 80 and 110ºC, respectively when the compaction pressure 

changed from 200 to 400 MPa. 
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For Acrawax C content of 1.0 wt % (Figure 4.20 (b)) the tensile strength increased by 

5.3 % when the compaction pressure changed from 200 to 400 MPa at RT. At compaction 

temperatures of 60, 80 and 110ºC, the tensile strength increased by 8.3, 10.4 and 7.2 %, 

respectively when the compaction pressure changed from 200 to 400 MPa. 

For Acrawax C content of 1.5 wt % (Figure 4.20 (c)) the tensile strength increased by 

8.1 % when the compaction pressure changed from 200 to 400 MPa at RT. At a compaction 

temperature of 60ºC, the tensile strength increased by 7.5 %, for a given change of 

compaction pressures. The tensile strength increased by 6.5 and 10.8 % for compaction 

temperatures of 80 and 110ºC, respectively when the compaction pressure changed from   

200 to 400 MPa. 

The list of measured tensile strength values of sintered/aged specimens with  

Acrawax C is illustrated in table A7 in the appendix. 
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Tensile strength - Acrawax C 0.5 wt % 
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Figure 4.20 (a-b): Tensile strength of sintered/aged specimens compacted at different compaction pressures 

and temperatures with Acrawax C contents of (a) 0.5 wt % and (b) 1.0 wt %. 
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Tensile strength - Acrawax C 1.5 wt % 
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Figure 4.20 (c): Tensile strength of sintered/aged specimens compacted at different compaction pressures and 

temperatures with Acrawax C content of 1.5 wt %. 

 

4.7.1.2 Kenolube P11 

Figure 4.21 shows the tensile strength of sintered/aged specimens compacted with 

various compaction temperatures, pressures and Kenolube P11 contents. A similar trend on 

the effect of compaction pressure, temperature and lubricant amount on the tensile strength 

of specimens was found in Kenolube P11 as compared with Acrawax C. 

At compaction pressure of 400 MPa and temperature of 110ºC the specimens reached 

the maximum values for tensile strength of 351.74, 320.87 and 309.98 MPa when using 

Kenolube P11 contents of 0.5, 1.0 and 1.5 wt %, respectively. 

For 0.5 wt % of Kenolube P11 (Figure 4.21 (a)) the tensile strength increased by  

10.6 % when compaction pressure changed from 200 to 400 MPa at RT. The tensile strength 
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increased by 11.9, 11.6 and 12.6 %, for compaction temperatures of 60, 80 and 110ºC, 

respectively for a given change of compaction pressures. 

For 1.0 wt % of Kenolube P11 (Figure 4.21 (b)) the tensile strength increased by    

5.7 % when compaction pressure changed from 200 to 400 MPa at RT. At a compaction 

temperature of 60ºC, the tensile strength increased by 10.6 % for a given change of 

compaction pressures. The tensile strength increased by 8.7 and 8.8 %, for compaction 

temperature of 80 and 110ºC, respectively for a given change of compaction pressures.  

For Kenolube P11 content of 1.5 wt % (Figure 4.21 (c)) the tensile strength increased 

by 6.8 % when compaction pressure changed from 200 to 400 MPa at RT. At a compaction 

temperature of 60ºC, the tensile strength increased by 8.6 %, when compaction pressure 

increased from 200 to 400 MPa. The tensile strength increased by 13 and 10.6 % for 

compaction temperatures of 80 and 110ºC, respectively, when compaction pressure changed 

from 200 to 400 MPa. 

The list of measured value of the tensile strength of sintered/aged specimens with 

Kenolube P11 can be found in table A8 in the appendix. 
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Tensile strength - Kenolube P11 0.5 wt % 
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Tensile strength - Kenolube P11 1.0 wt % 

Compaction pressure [MPa]

200 250 300 350 400

T
e
n
si

le
 s

tr
e
n
g
th

 [
M

P
a
]

0

50

100

150

200

250

300

350

RT 60°C 80°C 110°C(b)  

Figure 4.21 (a-b): Tensile strength of sintered/aged specimens compacted at different compaction pressures 

and temperatures with Kenolube P11 contents of (a) 0.5 wt % and (b) 1.0 wt %. 
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Tensile strength - Kenolube P11 1.5 wt % 
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Figure 4.21 (c): Tensile strength of sintered/aged specimens compacted at different compaction pressures and 

temperatures with Kenolube P11 content of 1.5 wt %. 

 

Martín et al. [159] found the tensile strength of sintered/aged Alumix 123 specimens 

with Microwax C to be 388 ± 26 MPa. This value is comparable to tensile strengths of 

Alumix 123 with Acrawax C and Kenolube P11 (365.65 ± 12.36 and 351.74 ± 6.74 MPa, 

respectively) in this present study. It was noted that specimens in the Martín et al. work were 

prepared at RT and 400 MPa with green/sintered density of 2.61 ± 0.02 and                     

2.745 ± 0.006 g/cm
3
, respectively. However, in the present study the similar values of 

densities were obtained by compaction at 110ºC and 400 MPa. This is due to using single 

punch pressing. 
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4.7.2 Effect of Compaction Pressure and Temperature on Hardness of 

Sintered/Aged Alumix 123 Compacts 

 

4.7.2.1 Acrawax C 

Figure 4.22 shows the hardness of sintered/aged specimens obtained from compacts 

prepared using various compaction pressures and temperatures with Acrawax C contents of 

0.5, 1.0 and 1.5 wt %. By decreasing the amount of Acrawax C and increasing compaction 

temperature and pressure, the hardness of specimens increased. 

At compaction pressure of 400 MPa and temperature 110ºC the maximum hardness 

of sintered/aged specimens was 128.6, 119.51 and 117.31 HV for Acrawax C contents of 0.5, 

1.0 and 1.5 wt %, respectively. 

For Acrawax C content 0.5 wt % (Figure 4.22 (a)) when compaction temperatures 

changed from RT to 110ºC the hardness increased by 6.2, 10, 13.7, 14 and 15 %, for 

compaction pressures 200, 250, 300, 350 and 400 MPa, respectively. 

For Acrawax C content 1.0 wt % (Figure 4.22 (b)) when compaction temperatures 

changed from RT to 110ºC the hardness increased by 6.6, 9.7, 3.9, 6.4 and 13.5 %, for 

compaction pressures 200, 250, 300, 350 and 400 MPa, respectively. 

For Acrawax C content 1.5 wt % (Figure 4.22 (c)) when compaction temperatures 

changed from RT to 110ºC the hardness increased by 4.9, 4, 9.2, 6.4 and 11 %, for 

compaction pressures 200, 250, 300, 350 and 400 MPa, respectively. 

The list of the hardness values of sintered/aged specimens with Acrawax C is 

illustrated in table A9 in the appendix. 
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Hardness - Acrawax C 0.5 wt % 
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Hardness - Acrawax C 1.0 wt % 
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Figure 4.22 (a-b): Hardness of sintered/aged specimens obtained from compacts prepared at various 

compression pressures and temperatures with Acrawax C contents of (a) 0.5 wt % and (b) 1.0 wt %. 
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Hardness - Acrawax C 1.5 wt % 
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Figure 4.22 (c): Hardness of sintered/aged specimens obtained from compacts prepared at various 

compression pressures and temperatures with Acrawax C content of 1.5 wt %. 

 

4.7.2.2 Kenolube P11 

Figure 4.23 shows the hardness of sintered/aged specimens with Kenolube P11 

contents of 0.5, 1.0 and 1.5 wt % compacted at different pressures and temperatures. 

At a compaction pressure of 400 MPa and temperature of 110ºC the maximum 

hardness of sintered/aged specimens was found to be 117.93, 115.45 and 113.25 HV for 

Kenolube P11 contents of 0.5, 1.0, 1.5 wt %, respectively. 

For Kenolube P11 content 0.5 wt % (Figure 4.23 (a)) when compaction temperatures 

changed from RT to 110ºC the hardness increased by 5, 9, 8.7, 9.6 and 7.6 %, for compaction 

pressures 200, 250, 300, 350 and 400 MPa, respectively.  
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For Kenolube P11 content of 1.0 wt % (Figure 4.23 (b)) when compaction 

temperatures changed from RT to 110ºC the hardness improved by 7.3, 8, 8.6, 9 and 11.3 %, 

for compaction pressures 200, 250, 300, 350 and 400 MPa, respectively. 

For Kenolube P11 content of 1.0 wt % (Figure 4.23 (c)) when compaction 

temperatures changed from RT to 110ºC the hardness increased by 4.3, 8.2, 10.2, 9.9 and 

10.3 %, for compaction pressures 200, 250, 300, 350 and 400 MPa, respectively. 

The list of the hardness values of sintered/aged specimens with Kenolube P11 can be 

found in table A10 in the appendix. 
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Compaction pressure [MPa]

200 250 300 350 400

H
a

rd
n

e
ss

 H
V

0

20

40

60

80

100

120

140

RT 60°C 80°C 110°C(a)  

Figure 4.23 (a): Hardness of sintered/aged specimens obtained from compacts prepared at various 

compression pressures and temperatures with Kenolube P11 content of 0.5 wt %. 
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Hardness - Kenolube P11 1.0 wt % 
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Hardness - Kenolube P11 1.5 wt % 
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Figure 4.23 (b-c): Hardness of sintered/aged specimens obtained from compacts prepared at various 

compression pressures and temperatures with Kenolube P11 contents of (b) 1.0 wt % and (c) 1.5 wt %. 
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Martín et al. [159] found the hardness of Alumix 123 specimens with sintered density 

2.73 g/cm
3
 to be 76 HV (HRF = 73) in as-sintered state with sintering at 590ºC for              

20 minutes. After heat treatment T6 at 160ºC for 16 hour the hardness increased to 131 HV 

(HRF = 97). These results are comparable with the hardness obtained in this study, where 

hardness of sintered/aged specimens with density of 2.75 g/cm
3
 was measured to be 128 HV. 

 

4.7.3 Effect of Compaction Pressure and Temperature on Elongation of 

Sintered/Aged Alumix 123 Compacts  

As observed before (Section 4.7.1) with increasing green/sintered density the tensile 

strength of the specimens increases. Comparable behaviour is visible at the elongation of 

sintered/aged specimens, where specimens compacted with higher pressure and elevated 

compaction temperature and lower amounts of admixed lubricant reached better elongation. 

Figure 4.24 shows typical plots of force versus elongation development for the specimens 

with Acrawax C content of 0.5 and 1.5 wt %. Acrawax C content of 1.0 wt % has similar 

progress of elongation as specimens with lubricant content of 1.5 wt %. Specimens were 

compacted at 400 MPa and temperatures of RT and 110ºC. The plots validate that higher 

green/sintered density results in higher tensile strength and subsequently larger elongation. 
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Figure 4.24: Process dependence between force versus elongation development for the sintered/aged specimens 
compacted at 400 MPa and compaction temperature RT and 110ºC with Acrawax C contents of (a) 0.5 wt % 

and (b) 1.5wt %. 

 

4.7.3.1 Acrawax C 

Figure 4.25 shows the elongation of the sintered/aged specimens with different 

compaction pressures and temperatures and Acrawax C contents of 0.5, 1.0 and 1.5 wt %. It 

can be seen, that higher compaction pressure, temperature and lower lubricant content led to 

an increase in the elongation. 

For compaction pressure of 400 MPa and temperature of 110ºC the maximum values 

of the elongation were measured to be 1.11, 0.82 and 0.7 % for specimens prepared using 

0.5, 1.0 and 1.5 wt % of Acrawax C, respectively. 

For Acrawax C content of 0.5 wt % (Figure 4.25 (a)) the increase of the elongation 

between compaction temperatures RT and 110ºC was found to be 37.6, 40, 26.5, 28.2 and 

26.9 %, for compaction pressures of 200, 250, 300, 350 and 400 MPa, respectively. 
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For 1.0 wt % of Acrawax C (Figure 4.25 (b)) the increase of the elongation between 

compaction temperatures of RT and 110ºC was found to be 29.8, 23.8, 26.8, 33.6 and 31.8 % 

for compaction pressures of 200, 250, 300, 350 and 400 MPa, respectively. 

For Acrawax C content of 1.5 wt % (Figure 4.25 (c)) the increase of the elongation 

between compaction temperatures of RT and 110ºC was found to be 10.34, 19.7, 20.1, 21.9, 

and 23.8 % for compaction pressures 200, 250, 300, 350 and 400 MPa, respectively. 

The list of measured elongation values of sintered/aged specimens with Acrawax C is 

illustrated in table A11 in the appendix. 
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Figure 4.25 (a): Elongation of sintered/aged specimens using various compaction pressures and temperatures 

with Acrawax C content of 0.5 wt %. 
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Elongation - Acrawax C 1.0 wt % 
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Elongation - Acrawax C 1.5 wt % 
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Figure 4.25 (b-c): Elongation of sintered/aged specimens using various compaction pressures and 

temperatures with Acrawax C contents of (b) 1.0 wt % and (c) 1.5 wt %. 
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4.7.3.2 Kenolube P11 

The elongation of sintered/aged specimens with different compaction pressures, 

temperatures and various Kenolube P11 contents is plotted in figure 4.26. 

For compaction pressure of 400 MPa and temperature of 110ºC the maximum values 

of the elongation were measured to be 0.93, 0.72 and 0.7 % for specimens prepared using 

0.5, 1.0 and 1.5 wt % of Kenolube P11, respectively. 

For Kenolube P11 content of 0.5 wt % (Figure 4.26 (a)) the improvement of the 

elongation between compaction temperatures of RT and 110ºC was found to be 28.5, 16.1, 

21.1, 18.5 and 27.1 % for compaction pressures of 200, 250, 300, 350 and 400 MPa, 

respectively. 

For Kenolube P11 content of 1.0 wt % (Figure 4.26 (b)) the improvement of the 

elongation between compaction temperatures of RT and 110ºC was found to be 9.6, 11.6, 

7.6, 8.9 and 16.4 % for compaction pressures of 200, 250, 300, 350 and 400 MPa, 

respectively. 

For Kenolube P11 content of 1.5 wt % (Figure 4.26 (c)) the improvement of the 

elongation measured between compaction temperatures of RT and 110ºC was found to be 

13.5, 17.9, 28.4, 21.3 and 25.5 % for compaction pressures 200, 250, 300, 350 and 400 MPa, 

respectively. 

The list of measured elongation values of sintered/aged specimens with        

Kenolube P11 is located in table A12 in the appendix. 
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Elongation - Kenolube P11 C 0.5 wt % 
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Elongation - Kenolube P11 1.0 wt % 
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Figure 4.26 (a-b): Elongation of sintered/aged specimens using various compaction pressures and 
temperatures with Kenolube P11contents of (a) 0.5 wt % and (b) 1.0 wt %. 
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Elongation - Kenolube P11 1.5 wt % 
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Figure 4.26 (c): Elongation of sintered/aged specimens using various compaction pressures and temperatures 

with Kenolube P11 content of 1.5 wt %. 

 

The elongation of Alumix 123 specimens with Acrawax C and Kenolube P11 content 

of 1.5 wt % is close to the elongation of Alumix 123 specimens with Microwax C which is 

given in table 1.1. The lower values of elongation are affected by porosity level and heat 

treatment. When precipitation hardening is applied, the hardness and strength of specimens 

increased and there was also a moderate loss of elongation. [160] This trend was also 

observed in a study by Martín et al. [159]. They found that elongation after T6 (aging at 

160ºC for 16 hours) decreased to 0.26 ~ 0.73 % compared to as-sintered where the 

elongation reached 2.9 ± 1.2 %. A recent study by Hearda et al. [161] on another aluminium 

system (Alumix 231) showed similar trends in sintered/aged elongation, thus age hardening 

decreased the elongation of the specimens. 
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4.7.4 Effect of Compaction Pressure and Temperature on Young's 

Modulus of Sintered/Aged Alumix 123 Compacts 

 

4.7.4.1 Acrawax C 

Figure 4.27 shows Young’s modulus of sintered/aged specimens compacted at 

various compaction pressures, temperatures and Acrawax C contents.  

For a compaction pressure of 400 MPa and temperature of 110ºC the maximum 

values of Young’s modulus of sintered/aged specimens were measured to be 69.73, 67.88 

and 65.88 GPa, for Acrawax C contents of 0.5, 1.0 and 1.5 wt %, respectively. 

When the pressure for Acrawax C content 0.5 wt % (Figure 4.27 (a)) increased from 

200 to 400 MPa, the Young’s modulus increased by 8.5, 6.7, 8.7 and 10.6 % at RT, 60 , 80 

and 110ºC, respectively,  

When the pressure for Acrawax C content of 1.0 wt % (Figure 4.27 (b)) increased 

from 200 to 400 MPa, the Young’s modulus increased by 5.8, 6.3, 9.5 and 9.6 % for RT, 60 , 

80 and 110ºC, respectively.  

When the pressure for Acrawax C content of 1.5 wt % (Figure 4.27 (c)) increased 

from 200 to 400 MPa, the Young’s modulus increased by 10.5, 6.3, 6.4 and 7.1 % for RT, 

60, 80 and 110ºC, respectively.  

The list of calculated Young’s modulus values for sintered/aged specimens with 

Acrawax C is shown in table A13 in the appendix. 
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Figure 4.27 (a-b): Young’s modulus of sintered/aged specimens using various compaction pressures and 

temperatures with Acrawax C contents of (a) 0.5 wt % and (b) 1.0 wt%. 
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Young's modulus - Acrawax C 1.5 wt % 
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Figure 4.27 (c): Young’s modulus of sintered/aged specimens using various compaction pressures and 

temperatures with Acrawax C content of 1.5 wt %. 

 

4.7.4.2 Kenolube P11 

Figure 4.28 shows Young’s modulus of sintered/aged specimens compacted at 

various pressures, temperatures and Kenolube P11 contents. A similar trend as for    

Acrawax C was noted. The higher compaction pressures and temperatures, and lower amount 

of lubricant led to higher values of Young’s modulus. 

For compaction pressure of 400 MPa and temperature of 110ºC, the maximum values 

of Young’s modulus for sintered/aged specimens were found to be 68.44, 66.78 and       

65.34 GPa for lubricant contents of 0.5, 1.0 and 1.5 wt %, respectively.  
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When the compaction pressure for Kenolube P11 content of 0.5 wt % (Figure 4.28 

(a)) increased from 200 to 400 MPa the Young’s modulus increased by 8.7, 9.1, 8.2 and     

6.5 % for RT, 60, 80 and 110ºC, respectively. 

When the compaction pressure for Kenolube P11 content of 1.0 wt % (Figure 4.28 

(b)) increased from 200 to 400 MPa the Young’s modulus increased by 11.1, 7.2, 7.6 and  

8.5 % for RT 60, 80 and 110ºC, respectively. 

When the compaction pressure for Kenolube P11 content of 1.5 wt % (Figure 4.28 

(c)) increased from 200 to 400 MPa the Young’s modulus increased by 8.8, 11.9, 7.8 and   

7.8 % for RT, 60, 80 and 110ºC, respectively. 

The list of calculated Young’s modulus values for sintered/aged specimens with 

Kenolube P11 is illustrated in table A14 in the appendix. 

Young's modulus - Kenolube P11 0.5 wt % 
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Figure 4.28 (a): Young modulus of sintered/aged specimens using various compaction pressures and 

temperatures with Kenolube P11 content of 0.5 wt %. 



146 
 

Young's modulus - Kenolube P11 1.0 wt % 
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Figure 4.28 (b-c): Young modulus of sintered/aged specimens using various compaction pressures and 

temperatures with Kenolube P11 contents of (b) 1.0 wt % and (c) 1.5 wt %. 
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The highest value of Young’s modulus was found to be 69.73 GPa for Acrawax C 

content of 0.5 wt %, which is 94.52 % of Young’s modulus for wrought Al 2014A alloy    

(73 GPa). A study by Martín et al. [159] on Alumix 123 with Microwax C showed similar 

values of Young’s Modulus (70 ± 10 GPa).  

 

4.7.5 Correlation between Tensile Strength, Young’s Modulus and Porosity 

Generally, increased porosity detrimentally affects the mechanical property of 

powder compacts. It reduces the effective cross sectional area such that the mechanical 

property is dependent on the minimum solid-contact area. In addition, porosity leads to stress 

concentration near the pores so that under mechanical loading, the true stress in the material 

is higher near the pores than farther away from them. [162] 

 

4.7.5.1 Correlation between Tensile Strength and Porosity 

Several empirical or theoretical expressions for the relationship between tensile 

strength and porosity of powder metallurgy compacts have been proposed. Assuming that 

tensile strength is function of sintered density Salak et.al [163] found that the tensile strength 

of a powder compact relative to the fully dense material can be represented by: 

 

𝜍𝑟𝑒𝑙 =
𝜍

𝜍0
= 𝑒𝑥𝑝 −4.3𝜂                                                                                                 (eq. 4.2) 
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where σrel is the relative tensile strength of the sintered powder compact, σ is the tensile 

strength of the powder compact, σ0 is the tensile strength of the fully dense material, and η is 

the fractional porosity. 

Fleck and Smith [164] reported a simple model where the relative tensile strength of 

a sintered compact is related to the fractional porosity. In this model the pores and particles 

in the compact are represented as a layered, randomly organized array of cubes. Using the 

probability that a pore exists at a specific location, they formulate the equation: 

 

𝜍𝑟𝑒𝑙 =
𝜍

𝜍0
= (1 − 𝜂

2

3)2                                                                                                    (eq. 4.3) 

 

with the same notation as in equation 4.2. 

Tronshenko [165] found the relative strength of sintered ferrous compacts follows the 

relationship: 

 

𝜍𝑟𝑒𝑙 =
𝜍

𝜍0
=

(1−𝛼𝜂 )

(1+𝛼𝛽𝜂 )
                                                                                                        (eq. 4.4) 

 

where α is a factor relating to the surface area of the transverse cross section occupied by the 

pores, and β is a parameter determining the non-uniformity of the stress distribution over the 

cross section. For spherical pores, α is estimated to be 1.5. For ferrous compacts, β is known 

to be 2. 
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Exner and Pohl [166] have determined that the relationship between the relative 

tensile strength and fractional porosity of sintered compacts can be shown by the following 

equation: 

𝜍𝑟𝑒𝑙 =
𝜍

𝜍0
= 𝑒𝑥𝑝(−𝑘𝜂)                                                                                                   (eq. 4.5) 

 

which is a generalization of equation 4.2. The slope k of the plots is related to the 

morphology of the pores. In the ideal model, if the k value is close to 1, pores are spherical 

or cylindrical. However, by empirical investigation it was found that the k value can be close 

up to 10. Hong et al. [167] reported the k value for SiCw 2124 Al to be 15.5 due to high 

sensitivity of the pores to the tensile strength of the composite. The high value of k is due to 

irregularly shaped pores which lead to a stress concentration effect around the pores. So the 

higher value of k the greater the stress concentration effect becomes.  

 

4.7.5.1.1 Acrawax C  

Figure 4.29 displays the relative tensile strength values (σrel) plotted as a function of 

fractional porosity (η) for 0.5, 1.0 and 1.5 wt % of Acrawax C.  

Equation 4.4 is presented four times, with different values of α and β. Equation 4.5 is 

presented twice with different values of k. By adjusting these parameters the equations can 

take into account the pore morphology. The adjusted parameters for 0.5, 1.0 and 1.5 wt % of 

Acrawax C are in table 4.9. 
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Acrawax C 0.5 wt %

Fractional porosity 

0.02 0.03 0.04 0.05 0.06 0.07 0.08


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eq. 4.2

eq. 4.3

eq. 4.4, 

eq. 4.4, 

eq. 4.5, k = 6.3

eq. 4.5, k = 14

eq. 4.4, 

eq. 4.4, 

RT 60ºC 80ºC 110ºC(a)  

 

 

Acrawax C 1.0 wt %
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0.04 0.06 0.08 0.10


re

l

0.4

0.6

0.8

1.0

eq. 4.2
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eq. 4.5, k = 5.5

eq. 4.5, k = 11

eq. 4.4, 

eq. 4.4, 

eq. 4.4, 

RT 60ºC 80ºC 110ºC (b)  

Figure 4.29 (a-b): Relative tensile strength values (σrel) plotted as a function of fractional porosity (η) for 
Acrawax C contents of (a) 0.5 wt % and (b) 1.0 wt %. 
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Acrawax C 1.5 wt %
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eq. 4.4, 

eq. 4.5, k = 6

eq. 4.5, k = 9.9

eq. 4.4, 

eq. 4.4, 

RT 60ºC 80ºC 110ºC(c)  

Figure 4.29 (c): Relative tensile strength values (σrel) plotted as a function of fractional porosity (η) for 

Acrawax C content of 1.5 wt %. 

 

Table 4.9: The adjusted parameters to incorporate the pore morphology 

Acrawax C Limit α [β = 2] β [α = 1.5] k 

0.5 wt % Upper 2.1 3.5 6.3 

 Lower 5 10 14 

1.0 wt % Upper 1.9 3 5.5 

 Lower 3.8 7.6 11 

1.5 wt % Upper 2.1 3.5 6 

 Lower 3.5 7.1 9.9 
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4.7.5.1.2 Kenolube P11 

Figure 4.30 shows the relative tensile strength values (σrel) plotted as a function of 

fractional porosity (η) for 0.5, 1.0 and 1.5 wt % of Kenolube P11. 

Equation 4.4 is presented four times, with different values of α and β, and      

equation 4.5 is presented twice with different values of k. The adjusted parameters for 0.5, 

1.0 and 1.5 wt % of Kenolube P11 are in table 4.10. 
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eq. 4.4, 

eq. 4.4, 

eq. 4.3

RT 60ºC 80ºC 110ºC (a)  

Figure 4.30 (a): Relative tensile strength values (σrel) plotted as a function of fractional porosity (η) for 

Kenolube P11 content of 0.5 wt %. 
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Kenolube P11 1.0 wt %
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eq. 4.4, 

eq. 4.3

RT 60ºC 80ºC 110ºC (c)  

Figure 4.30 (b-c): Relative tensile strength values (σrel) plotted as a function of fractional porosity (η) for 

Kenolube P11 contents of (b) 1.0 wt % and (c) 1.5 wt %. 
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Table 4.10: The adjusted parameters to incorporate the pore morphology 

Kenolube P11 Limit α [β = 2] β [α = 1.5] k 

0.5 wt % Upper  1.9 3 5.3 

 Lower 3.2 6 9 

1.0 wt % Upper 2.2 3 5.5 

 Lower  3.5 7 10.1 

1.5 wt % Upper  2.2 3.8 6.3 

 Lower 3.2 6 9.1 

 

 

4.7.5.2 Correlation between Young’s Modulus and Porosity 

Various models have been developed for prediction of Young’s modulus for a porous 

material at given porosity. These models include linear dependence, exponential dependence 

or semi-empirical equations. 

Fryxell and Chandler [168] reported a linear relationship between Young’s modulus 

and fractional porosity which is represented by the following equation: 

 

𝐸 = 𝐸0(1 − 𝑎𝜂)                                                                                                             (eq. 4.6) 

 

where E is the Young’s modulus of the compact, E0 is the Young’s modulus of the fully 

dense material, a is a material constants and η is the fractional porosity. 

Spriggs [169] found that the Young’s modulus of porous material relative to the fully 

dense material can be evaluated by equation: 
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𝐸 = 𝐸0 exp( − 𝑏𝜂)                                                                                                         (eq. 4.7) 

 

with the same notation as in equation 4.6; b is a material constant. 

Wagh et al. [170] developed a model in which they take into consideration 

randomness of the microstructure, i.e. shapes, sizes and distributions of pores. The model is 

formulated by equation:  

 

𝐸 = 𝐸0(1 − 𝜂)𝑛                                                                                                              (eq. 4.8) 

 

with the same notation as in equation 4.6. 

In addition, they also observed that the value of the exponent n depends on grain size and 

pore size of the porous ceramic material under investigation and that the value could vary 

from 2 to 5. Wong et al. [171] using this model, showed that there is very little difference 

between open and total porosity, implying a negligibly small fraction of closed pores. This 

justifies the use of the open porosity model in this case, even at low porosity. 

Ramakrishnan and Arunachalam [172] developed a model in which a single spherical 

pore is surrounded by a spherical matrix. In addition, this model also considers the 

intensification of pressure on the pore surface due to interaction of pores in the material. 

Considering this, the Young’s modulus of a material with a given fractional porosity, is 

governed by the following equation: 
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𝐸 = 𝐸0  
(1−𝜂)2

1+𝜅𝐸𝜂
                                                                                                                (eq. 4.9) 

 

with the same notation as in equation 4.6. κE is a constant which is related to the Poisson’s 

ratio ν0 of the fully dense material: 

 

𝜅𝐸 = 2 − 3𝜈0                                                                                                               (eq. 4.10) 

 

For a fully dense wrought Al 2014 T6, Poisson’s ratio is approximately 0.33.  

 

4.7.5.2.1 Acrawax C  

Figure 4.31 plots the relationship of E/E0 as a function of fractional porosity η for 0.5, 

1.0 and 1.5 wt % of Acrawax C. As in correlation of tensile strength and porosity, adjustment 

of parameters in equations 4.6, 4.7 and 4.8 can incorporate the pore morphology. The 

adjusted parameters for equation 4.6, 4.7 and 4.8 for 0.5, 1.0 and 1.5 wt % of Acrawax C are 

listed in table 4.11. 
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Acrawax C 0.5 wt %

Fractional porosity 
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eq. 4.6, a =2.2

eq. 4.6, a = 2.2

eq. 4.7, b = 2

eq. 4.7, b = 5.8

eq. 4.8, n = 2

eq. 4.8, n = 5.6 

eq. 4.9

RT 60ºC 80ºC 110ºC (a)  

 

 

Acrawax C 1.0 wt %

Fractional porosity 
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eq. 4.6, a =1.7

eq. 4.6, a = 4

eq. 4.7, b = 1.8

eq. 4.7, b = 4.4

eq. 4.8, n = 1.8

eq. 4.8, n = 4.1 

eq. 4.9

RT 60ºC 80ºC 110ºC (b)  

Figure 4.31 (a-b): The relationship of E/E0 as a function of fractional porosity η for Acrawax C contents of (a) 

0.5 wt % and (b) 1.0 wt %. 
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Acrawax C 1.5 wt %

Fractional porosity 
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eq. 4.6, a =1.7

eq. 4.6, a = 3

eq. 4.7, b = 1.8

eq. 4.7, b = 3.4

eq. 4.8, n = 1.8

eq. 4.8, n = 3.2 

eq. 4.9

RT 60ºC 80ºC 110ºC (c)  

Figure 4.31 (c): The relationship of E/E0 as a function of fractional porosity η for Acrawax C content of         

1.5 wt %. 

 

Table 4.11.: The adjusted parameters to incorporate the pore morphology 

Acrawax C Limit a b n 

0.5 wt % Upper  2.2 2 2 

 Lower 5.2 5.8 5.6 

1.0 wt % Upper 1.7 1.8 1.8 

 Lower  4 4.5 4.1 

1.5 wt % Upper  1.7 1.8 1.8 

 Lower 3 3.4 3.2 

 

4.7.5.2.2 Kenolube P11 

Figure 4.32 shows the relationship of E/E0 as a function of fractional porosity η for 

0.5, 1.0 and 1.5 wt % of Kenolube P11. The values of the adjusted parameters for equation 

4.6, 4.7 and 4.8 for 0.5, 1.0 and 1.5 wt % of Kenolube P11 are in table 4.12. 
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Kenolube P11 0.5 wt %

Fractional porosity 
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eq. 4.6, a =2.6

eq. 4.6, a = 0.9

eq. 4.7, b = 2.8

eq. 4.8, n = 0.9

eq. 4.8, n = 2.8 

eq. 4.9

eq. 4.7, b = 0.9

RT 60ºC 80ºC 110ºC(a)  

 

 

Kenolube P11 1.0 wt %

Fractional porosity 
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eq. 4.6, a =1.5
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eq. 4.7, b = 1.6

eq. 4.7, b = 3.3

eq. 4.8, n = 3.2 

eq. 4.9

eq. 4.8, n = 1.6

RT 60ºC 80ºC 110ºC(b)  

Figure 4.32 (a-b): The relationship of E/E0 as a function of fractional porosity η for Kenolube P11 contents of 

(a) 0.5 wt % and (b) 1.0 wt %. 
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Kenolube P11 1.5 wt %

Fractional porosity 
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eq. 4.6, a =1.6

eq. 4.6, a = 2.9

eq. 4.7, b = 1.7

eq. 4.7, b = 3.4

eq. 4.8, n = 1.6

eq. 4.8, n = 3.2 

eq. 4.9

RT 60ºC 80ºC 110ºC(c)  

Figure 4.32 (c): The relationship of E/E0 as a function of fractional porosity η for Kenolube P11content of     

1.5 wt %. 

 

Table 4.12.: The adjusted parameters to incorporate the pore morphology 

Kenolube P11 Limit a b n 

0.5 wt % Upper  0.9 0.9 0.9 

 Lower 2.6 2.8 2.8 

1.0 wt % Upper 1.5 1.6 1.6 

 Lower  3 3.3 3.2 

1.5 wt % Upper  1.6 1.7 1.6 

 Lower 2.9 3.4 3.2 
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4.8 Microstructure of Sintered/Aged Alumix 123 Compacts  

Figure 4.33 shows the typical microstructure of sintered/aged specimens compacted 

at 400 MPa and 110ºC with Acrawax C content of 1.0 wt %. 

In figure 4.34 the pores are represented by dark regions; bright regions correspond to 

eutectic Al-Cu-Si-Mg, or Cu rich phase, or Al2Cu. Al2Cu phase is more visible in figure 

4.35, especially where Acrawax C content is 0.5 wt %. 

 

 

Figure 4.34: Sintered/aged microstructure of specimen compacted by 400 MPa at 110ºC, with Acrawax C 

content of 1.0 wt %. 
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Figure 4.35 shows the microstructure of sintered/aged specimens prepared by 

compaction at 110ºC and 400 MPa with various Acrawax C and Kenolube P11 contents. It 

was noted that sintered density/microstructure strongly depends on green 

density/microstructure. Lower porosity in green compacts therefore indicates lower porosity 

in sintered specimens. In addition, specimens with Acrawax C generally have smaller 

amounts of pores compared to those with Kenolube P11, caused higher density of specimens 

with Acrawax C.  

From measured data of sintered/aged density the overall porosity of the single 

lubricant contents increased with increasing lubricant content as can be seen at table 4.13. 

Data in table 4.13 are average values for specimens compacted at 110°C and 400 MPa for a 

given lubricants contents. 

 

Table 4.13: The overall porosity of the sintered/aged specimens compacted at 110°C and 400 MPa. 

 Overall porosity [%] 

Lubricant content Acrawax C Kenolube P11 

0.5 wt % 1.7 

 

4.1 

 
1.0 wt % 2.7 

 

5.2 

 
1.5 wt % 4.3 

 

5.3 
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Figure 4.35: Sintered/aged microstructure of specimens with (a-c) Acrawax C and (e-f) Kenolube P11contents 

of 0.5 wt %, 1.0 wt % and 1.5 wt %. 
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4.9 Fracture Surface of Sintered/Aged Alumix 123 Compacts 

Figure 4.36 shows SEM micrographs of the fracture surface of broken sintered/aged 

specimens with Acrawax C content of 1.5 wt %. Specimens were compacted by a pressure of 

400 MPa at RT or 110ºC. Figure 4.36 (a) shows that fracture was developed through grain 

boundaries and along the pores as the lack of any dimpled feature and cup cone feature, 

indicating an intergranular fracture. The bright areas at figure 4.36 (a) represent Al-Cu-Si-

Mg liquid phase formed during the sintering. [141, 173, 174] 

Figure 4.36 (b) shows that tear ridges were found on a large amount of particles, 

fracture leaving the grain remnant with faceted cleavages, indicating a transgranular fracture. 

[174] 
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Figure 4.36: Fracture surface of Alumix 123 sintered/aged specimens compacted at (a) RT and (b) 110ºC. 
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4.10 Taguchi design 

By application of Taguchi design it is possible to optimize which parameter 

influences the final properties the most. [175] The compaction pressure, compaction 

temperature and amount of admixed lubricant were chosen as parameters for this study. For 

compaction pressures 200, 300 and 400 MPa were selected. For compaction temperature RT, 

80 and 110ºC were selected, and three lubricant contents of 0.5, 1.0 and 1.5 wt % were 

selected, and are shown in table 4.14. Because each parameter has three factors an L9 array 

was applied. A typical L9 orthogonal array used in this study is illustrated in 4.15. 

Table 4.14: Parameters and factors for Taguchi design 

Parameter 

 

Factor 1 Factor 2 Factor 3 

Compaction pressure  

 

200 300 400 

Compaction temperature  

 

RT 80 110 

Lubricant content 

 

0.5 1.0 1.5 

 

Table 4.15: L9 Array for Taguchi design 

Experiment P1 P2 P3 Experiment P1 P2 P3 

1 1 1 1 1 200 RT 0.5 

2 1 2 2 2 200 80 1.0 

3 1 3 3 3 200 110 1.5 

4 2 1 2 4 300 RT 1.0 

5 2 2 3 5 300 80 1.5 

6 2 3 1 6 300 110 0.5 

7 3 1 3 7 400 RT 1.5 

8 3 2 1 8 400 80 0.5 

9 3 3 2 9 400 110 1.0 

 



167 
 

This setup allows the testing of all three variables without having to run 27 [=3
3
=     

(3 Pressures), (3 Temperatures), (3 Lubricant contents)] separate trials. For each experiment, 

three trial runs were conducted for a given variable. For calculation of the signal-to-noise 

(S/N) ratio, equation 2.10 (larger is better, to maximize the response) for each experiment 

was used. For the target properties (i.e. green/sintered density, tensile strength, elongation, 

Young’s modulus and hardness), the parameters that gave the highest and lowest effect on 

the properties were determined. 

For example, the calculation of the S/N ratio for Acrawax C with target property of 

green density is shown in the following steps. 

Calculation steps [175]: 

1. Calculation of S/N ratio. 

a) Signal-to-noise ratio of the trials for experiment no. 1, S/N1 

 

𝑆

𝑁1
= −10 𝑙𝑜𝑔  

1

𝑛
 

1

𝑦𝑖
2

𝑛
𝑖=1  = −10𝑙𝑜𝑔  

1

3 2.577 2 +2.574 2 +2.5812 
 =17.76582                  (eq. 4.11) 

 

Similar steps for calculation of the S/N ratio for remaining experiments were used. 

The S/N ratio for each experiment for Acrawax C with target property of green density is 

shown in table 4.16.  
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Table 4.16: Response table of the S/N ratio for each experiment for Acrawax C with target property of green 

density 

Experiment P1 P2 P3 Trial 1 Trial 2 Trial 3 S/N 

1 1 1 1 2.577 2.574 2.581 17.76582 

2 1 2 2 2.595 2.594 2.589 17.81814 

 

3 1 3 3 2.562 2.570 2.562 17.72226 

4 2 1 2 2.575 2.578 2.576 17.76329 

5 2 2 3 2.592 2.568 2.598 17.79523 

6 2 3 1 2.674 2.684 2.671 18.09245 

7 3 1 3 2.573 2.573 2.571 17.74872 

8 3 2 1 2.687 2.689 2.691 18.13408 

9 3 3 2 2.674 2.667 2.668 18.07179 

 

2. The effect of the parameter 

a) Sum of the S/N ratio at parameter 1 and level 1, SP1(1) 

 

𝑆𝑃1(1) =
 17.76582 +17.81814 +17.72226  

3
= 17.76874                                                       (eq. 4.12) 

 

b) Sum of the S/N ratio at parameter 1 and level 2, SP1(2) 

 

𝑆𝑃1(2) =
 17.76329 +17.79523 +18.09245 

3
= 17.88365                                                       (eq. 4.13) 

 

c) Sum of the S/N ratio at parameter 1 and level 3,SP1(3) 

 

𝑆𝑃1(3) =
 17.74872 +18.13408 +18.07179 

3
= 17.98487                                                        (eq. 4.14) 
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d) The effect of the parameter 1 Δ, is then calculated by difference of the relative 

magnitude of effects,  

 

∆= 𝑀𝑎𝑥 − 𝑀𝑖𝑥 = 17.98487 − 17.76874 =0.21613                                               (eq. 4.15) 

 

Table 4.17: Effect of the parameters on green density of the specimens with Acrawax C 

Level P1 (Pressure) P2 (Temperature) P3 (Lubricant) 

1 17.76874 17.75928 17.99745 

2 17.88365 17.91582 17.88441 

3 17.98487 17.96217 17.7554 

∆ 0.21613 0.20289 0.24205 

Rank 2 3 1 

 

From the results above it can be seen that largest effect on green density of    

Acrawax C is the lubricant content.  

The same calculation steps were applied on the other output values: sintered density, 

tensile strength, elongation, Young’s modulus and hardness for both lubricants Acrawax C 

and Kenolube P11. The results are listed in tables 4.18 and 4.19. 

Table 4.18 shows the effect of the single parameters with their percentage 

contribution on the densities and mechanical properties of the specimens with Acrawax C. 

As can be seen, the lubricant content parameter exhibits the greatest influence on green 

density, tensile strength and elongation. Followed by compaction temperature, this has the 

most influence on sintered density and Young’s modulus. For hardness, compaction pressure 

has the highest influence. 
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Table 4.18: Effect of the parameters on the output values for specimens with Acrawax C 

Acrawax C  

(rank) 

Pressure Temperature Lubricant 

content 
Residual 

error [%] Contribution of single parameters [%] 

Green density 2 

(31.06) 

 

 

3 

(29.94) 

 

1 

(38.89) 

 

0.11 

Sintered density 3 

(16.69) 

 

1 

(53.2) 

 

2 

(26.29) 

 

3.82 

Tensile strength 2 

(30.67) 

 

3 

(29.72) 

 

1 

(39.48) 

 

0.13 

Elongation 2 

(30.99) 

 

3 

(25.85) 

 

1 

(41.4) 

 

1.76 

Young’s modulus 2 

(24.13) 

1 

(57.65) 

 

3 

(11.81) 

 

6.41 

Hardness 1 

(50.62) 

3 

(16.42) 

2 

(31.33) 
1.63 

 

 

Table 4.19 shows the effect of the single parameters with their percentage 

contribution on the densities and mechanical properties of the specimens with Kenolube P11. 

Similar observation as for Acrawax C has occurred; the lubricant content influenced the most 

green density, tensile strength and elongation. The second parameter with the highest 

influence on sintered density and hardness is compaction pressure. The third parameter with 

the highest influence is compaction temperature and this parameter influence the most 

Young’s modulus.  
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Table 4.19: Effect of the parameters on the output values for specimens with Kenolube P11  

Kenolube P11 

(rank) 

Pressure Temperature Lubricant 

content 
Residual 

error [%] Contribution of single parameters [%] 

Green density 2 

(30.81) 

 

3 

(24.75) 

 

1 

(44.19) 

 

0.25 

Sintered density 1 

(52.17) 

 

2 

(41.23) 

 

3 

(3.7) 

 

2.9 

Tensile strength 2 

(41.62) 

 

3 

(8.6) 

 

1 

(47.55) 

 

2.23 

Elongation 2 

(33.58) 

 

3 

(25.67) 

 

1 

(37) 

 

3.75 

Young’s modulus 2 

(32.69) 

 

1 

(53.27) 

 

3 

(11.8) 

 

2.24 

Hardness 1 

(45.88) 

2 

(34.38) 

3 

(8.85) 
10.89 
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CHAPTER 5 

DISCUSSIONS 

 

5.1 The Influence of Compaction Pressure, Temperature and 

Lubricant Content on Ejection Force of Alumix 123 Compacts 

Figures 4.8 and 4.9 show that the higher compaction pressure, reduction of lubricant 

content and lower compaction temperature requires a relatively higher ejection force. This is 

due to increased friction between powder particles and die walls during compaction. [176] 

When the force is overcome the particles slide relative over the die wall. This interaction can 

be described by the sliding coefficient, η. [177] The relation between the slide coefficient η 

and the friction coefficient µ is formulated as: [89] 

 

𝜂 =  𝑒−4 𝜇 tan 𝜑                                                                                                                (eq. 5.1) 

 

where υ is the angle of the pressure transmission from the top to the die’s wall. Yet, no 

reliable method has been presented for the determination of υ so an accurate friction 

coefficient µ cannot be obtained. [178] However, for practical purposes, a similar approach 
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has been used to establish an empirical relationship between the slide coefficient and 

compacting parameters. For a cylindrical specimen, compacted by single action press, the 

sliding coefficient at completion of compaction is given by Ballhausen–Gasiorek model: 

[179] 

 

𝜂 =  
𝑃𝑡

𝑃𝑎
 
 

4𝐹

𝑆𝐻
 

                                                                                                                   (eq. 5.2) 

 

where Pt is the pressure transmitted to the stationary punch, Pa is the pressure applied to the 

punch, F is the cross-section area, S is the cross-section perimeter and H is the height of the 

cylinder. These parameters can be easily measured. Consequently, the sliding coefficient can 

be determined. Numerical values of η vary from 0 to 1. [177] According Simchi et al. [89] 

the value 0.7 is considered moderate. They noticed that the sliding coefficient of cold 

compacted aluminium powder and its elemental blends is below 0.6 and for prealloyed 

powder is around 0.7. For warm compaction at 140°C the sliding coefficient of elemental 

powder blends increase to 0.8 and for Al-12Si prealloyed powder to 0.9. Thus, for the 

elemental blends and the prealloyed powder, good compaction properties can be expected. It 

can be said, that the higher the sliding coefficient, the lower the friction between powder 

particles and die walls. Therefore a lower ejection force is required resulting in more uniform 

the density through the compact. 

Referring again to figures 4.8 and 4.9 compaction at elevated temperature reduced the 

ejection force in all conditions, i.e. different compaction pressures and different amounts of 

admixed lubricant. Li et al. [180] found that with increasing compaction temperature, the 
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friction coefficient on the die wall decreased through viscosity of the lubricant, and the 

higher compaction temperature the lower viscosity of the lubricant. This resulted in the 

reduction of the friction and subsequently in the increase of green density of the compact. 

The viscosity of lubricant must be sufficiently high to provide adequate lubrication at the die 

walls. Compaction above the melting temperature of lubricant led to the formation of a 

partially molten film between the die wall and green compact. However, if the compaction 

temperature increased further, to the temperature range in which lubricant and its additives 

become unstable by their degradation, the viscosity would decrease and the friction 

coefficient increase. [181] Rabinowicz [182] showed that some lubricants remained solid 

over one temperature range and liquid over another and then become desorbed and lose their 

function at higher temperatures. This was demonstrated with octadecyl alcohol lubricant 

between copper sliders. Below 40°C, at solid lubricant state, the friction coefficient was 

about 0.11. When, the temperature has increased to 60°C, the lubricant became liquefied and 

the friction coefficient increased to 0.33. Friction remained constant until about 120°C, then 

another transition occurred and the friction coefficient increased to 1.0 as the liquid was 

desorbed, which increased the friction. Gegel et al. [183] pointed out that pressing at 

temperatures above the melting point of the lubricant may reduce the friction but can leave a 

residue on the compaction die, which requires additional cleaning operation. 
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5.2 The Influence of Compaction Pressure, Temperature and 

Lubricant Content on Green Density of Alumix 123 Compacts 

The effect of compaction pressure on the green density with Acrawax C (Figure 4.10) 

contents shows that an increase in compaction pressure from 200 to 400 MPa using the same 

compaction temperature is similar to increase in green density between different compaction 

temperatures and the same compaction pressure. For example, the green density of 

specimens compacted at 110ºC and 200 MPa for Acrawax C content of 1.5 wt % was 

measured to be 2.566 g/cm
3
 and the green density of specimens compacted at 400 MPa 

reached 2.631 g/cm
3
. For a given compaction pressure of 400 MPa, the green density of 

specimens compacted at RT was measured to be 2.591 g/cm
3
 and specimens compacted at 

110ºC reached the green density of 2.631 g/cm
3
. This represents an increase of 2.47 % by 

varying compaction pressure from 200 to 400 MPa at a given temperature of 110ºC, and an 

increase of 1.44 % by varying temperature from RT to 110ºC for a given compaction 

pressure of 400 MPa. 

A similar effect of compaction pressure on the green density with Kenolube P11 

(Figure 4.11) contents compared to Acrawax C was observed. The increase between 

compaction pressure of 200 MPa and 400 MPa at the same compaction temperature is 

similar to increase in density between different compaction temperatures at the same 

compaction pressure. For example, the green density of specimens with 1.5 wt % of 

Kenolube P11 was 2.556 g/cm
3
 and 2.626 g/cm

3 
when compacted at 110ºC for 200 MPa and 

at 110ºC for 400 MPa, respectively. At constant compaction pressure of 400 MPa but with 

changing compaction temperatures, the green density of specimens compacted at RT was 

measured to be 2.576 g/cm
3
 and specimens compacted at 110ºC reached the green density of 
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2.626 g/cm
3
. This represents an increase of 2.48 % by varying compaction pressure from 200 

to 400 MPa while there is an increase of 1.79 % by varying compaction temperature for RT 

to 110ºC. 

The effect of admixed lubricants on the green density of Alumix 123 specimens 

pressed at different compaction pressure and temperature is also shown in figures 4.10 and 

4.11. A constant decrease in green density with increasing lubricants (Acrawax C and 

Kenolube P11) contents can be observed. For example, for specimens with Acrawax C 

compacted at 400 MPa and 110°C the green density decrease as the amount of lubricant 

increase. At lubricant content of 0.5, 1.0 and 1.5 wt % the green density decreased as follow 

2.704, 2.670 and 2.632 g/cm
3
.For specimens with Kenolube P11 at lubricant content 0.5, 1.0 

and 1.5 wt % the green density decreased from 2.660, 2.645 and 2.626 g/cm
3
 for a given 

compaction pressure and temperature.  

The increase in green density with pressure is due to the increasing forces causing 

porosity to close up. The increase in green density with temperature is due to a combination 

of higher degree of plastic deformation of Al powder occurring at elevated temperature, and 

softening/melting of lubricant and its subsequent expulsion from the powder compact 

through pores towards the die walls. The mechanism of expulsion of the lubricant from the 

green compact is complex. In compaction at elevated temperature if the lubricant is in a 

semi-liquid or a liquid state, the lubricant flows into the porous compact by pressure-assisted 

capillary flow. [177] Washburn [184] describe the model of penetration of a liquid into 

porous medium by relation:  

𝐿2 =  
𝜍𝐷𝑐𝑜𝑠  𝜃 

4𝜇
𝑡                                                                                                             (eq. 5.3) 
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where L is the depth of penetration of the liquid, σ is the surface tension of the liquid, D is 

the average pore diameter, θ is the contact angle between the solid and the liquid, t is the 

time, and µ is the dynamic viscosity of the liquid. 

As compaction temperature and pressure increase, the viscosity of the lubricant 

decreases and this facilitates movement of lubricant from interparticle space towards the die 

wall. The expulsion of lubricant towards the die walls continues as long as the applied 

pressure is higher than the capillary pressure due to the surface tension of the liquid 

lubricant. [177] This improves compressibility, reduces the amount of trapped lubricant 

between particles, and enhances metal-to-metal contacts, subsequently increasing green 

density. [185] At higher amounts of admixed lubricant more lubricant is trapped inside the 

pores and the green density decreases.  

The figures 4.10 and 4.11 also display the compressibility curve for each lubricant 

content and compaction temperature. At lower pressure the initial increase in density is due 

to rearrangement of powder particles. The further increases of pressure caused deformation 

and work hardening, generating more resistance to compaction until densification was halted. 

This mechanism was explained by Thummler and Oberacker. [186] Kim et al. [187] 

confirmed that at certain point of pressurizing, bulk deformation causes the formation of 

closed pores which proved to be detrimental to sinterability. 

Simchi [188] and Rahman et al. [189] reported similar observations of the effect of 

lubricant content on green density for iron powder (ASC 100.29 from Hoeganaes). Simchi 

found that higher amount of admix lubricant (0.8 wt % of ethylene bisstearoylamide) 

increase densification in the lower pressure region, while limiting the denisty at high 



178 
 

pressures. In addition, he showed that warm compaction results in the formation of more 

metal-to-metal contacts during compacting. Rahman showed that specimens with 0.5 wt % 

of zinc stearate, for similar iron-based composition, led to higher green density compared to 

specimens with 0.75, 1, 1.15 and 2 wt % of lubricant.  

 

5.3 Heckel Relationships 

Figures 4.12 and 4.13 show the Heckel relationship between ln (1/ (1-D)) and the 

applied pressure during compaction. In both lubricants, the increase of slope kH with 

increasing compaction temperature is mainly due to a decrease in the yield strength of 

aluminium powder (Figure 2.18) and also with increasing pressure due to closing up of 

pores. In addition, as mentioned in section 5.2 with higher compaction temperature and 

pressure the amount of the admixed lubricant is reduced through partial movement of 

lubricant towards the die wall which results in higher green density of the compacts.  

Specimens with Kenolube P11 gave slightly higher value of kH which assume higher 

value of yield strength than specimens with Acrawax C for given amount of lubricant and 

compaction temperature. 

Table 5.1 suggests the main contribution to yield strength of compacts is from 

aluminium rather than copper. It should be noted that the overall yield strength is represented 

by powder constituent(s) which yield first.  

It can be said that calculated yield strength (based on Heckel study) of the powder 

Alumix 123 in given conditions is comparable to Al in at its cast state. 
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Table 5.1: Yield strength of powder constituents at their cast state under room temperature [136] 

Constituent Yield strength [MPa] 

Al 99.99 % 20-105 

Cu 99.9 % 70 

Al 2014 T0 ~ 100 

Al 3xxx series 80-300 

Al 4xxx series 80-320 

 

5.4 The Influence of Compaction Pressure, Temperature and 

Lubricant Content on Sintered/Aged Density of Alumix 123 

Compacts 

In this study, sintering temperature, sintering time, protective atmosphere and 

subsequent thermal treatment where chosen based on the previous work as mentioned in 

section 2.4.4. The results show that the specimens with Acrawax C reached higher sintered 

densities against those specimens where Kenolube P11 was used. If comparing the highest 

value of sintered densities achieved at 110ºC and 400 MPa for specimens with Acrawax C 

and Kenolube P11 (2.751 and 2.683 g/cm
3
, respectively) the sintered densities of specimens 

with Acrawax C improve by 2.47 %. This follows the trend of green densities where 

specimens with Acrawax C obtained higher green densities. It can be assume that the 

specimens with high green density would have higher sinter density for given lubricants. 

This study also pointed out that green density of specimens compacted at 110°C, for 

both lubricants, increased after sintering over two times (~2 %) than specimens compacted at 

room temperature (~1 %). It is believed, that warm compaction on relative high temperature 
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has resulted in large plastic deformation of the powders (Section 2.3.2), breaking of the oxide 

layers and formation of more contacts between copper and aluminium particles. [188]  

In a work by Babakhani et al. [190] a similar trend of increase between green and 

sintered density with increasing compaction temperature and reduction of lubricant for 

prealloyed powder (Fe–3Cr–0.5Mo) with/without 0.6 wt % lithium stearate was found. For 

specimens with/without 0.6 wt % of lubricant compacted at 500 MPa, when compaction 

temperature increased from RT to 150ºC, the green density increased by 0.2 and 0.24 g/cm
3
, 

respectively. After sintering of these specimens density increased by 0.2 and 0.22 g/cm
3
, 

respectively. This was due to evaporation of admixed lubricant (if any) and elimination of 

the pores by sintering. 

 

5.5 The Influence of Compaction Pressure, Temperature and 

Lubricant Content on Tensile Strength and Hardness of 

Sintered/Aged Alumix 123 Compacts 

The sintered density and the heat treatment have a major effect on the mechanical 

properties. Increased density will increase strength, hardness and elongation. The highest 

densities are achieved by using higher compaction pressures. 

The heat treatment, or the age hardening, of Al-Cu-Si-Mg alloy is caused by the 

precipitation of intermetallic phases during the decomposition of a metastable supersaturated 

solid solution obtained by solution treatment and quenching. [191] In Al-Cu alloys, during 

artificial ageing, a second phase, such as coherent intermetallic precipitate of Al2Cu (θ’) is 

formed. The fine θ’ phase effectively impedes the movement of dislocations and since 
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dislocations are often the dominant carriers of plasticity, this imparts strength and hardness 

to the alloy. [191,192] Dislocations can be generated as a result of: a) quenching stresses, 

which occurs from retention of an excess concentration of vacancies, b) cold work or           

c) misfit of stresses created during the nucleation of a phase. [193] 

The precipitates restrict dislocation motion via dislocation bowing (Figure 5.1), or 

cutting mechanisms (Figure 5.2) 

 

Figure 5.1: Schematic of Orowan strengthening due to bowing of dislocations between precipitates: 

(a) dislocation approaching particles; (b) dislocation extruding through particles; (c) critical situation when 

extruded dislocation reaches semicircular configuration; (d) escape situation. [192] 
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Figure 5.2: Schematic illustration of ledge formation and precipitation strengthening due to 
dislocation cutting of precipitates: (a) before cutting; (b) during cutting; (c) after cutting. [192] 

 

Dislocation bowing (Figure 5.1) occurs when sub-micrometer precipitates pin two 

segments of a dislocation. The residual of the dislocation line is then extruded between the 

two pinning points due to the additional applied shear stress Δτ. This mechanism was first 

described by Orowan, and is given by relation: [192, 194] 

 

𝛥𝜏 =
𝐺𝑏

𝐿−2𝑟
                                                                                                                       (eq. 5.4) 

 

where Δτ is the material strength, G is the shear modulus, b is the magnitude of the Burgers 

vector, L is the distance between pinning points, and r is the second phase particle radius. 

This equation shows that when dislocation bowing around particle the strength is inversely 

proportional to the second phase particle radius r. This mechanism is more likely to occur 

when there are large particles present in the material. [192] 

A dislocations cutting mechanism through particles may result in the formation of 

ledges at the interfaces between the particle and the matrix, in the regions where dislocation 

entry or exit occur. The mechanism is given by relation: 
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𝛥𝜏 =  
𝑟𝛾𝜋

𝑏𝐿
                                                                                                                       (eq. 5.5) 

 

where Δτ is material strength, r is the second phase particle radius, γ is the surface energy, b 

is the magnitude of the Burgers vector, and L is the spacing between pinning points. The 

equation shows that when dislocation cutting through particles occurs, the strength is 

proportional to r, the radius of the precipitate particles. This means that it is easier for 

dislocations to cut through a material with smaller second phase particles (small r). With 

increasing size of the second phase particles, dislocation movement is impeded and it 

becomes more difficult for the particles to cut through the material. Therefore, the strength of 

a material increases with increasing r. In addition, if the particles have a small radius and 

there are many close together, this can also increase the strength of a material due to small 

interparticle spacing, L. [192, 194] 

In this study, tensile strength and hardness of specimens compacted at elevated 

temperature is higher than those produced by compaction at room temperature. This is due to 

the decrease in the yield strength of Al powder during compaction at elevated temperature 

(Section 2.3.2). Thus at the same compaction pressure but at higher compaction temperature 

specimens are more dense. This reduces the amount of the pores in specimens which act as 

crack initiators. A similar effect of compaction temperature on tensile strength was observed 

by Li et al. [195] in iron based system. They found that tensile strength increased from 546 

to 751 MPa, when the compaction temperature changed from RT to 175ºC. 

The same trend of higher tensile strength and hardness was observed with increasing 

compaction pressure. The higher compaction pressure caused better rearrangement and 

closed up porosity, this led to higher tensile strength and hardness values. 
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Comparison the relationship between the cold compacted and warm compacted 

tensile specimens with different lubricants are shown in figures 4.20 and 4.21. When 

compared with each other for a single lubricant, there is a similar behavior among the tensile 

test results. This suggests that the tensile strength of specimens is closely related to their 

green/sintered density. Eski et al [196] found that if cold/warm compacted specimens after 

sintering reached similar sintered densities, due to same green densities, they also reached 

similar tensile properties.  

The maximum sintered/aged tensile strength of warm compacted specimens was 

measured to be 365.65 MPa. The maximum sintered/aged strength of cold compacted 

specimens was measured to be 324.86 MPa. This represents a difference of 11 % between 

warm and cold compacted specimens. However, the summary of the tensile strength study 

hinted that not just increasing compaction temperature and compaction pressure, and 

lowering the amount of admixed lubricant, but the type of lubricant also has a nominal 

influence on the final strength. The comparison of maximum measured values of admixed 

lubricant, Acrawax C (365.65 MPa) and Kenolube P11 (351.74 MPa), represents a difference 

of around 4 % in higher tensile strength for Acrawax C. This could be caused by composition 

of lubricants and their de-binding behaviour. 

Figures 4.22 and 4.23 show the effect of compaction condition on the hardness of 

specimens with different lubricants. Similar effect as for tensile strength has occurred. The 

hardness of sintered/aged specimens increased with increasing compaction pressures and 

temperatures and decreasing amounts of lubricant. The highest hardness of specimens with 

0.5 wt % of Acrawax C compacted at 400 MPa and RT or 110ºC was found to be 109.2 and 

128.6 HV, respectively. This represents an increase in hardness of 15 % due to temperature 
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change. The highest hardness of specimens with 0.5 wt % of Kenolube P11 compacted at 

400 MPa and RT or 110ºC was found to be 108.9 and 117.9 HV, respectively. This 

represents improvement of the hardness of 7.6 % due to temperature change. 

As mentioned above, hardness is mostly affected by precipitation hardening. The 

impact of precipitation hardening on hardness is clearly seen when comparing the hardness 

values of this study and the hardness value from table 1.1, where as-sintered specimens of 

wrought alloy Al 2014 A and Alumix 123 reached the hardness of 57 and 68 HV (HB = 55 

and 64), respectively. After heat treatment T6 the hardness of wrought alloy increased to  

150 HV (HB = 140). 

 

5.6 The Influence of Compaction Pressure, Temperature and 

Lubricant Content on Elongation of Sintered/Aged Alumix 123 

Compacts 

As mentioned in the previous section, a normal consequence of precipitation 

hardening mechanisms is an accompanying reduction in elongation. Consequently, most age 

hardenable alloys have high strength but low elongation, due to reduction of grain size in the 

hardened state and also because additions and small impurities bind the main alloying 

element into insoluble particles and decrease their content in the supersaturate solid solution. 

[197] 

The elongation depends on the green/sintered density of specimens where the higher 

compaction pressures and temperature, and lower amount of admixed lubricant decrease the 
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porosity level in the specimens. Generally, specimens with higher green/sintered density 

achieved higher elongation. 

From the data and from the figures 4.25 and 4.26, it was noted that increasing 

lubricant content decreased the elongation values. This is due to higher porosity levels in 

specimens with high lubricant content. [188] Like sintered materials, castings are also not 

usually fully dense but contain pores from a variety of sources. It has been shown for cast 

aluminium alloys that higher porosity leads to reduction of the elongation. Sintered 

aluminium may be expected to be similar. [198, 199] 

The maximum elongation of specimens with 0.5 wt % of Acrawax C compacted at 

400 MPa at RT or 110ºC, was found to be 0.81 and 1.11 %, respectively. This represents an 

improvement of the elongation of 27.02 % through temperature change. The maximum 

elongation of specimens with 0.5 wt % of Kenolube P11 compacted at 400 MPa at RT or 

110ºC was measured to be 0.68 and 0.93 %, respectively. This represents an increase of the 

elongation of 26.8 % by temperature change. 

The results reveal that specimens with Acrawax C attain higher values of elongation. 

By comparing the elongation for specimens compacted at 110ºC and 400 MPa with lubricant 

content of 0.5 wt %, the elongation for Acrawax C was 1.11 % and for Kenolube P11 was 

0.93 %, which is a difference of 16.2 %. 
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5.7 The Influence of Compaction Pressure, Temperature and 

Lubricant Content on Young’s modulus of Sintered/Aged Alumix 

123 Compacts 

From figures 4.27 and 4.28, it can be seen that Young’s modulus is increasing with 

increasing compaction pressures and temperatures, and decreasing lubricant content, which 

resulted from higher green/sintered density. It can be said, the Young’s modulus of materials 

is largely dependent on the densities of material. Young’s modulus of material increases as 

the density of the material increases. This relation was described by many authors (Section 

4.7.5.2). [200] 

The maximum Young’s modulus of specimens with 0.5 wt % of Acrawax C 

compacted at 400 MPa and RT or 110ºC was found to be 63.47 and 69.73 GPa, respectively. 

This represents an increase of the Young’s modulus of 8.9 % by temperature change. The 

maximum Young’s modulus of specimens with 0.5 wt % of Kenolube P11 compacted       

400 MPa and RT or 110ºC was found to be 62.95 and 68.44 GPa respectively. This 

represents improvement of the Young’s modulus of 8.1 % by temperature change. It can be 

seen that there is similar improvement for both of the lubricants used. 
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5.8 Correlation between Tensile Strength, Young’s Modulus and 

Porosity 

The equations described in section 4.7.5.1 have been applied to the results obtained in 

this study. As seen in figures 4.29 and 4.30, any equation proposed so far can not explain the 

relation between tensile strength and porosity. This is believed to be due to the fact that the 

range of porosity used in development of model equations was very narrow and restricted to 

a high porosity level. In addition, the pore morphology may significantly affect the 

mechanical properties. Without incorporating the pore geometry effect, the equations fail as 

the porosity level increases. [201] 

However, equations 4.4 and 4.5 contain parameters - α, β and k, respectively, - which 

can be adjusted to incorporate the pore morphology. By adjusting the numerical value of 

these variables (i.e. changing their constant characteristic) the limits of the region in which 

the equations can be used to estimate relative strength of the high porosity compacts can be 

established. [202] It can be seen that Tronshenko equation with constant α and changing β 

parameter can include most of the porosity range of the specimens with Acrawax C and 

Kenolube P11. 

All the specimens with Acrawax C and Kenolube P11 additions showed significantly 

higher value of α, β and k. This clearly shows that the pores of the sintered compacts with 

either Acrawax C or Kenolube P11 are irregular shape.  
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The theoretical equations describing the effect of porosity on Young’s modulus 

(Section 4.7.5.2) have been applied to the results acquired in this study. From figures 4.31 

and 4.32, can be seen that none of these equations can explain the relation between Young’s 

modulus and porosity/density of the specimens in this study. As with the correlation between 

tensile strength and porosity, the inability of the equations to fit the experimental data is 

caused by the fact that most numerical modelling studies of the elastic behaviour of P/M 

materials assume the pores to be perfectly spherical and distributed homogeneously in the 

matrix. However, the results of this study indicate that the elastic properties appear to be 

significantly influenced by the shape and morphology of the porosity microstructure. As seen 

from tables 4.11 and 4.12, the n exponent gave lower numerical values than those obtained 

by other authors. [170, 171] This is believed to be due to a wider range of porosity in the 

specimens in this study. 

When the a, b and n values in equations 4.6, 4.7 and 4.8, respectively, are not treated 

as constant, it is possible to find the limits of the regions in which the equations correlating 

the Young’s modulus and porosity can be used. The figures 4.31 and 4.32 show that Spriggs 

equation with changing b parameter can include the most porosity of range of the specimens 

with Acrawax C and Kenolube P11. 
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5.9 Microstructure of Sintered/Aged Alumix 123 Compacts  

Figure 4.34 shows the microstructure of sintered/aged Alumix 123 (Al-4.5Cu-0.6Si-

0.5Mg) specimens with 1.0 wt % of Acrawax C compacted at 110°C and 400 MPa. 

Falticeanu et al. [203] and Martin et al. [159] in their studies of sintering behaviour 

of Al-4.4Cu-0.8Si-0.5Mg and Al-4.4Cu-0.7Si-0.5Mg, respectively, showed that sintering of 

these alloys occurred in several endothermic events. The first two events occurred at 

temperatures below 460ºC. The first event started at ~ 449ºC, with the possibility of fusion of 

the β-phase (Mg2Al3 or Mg5Al8) or, alternatively, formation of Al-Mg eutectic liquid at the 

Al-Mg interface. The second events started at 457ºC and related to melting of the γ-phase 

(Al12Mg17). Further events occurred as heating continued towards the sintering temperature 

at ~505ºC and then up to ~ 550ºC, which relates to the formation of a liquid phase, following 

the reaction: 

 

Al + Al2Cu + Al2CuMg → Liquid phase                                                                       (eq. 5.6) 

 

In the presence of Si, the reaction is: 

 

Al + Al2Cu + Al2CuMg + Mg2Si → Liquid phase                                                        (eq. 5.7) 

 

Al + Al2Cu + Si + Al5Cu2Mg8Si6 → Liquid phase                                                        (eq. 5.8) 

 

According to the literature the reactions in equations 5.6, 5.7 and 5.8 occurred at 507, 500 

and 507ºC, respectively. [204] At 549ºC another endothermic reaction occurred; 
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Al + Al2Cu → Liquid phase                                                                                           (eq. 5.9) 

 

This reaction took place in locations where copper particles are far removed from the Mg 

particles so did not interfere with reactions (eq. 5.6) to (eq. 5.8) due to insufficient 

concentration of Mg. If the temperature is greater than 646ºC the composition is completely 

molten.  

It was noted, that increasing lubricant content increased the amount of the porosity in 

all specimens. It is believed that during the sintering, the admixed lubricant trapped at 

particle interfaces evaporates and escapes through the open pores or permeates to the surface 

through inter-particle voids. However, when the amount of lubricant is high, gases from the 

evaporated lubricant can become trapped inside the specimen. [190, 205] 

In addition, It was noted than sinter/aged specimens microstructures with Acrawax C 

contained lower amounts of large pores (> 75 µm) than sinter/aged specimens with  

Kenolube P11 for a given pressure and lubricant content. However, higher content of 

admixed lubricant increased the amount of pores in both waxes. 
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5.10 Fracture Surface of Sintered/Aged Alumix 123 Compacts 

Figure 4.36 shows SEM micrographs of the fracture surface of broken sintered/aged 

specimens with 1.5 wt % of Acrawax C compacted at 400 MPa and RT or 110ºC, 

respectively. Figure 4.36 (a) shows that fracture was developed through grain boundaries and 

along the pores as the lack of any dimpled feature and cup cone feature, indicating an 

intergranular fracture. The bright areas at figure 4.36 (a) represent Al-Cu-Si-Mg liquid phase 

formed at grain boundaries during the sintering. [173, 174] Falticeanu [141] suggested that 

this eutectic phase might be detrimental to the mechanical properties as its presence on the 

grain boundaries together with the remnant porosities that concentrate the load at the triple 

point between the neighbouring grains have a cumulative effect.  

With the higher compaction temperature of 110ºC tear ridges were found on a large 

amount of particles, (Figure 4.36 (b)). This points towards the occurrence of transgranular 

fracture. The transgranular fracture indicates the increase of the strengthening effect of the 

grain boundaries. [174] Additional external stress and energy is required to fracture the 

specimens which have larger proportions of transgranular fracture features present. It is 

assumed that warm compacted specimens (with better sinterability) would have higher 

values of tensile strength and elongation than cold compacted ones. 

Božić et al. [206] and Saage et al. [207] found that there is a correlation between the 

fracture morphology and the elongation, i.e. higher elongation corresponds to transgranular 

fracture, while the minimum elongation is a consequence of intergranular fracture. 
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5.11 Taguchi analysis 

Tables 4.18 and 4.19 show the effect of the single parameters with their percentage 

contribution on the densities and mechanical properties of the specimens with Acrawax C 

and Kenolube P11. 

Taguchi analysis shows that lubricant content has the most significant influence on 

green density, tensile strength and elongation of Alumix 123 specimens for both lubricants. 

In specimens with Acrawax C the second parameter with highest influence was compaction 

temperature, followed by compaction pressure. In specimens with Kenolube P11 the 

compaction pressure was followed by compaction temperature. 

However, the percentage contribution of single parameters pointed that difference 

between their influences are balanced. 

The present study is based on single parameter influences which do not take into 

account of any interaction between process parameters (i.e. compaction pressure, 

temperature and lubricant content). This may affect the order of influence if the interaction of 

parameters is included in the analysis. 

The effect of the lubricant content has been observed by many authors mentioned in 

this study [e.g. 185, 186 and 205]. Where the presence of lubricant causes an increase in 

porosity levels, the required properties of the specimens are therefore limited. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

 

6.1 Conclusions 

In this project the effect of admixed lubricant and compaction processes (cold and 

warm compaction) on mechanical properties and microstructure of aluminium alloy    

Alumix 123 was investigated. It was found that, by compaction at elevated temperature: 

 The green density of Alumix123 P/M parts with an Acrawax C content of 1.5 wt % 

can be increased from 2.57 to 2.63 g/cm
3
 by increasing compaction temperature from 

RT to 110°C, respectively. Further increase in green density to 2.71 g/cm
3
 of   

Alumix 123 can be achieved by reducing the amount of lubricant to 0.5 wt % of the 

warm compaction at temperature of 110ºC. This is due to a reduction in temperature 

dependent yield strength of the powder mixture. This resulted in better rearrangement 

of powder particles during warm compaction. The compaction at elevated 

temperature softens the lubricant and helps to reduce particle-to-particle friction and 

die wall friction. 
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 Reducing the amount of admixed lubricant increases the green and sintered densities 

for cold and warm compaction, respectively. However, compaction using lower 

amount of lubricant requires frequent tool and die wall cleaning. 

 The highest green density was achieved at a compaction pressure of 400 MPa, 

temperature of 110ºC and lubricant content of 0.5 wt %. 

 Increasing compaction temperature also reduced the ejection force required to 

remove the compacts from the die by 40 % due to reduction of friction between 

particles and die wall, as lubricant softens during warm compaction.  

 The warm compacted specimens can reach similar mechanical properties using less 

compaction pressure as compared to those compacted at higher pressure and room 

temperature. 

 Acrawax C significantly improves the density and mechanical properties of 

specimens as compared to those prepared using Kenolube P11.  

 The Taguchi analysis shows that Alumix 123 specimens are most affected by 

lubricant content. 
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6.2 Suggestions for further work 

1. The present study of warm compaction of Alumix 123 showed enhanced static 

mechanical properties. This study can be extended to determine if warm compaction 

can improve the dynamic mechanical behaviour (e.g. fatigue). 

2. In this study the aging of the specimens was carried out under the same conditions. 

However, further investigation of the effect of warm compaction on the aging 

characteristic of Alumix 123 is needed. 

3. The current study indicates lower lubricant content can give greater enhancement in 

the density and mechanical properties. Therefore, it would be interesting to study 

warm compaction without admix lubricant but with only die wall lubrication. 

4. In this study, the specimens were compacted by single punch pressing. It would be 

interesting to extend warm compaction to a double punch die set to determine if 

density can be more uniform within the compact. 

5. It has been determined, that warm compaction process can increase mechanical 

properties of aluminium Alumix 123. With reference to this, warm compaction 

process could be applied to other Al based P/M alloys (e.g. Alumix 231,          

Alumix 431). 

6. In this study, lubricant content is the process parameter which most influences the 

most green/sintered densities and mechanical properties according to Taguchi 

analysis. However, this can be extended to study interaction of all the processing 

parameters.  
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APPENDIX 
Table A1: Ejection force of Alumix 123 compacts with Acrawax C 

Acrawax C 0.5 wt % 

Compaction 

pressure 

[MPa] 

Compaction temperature [ºC] 

RT 60 80 110 

Ejection force [kN] 

 
(Standard error) [kN] 

200 9.40 

(±0.21) 

 

 

8.00 

(±0.14) 

 

5.90 

(±0.12) 

 

6.27 

(±0.13) 

 250 11.53 

(±0.21) 

 

9.13 

(±0.21) 

 

6.90 

(±0.21) 

 

6.73 

(±0.24) 

 300 12.10 

(±0.28) 

 

9.03 

(±0.14) 

 

8.03 

(±0.07) 

 

6.53 

(±0.16) 

 350 13.37 

(±0.14) 

 

8.23 

(±0.21) 

 

8.77 

(±0.21) 

 

7.17 

(±0.16) 

 400 12.97 

(±0.07) 

9.87 

(±0.14) 

9.80 

(±0.23) 

6.80 

(±0.26) 

Acrawax C 1.0 wt % 

200 5.33 

(±0.17) 

 

4.30 

(±0.17) 

 

4.95 

(±0.17) 

 

3.63 

(±0.17) 

 250 5.85 

(±0.17) 

 

4.08 

(±0.35) 

 

5.78 

(±0.15) 

 

3.55 

(±0.12) 

 300 6.47 

(±0.13) 

 

4.63 

(±0.30) 

 

5.55 

(±0.17) 

 

3.03 

(±0.24) 

 350 6.53 

(±0.29) 

 

4.83 

(±0.17) 

 

5.03 

(±0.17) 

 

3.55 

(±0.15) 

 400 7.20 

(±0.05) 

4.53 

(±0.15) 

5.18 

(±0.35) 

3.25 

(±0.15) 

Acrawax C 1.5 wt % 

200 7.58 

(±0.14) 

 

6.39 

(±0.17) 

 

 

4.85 

(±0.10) 

 

4.27 

(±0.14) 

 250 7.90 

(±0.15) 

 

6.94 

(±0.18) 

5.20 

(±0.20) 

 

5.40 

(±0.12) 

 300 8.10 

(±0.06) 

 

6.77 

(±0.12) 

 

6.12 

(±0.14) 

 

5.50 

(±0.11) 

 350 8.20 

(±0.27) 

 

7.47 

(±0.11) 

 

6.80 

(±0.10) 

 

5.93 

(±0.15) 

 400 10.10 

(±0.18) 

8.70 

(±0.15) 

6.31 

(±0.14) 

6.05 

(±0.16) 
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Table A2: Ejection force of Alumix 123 compacts with Kenolube P11 

Kenolube P11 0.5 wt % 

Compaction 

pressure 

[MPa] 

Compaction temperature [ºC] 

RT 60 80 110 

Ejection force [kN] 

 
(Standard error) [kN] 

200 7.35 

(±0.13) 

 

5.33 

(±0.16) 

 

 

4.65 

(±0.11) 

 

4.73 

(±0.16) 

 250 7.80 

(±0.22) 

 

5.55 

(±0.11) 

 

4.80 

(±0.16) 

 

4.50 

(±0.16) 

 300 8.03 

(±0.26) 

 

5.18 

(±0.11) 

4.58 

(±0.22) 

 

4.35 

(±0.16) 

 350 8.65 

(±0.18) 

 

5.48 

(±0.13) 

 

4.88 

(±0.13) 

 

4.95 

(±0.18) 

 400 10.58 

(±0.13) 

8.25 

(±0.16) 

6.03 

(±0.16) 

7.58 

(±0.22) 

Kenolube P11 1.0 wt % 

200 7.20 

(±0.21) 

 

5.63 

(±0.21) 

 

4.28 

(±0.21) 

 

3.90 

(±0.16) 

 250 6.98 

(±0.11) 

 

5.78 

(±0.21) 

 

4.13 

(±0.21) 

 

3.45 

(±0.22) 

 300 6.83 

(±0.13) 

 

5.63 

(±0.21) 

 

3.90 

(±0.13) 

 

4.05 

(±0.13) 

 350 7.68 

(±0.22) 

 

5.55 

(±0.13) 

 

4.13 

(±0.11) 

 

3.60 

(±0.18) 

 400 10.75 

(±0.09) 

7.13 

(±0.15) 

7.35 

(±0.13) 

5.18 

(±0.13) 

Kenolube P11 1.5 wt % 

200 6.95 

(±0.23) 

 

5.40 

(±0.15) 

 

 

4.50 

(±0.22) 

 

4.90 

(±0.17) 

 250 7.05 

(±0.20) 

 

4.85 

(±0.17) 

 

4.38 

(±0.22) 

 

4.65 

(±0.15) 

 300 6.93 

(±0.25) 

 

4.83 

(±0.11) 

4.40 

(±0.15) 

 

4.38 

(±0.18) 

 350 7.75 

(±0.20) 

 

5.03 

(±0.18) 

 

4.15 

(±0.07) 

 

5.03 

(±0.12) 

 400 10.13 

(±0.25) 

5.85 

(±0.17) 

6.83 

(±0.20) 

5.05 

(±0.22) 
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Table A3: Green density of Alumix 123 compacts with Acrawax C 

Acrawax C 0.5 wt % 

Compaction 

pressure 

[MPa] 

Compaction temperature [ºC] 

RT 60 80 110 

Green density (Standard error) [g/cm
3
] 

Relative density [%] 

200 2.577 (±0.018) 

92.05 

 

2.591 (±0.033) 

92.52 

 

2.602 (±0.018) 

92.91 

 

 

2.607 (±0.008) 

93.09 

 

 

 

 

250 2.608 (±0.006) 

93.16 

 

2.620 (±0.018) 

93.57 

 

2.639 (±0.007) 

94.23 

2.643 (±0.018) 

94.40 

300 2.640 (±0.021) 

94.29 

 

2.653 (±0.031) 

94.76 

 

2.663 (±0.015) 

95.10 

 

2.676 (±0.012) 

95.58 

350 2.660 (±0.009) 

94.99 

 

2.665 (±0.004) 

95.19 

 

2.673 (±0.013) 

95.45 

 

2.687 (±0.025) 

95.95 

 400 2.673 (±0.012) 

95.45 

2.678 (±0.025) 

95.63 

2.689 (±0.009) 

96.04 

2.704 (±0.018) 

96.59 

Acrawax C 1.0 wt % 

200 2.535 (±0.024) 

90.52 

 

 

 

2.551 (±0.009) 

91.11 

 

 

 

 

2.595 (±0.021) 

92.66 

 

2.603 (±0.020) 

92.96 

 

 

 

250 2.563 (±0.017) 

91.53 

 

2.568 (±0.009) 

91.73 

2.620 (±0.002) 

93.57 

 

2.620 (±0.012) 

93.59 

 300 2.577 (±0.011) 

92.05 

2.594 (±0.023) 

92.65 

2.626 (±0.019) 

93.80 

 

2.651 (±0.029) 

94.67 

350 2.589 (±0.004) 

92.45 

2.601 (±0.019) 

92.90 

2.634 (±0.019) 

94.08 

 

2.663 (±0.002) 

95.11 

400 2.613 (±0.005) 

93.31 

2.617 (±0.001) 

93.48 

2.657 (±0.021) 

94.89 

2.670 (±0.005) 

95.36 

Acrawax C 1.5 wt % 

200 2.523 (±0.032) 

90.10 

 

 

2.549 (±0.025) 

91.05 

 

 

2.551 (±0.013) 

91.10 

 

2.567 (±0.020) 

91.68 

 250 2.554 (±0.032) 

91.21 

2.570 (±0.008) 

91.79 

 

2.589 (±0.025) 

92.45 

 

2.593(±0.012) 

92.61 

 300 2.568 (±0.029) 

91.72 

 

2.588 (±0.013) 

92.42 

 

2.596 (±0.018) 

92.73 

 

2.618 (±0.019) 

93.49 

 350 2.574 (±0.021) 

91.94 

 

2.609 (±0.013) 

93.17 

2.612 (±0.031) 

93.27 

 

2.629 (±0.014) 

93.89 

 400 2.591 (±0.043) 

92.54 

2.621 (±0.024) 

93.59 

2.629 (±0.025) 

93.88 

2.632 (±0.010) 

93.99 
 

 



200 
 

Table A.4: Green density of Alumix 123 compacts with Kenolube P11 

Kenolube P11 0.5 wt % 

Compaction 

pressure 

[MPa] 

Compaction temperature [ºC] 

RT 60 80 110 

Green density (Standard error) [g/cm
3
] 

Relative density [%] 

200 2.511 (±0.012) 

89.69 

 

 

 

2.548 (±0.024) 

91.01 

 

2.555 (±0.022) 

91.26 

 

2.573 (±0.020) 

91.88 

 250 2.545 (±0.004) 

90.89 

2.580 (±0.009) 

92.13 

 

2.579 (±0.025) 

92.10 

 

2.595 (±0.022) 

92.69 

 300 2.571 (±0.009) 

91.81 

2.598 (±0.006) 

92.77 

 

2.601 (±0.009) 

93.01 

 

2.612 (±0.023) 

93.30 

 350 2.581 (±0.032) 

92.25 

 

2.607 (±0.026) 

93.11 

 

2.616 (±0.013) 

93.42 

 

2.631 (±0.026) 

93.98 

 400 2.617 (±0.027) 

93.48 

2.627 (±0.029) 

93.82 

2.631 (±0.020) 

94.35 

2.660 (±0.018) 

95.01 

Kenolube P11 1.0 wt % 

200 2.508 (±0.009) 

89.59 

 

2.531 (±0.021) 

90.40 

 

 

2.558 (±0.009) 

91.35 

 

2.563 (±0.022) 

91.53 

 

 
250 2.540 (±0.010) 

90.71 

 

2.553 (±0.014) 

91.19 

2.587 (±0.013) 

92.39 

 

2.596 (±0.020) 

92.71 

 300 2.556 (±0.0160 

91.29 

 

2.576 (±0.022) 

91.99 

 

2.588 (±0.021) 

92.42 

 

2.599 (±0.018) 

92.84 

350 2.570 (±0.013) 

91.80 

 

2.586 (±0.007) 

92.34 

 

2.600 (±0.007) 

92.85 

 

2.612 (±0.011) 

93.27 

 400 2.606 (±0.028) 

93.06 

2.627 (±0.032) 

93.80 

2.635 (±0.018) 

94.11 

2.645 (±0.018) 

94.47 

Kenolube P11 1.5 wt % 

200 2.504 (±0.030) 

89.41 

 

2.527 (±0.025) 

90.24 

 

2.544 (±0.020) 

90.85 

 

2.556 (±0.027) 

91.30 

 250 2.537 (±0.014) 

90.61 

 

2.556 (±0.025) 

91.29 

 

2.560 (±0.029) 

91.42 

 

2.572 (±0.027) 

91.84 

 300 2.550 (±0.011) 

91.06 

 

2.571 (±0.018) 

91.82 

 

2.571 (±0.007) 

91.83 

 

2.582 (±0.016) 

92.23 

 350 2.562 (±0.009) 

91.49 

 

2.576 (±0.012) 

92.01 

 

2.579 (±0.003) 

92.12 

 

2.609 (±0.012) 

93.20 

 400 2.576 (±0.024) 

91.99 

2.604 (±0.024) 

92.99 

2.610 (±0.033) 

93.22 

2.626 (±0.004) 

93.78 
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Table A5: Sintered/aged density of Alumix 123 compacts with Acrawax C 

Acrawax C 0.5 wt % 

Compaction 

pressure 

[MPa] 

Compaction temperature [ºC] 

RT 60 80 110 

Sintered/aged density (Standard error) [g/cm
3
] 

Relative density [%] 

200 2.586 (±0.015) 

92.35 

 

 

2.624 (±0.025) 

93.70 

 

 

 

 

2.658 (±0.004) 

94.94 

 

 

2.671 (±0.022) 

95.39 

 

 
250 2.631 (±0.020) 

93.95 

 

2.662 (±0.010) 

95.08 

2.701 (±0.019) 

96.47 

 

2.706 (±0.015) 

96.63 

300 2.687 (±0.022) 

95.97 

 

2.704 (±0.012) 

96.56 

2.716 (±0.016) 

97.01 

 

2.740 (±0.006) 

97.86 

 350 2.700 (±0.022) 

96.42 

2.708 (±0.022) 

96.73 

2.717 (±0.018) 

97.03 

2.751 (±0.010) 

98.24 

 400 2.711 (±0.019) 

96.84 

2.714 (±0.019) 

96.94 

2.722 (±0.003) 

97.21 

2.751 (±0.011) 

98.26 

Acrawax C 1.0 wt % 

200 2.537 (±0.026) 

90.62 

 

 

2.558 (±0.016) 

91.35 

 

 

2.664 (±0.021) 

95.14 

 

 

2.671 (±0.021) 

95.38 

 250 2.579 (±0.017) 

92.11 

 

2.569 (±0.015) 

91.73 

2.677 (±0.021) 

95.62 

 

2.691 (±0.013) 

96.11 

 300 2.576 (±0.011) 

92.01 

2.598 (±0.019) 

92.79 

 

2.686 (±0.012) 

95.94 

 

2.702 (±0.012) 

96.51 

 350 2.593 (±0.011) 

92.60 

 

2.605 (±0.012) 

93.03 

 

2.707 (±0.017) 

96.69 

2.723 (±0.020) 

97.25 

 400 2.625 (±0.069) 

93.78 

2.634 (±0.068) 

94.08 

2.724 (±0.015) 

97.28 

2.724 (±0.015) 

97.29 

Acrawax C 1.5 wt % 

200 2.528 (±0.019) 

90.28 

 

2.551 (±0.015) 

91.09 

 

 

2.594 (±0.024) 

92.65 

 

 

 

2.602 (±0.028) 

92.94 

 

 
250 2.554 (±0.010) 

91.22 

 

2.579 (±0.022) 

92.12 

 

2.625 (±0.024) 

93.74 

2.633 (±0.016) 

94.04 

 300 2.569 (±0.016) 

91.76 

 

2.587 (±0.020) 

92.38 

 

2.614 (±0.014) 

93.34 

2.668 (±0.007) 

95.27 

350 2.582 (±0.011) 

92.21 

 

2.614 (±0.020) 

93.37 

2.633 (±0.016) 

94.03 

 

2.677 (±0.029) 

95.61 

 400 2.611 (±0.037) 

93.23 

2.626 (±0.015) 

93.79 

2.643 (±0.024) 

94.40 

2.679 (±0.013) 

95.69 
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Table A6: Sintered/aged density of Alumix 123 compacts with Kenolube P11 

Kenolube P11 0.5 wt % 

Compaction 

pressure 

[MPa] 

Compaction temperature [ºC] 

RT 60 80 110 

Sintered/aged density (Standard error) [g/cm
3
] 

Relative density [%] 

200 2.535 (±0.026) 

90.52 

 

2.572 (±0.027) 

91.85 

 

 

 

2.592 (±0.019) 

92.58 

 

2.604 (±0.011) 

93.00 

 

 
250 2.557 (±0.030) 

91.31 

 

2.583 (±0.027) 

92.26 

 

2.618 (±0.009) 

93.51 

 

2.625 (±0.049) 

93.75 

 300 2.579 (±0.018) 

92.11 

 

2.611 (±0.023) 

93.26 

2.625 (±0.044) 

93.78 

 

2.647 (±0.056) 

94.53 

 350 2.592 (±0.026) 

92.59 

 

2.628 (±0.039) 

93.88 

2.639 (±0.052) 

94.28 

 

2.654 (±0.049) 

94.78 

400 2.646 (±0.022) 

94.48 

2.665 (±0.019) 

95.16 

2.671 (±0.016) 

95.42 

2.683 (±0.004) 

95.83 

Kenolube P11 1.0 wt % 

200 2.543 (±0.022) 

90.82 

 

 

2.580 (±0.019) 

92.14 

 

 

2.583 (±0.021) 

92.23 

 

 

2.604 (±0.014) 

92.99 

 

 
250 2.574 (±0.017) 

91.91 

 

2.605 (±0.055) 

93.03 

 

2.618 (±0.021) 

93.49 

2.637 (±0.015) 

94.17 

 300 2.581 (±0.018) 

92.17 

2.606 (±0.061) 

93.06 

2.621 (±0.029) 

93.62 

 

2.653 (±0.017) 

94.75 

 350 2.604 (±0.027) 

92.99 

 

2.611 (±0.064) 

93.26 

 

2.629 (±0.061) 

93.90 

 

2.646 (±0.020) 

94.49 

400 2.625 (±0.019) 

93.75 

2.649 (±0.019) 

94.59 

2.650 (±0.007) 

94.63 

2.654 (±0.022) 

94.77 

Kenolube P11 1.5 wt % 

200 2.539 (±0.007) 

90.69 

 

 

 

2.559 (±0.015) 

91.39 

 

 

2.582 (±0.013) 

92.23 

 

 

 

2.597 (±0.023) 

92.75 

 

 
250 2.550 (±0.017) 

91.08 

2.571 (±0.016) 

91.83 

 

2.589 (±0.010) 

92.45 

 

2.608 (±0.026) 

93.13 

 300 2.564 (±0.010) 

91.57 

 

2.586 (±0.007) 

92.38 

 

2.604 (±0.018) 

93.01 

2.619 (±0.026) 

93.54 

 350 2.565 (±0.015) 

91.61 

2.589 (±0.012) 

92.47 

2.623 (±0.024) 

93.69 

2.631 (±0.023) 

93.95 

400 2.602 (±0.004) 

92.91 

2.611 (±0.016) 

93.24 

2.627 (±0.011) 

93.83 

2.651 (±0.013) 

94.69 
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Table A7: Tensile strength of sintered/aged Alumix 123 compacts with Acrawax C 

Acrawax C 0.5 wt % 

Compaction 

pressure 

[MPa] 

Compaction temperature [ºC] 

RT 60 80 110 

Tensile strength [MPa] 

(Standard error) [MPa] 

200 295.66 

(±11.47) 

 

312.42 

(±10.75) 

 

305.96 

(±4.87) 

 

323.79 

(±8.63) 

 250 305.56 

(±15.79) 

 

306.18 

(±12.48) 

 

321.16 

(±5.88) 

 

318.65 

(±9.53) 

 300 306.31 

(±14.36) 

 

308.02 

(±11.36) 

 

329.48 

(±11.49) 

 

344.57 

(±5.10) 

 350 319.20 

(±11.92) 

 

337.98 

(±9.44) 

 

333.07 

(±4.76) 

 

350.76 

(±9.05) 

 400 324.86 

(±3.99) 

334.84 

(±9.48) 

357.61 

(±10.50) 

365.65 

(±12.36) 

Acrawax C 1.0 wt % 

200 286.39 

(±10.73) 

 

284.13 

(±9.84) 

 

297.55 

(±3.85) 

 

 

318.76 

(±3.95) 

 250 292.43 

(±10.22) 

 

299.40 

(±12.08) 

 

294.30 

(±12.09) 

309.20 

(±10.81) 

 300 287.12 

(±8.58) 

 

309.45 

(±1.26) 

 

318.62 

(±7.77) 

 

328.21 

(±1.13) 

 350 298.75 

(±11.46) 

 

305.88 

(±10.52) 

 

317.21 

(±10.33) 

 

327.72 

(±5.98) 

 400 302.43 

(±6.28) 

309.89 

(±13.35) 

332.29 

(±13.38) 

343.51 

(±11.15) 

Acrawax C 1.5 wt % 

200 266.22 

(±12.98) 

 

270.80 

(±6.65) 

 

279.59 

(±12.15) 

 

289.67 

(±10.82) 

 250 269.07 

(±14.76) 

 

272.92 

(±11.58) 

 

299.15 

(±8.57) 

 

301.03 

(±8.39) 

 300 278.71 

(±13.19) 

 

289.29 

(±8.89) 

 

291.55 

(±16.93) 

 

315.25 

(±9.93) 

 350 280.86 

(±13.71) 

 

290.34 

(±7.13) 

 

298.60 

(±11.30) 

 

318.87 

(±16.78) 

 400 289.84 

(±11.50) 

292.92 

(±10.03) 

299.21 

(±12.57) 

324.90 

(±10.29) 
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Table A8: Tensile strength of sintered/aged Alumix 123 compacts with Kenolube P11 

Kenolube P11 0.5 wt % 

Compaction 

pressure 

[MPa] 

Compaction temperature [ºC] 

RT 60 80 110 

Tensile strength [MPa] 

 
(Standard error) [MPa] 

200 288.01 

(±14.15) 

 

283.12 

(±16.05) 

 

303.31 

(±12.55) 

 

307.37 

(±11.80) 

 250 294.62 

(±14.21) 

 

299.48 

(±16.17) 

 

306.92 

(±4.68) 

 

312.72 

(±2.48) 

 300 302.88 

(±3.92) 

 

301.53 

(±11.59) 

 

306.26 

(±9.11) 

 

319.33 

(±12.96) 

 350 305.80 

(±15.34) 

 

306.44 

(±10.99) 

 

313.31 

(±13.46) 

 

335.90 

(±7.47) 

 400 322.22 

(±13.35) 

321.71 

(±12.16) 

343.17 

(±7.58) 

351.74 

(±6.74) 

Kenolube P11 1.0 wt % 

200 284.00 

(±9.70) 

 

281.19 

(±15.49) 

 

289.24 

(±13.43) 

 

292.95 

(±15.31) 

 250 277.25 

(±14.44) 

 

295.08 

(±13.02) 

 

287.88 

(±7.05) 

 

296.12 

(±11.42) 

 300 291.94 

(±11.60) 

 

299.14 

(±14.39) 

 

296.12 

(±10.95) 

 

294.03 

(±5.04) 

 350 289.12 

(±11.75) 

 

301.38 

(±15.87) 

 

303.74 

(±11.78) 

 

305.85 

(±16.99) 

 400 301.45 

(±14.19) 

314.73 

(±12.74) 

317.27 

(±13.47) 

320.87 

(±11.63) 

Kenolube P11 1.5 wt % 

200 262.46 

(±9.86) 

 

267.17 

(±6.88) 

 

265.55 

(±12.53) 

 

276.91 

(±14.03) 

 

 
250 266.25 

(±11.49) 

 

273.48 

(±12.77) 

 

275.27 

(±7.17) 

 

277.05 

(±13.26) 

 300 268.44 

(±13.68) 

 

273.05 

(±13.18) 

 

277.71 

(±10.56) 

 

288.39 

(±13.64) 

350 262.23 

(±11.24) 

 

280.45 

(±6.53) 

 

302.34 

(±4.51) 

 

294.35 

(±11.85) 

 400 281.65 

(±11.43) 

292.38 

(±7.99) 

305.26 

(±13.60) 

309.98 

(±12.26) 
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Table A9: Hardness of sintered/aged Alumix 123 compacts with Acrawax C 

Acrawax C 0.5 wt % 

Compaction 

pressure 

[MPa] 

Compaction temperature [ºC] 

RT 60 80 110 

Vickers hardness [HV] 

(Standard error) [HV] 

200 100.02 

(±2.86) 

 

102.50 

(±2.12) 

 

102.01 

(±3.68) 

 

106.70 

(±3.96) 

 250 100.40 

(±3.25) 

 

103.20 

(±2.83) 

 

109.60 

(±3.96) 

 

111.58 

(±3.11) 

 300 102.20 

(±2.69) 

 

110.70 

(±5.09) 

 

108.80 

(±2.55) 

 

118.55 

(±3.54) 

 350 106.90 

(±3.68) 

 

107.80 

(±4.95) 

 

119.90 

(±4.10) 

 

124.43 

(±5.52) 

 400 109.20 

(±3.12) 

112.80 

(±1.13) 

127.53 

(±3.96) 

128.60 

(±4.38) 

Acrawax C 1.0 wt % 

200 95.60 

(±1.84) 

 

99.70 

(±4.10) 

 

102.80 

(±3.68) 

 

102.40 

(±4.95) 

 250 100.45 

(±4.67) 

 

103.40 

(±2.71) 

 

109.33 

(±5.23) 

 

111.30 

(±4.10) 

 300 104.40 

(±2.43) 

 

106.10 

(±4.08) 

 

110.65 

(±4.95) 

 

108.70 

(±4.38) 

 350 104.83 

(±4.81) 

 

112.10 

(±5.23) 

 

114.70 

(±3.54) 

 

112.10 

(±3.39) 

 400 103.30 

(±4.67) 

110.25 

(±4.50) 

121.50 

(±2.26) 

119.51 

(±1.70) 

Acrawax C 1.5 wt % 

200 92.90 

(±3.25) 

 

94.30 

(±3.54) 

 

 

97.31 

(±5.49) 

 

97.70 

(±5.94) 

 

 
250 98.43 

(±4.25) 

 

101.98 

(±4.80) 

101.94 

(±5.82) 

 

102.60 

(±2.33) 

 300 96.39 

(±1.41) 

 

99.50 

(±5.37) 

 

103.42 

(±3.54) 

 

106.17 

(±5.80) 

 350 103.76 

(±4.38) 

 

101.10 

(±3.82) 

 

111.68 

(±2.97) 

 

110.90 

(±2.13) 

400 104.41 

(±2.76) 

103.00 

(±2.84) 

111.39 

(±3.42) 

117.31 

(±3.79) 
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Table A10: Hardness of sintered/aged Alumix 123 compacts with Kenolube P11  

Kenolube P11 0.5 wt % 

Compaction 

pressure 

[MPa] 

Compaction temperature [ºC] 

RT 60 80 110 

Vickers hardness [HV] 

(Standard error) [HV] 

200 99.00 

(±4.10) 

 

 

100.60 

(±5.41) 

 

104.10 

(±5.26) 

 

104.30 

(±2.83) 

 250 98.00 

(±3.59) 

 

105.20 

(±2.86) 

 

103.30 

(±4.13) 

 

107.80 

(±4.50) 

 300 98.40 

(±3.11) 

101.10 

(±5.02) 

 

104.20 

(±1.94) 

 

107.85 

(±1.84) 

 350 101.37 

(±4.96) 

 

109.05 

(±2.71) 

 

107.06 

(±3.25) 

 

112.20 

(±4.18) 

 400 108.93 

(±3.25) 

107.50 

(±2.40) 

115.26 

(±5.71) 

117.93 

(±5.09) 

Kenolube P11 1.0 wt % 

200 95.80 

(±1.89) 

 

97.10 

(±4.42) 

 

102.30 

(±2.97) 

 

103.40 

(±3.75) 

 250 95.40 

(±5.66) 

 

101.97 

(±2.93) 

 

108.70 

(±6.22) 

 

103.73 

(±4.27) 

 300 97.10 

(±4.71) 

 

99.50 

(±2.97) 

 

106.44 

(±5.78) 

 

106.30 

(±5.08) 

 350 98.60 

(±4.53) 

 

103.67 

(±3.86) 

 

109.26 

(±6.45) 

 

108.40 

(±4.31) 

 400 102.60 

(±3.54) 

105.80 

(±5.37) 

113.80 

(±5.88) 

115.45 

(±2.05) 

Kenolube P11 1.5 wt % 

200 92.48 

(±4.10) 

 

93.80 

(±5.09) 

 

 

94.90 

(±5.99) 

 

 

96.67 

(±5.09) 

 

 
250 93.80 

(±5.55) 

 

91.70 

(±4.37) 

102.20 

(±4.27) 

102.20 

(±3.20) 

 300 96.65 

(±4.19) 

 

97.05 

(±5.89) 

 

108.37 

(±5.23) 

 

107.63 

(±4.81) 

 350 97.97 

(±5.81) 

 

100.37 

(±3.65) 

 

104.14 

(±3.08) 

 

108.80 

(±5.19) 

400 101.48 

(±4.88) 

106.80 

(±3.59) 

109.40 

(±1.20) 

113.25 

(±6.68) 
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Table A11: Elongation of sintered/aged Alumix 123 compacts with Acrawax C 

Acrawax C 0.5 wt % 

Compaction 

pressure 

[MPa] 

Compaction temperature [ºC] 

RT 60 80 110 

Elongation [%] 

(Standard error) [%] 

200 0.57 

(±0.01) 

 

0.76 

(±0.02) 

 

 

 

0.83 

(±0.02) 

 

 

0.91 

(±0.03) 

 250 0.55 

(±0.02) 

 

0.71 

(±0.01) 

 

0.93 

(±0.02) 

 

0.91 

(±0.03) 

 300 0.74 

(±0.01) 

 

0.86 

(±0.03) 

0.93 

(±0.01) 

1.01 

(±0.02) 

 350 0.78 

(±0.02) 

 

1.02 

(±0.03) 

1.01 

(±0.04) 

 

1.08 

(±0.03) 

 400 0.82 

(±0.03) 

0.97 

(±0.01) 

1.05 

(±0.03) 

1.12 

(±0.02) 

Acrawax C 1.0 wt % 

200 0.49 

(±0.01) 

 

 

0.60 

(±0.02) 

 

0.68 

(±0.02) 

 

 

0.71 

(±0.03) 

 250 0.55 

(±0.02) 

 

0.59 

(±0.01) 

 

0.72 

(±0.01) 

 

0.73 

(±0.02) 

 300 0.54 

(±0.03) 

0.62 

(±0.01) 

 

0.72 

(±0.03) 

 

0.73 

(±0.01) 

 350 0.54 

(±0.02) 

 

0.65 

(±0.03) 

 

0.75 

(±0.02) 

0.81 

(±0.02) 

 400 0.56 

(±0.02) 

0.61 

(±0.03) 

0.72 

(±0.02) 

0.82 

(±0.01) 

Acrawax C 1.5 wt % 

200 0.50 

(±0.01) 

 

 

0.48 

(±0.01) 

 

0.49 

(±0.02) 

 

0.56 

(±0.02) 

 

 
250 0.47 

(±0.01) 

 

0.51 

(±0.01) 

 

0.53 

(±0.02) 

 

0.59 

(±0.02) 

300 0.51 

(±0.01) 

 

0.48 

(±0.02) 

 

0.62 

(±0.02) 

 

0.64 

(±0.01) 

 350 0.52 

(±0.03) 

0.56 

(±0.02) 

 

0.60 

(±0.01) 

 

0.67 

(±0.02) 

 400 0.54 

(±0.02) 

0.62 

(±0.01) 

0.65 

(±0.01) 

0.71 

(±0.03) 
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Table A12: Elongation of sintered/aged Alumix 123 compacts with Kenolube P11 

Kenolube P11 0.5 wt % 

Compaction 

pressure 

[MPa] 

Compaction temperature [ºC] 

RT 60 80 110 

Elongation [%] 

 
(Standard error) [%] 

200 0.54 

(±0.02) 

 

0.65 

(±0.03) 

 

0.74 

(±0.02) 

 

 

0.75 

(±0.03) 

 250 0.62 

(±0.02) 

 

0.68 

(±0.02) 

 

0.75 

(±0.02) 

 

0.74 

(±0.03) 

 300 0.64 

(±0.01) 

 

0.75 

(±0.03) 

 

0.75 

(±0.03) 

0.81 

(±0.01) 

 350 0.70 

(±0.03) 

 

0.70 

(±0.01) 

 

0.77 

(±0.02) 

 

0.86 

(±0.01) 

 400 0.68 

(±0.02) 

0.76 

(±0.01) 

0.80 

(±0.03) 

0.93 

(±0.03) 

Kenolube P11 1.0 wt % 

200 0.46 

(±0.01) 

 

 

0.50 

(±0.03) 

 

 

0.53 

(±0.01) 

 

 

0.51 

(±0.02) 

 250 0.49 

(±0.03) 

 

0.54 

(±0.01) 

0.54 

(±0.03) 

 

0.55 

(±0.02) 

 300 0.55 

(±0.02) 

 

0.60 

(±0.01) 

 

0.62 

(±0.01) 

 

0.59 

(±0.03) 

 350 0.57 

(±0.03) 

0.61 

(±0.03) 

 

0.58 

(±0.04) 

0.63 

(±0.02) 

 400 0.61 

(±0.02) 

0.63 

(±0.03) 

0.67 

(±0.03) 

0.73 

(±0.03) 

Kenolube P11 1.5 wt % 

200 0.48 

(±0.02) 

 

 

0.49 

(±0.03) 

 

0.45 

(±0.03) 

 

0.56 

(±0.03) 

 250 0.45 

(±0.03) 

0.44 

(±0.02) 

 

0.53 

(±0.01) 

 

0.54 

(±0.03) 

 300 0.46 

(±0.03) 

 

0.48 

(±0.02) 

 

0.55 

(±0.03) 

 

0.64 

(±0.02) 

 350 0.50 

(±0.02) 

 

0.58 

(±0.03) 

 

0.59 

(±0.02) 

 

0.64 

(±0.02) 

 400 0.52 

(±0.02) 

0.63 

(±0.02) 

0.62 

(±0.01) 

0.70 

(±0.03) 
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Table A13: Young’s modulus of sintered/aged Alumix 123 compacts with Acrawax C 

Acrawax C 0.5 wt % 

Compaction 

pressure 

[MPa] 

Compaction temperature [ºC] 

RT 60 80 110 

Young’s modulus [GPa] 

(Standard error) [GPa] 

200 58.05 

(±1.68) 

 

62.19 

(±1.91) 

 

 

 

 

61.84 

(±2.51) 

 

 

 

62.31 

(±2.34) 

 

 
250 59.24 

(±1.78) 

 

62.35 

(±3.04) 

63.24 

(±3.38) 

64.18 

(±2.36) 

 300 58.50 

(±2.90) 

 

60.86 

(±1.51) 

65.06 

(±2.09) 

 

67.14 

(±2.13) 

 350 61.52 

(±2.17) 

 

63.21 

(±2.54) 

67.39 

(±2.07) 

68.22 

(±3.50) 

400 63.48 

(±2.37) 

66.66 

(±2.47) 

67.73 

(±2.65) 

69.74 

(±1.04) 

Acrawax C 1.0 wt % 

200 58.20 

(±1.82) 

 

 

60.04 

(±2.54) 

 

60.69 

(±1.40) 

 

 

 

61.35 

(±1.56) 

 

 
250 56.70 

(±3.30) 

58.93 

(±0.79) 

 

61.20 

(±2.98) 

64.49 

(±3.12) 

 300 56.71 

(±1.69) 

 

60.96 

(±2.19) 

 

62.35 

(±2.83) 

 

65.08 

(±1.18) 

350 59.28 

(±2.61) 

 

62.78 

(±2.19) 

 

65.69 

(±1.97) 

67.70 

(±1.80) 

 400 61.80 

(±1.65) 

64.08 

(±1.42) 

67.06 

(±2.77) 

67.69 

(±1.39) 

Acrawax C 1.5 wt % 

200 54.95 

(±1.15) 

 

59.29 

(±2.83) 

 

 

60.93 

(±2.40) 

 

61.18 

(±3.19) 

 

 
250 56.07 

(±3.07) 

 

61.73 

(±1.32) 

61.95 

(±2.15) 

 

63.26 

(±3.37) 

300 57.84 

(±1.35) 

 

56.91 

(±2.64) 

 

63.24 

(±3.65) 

 

64.18 

(±2.93) 

 350 59.98 

(±2.67) 

 

62.90 

(±2.35) 

 

65.03 

(±1.78) 

 

65.89 

(±2.46) 

 400 61.44 

(±2.22) 

63.32 

(±2.02) 

65.09 

(±1.34) 

65.82 

(±3.23) 
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Table A14: Young’s modulus of sintered/aged Alumix 123 compacts with Kenolube P11 

Kenolube P11 0.5 wt % 

Compaction 

pressure 

[MPa] 

Compaction temperature [ºC] 

RT 60 80 110 

Young’s modulus [GPa] 

 
(Standard error) [GPa] 

200 57.47 

(±1.68) 

 

 

58.98 

(±3.06) 

 

 

61.45 

(±2.88) 

 

 

 

63.98 

(±2.68) 

 250 58.60 

(±2.41) 

 

62.68 

(±3.10) 

63.04 

(±2.68) 

 

65.45 

(±2.80) 

 300 60.30 

(±0.74) 

63.45 

(±1.75) 

 

62.83 

(±3.67) 

68.37 

(±2.57) 

 350 61.21 

(±2.10) 

 

63.37 

(±2.31) 

 

66.63 

(±1.28) 

67.68 

(±0.95) 

 400 62.96 

(±0.55) 

64.88 

(±3.03) 

66.95 

(±2.16) 

68.45 

(±0.83) 

Kenolube P11 1.0 wt % 

200 56.06 

(±0.73) 

 

59.98 

(±1.93) 

 

61.24 

(±2.53) 

 

 

61.05 

(±0.97) 

 250 57.98 

(±1.53) 

 

58.88 

(±3.33) 

 

61.77 

(±2.45) 

 

62.80 

(±2.94) 

 300 59.24 

(±0.64) 

 

63.50 

(±2.92) 

 

62.71 

(±2.43) 

 

64.20 

(±4.04) 

 350 60.99 

(±2.92) 

 

62.34 

(±2.62) 

 

63.02 

(±1.77) 

64.05 

(±3.86) 

 400 63.04 

(±2.57) 

64.63 

(±2.38) 

66.31 

(±1.94) 

66.78 

(±3.39) 

Kenolube P11 1.5 wt % 

200 54.93 

(±2.06) 

 

 

55.16 

(±2.22) 

 

60.21 

(±3.56) 

 

60.22 

(±0.81) 

 250 56.97 

(±1.81) 

 

59.52 

(±2.33) 

 

60.97 

(±0.98) 

 

62.14 

(±2.63) 

 300 59.77 

(±1.72) 

 

61.77 

(±2.58) 

 

60.08 

(±2.55) 

 

62.08 

(±1.86) 

 350 57.53 

(±3.34) 

61.94 

(±0.06) 

 

62.19 

(±0.46) 

 

64.82 

(±3.10) 

 400 60.22 

(±2.93) 

62.61 

(±1.82) 

65.30 

(±1.74) 

65.34 

(±1.55) 
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