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ABSTRACT 

Pressing process can be performed in any circumstances for compaction parameters. The optimum conditions 
were experimentally evaluated from compression test. These inspections are very useful to determine the variations in the 
bonding between the powder particles and the effect of compaction parameter on compression strength, Microhardness and 
microstructure. Four groups of particle size were selected which were (25, 63,100, mix of them) µm. The mechanical 
properties of the four groups depend on the variations in particle size for powder and the pores between particles. So, it is 
useful first to present and discuss the results of microstructure to understand the strengthening mechanism. In this study, 
compression strength value was increased with the increasing of compaction pressure value to (9) tons of all types of 
suggested groups. After that, it was gradually decreased. The maximum value of compression strength was detected by mix 
group which was (160) MPa while the particle size (100) µm was the minimum value which was (115) MPa. whereas the 
groups (25) µm and (63) µm were (150) and (134) MPa respectively. 
 
Keywords: powder metallurgy, AA6061, particle size, optimum conditions, milling process. 
 
INTRODUCTION 

An alternative to conventional alloys are metal 
matrix composites (MMCs) (Lajis et al., 2015), 
Aluminium hybrid composites are a new generation of 
metal matrix composites that have the potentials of 
satisfying the recent demands of advanced engineering 
applications which have a high specific modulus, good 
wear resistance and a tailorable coefficient of thermal 
expansion (Michael et al., 2015; Umanath et al., 2014). 

    Aluminium is the most abundant metal in the 
Earth's crust, and the third most abundant element, after 
oxygen and silicon. It makes up about 8% by weight of 
the Earth's solid surface. Due to easy availability, High 
strength to weight ratio, easy machinability, durable, 
ductile and Malleability Aluminium are the most widely 
used non-ferrous metal in 2005 was 31.9 million tons 
(Jenix et al., 2012). Aluminium alloy is used in many 
automotive and airplane applications due to light weight, 
excellent weldability, and corrosion resistance 
(Loganathan et al., 2014; Zakaria et al., 2013). 

Applications of metal matrix composites 
(MMCs) have not emerged at the rate needed to justify 
the development costs. One reason for this may be the 
lack of data regarding the workability of these materials to 
obtain the final shape (Ceschini et al., 2009; Salehi et al., 
2012). Metal matrix composites (MMCs) are currently 
being investigated because of their superior properties as 
compared to those of the more conventional materials 
(Adamiak et al., 2004). 

The optimization of the mechanical properties of 
aluminium matrix composites is largely dependent on the 
microstructure of the material. Several parameters 
characterize this structure, i.e. size, shape and particle 
distribution, and to the matrix, i.e. grain size, texture, 
precipitates and dispersoids. A thorough characterization 

of the composite microstructure is required in order to 
understand the mechanical properties of aluminium 
matrix composites (Corrochano et al., 2011). 

Powder metallurgy (PM) is another important 
processing technique for composite preparation, which 
offers homogeneity of both, composition and 
microstructure in the final product (Estrada et al., 2012). 
Aluminium has been widely investigated and is presented 
as a key material in order to face these challenges. So, 
aluminium alloys have been extensively investigated in 
order to improve their mechanical performance (Perez et 
al., 2012). 

A wide range of production techniques has been 
developed for aluminium matrix composite materials. 
This is generally done by dispersion of high temperature 
resistant fine ceramic reinforcement particles into the 
aluminium matrix. Even though a number of processing 
techniques are available for producing MMCs, the 
mechanical milling (MM) using powder metallurgy (PM), 
is a useful technique to synthesize Al-based composites. 
The conventional PM route for making Al matrix 
composites includes: (1) Al is blended or mechanically 
alloyed with reinforcement particles; (2) compaction, and 
(3) sintering (Santos et al., 2015). 

During the past 20 years, high energy ball 
milling has extensively been utilized as a versatile method 
to produce a variety of advanced compound powders. The 
main difference between high energy milling by the 
planetary ball mill, this process has been given large input 
energy makes high energy mills capable of producing 
materials with special properties that could not be 
synthesized by other methods. On the other hand, the 
large amount of energy consumed by high energy mills is 
potentially a burden on industrial application of this 
method. That is because the electrical energy spent for 
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production of the powders by high energy mills is added 
to the final price of the products (Razavi et al., 2015). 
 
EXPERIMENTAL WORK 
 
Material  

Aluminium metal AA6061 is a silver-white 
metal that has a strong resistance to corrosion and 
malleable. Then, it has a widely using in the industry. It is 
a relatively light metal compared to metals such as steel, 
nickel, brass and copper with a specific gravity of 2.7 
gm/cm3, the mechanical properties for Aluminium 
AA6061 is shown in Table-1. 

 
Table-1. Mechanical properties of Aluminium AA6061 

(Loganathan et al., 2014). 
 

 
Zinc Stearate was used as a binder to make the 

compaction process easier. 
 
Milling process 

Firstly, chip was produced by using CNC milling 
machine, type HSM (SODICK – MC430l), Feed rate 
(1100 mm/min), Depth of cut (1.0 mm), cutting velocity 
(345.4 m/min). After that, the chip was milled by 
planetary ball mill type (Retsch PM100) under condition 
of the speed (350 r.p.m) and time (20) HR. The ratio of 
ball to powder (r.b.p) was 20:1.  

 
 Mixing and compaction 

Ball mill machine was used for mixing the 
powders (1hr for time) and (300 r.p.m for speed) to make 
sure that the distribution was completed. The composition 
of mixture to produce the samples between (AA6061) and 
(Zinc stearate) was regular along the size that equal to 
99% of AA6061 and 1% of zinc stearate. 

Cold compaction of powder blends was 
performed in this study. Cold compaction was performed 
at room temperature (RT). In cold compaction, the mixed 
powder with a given amount of lubricant was pressed by 
uniaxial hydraulic operated press, the die was supported 
by two circular blocks of iron to allow uniform movement 
of the die during compaction, the cleaned surfaces of die 
wall and tools (upper and lower punch) were sprayed with 
a lubricant-saturated solution 

 
Choosing of optimum conditions 

There are many variable considered in the 
selection, in a research study, a parameter that considered 
which is sintering temperature, compaction pressure and 
Time delay. A set of parameter is used for each 
compaction as shown in Table-2. 

Table-2. Classification of specimens. 
 

 
Mix = 78.5% (100 µm) + 21.5% (25 µm)  
P.S = particle size (µm) 
 
Sintering process 

Sintering process is to provide extra bonding 
between atoms. The atomic diffusion takes place and 
welded areas formed during compaction will increase the 
connection by sintering process. The sintering will be 
controlled over heating rate time, temperature and 
atmosphere are required for reproducible results.  

The equipment used during sintering process is 
tube furnace as shown in Figure-1, the inert gas used 
during the process is Argon gas. Then, enter the specimen 
metal into the tube furnace, Figure-2 is showed the 
temperature used by sintering profile. We should take 
sintering Temperature according to the rule.  
 
Sintering Temperature = (0.7-0.9) Tm                  (1)  
                         
Hence: Tm = melting point 
 

 



                              VOL. 11, NO. 10, MAY 2016                                                                                                                     ISSN 1819-6608            

ARPN Journal of Engineering and Applied Sciences 
 

©2006-2016 Asian Research Publishing Network (ARPN). All rights reserved.

 
www.arpnjournals.com 

 

 
6467

 
 

Figure-1. Sintering furnace. 
 

 
 

Figure-2. Sintering procedure. 
 
RESULTS AND DISCUSSIONS  

It is possible to accomplish the process of 
pressing the powder on many of the powders at various 
pressing conditions without relying on optimal conditions. 

But in this case, the compaction piece is of durability is 
weak and there is a high probability of exposure to failure 
when it is used due to the various problems take place 
during the compaction process such as pores and weak 
bonding. Therefore, the process must be in optimal 
conditions. 

The optimal conditions for compaction process 
were studied. Compaction pressure, Holding time and 
Sintering temperature were selected for this study.  

 
Effect of compaction pressure on compression strength 

The compaction pressure is a significant effect on 
the sample resistance. Figure-3 describes the relationship 
between the Compaction pressure and sample strength for 
all the suggested samples. Three values of compaction 
pressure were used. The values were 5, 7 and 9 Tons. It is 
noted that the sample strength increases with increasing of 
hanging compaction pressure for all the suggested samples 
(AI, BI, CI, DI). 

It is clear from this, when low compaction 
pressure was applied lead to be weak bonding between the 
particles while at a high compaction pressure has high 
bonding.  

The maximum value was upon the mix (DI) 
which equal to (134) MPa due to there are very little of 
pores because it has various particle sizes of powder While 
(BI) and (CI) have one size of particle therefore they have 
more pores. Then, the compression strength were (59) and 
(43) MPa respectively. Hence, (AI) has little of pores due 
to the particle size was smaller. Hence, the compression 
strength was (109) MPa. 
 

 

 
 

Figure-3.  Relation between compaction pressure and compression strength for AI, BI, CI, DI. 
 
Effect of compaction pressure on Microhardness 

Hardness gives good idea about the durability and 
coherence of the material mass by using small loads. In 
this test which is non-destructive, the instrument consists 
of a hard and accurate head for easing the penetrating in 
the material. Usually the material suffering from elastic 
deformation then the plastic deformation.  

kIn this test, eight values for each sample was 
taken to calculate the average. Figure-4 shows the 

relationship between compaction pressure and 
Microhardness for the groups (AI, BI, CI, DI). 

Four groups for Microhardness was noted. The 
biggest one was (DI) because it has a large amount of 
grain boundaries, therefore it has big value of hardness 
which was (61HV). While (CI) has the lower one, which 
was (49HV) due to it has big particle size and pores. 
Whereas (AI) and (BI) have values between them which 
were (59HV) and (52HV) respectively. Generally, the 
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relationship between compaction pressure and hardness is 
Direct proportional. 

 
 

 

 
 

Figure-4. The relationship between Compaction Pressure and Microhardness for the groups (AI, BI, CI, DI). 
 
Effect of holding time on compression strength   

The Holding time is the main parameter that 
effect on the compressive strength of of the compacted 
specimen. Figure-5 describes the relationship between the 
Holding time and compression strength for all the 
suggested samples. Three values of holding time were 
used. The values were 10 , 15 and 20 mins . It is noted that 
the compression strength increases with increasing of 
hanging compaction pressure for all the suggested samples 
(AI, BI, CI, DI). 

The relation between holding time and 
compression pressure was direct proportional. Then, when 

the holding time was increased that’s mean the 
compression strength to become stronger.  

The maximum value was upon the mix (DI) 
which equal to (155) MPa due to there are very little of 
pores because it has various particle sizes of powder While 
(BI) and (CI) have one size of particle therefore they have 
more pores. Then, the compression strength were (112) 
and (111) MPa respectively. Hence, (AI) has little of pores 
due to the particle size was smaller. Hence, the 
compression strength was (148) MPa. 
 

 

 
 

Figure-5. Relation between holding time and compression strength for AI, BI, CI, DI. 
 
Effect of Holding Time on Microhardness 

Eight values for each sample was taken to 
calculate the average. Figure-6 shows the results of 
Vickers Microhardness tests of the four groups.  (AI, BI, 
CI, DI). 

These groups were noted. The biggest one was 
(DI) because it has a large amount of grain boundaries, 
therefore it has big value of hardness which was (64HV). 

While (CI) has the lower one, which was (51HV) due to it 
has big particle size and pores. Whereas (AI) and (BI) 
have values between them which were (54HV) and 
(52HV) respectively. Generally, the relationship between 
Holding time and Microhardness is direct proportional. It 
is observed that the Microhardness increases with 
increasing holding time. 
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Figure-6. The relationship between holding time and Microhardness for the groups (AI, BI, CI, DI). 
 
Effect of sintering temperature on compression 
strength 

Figure-7 shows the relationship between 
compression pressure and the value of temperature for 
each group of selected powder. It can be seen that the 
value of compression pressure for the lower selected 
temperature was (150) MPa For the powder (AIII1) while 
this value was (134) MPa for (BIII1) that attributed to that 
the increasing at grain size causes decreasing in grain 
boundaries (Barriers against crack growth), So the value 
was (117) MPa at (CIII1) due to the particle size was (100 
µm) .Whereas the (DIII1) was the bigger one which was 
(160) MPa the attributed to particle size was varied 
,therefore the barriers against crack growth were affected. 
On the other hand, the cracks were little amount at (DIII1) 
while were the more amount of the others. 

The same figure shown is the relation between 
the sintering temperature and compression strength, Then, 
three values of sintering temperature were used which 
were (487, 552, 617) oC. The value of compression 
strength on (487 oC) was (134)MPa. When the sintering 
temperature increased, the compression strength increased 
due to that the aluminium particle was more flexible and 
the bonding was stronger. Therefore, the compression 
strength on (552 oC) was (160) MPa while the increasing 
of Sintering Temperature will be decreasing the 
compression strength. Hence, It is shown in Figure-7, 
then, the value of compression strength on (617 oC) was 
(127) MPa. 

 

 

 
 

Figure-7. Relation between sintering temperature and compression strength. 
 
Effect of sintering temperature on microhardness 

Figure-8 shows the relation between sintering 
temperature and Microhardness. Four groups were taken 
for different particle sizes which were (AIII, BIII, CIII, 
DIII). Three sintering temperatures were used for each 
group. It can be seen that the Microhardness will be 
decreased with the increasing of sintering temperature. So, 
the Microhardness was related to the particle sizes. 

Therefore, the type (AIII) has Microhardness (63 Hv) is 
bigger than the types (BIII) and (CIII) which were 
(56.58Hv)and (49.55Hv) respectively, these results are 
attributed to the particle size of powder, while the type 
(DIII) has the biggest value which was (68.72Hv) due to 
the cracks were a little amount. 
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Figure-8. The relation between sintering temperature and Microhardness. 
 

Microstructure of optimum conditions 
Overview and extensive knowledge have been 

given by Microstructure inspection. Every previous 
sample for optimum conditions was inspected. Figure-9 
shows the bonding and pores for every sample was tested. 
At sintering temperature equal to (487)oC, It can be seen 
many of pores due to the particle of aluminum didn’t reach 
to enough temperature which it leads to bond the particles. 
While at sintering temperature (552) oC, it can be seen the 
pores become less than the previous temperature and the 
bonding becomes stronger. Whereas at (617) oC, although 
the bonding becomes more but the crack becomes longer, 
therefore the strength becomes smaller. 
 

 
 

 

 

 
 

 
 

Figure-9. Microstructure at optimum conditions. 
 
CONCLUSIONS 

The experiments were carried out on milled 
AA6061 using four different particle sizes (25, 63, 100, 
mix) µm. They were observed that the compression 
strength and hardness were possible on the same when 
they were sintered. The experiments were discovered that 
the mix of particle size was the best of compression 
strength and hardness due to it has variety of particle sizes 
to fill the pores to obtain more connection for the powder 
particles. Consequently, the smaller particle size was 
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detected better than the bigger particle size if the powder 
contains the single particle size. Addition to, The optimum 
conditions of compression strength, Holding time and 
sintering temperature were 9 tons, 20 mins and 552 oC 
respectively. 
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