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Abstract 

The influence of different consolidation procedures on compaction of Al powders was evaluated. Powder 

preparation procedures consisted of selection of particle size distribution, cold isostatic pressing (CIP), and 

vacuum sintering. Processing parameters investigated included the number of compression steps, 

compression pressure, and sintering temperature and time. Densities of the samples after compression and 

also after sintering were measured and compared. The overall oxygen content was analysed using by 

Energy Dispersive Spectroscopy. Phase composition was determined using X-ray. Microhardness 

measurements were performed to evaluate the degree of compaction. Double-step CIP at 200+300 MPa and 

subsequent sintering at 500°C for 60 min produced the best combination of properties from all the 

consolidation technologies of Al particles. Of the particle size ranges studies, those with diameters between 

20 and 45 μm produced the best results. Aluminum oxide was present in the structure after all the 

processing treatments. 
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1. INTRODUCTION 

Aluminum is the basic material for most modern light weight structures. Nevertheless, mechanical properties 

of pure (commercial purity) Al are rather low. Therefore, methods to improve the properties are widely 

researched. Among the basic possibilities of improvement is alloying and refinement of the size of structural 

units [1,2]. Refinement of structural units is favourable from the point of view of imparting a higher volume of 

grain boundaries (GBs) [3]. This mechanism contributes to strengthening, since GBs act as obstacles for 

movement of dislocations, as well enable higher plasticity, since when the grain size is small enough, grain 

boundary sliding deformation mechanisms become active. Achievement of fine structural units is easier 

when the original material already consists of small units, for example by using initial powder particles with 

small sizes, including nano-powders [4]. Alloying can be performed either using additions of other elements 

with the purpose of development of a strengthening mechanism, such as solid solution strengthening by Mg 

or precipitation strengthening by Mg and Si for Al-based alloys, or by addition of dispersed secondary 

particles to create metal matrix composites (MMCs) [3,5]. One of the most favourable discontinuously 

reinforced aluminium MMCs is mixture of Al matrix and Al2O3 particles. The Al matrix has sufficient plasticity 

and ductility, while the particles are strong and hard to be able to carry the load. Combination of the two 

above mentioned methods is especially favourable, since Discontinuous Reinforced Aluminium (DRA) 
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composites are preferably fabricated using powder metallurgy and then possess the combination of all the 

above mentioned advantages. 

This study is focused on investigation of fabrication of aluminum material from powder. The aim of this 

experiment was to find out optimal conditions for compaction of Al powder. However, in the initial conditions 

all the particles are covered with a thin layer of Al2O3. Therefore, there is a presupposition that it would be 

difficult to eliminate all the original oxides. However, a small amount of residual Al2O3 can act as a reinforcing 

element. The factors evaluated during this experiment were the influence of particle size, compaction 

pressure, sintering time and sintering temperature. All the specimens processed with different further 

described technologies were cut into slices, which were subsequently subjected to several analyses. 

2. EXPERIMENT 

The selected particle size ranges were 25-45 μm, 65-125 μm and a 50:50 mixture of the two ranges. From 

each one of these ranges, three different samples intended to be subsequently subjected to different 

compaction procedures were prepared.  

All the compaction was performed using cold isostatic pressing (CIP), as follows: pressurizing at 200 MPa for 

30 seconds dwell and continuous depressurization; pressurizing at 300 MPa for 30 seconds dwell and 

continuous depressurization; and the subsequent combination of the afore mentioned (200 MPa for 30 

seconds and 300 MPa for 30 seconds). All the samples were compressed in a die with an inner diameter of 

20 mm, while the height of the powder filled in the die was 30 mm. The diameters of the compacted 

specimens were 18 mm.  

The compressed samples were then cut using a water jet cutter. Electro wire cutting could not be applied, 

due to the surface aluminum oxides, which made the samples non-conductive. Each of the samples was 

sliced into 4 thin specimens. Three of the sliced specimens were subsequently processed with three different 

sintering heat treatments. The fourth sliced specimen from each of the compressed samples was maintained 

in the compressed condition as a reference specimen. As for the sintering parameters, two different 

temperatures (500°C and 550°C) and times (30 and 60 minutes) were chosen. The sintering conditions were 

then 500°C for 30 minutes, 500°C for 60 minutes, and 550°C for 30 minutes. 

After having performed all the compression and sintering, the specimens were analysed. All the 36 

specimens were subjected to measurements of density. The measurements were performed ten times for 

each specimen and an average value was used as the final resulting value. Moreover, the three fine-particle 

specimens were subjected to X-ray analyses of chemical composition. Eventually, line microhardness 

analyses were randomly performed 5 times along the width of a specimen in order to investigate possible 

inhomogeneities throughout the circular specimens originating from the compression procedure. Average 

microhardness was the calculated for the samples compressed from the fine particles. 

The chemical composition of the initial powder was determined by EDX analysis using scanning electron 

microscope (SEM) at Technical University of Ostrava (TUO), while microstructural observations were 

performed at Colorado School of Mines (CSM), CO, USA. Samples were mechanically polished and 

eventually ion milled with a JEOL CP Cross Section Polisher. All the compressing was performed on a CIP 

device located at TUO, while sintering was performed in a Zwick vacuum creep testing furnace at ASCR, 

Brno. Analyses of density were performed by an AccuPyc II Micromeritics pycnometer device at TUO. The X-

ray analyses were performed using the Philips X’Pert system at CSM. Copper with Kα1 wavelength of 

1.54054 Å and Kα2 wavelength of 1.54439 Å was used as the X-ray source. Final microhardness 

measurements were performed using a Vickers microhardness measuring device at CSM. The samples 

were loaded with the load of 500 g for 10 seconds. The line measurements were performed with 1 mm 

spacing starting 0.5 mm from the edge of a sample. 
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3. RESULTS AND DISCUSSION 

3.1.  Density and oxygen content 

The chemical composition of the initial powder was as follows: 96.07 wt% Al and 3.93 wt%. From the particle 

size point of view, the results of density measurements showed that the best compaction was achieved for 

the specimens consisting only of the finest grain size range (25-45 μm) for all the compression procedures. 

This finding is in accordance with conclusions ensuing from the study by Eldesouky et al. [6], who 

investigated relative density of samples consolidated from AA2124 aluminum powder. They achieved the 

best results for the fraction at the size of 40 μm.  

As for the compression pressure, the best results were achieved for the specimens compressed by the 

double-pressing technology (an example of the compressed samples is shown in Fig. 1). This conclusion 

applies for all the sintering temperatures and times. The sintering parameters were selected according to the 

studies performed by Sweet et al. [7], Liu et al. [8] and Dadbakhsh et al. [9]. The 30 minutes sintering time 

was also chosen based on study of literature [10]. The sintering procedure with the longer time was designed 

for the lower temperature in order to evaluate possible differences between the properties of specimens after 

the lower temperature + longer time and higher temperature + shorter time sintering procedures.  

Results of density measurements for six specimens with the highest density are summarized in Table 1. 

However, as can be seen in the table, all the measured densities were slightly higher than the theoretical 

density of pure aluminum (2.70 g·cm3). This can be a consequence of the presence of oxygen and therefore 

aluminum oxides. Aluminum oxides have higher theoretical density than pure aluminum. For example, the 

most common aluminum oxide, Al2O3, has the average density of 3.95 g·cm-3 [3]. Therefore, EDX analyses 

of oxygen contents were performed five times for each specimen and mean average values were 

subsequently calculated. The results of EDX chemical composition analyses of the selected specimens are 

also shown in Table 1, while SEM microstructure of sample 2 (see Table 1) is depicted in Fig. 2.  

Table 1 Densities and oxygen contents for selected specimens. 

sample 

number 

particles 
fraction 

[μm] 

CIP 

[MPa] 

sintering 
temperature 

[°C] 

sintering 
time 

[min] 

oxygen 
content 

[wt. %] 

measured 
density 

[g·cm3] 

calculated density 

with Al2O3 

[g·cm3] 

1 fine 200+300 500 30 5.70 ± 0.03 2.8276 2.851 

2 fine 200+300 500 60 4.97 ± 0.19 2.8073 2.832 

3 fine 200+300 550 30 5.65 ± 0.24 2.8278 2.850 

4 coarse 200 500 30 4.34 ± 0.11 2.8102 2.815 

5 coarse 200 500 60 4.33 ± 0.29 2.8944 2.815 

6 mixture 200+300 500 30 4.51 ± 0.07 2.8229 2.819 

 

The EDX analyses results showed presence of oxygen in all the analysed specimens; with oxygen levels 

between 7 and 10 at.%. The source of the oxygen is probably the protective aluminum oxide layer, which 

initially coated the surface of all the particles. This supposition is supported by the fact that the content of 

oxygen is the highest for the specimens prepared from the finest particles, for which the surface to volume 

ratio is higher than for coarser particles. Therefore the overall percentage content of oxygen for fine particles 

is higher than for larger particles. During the compression itself, the oxides already present at the surfaces of 

the particles get cracked and some of them can possibly be turned into hydroxides, which subsequently get 

evaporated during sintering. However, the compression procedure does not seem to have any significant 

influence on the content of oxygen in the structures. From the point of view of sintering temperature, the 
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oxygen content is lower for specimens sintered for the longer time of 60 minutes. Nevertheless, the 

evaporation/dissolution temperatures for Al oxides are very high (over 2000°C) and therefore they cannot be 

eliminated completely by the treatments [11]. To support the above mentioned presupposition that the 

increased density is caused by the presence of aluminum oxide, theoretical density calculations were 

performed. The results of all the confirmatory computations are summarized in Table 1. 

 

 

 

 

 

Fig. 1 Photo of a compressed sample (25-45 μm, 

200+300 MPa). 

Fig. 2 Microstructure of sample 25-45μm, 

200+300MPa, 500°C/60. 

As the final analysis, the three fine-particle specimens were subjected to X-ray analyses of chemical 

composition. Such analyses will be helpful for identification of presence of phases in the structures of the 

specimens. The results of the X-ray analyses were comparable for all the three investigated specimens. By 

this reason, only the results for specimen 2, which has been proven to be processed in the most favourable 

way, will be presented here. X-ray data plot for specimen 2 is depicted in Fig. 3. 

 

Fig. 3 X-ray plot of chemical composition for specimen 2. 
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The most distinctive peaks in the plot are peaks corresponding to pure Al phase. Nevertheless, noticeable is 

the beginning of the plotted dependence, the detail of which is depicted in the upper right corner of Fig. 3. In 

a reference plot of X-ray data for pure Al2O3, a set of distinctive peaks starts to rise at the angle of 28° (not 

shown here). Although the low intensities in the plot of specimen 2 are burdened with noise, a slight increase 

forming a little local peak can be distinguished between the angle of 28° and 29°. This is most probably due 

to the presence of Al2O3. In the detail in Fig. 3 can also be seen that the plotted data exhibit a slight increase 

towards lower angles. Such a course of X-ray data indicates a presence of amorphous phase. Since the 

above described observations of distinctive peaks are valid only for crystalline structures, it is probable that 

Al2O3 will be present in the structure in an amorphous state. X-ray analyses are not able to provide exact 

determination of chemical composition of amorphous phases. Nevertheless, bringing together all the results 

from the above described measurements, analyses and calculations, the amorphous phase is most probably 

Al2O3. 

3.2. Microhardness 

As the final part of this investigation, microhardness measurements were performed. The above mentioned 

analyses have already proven the superior performance of finer particle size range subject to the 200+300 

MPa double step compression procedure. According to the oxygen content results, the most suitable 

sintering procedure seems to be 500°C for 60 minutes. For all the specimens, the measurements were 

performed 5 times and average values were calculated. The results, summarized in Table 2, prove the 

above mentioned conclusion and complete a comprehensive idea about a suitable pre-compaction 

procedure. 

Table 2 Microhardness measurements results. 

sample number 1 2 3 

microhardness [HV] 26,33 + 1,15 27,40 + 1,96 29,58 + 2,07 

 

The results of the line measurements are demonstrated in Fig. 4, in which they are comparatively scaled to 

the average value of each of the measurements set as 1. As can be seen from the figure, no 

increasing/decreasing trend in microhardness towards the central part of the samples has been observed. 

Therefore, the samples can be considered to be homogenously compacted. 

 

Fig. 4 Results of random line microhardness measurements. 
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CONCLUSIONS 

We have shown that higher extent of compaction can be achieved when fine size particles are used (25 – 45 

μm - mesh 325). Furthermore, cold isostatic pressing with two steps has a higher compacting efficiency than 

one step pressing. This was the case for both the analysed one-step procedures - 200 MPa and 300 MPa. 

Density measurements showed density values higher than theoretical for pure aluminum for all the 

specimens. Nevertheless, SEM as well as X-ray analyses both showed the presence of higher density 

aluminum oxides. Microhardness measurements confirmed the above mentioned conclusions and prior 

presuppositions. The specimens consisting of the finest particles compressed in two steps all have the 

highest microhardness values. Microhardness analyses further did not prove any increasing/decreasing 

trend when measured throughout the cross-section of a specimen. Residuals of alumina within the 

compressed and sintered samples can be favourable for mechanical properties of the material, since they 

can contribute to strengthening of the final material. 
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