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ABSTRACT 
 
Bulk nanocrystalline aluminium spheres were produced by in situ consolidation of commercially pure 
aluminium powder by ball milling at room temperature. 
The effect of four milling variables on the in situ consolidation process was studied changing only one 
parameter from the initial set of values (0.4 % EBS, 160 rpm, 20 BPR, 20 h effective milling time). 
A maximum in the mode value of the spheres size distribution was observed for each variable (near to 
0.4 % EBS, 20 BPR, 190 rpm and 25 h of effective milling time), and other local maximum was also 
observed in some cases. 
Although the size distribution mode reaches the maximum value for the highest studied values of BPR 
(35) and effective time (100 h), the aluminium percentage adhered to balls and container during the 
milling is high and the process efficiency diminished sharply, which advises to not explore these 
regions. 
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1. INTRODUCTION 
During the past decade, the possibility of metal parts manufacturing parts with nanometer grain size 
(below 100 nm) and ultrafine (less than 1 µm) has generated tremendous interest. These materials 
have been obtained by different techniques [1].  
The main characteristic associated with these new materials was a high resistance combined with 
high ductility and toughness, what were converted into useful materials for a variety of structural parts 
and special applications such as microelectronics or energy technology. Although these types of 
materials have responded to expectations in terms of resistance they have not been successful in 
ductility and toughness, especially under tensile stress. Scaling to production at industrial level 
requires improved ductility in both ranges, especially in nanocrystalline materials. 
The nano-grained materials have very high resistance, between 10 and 20 times higher than the same 
materials with grain size around microns, but their behaviour is fragile, being observed elongation less 
than 3% in the vast majority of cases. The methodology to produce these types of materials for 
structural applications (aside from this consideration materials obtained as thin films) is mainly the 
consolidation of metal powders which have been previously highly deformed by mechanical milling 
process. The grain size in the milled powder may be as low as 5-30 nm. The compaction of powders 
obtained by ball milling can produce dense parts but, in order to reach densities higher than 96% of 
theoretical value, compaction is performed at elevated temperature which can lead to grain growth. 
Recently, materials with uniform grain size below 100 nm are being produced through severe plastic 
deformation (SPD) processes such as channel angular extrusion (ECAP), high pressure torsion (HPT) 
or accumulative roll bonding (ARB) [1,11]. 
The fragility of these materials can be explained by several reasons. First, severe plastic deformed 
materials, ball milling process included, have difficulty to create new dislocations and, as a 
consequence, to suffer hardening by accumulation of dislocations. This behaviour does not produce 
the homogeneous and stable hardening necessary to achieve high ductility during a new plastic 
deformation of the material [2]. In the same way, these materials have suffered so severe deformation 
and have so distorted structure that they do not have enough strain hardening capacity and, in most 
cases, their behaviour tends to be fragile. Second, the high hardness and strength of powders 
obtained by ball milling and the low temperature used during consolidation process do not help to 
remove the defects from those parts that are responsible of cracks formation and brittle fractures 
[3][4]. 
Recent studies done by E. Ma in John Hopkins University (USA) seem to show that in the absence of 
defects, FCC materials such as pure copper with nanocrystalline grain size can reach tensile ductility 
up to 10% [5], although the specimens tested are practically microscopic. Currently, the improvement 
of these results is attempted for larger pieces by different methods: 
A) Optimizing the conditions of the consolidation process [6]. 
B) Improving the bond between particles with higher pressure and temperature and removing oxide 
from surface. 
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C) Using a bimodal grain size distribution, with a small portion of grains with sizes above 100 nm, 
which allows to produce some hardening and improved ductility [7][8]. 
D) Applying new consolidation technologies as spark plasma sintering-SPS where the union between 
particles is more efficient [9,10] and the use of processes with higher temperatures which allows a 
certain recovery of the material and, as a consequence, favours a new process of generation and 
accumulation of dislocations. 
 
The fragility decrease in these materials is mainly due to the quality improvement of the pieces 
obtained by powder metallurgy and, moreover, the utilization of the whole range of SPD processes 
that allow to produce materials in the range of ultrafine grain, and in the last years even lower than the 
100 nm, directly from bluk material [11,12]. 
 
Therefore, obtaining good combinations of resistance and ductility are more related with the 
stabilization and uniformity of the plastic deformation for avoiding premature cracking than with the 
minor quantity of defects [13]. For this reason, there are currently investigations in various strategies: 
a bimodal distribution grain size, the inclusion of second phases in the metal matrix, the use of alloys 
with low stacking fault energy or the use of high speeds of deformation at low temperatures. 
 
Recently, a new way for consolidation of both nano and submicron grain size metal powder is 
proposed to avoid many of the union problems between particles. This way considers an in-situ 
consolidation of metal powder during the milling process because, in certain circumstances, the 
severe plastic deformation produced during the mechanical milling introduces adhesion between 
particles that exceeds the fracture and leads to obtain bulk material [14]-[17] or almost solid spheres 
[18][19]. The present paper delves into this methodology analysing the influence of milling parameters 
on in-situ powder consolidation. 
 
2.  MATERIALS AND EXPERIMENTAL PROCEDURE 
The original material used in this study is a pure aluminium powder ECKA Aluminium AS 51 supplied 
by ECKA Granules ® company. It has been screened at laboratory and only the fraction between 72-
100 m is used. Figure 1 shows the particle size distribution of the sieved fraction determined by 
image analysis of the particles projected surface [20]. Figure 2a shows a SEM image of the particles 
morphology and Figure 2b an optical picture of a particle section. The original powder hardness is 
30,0 ± 2.7 HV 0.025 determined using the method described later. 
Approximately 7.5 g of aluminium powder has been milled in Fritsch’s Pulverisette 5 planetary ball mill 
using cylindrical containers of 250 ml made with X 5 Cr Ni 18 10 steel and 100 Cr 6 steel balls of 10 
mm diameter. The milling according different sets of the process parameters time (t), ball to powder 
mass ratio (BPR), mill speed (rpm), and control agent Clarient’s Licowax C amide wax (EBS). The 
initial set was 20 h of milling time, 20 BPR, 160 rpm and 0.4% of EBS. Then 4 series of experiments 
was carried on, changing only one parameter around the initial value and keeping constants all the 
other conditions. Each series of experiments study a different parameter: t, BPR, rpm and EBS. 
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Figure 1: Size particle distribution of the sieved fraction expressed as surface of projected area. 



In each mill the recovery was determined as the percentage ratio between the mass of the recovered 
aluminium particles and the initial mass. The particle size was determined as the mode of a lognormal 
distribution fitted to the histogram of the projected area determined by UTHSCSA Image Tool 3.0 of at 
least 400 particles. After that, and in order to determine the material hardness, samples were 
embedded in hot cured (150 ºC) high strength epoxy resin (Buehler’s Epomet) and polished following 
standard metallographic procedure to approximately the half of particle diameter. The hardness was 
determined in Vickers scale (HV 0.025) in a Buehler’s Micromet 5114 micro indentation hardness 
tester. The Cauchy criterion was used to reject wrong experimental values and the hardness value 
reported is the average value of at least 15 valid measures.  

         
Figure 2: SEM image of the sieved powder morphology (a) and optical image of a particle’s interior 

(b). 

b)a) 

The error bars represents the value dispersion with a confidence level of the 95%. 
 
3. RESULTS 
The chemical analysis (ICP) of samples under extreme conditions of milling tested (Table 1) show 
increases in the Fe amount that passes from a value of 1640 ppm in the starting material to 2300 ppm 
after 50 hours of milling (40% increase), or to 2650 ppm after milling at 220 rpm (60% increase). This 
increased Fe contamination (along with Cr and Ni) most likely comes from the wear of vessel (60% of 
the contamination) and balls (40% of the contamination). Nevertheless, EDAX analysis carried out 
during SEM observation has not detected areas with high concentration of Fe, Cr or Ni, at least in the 
detection range, which indicates that these elements are dispersed; and the X-ray diffraction analysis 
has not detected any other phase different than aluminium although a 0.26% Fe is greater than the 
maximum allowed in the equilibrium. However, intermetallic aluminium compounds formed as 
consequence of subsequent heat treatments or during sintering can not be ruled out [21]. 
 

Table 1. Chemical composition of the starting material powder and milled particles in the extreme 
conditions tested. 

Composition (ppm) 
Milling conditions 

Cr Fe Ni Al 
Original powder 12 ± 2 1638 ± 6 10 ± 2 Rest 

50 h / 20 BPR / 160 rpm 97 ± 2 2295 ± 8 48 ± 2 Rest 
20 h / 20 BPR / 220 rpm 175 ± 2 2648 ± 8 88 ± 2 Rest 

 
3.1. Control agent (EBS) influence 
The content of control agent was ranged from 0 to 1 %. In Figure 3 could be observed that at values 
over 0.8% the in situ consolidation was inhibited by the control agent. Also two local maximum of 
particle size were observed at 0.1 and 0.35% of EBS contents. As the maximum absolute value of the 
mode coincides with the hardness highest value, a 0.4% control agent concentration looks like the 
optimum value to improve the in situ consolidation. Perhaps, the expected recovery increases just 
below 0.4% EBS, keeping almost constant the mode and the slight hardness reduction, encouraged to 
believe that a small reduction of control agent could be advisable.  
 
3.2. Time influence 
The milling time influence was studied between 5 and 100 h. It could be seen that particle mode 
increase almost linearly with time, excluding a peak around 25 h (see Fig 4). This local maximum 
appears at times slightly higher than the time required saturating the aluminium hardness. 



Unfortunately, maximums obtained at 25 and 100 h coincide with local minimums of the mass 
recovery, limiting productivity by 40%. 

     
Figure 3: Evolution of hardness (), recovery () and mode () versus EBS contents. 

Although the particle size and recovery trends suggest exploring milling times close to 70 h to increase 
the mode and duplicate the mass recovered, must also be noted that multiplies the time of production, 
reducing output per time unit.  
 

     
Figure 4: Evolution of hardness (), recovery () and mode () versus milling time. 



3.3. Milling speed influence 

     
Figure 5: Evolution of hardness (), recovery () and mode () versus milling speed. 

As in the case of milling time, the in situ consolidation begins at milling speeds slightly higher than the 
velocity required to saturate the hardness. Although the behaviour is similar, in this case the particle 
size reaches higher values, but with lower recovery (only 15%). If fact, the recovered mass was 
negligible at milling speeds higher than 220 rpm, as is shown in Figure 5. 
 
3.4. BPR influence 
The ball to powder ratio was studied between 5 and 35. As in the other cases, in situ consolidation 
only appears after saturate the aluminium hardness, but now the particle size mode did not reaches 
values bigger than 1.3 mm2, and only overcome 1 mm2 when the recovery falls bellow 10 %. 

     
Figure 6: Evolution of hardness (), recovery () and mode () versus ball to powder ratio. 



25 BPR sample is particularly interesting, because, due to the particle size dispersion, this processing 
conditions exhibit the huge particle size area obtained, despite the mode reach a local minima, and 
the recovery remains over 50%. This fact is more remarkable if one keeps in mind that the computed 
distribution is in number and not in mass (or volume), which reduces the contribution of large particles.  
 
4. CONCLUSIONS 
Contents over 0.8% of EBS inhibit the in situ consolidation.  
In all other cases, in situ consolidation only occurs after saturate the aluminium hardness. 
As soon as in situ consolidation begins the recovery falls down, due to the adherence of the aluminium 
to the tools. This is the reason because although the size distribution mode reaches the maximum 
value for the highest studied values of process variables, it is advised to not explore these regions. 
The better in situ consolidation provably could be found with a combination of processing variables 
values somewhat higher of initial conditions (20 h milling time, 20 BPR, 160 rpm and 0.4% EBS). 
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