
ISSN 1847-7917 
  

 
 

Jure KROLO1) 1), 
1) and Branimir LELA1) 

1) Faculty of Electrical Engineering, 
Mechanical Engineering and Naval 
Arhitecture, University of Split 

   
  Republic of Croatia 

jkrolo@fesb.hr 
iduman00@fesb.hr 
sonja.jozic@fesb.hr 
blela@fesb.hr 
 
Keywords 

Semisolid 
Microstructure 
Aluminium  
Machining chips 
Thixo feedstock  
Extrusion 

                                                                            Original scientific paper  
Abstract: The main aim of this research was to prepare quality thixo 
feedstock directly from aluminium alloy AlSi9Cu3(Fe) machining chips 
waste. The main condition to produce thixo feedstock is globular 
microstructure formation during heating at the semisolid range. Machining 
chips were cleaned, compacted and direct hot extruded in order to create 
dense compacted samples. After extrusion samples were heated at the 
semisolid range and hold for a different time in order to determine a suitable 
time for globular microstructure formation. After heating at semisolid range 
samples were quenched in the water to preserve obtained microstructure. 
Metallographic analysis was performed. Conclusion indicated that 
homogeneously dispersed solid globular primary aluminium surrounded 
with liquid eutectic phases can be produced directly from aluminium 
machining chips waste. Such process could be beneficial for lower energy 
consumption, higher material yield and therefore reduction of the 
greenhouse gases into the atmosphere. 
 

 

1. Introduction  

Semisolid metal (SSM) processing is an intermediate 
process which is gaining momentum as an effective 
alternative to the classical manufacturing processes of 
forging and casting. This process involves the formation 
of metal alloys between the solidus and the liquidus 
temperatures (a liquid and a solid phase coexist) and thus 
take advantages of both solid and liquid forming 
processes. At Massachusetts Institute of Technology 
(MIT), in the 1970s, was discovered that metallic alloys 
in the semisolid state with specific, globular, 
microstructure could display thixotropy [1]. Thixotropic 
behaviour of so-called semisolid slurry can be explained 
as: when the slurry is at rest, gravity will bring the 
particles into contact and the semisolid material will 
support its own weight and can be handled like a solid; 
during a deformation, shear breaks the bonds and viscous 
flow of the material occurs [2]. Based on this behaviour, 
numerous manufacturing techniques have been 
developed over the last 40 years. SSM technologies 
present several advantages compared with conventional 
casting and conventional forging such as energy 
efficiency [3], prolonged die life due to less thermal 
shock [4], limitation the risk of gas entrapment and low 
shrinkage porosity due to laminar flow [5].  
Semisolid metal processes can be categorized into two 
basic groups: thixo-routes and rheo-routes. The thixo-
routes refers to a process where preparation of a thixo 
feedstock material, its reheating between solidus and 

liquidus temperature and shaping of the thixo feedstock 
material is involved (e.g. thermo mechanical treatments 
[6], spray casting [7], thixomolding [8], etc.). The rheo-
routes involve the preparation of an SSM slurry directly 
from a liquid phase and its direct injection into a die or a 
mould to produce a solid component (e.g. semisolid 
rheocasting [9], ultrasonic treatment [10], superheat 
casting [11], etc.).  
Due to the fact that the thixotropy is the key point of 
semisolid metal forming processes, production of 
nondendritic, globular, microstructures is the main task 
of all mentioned technologies. For example, some of the 
technologies for obtaining globular microstructures are 
based on cold working and subsequent heating of the 
samples to the semisolid state [12]. Cold working is 
performed in order to deform casting dendritic 
microstructure and by heating the samples in the 
semisolid state, this heavily deformed structure could be 
easily changed to globular structure. 
On the another hand, aluminium is the second most used 
metal on earth and according to the International 
Aluminium Institute (IAI), aluminium consumption on a 
global level is constantly increasing [13]. Therefore, the 
recyclability of aluminium is necessary. One of the 
methods of aluminium alloys recycling, which have so 
far been investigated to a lesser extent, is related to the 
preparation of semisolid state samples. The method 
consists of heating aluminium metal waste of smaller 
dimensions into the slurry, at the temperature range 
between solidus and liquidus temperature and casting or 



shaping of the slurry into moulds results in finished 
product. Due to the fact that this method does not have 
the standard step of the conventional recycling process, 
the remelting step, material losses are smaller and energy 
consumption is lower. Also, another important matter of 
fact is that machining chips have a high degree of plastic 
deformation. Therefore, this deformed microstructure 
should be easily changed to the globular structure by 
heating in the semisolid state. Research on methods of 
recycling metal waste in semisolid state was published by 
just a few authors. Wang et al. [14] investigated the 
possibility of recycling machining chips from aluminium 
alloy A383 in semisolid state. Machining chips placed in 
the cylinder mould were heated at a temperature of 200 
°C. After that, the machining chips were pressed in the 
mould, the resulting briquettes were heated in the range 
between solidus and liquidus temperature, and cooled in 
water. The globular microstructure of the samples was 
observed, and thus it was proved that it is possible to 
recycle alloy A383 by the said method. In further 
research, Wang et al. [15] concluded that, in the same 
treatment process, the optimal temperature of heating 
A383 briquette heating was 555 °C, with 30-minute 
retention time at said temperature. The use of such 
processing parameters resulted in optimum size and 
circularity of solid globular phase. Wang et al. [16] 
investigated the influence of temperature and heating 
period of slurry. After compression (at compression 
temperature of 400 °C), machining chips of the 
aluminium alloy A356 were heated in the range between 
solidus and liquidus temperature, and then cooled in 

water. Optimum combination of grain size and circularity 
is achieved at the heating temperature of  
600 °C and heating period of 15 minutes. 
It is evident from the literature study that there are only a 
few researches of recycling aluminium in semisolid state. 
To fill this shortage, the main aim of this work is to 
present the novel, insufficiently investigated method of 
recycling aluminium alloys. Also, the objective of this 
study is to produce feed material with globular structure 
by hot extrusion followed by heating aluminium alloy at 
semisolid range. The material used in experiments is 
AlSi9Cu3(Fe) chips. In order to determine the suitable 
time for globular microstructure formation, different 
holding times at semisolid range were investigated.  
 

2. Experimental procedure 

In this research aluminium alloy AlSi9Cu3(Fe) 
machining chips were directly recycled into a thixo 
feedstock material without remelting step. Machining 
chips were collected from the industrial machining 
processes after high pressure die casting, Figure 1. 
Aluminium alloy AlSi9Cu3(Fe) has been widely used in 
automobile components due to good castability, 
weldability, corrosion resistance, resistance to hot 
cracking and good mechanical properties [17], [18], [19]. 
Chemical composition of the selected alloy is given in 
Table 1.  
 

Table 1.  Chemical composition of aluminium alloy AlSi9Cu3(Fe) (Wt. %) 

Elements Fe Si Mn Ni Cr Ti Cu Pb Mg Zn Sn 

min-max (%) 0-1.3 8-11 0-0.55 0-0.55 0-0.15 0-0.25 2 - 4 0-0.35 0.05-0.55 0-1.2 0-0.15 

 

 

Figure 1. Aluminium alloy AlSi9Cu3(Fe) machining chips 

First step to prepare thixo feedstock was aluminium chips 
waste cleaning from cooling and lubrication fluid from 
the machining processes. Machining chips were cleaned 

with a combination of the ultrasonic bath and acetone. 
After cleaning step chips were compacted at the room 
temperature in the 150 grams billets with 38 mm in 
diameter. Because of the high chips volume reduction 
during compaction, 8 compaction steps were necessary to 
obtain final billet. Compaction steps were performed on 
1 MN hydraulic press. All compaction steps were 
performed with 200 kN force, while the final step was 
performed with 300 kN force. 
Furthermore, in order to achieve compact structure, 
billets were direct hot extruded with tool preheated on 
420°C and with 2.5 extrusion ratio. Prior extrusion, 
billets were preheated in the duration of 20 minutes on 
440°C. After extrusion round bars with 15 mm in 
diameter were obtained. In order to compare 
microstructure evolution, conventionally casted 
AlSi9Cu3(Fe) samples were also prepared. The 
temperature of the conventional casting was 700 °C. Both 
types of samples are shown in Figure 2. 



 
Figure 2. Extruded AlSi9Cu3(Fe) machining chips (left) and 

casted AlSi9Cu3(Fe) (right) 

Finally, obtained bars were heated at the appropriate 
semisolid temperature range. The selected temperature 
will define solid fraction inside samples, where the  
50 % of the solid fraction is a good selection for the 
thixoforming process [20]. According to the previous 
research and DSC analysis, the temperature to achieve 
around 40 % to 50 % solid fraction is estimated to be 
around 567 °C for AlSi9Cu3(Fe) alloy [20], [21], [22]. 
However according to [20] the penetration of the 
thermocouple into the slug, taken as a sign of 
thixoformability occurred at a slightly higher 
temperature, 568 °C. Furthermore, once the temperature 
exceeded 572 °C slugs were no longer able to sustain 
their own weight and were deformed too much. 
According to these results, the appropriate temperature 
range for reheating before thixoforming was thus judged 
to be from 568 °C to 572 °C. Therefore, for this research 
selected temperature for semisolid heating was 570°C ± 
3 °C to fit into mentioned solid fraction range.  
Samples were held at semi-solid temperature for different 
times in order to determine holding time influence on 
microstructure evolution and the possibility of the 
globular microstructure formation. Three casted and 
three extruded samples were heated at the semisolid 
temperature range in duration of 10 min, 15 min and 
finally 25 min. Samples surface temperature during 
heating was measured with type K thermocouple. After 
samples surface had reached the desired semisolid 
temperature range, samples were held on that 
temperature at the above-mentioned times. Average time 
for all samples to reach the desired semisolid temperature 
on the surface was 6 minutes. After heating semisolid 
slurries were quenched in the water to preserve obtained 
microstructure. For metallographic analysis, optical 

metallographic preparation was performed, and samples 
were etched with 0.5% HF (hydrofluoric acid) reagent in 
duration of 10 s at room temperature. 

3. Results analysis and discussion  

 Al) dendrite microstructure can be easily determined in 
the as-cast sample and eutectic was formed with needle-
like morphology, Figure 3.  However, in the samples 
obtained with the extrusion of the compacted machining 
chips dendrite microstructure was completely changed, 
Figure 4.  
According to the Figure 4, needle-like eutectic phases 
were broken and cut into smaller pieces. Furthermore, 
de  Al was also deformed during the machining 
process and afterwards extrusion process. Therefore, 
homogeneous microstructure which consists of the 

 Al and dispersed broken eutectic phases 
was obtained after direct hot extrusion of the cold 
compacted AlSi9Cu3(Fe) machining chips. There is no 
evidence of any porosity in the extruded samples.  

 

Figure 3. Dendritic microstructure of the casted aluminium 
AlSi9Cu3(Fe) 

 

 

Figure 4. Microstructure of the extruded aluminium 
AlSi9Cu3(Fe) machining chips 

 



During heating at semisolid temperature range, as was 
expected, casted structure which consisted of dendrites 

 Al, 
low melting eutectic and primary silicon particles, Figure 
5a, 5b, 5c. Clearly, there is no evidence of desired 
globular microstructure. During heating at the semisolid 
temperature range of the extruded samples 
microstructure evolution significantly differs. For sample 
which was held in duration of 10 minutes at the semisolid 
temperatur  Al began to appear with 
surrounding liquid eutectic. The overall microstructure 
was inhomogeneous, Figure 5d. With increase holding 

 Al microstructure was formed with surrounding 
eutectic and small primary silicon particles, Figure 5e. 
Further increase in time holding at semisolid temperature 
range leads to coarsening of the obtained globular 

microstructure, Figure 5f. Therefore, according to the 
Figure 5 it is possible to create appropriate microstructure 
for thixo feedstock material directly for aluminium chips 
waste, utilizing only direct hot extrusion and afterwards 
heating at semisolid range in duration of 15 min. Any 
additional preparation step, such as cold rolling, or 
similar preparation method can be omitted. This 
behaviour can be explained because of the starting 
machining chips morphology. After the machining 
process aluminium chips have a high degree of the plastic 
deformation and clearly after direct hot extrusion of the 
compacted chips, dendrite microstructure completely 
disappeared, Figure 4. It seems that such microstructure 
is favourable for globular microstructure formation 
during heating into semisolid temperature range, Figure 
5. 

Figure 5. Microstructure evolution during different times heating at semisolid temperature of the casted and extruded samples: 
a) casted 10 min b) casted 15 min c) casted 25 min d) extruded 10 min e) extruded 15 min f) extruded 25 min 

 
ImageJ software was utilized for the globule size 
evaluation. In total 50 globules were measured in Figure 
5e in two directions, and the average values of each 
globule were taken as valid. According to the 
measurement, the average globule size was 52,8 µm with 
standard deviation of 11,28. Minimal and maximal 
globule sizes were 28,6 µm and 78 µm, respectively. 
According to [23], usually globule size below 100 µm is 
desirable for thixo feedstock.  
However, a negative effect occurred in some extruded 
samples during heating into semisolid temperature range. 
Some macroporosity inside samples appeared, Figure 6. 
The possible reasons are an additional decomposition of 

the possible residuals of the cooling and lubrication 
liquid which may be present on the cleaned machining 
chips surface. Another possibility is a thermal expansion 
of the entrapped air in microporosities after extrusion of 
the machining chips. Additional research should be done 
with chips machined in dry conditions to prove porosity 
connection with cooling and lubrication liquid 
decomposition during heating on semisolid temperatures.  
 
 



 

Figure 6. Macroporosity in the extruded sample after 
semisolid heating and quenching in the water 

4. Conclusion 

In the present work, machining chips were directly 
recycled into a thixo feedstock material. It has been 
observed that aluminium alloy AlSi9Cu3(Fe) chips have 
a high degree of the plastic deformation and thus hot 
extrusion and heating in semisolid range in duration of 
15 min is suitable for producing globular microstructure. 
Hence, the explained process is good enough for 
producing thixo feedstock. 
Since macroporosity occurred in some extruded samples 
during heating into semisolid temperature range, 
additional research should be done. Research on the 
cause of the porosity should be performed. To investigate 
the connection of porosity and cooling and lubrication 
liquid, chips machined in dry conditions should be 
observed. 
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