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Abstract 
 

In this study a hypoeutectic Al-6Si-3Cu aluminium alloy was synthesized using two different routes: the 

thixoforming process and the conventional mould casting process. The microstructural features, 

hardness and wear behavior of thixoformed alloy have been evaluated and compared with that of 

as-cast alloy. Cooling slope method was used to produce the non-dendritic microstructure feedstock 

for thixoforming. Thixoforming was carried out at 50% liquid fraction. The dry sliding wear behaviour of 

the produced alloys was investigated under two loads; namely, 10 and 50 N and 1m/s sliding speed 

for 9 km sliding distance. The thixoformed alloy exhibited globular primary phase morphology with fine 

and uniform distributed Si and intermetallic particles. On the contrary, dendritic primary phase, coarse 

flaky silicon particles and segregated microstructure has been observed in conventional cast alloy. 

Thixoformed alloy exhibited improvement in the wear resistance in comparison to the conventional 

cast alloy, which may be attributed to the microstructural enhancement resulting in improved 

hardness. The thixoformed samples displayed lower volume loss of ~16.20 mm3 and ~42.40 mm3 at loads 

of 10 and 50 N respectively compared with that of conventional cast samples. On the basis of 

observations and analyses on the wear rates and worn surfaces, the wear mechanism of the alloys 

was dominantly controlled by abrasive, adhesive and minor delamination. 
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1.0  INTRODUCTION 
 

Semi-solid material processing is a promising 

processing technique, in which a material is forming at 

a temperature above the solidus and below the 

liquidus temperatures. The main advantages of semi-

solid processing over the conventional processing are; 

near net shape forming capabilities in one step with 

high quality, a reduction of the solidification shrinkage 

since the material is already partially solid, low level of 

porosity and decreased macro segregation [1, 2]. 

Thixoforming is one type of semi solid metal processing 

which involves the preparation of feedstock material 

followed by partially re-melting the feedstock before 

forming to near net shaped products [3]. 

For thixoforming it is necessary to have a spheroidal 

non-dendritic structure of the solid phase, this 

microstructure can be obtained by a number of 

methods such as mechanical stirring, magneto 

hydrodynamic stirring, strain induced melt activation 

(SIMA), recrystallization and partial melting (RAP), 

grain refinement and cooling slop (CS) method [4, 5]. 

Among all methods, CS method possesses some 

advantages in comparison with other methods. The 

technique is simple and does not need complicated 

equipment [6]. The non-dendritic microstructure is 

produced by pouring the molten alloy with a modest 

amount of superheat on an inclined plate [7].  

To date, most of the studies of thixoforming have 

concentrated on the microstructural evolution and 

how it affects the mechanical properties. These 

studies show that, relative to the conventional cast 

materials, thixoforming materials possess better 

mechanical properties, a combination of higher 

strength and ductility [8] . However, only very limited 

attention has been devoted to the wear behavior of 

these thixoforming materials [9, 10]. The wear 

properties of thixoforming alloys have not been 

studied sufficiently; literature did not show any 

systematic study relating the effect of the processing 

microstructures on wear properties. The objective of 

this work is to explain the wear behavior between a 

thixoforming A319 and the as-cast on the basis of the 

microstructural differences. This alloy was chosen 

because it is frequently used in automotive and 

aerospace industry and because it is scalable for 

thixoforming.  
 

 

2.0  METHODOLOGY 
 
2.1  Material Preparation 
 

In this study, Al-6Si-3Cu (A319) aluminum alloy was 

used with the chemical composition consisting of Si 

(6.26wt %), Cu (2.96wt %), Mg (0.41wt %), Mn (0.15wt 

%), Zn (0.71wt %), Ni (0.06wt %), Fe (0.73wt %), Cr 

(0.03wt %), Ti (0.03wt %), and Al (remainder). Cooling 

slope casting was used to obtain the feedstock with 

non-dendritic microstructure. The cooling slope 

casting procedures and optimization were explained 

by authors in the previous work [11].  It was carried out 

at optimum conditions of 630˚C pouring temperature, 

400 mm slope length and 60º inclined plate angle. The 

ingots obtained from CS were machined into 25 mm 

diameter, 110 mm length slugs and adapted to 

induction coil for reheating in semi-solid temperature. 

The required temperature for thixoforming was 

selected by considering the differential scanning 

calorimetry (DSC) data (Figure 1). The ingot 

temperature was controlled with a K-type 

thermocouple during heating process. The slugs were 

held for 5 min at the required temperature and then 

thixoformed by a 20 KN laboratory press.  

 

 

Figure 1 DSC curve and liquid fraction profile 

 

 

2.2  Characterization 
 

Samples were cut from the thixoformed and mould 

cast alloys for microstructural examination and 

hardness tests. The samples were prepared 

metallographically according to the standard 

grinding technique and etched with Keller’s reagent. 

Microstructural examinations were performed by 

optical microscopy (OM), scanning electron 

microscopy (SEM). Hardness testing was carried out on 

a digital Rockwell hardness tester using a ball of 1/16 

inch diameter and load of 100 kgf. 

 
2.3  Wear Tests 
 

To study the dry sliding wear behavior of the produced 

alloys, a pin-on-disc apparatus as per ASTM G99 was 

used. Pins with dimensions of 32 mm long, 10 mm 

diameter of alloy produced by an ordinary casting 

method and thixoforming process were prepared by 

wire cut set. M2 tool steel discs with 160 mm diameter, 

8 mm thickness, and 62 HRC hardness were used as 

the counterface. The wear tests were done under 

applied normal loads of 10 and 50 N at a constant 

sliding speed of 1 m/s for a total distance of 9000 m at 

ambient temperature. The samples were cleaned with 

acetone in ultrasonic cleaner and weighed to an 

accuracy of ±0.1mg prior to testing and at every 30 
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minute intervals. The weight loss was converted to 

volume loss with the aid of a density measurement 

using Archimedes’ principle. The worn surfaces were 

examined under SEM. 

 

 

3.0  RESULTS AND DISCUSSION 
 

3.1  Microstructure Analysis  

 
Figure 2 demonstrates both optical and SEM 

micrographs of conventional mould cast A319 alloy. 

As it can be seen from the micrographs, the mould 

cast alloy consists of primary α-Al dendrites and 

interdendritic irregular eutectic regions. The eutectic 

region comprises large and individual flake eutectic 

silicon particles with different sizes (as shown in the 

right-corner of OM image), and some intermetallic 

phases such as θ-(Al2Cu) white contrast, α-(Al15 

(Mn,Fe)3Si2) Chinese script and β-(Al5FeSi) needle-like , 

Q-Al5Cu2Mg8Si6 Chinese script. Microstructural 

observation revealed that the distribution of Si 

particles and the intermetallic phases was non-

uniform, and there is some pores in the sample.  

 

Figure 2 OM and SEM microstructures of the mould cast A319 

alloy. (Arrows 1: Silicon, 2: Al2Cu, 3: β-Al5FeSi, 4: α-

Al15(Mn,Fe)3Si2, 5: Q-Al5Cu2Mg8Si6) 

 

 

Cooling slope method was used to obtain a 

suitable non-dendritic microstructure feedstock for 

thixoforming. The microstructure of cooling slope cast 

samples was investigated in details by authors in the 

previous work [11]. Based on the DSC result, the knee 

temperature for this alloy, i.e. the temperature 

corresponding to the complete melting of the 

eutectic occurs at around 50% liquid fraction. 

Therefore, 571 °C is considered a suitable temperature 

for thixoforming A319 alloy. The slugs sectioned from 

CS-cast ingots were thixoformed at this temperature. 

Figure 3 shows the SEM and optical images of the 

thixoformed A319 alloy. As can be seen from the 

optical micrograph, the features of the thixoformed 

samples are typical of semi-solid state processing with 

predominantly fine solid α-Al globules surrounded by 

the eutectic liquid phase. The morphology of silicon 

particles considerably changed from large individual 

flakes to a fine skeleton network with Chinese script 

morphology. It is clearly seen from the SEM 

micrograph that the size of intermetallic has 

decreased considerably and their distribution is 

enhanced in comparison with the conventional cast 

samples. The (Q, α) intermetallic particle were 

observed polyhedral morphology in thixoformed alloy 

while they were observed Chinese script morphology 

in conventional mould cast alloy. It is further found that 

the as-cast needle-like β particles were fragmented to 

small plate. In addition, the quantity of the pores in the 

thixoformed alloy is significantly reduced as 

compared with the mould casting.  

 

Figure 3 OM and SEM microstructures of the thixoformed 

A319 alloy 

 

 

Hardness and density values of mould cast and 

thixoformed A319 alloys are presented in Table 1. The 

hardness and density values of the thixoformed alloy 

are higher than that of the conventional cast alloy. 

The difference in hardness between thixoformed alloy 

and the as-cast alloy is attributed to smaller globule 

size, better distribution of intermetallic particulates 

and porosity reduction. 

Table 1 Measured hardness and density values of tested 

alloys 

 

 

3.2  Wear Properties 

 

3.2.1  Wear Loss 

 

The variation of the wear volume loss with sliding 

distance is shown in Figure 4 at 10, 50 N loads for the 

conventional cast and thixoformed alloys. These 

results show that the wear volume loss increases with 

an increase in the sliding distance and the load 

irrespective of the alloy processing condition. 

Furthermore, the thixoformed samples display lower 

volume loss compared with the samples processed by 

the mould casting at both loads, which indicates an 

improvement in wear resistance. 

According to the previous studies [12, 13], the wear 

resistance of Al-Si alloys is closely related to the 

microstructure of the alloys. It is known that the 

Alloy Hardness (HRB) Density (𝐠/𝐜𝐦𝟑) 

As-cast A319 35.4 ± 2.4 2.73 

Thixoformed A319 43 ± 3.5 2.74 
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microstructural features like morphology, size and 

distribution of hard intermetallic phases have a large 

effect on the dry sliding wear properties of alloys [14]. 

Hence, the improved wear performance of the 

thixoformed A319 alloy compared to the mould cast 

alloy can be explained based on the microstructural 

features of the alloys as seen in the Figures 2 and 3. The 

small size and uniform distribution of the silicon and 

intermetallic phases in the matrix enhance the 

interfacial bonding between them and the matrix 

alloy that could assist in retaining the intermetallic 

particles within the matrix alloy [15, 16]. Compared 

with those of as-cast samples, applied pressure on 

thixoformed samples had significant effect on the 

reduction of porosity level and therefore, the 

formation of fractures can be reduced, implying the 

improvement in the wear performance. Therefore, the 

improvement in wear behavior observed in 

thixoformed samples can be attributed to the 

collective effects of low level of porosity, a small 

globular grain and uniform distribution and 

modification of silicon and intermetallic phases. 

 

 

 
 

Figure 4 Volume losses as a function of sliding distance for: 

(a) 10 N and (b) 50 N of as-cast and Thixoformed A319 alloy 

 

 

 

 

3.2.2  Worn Surface Morphology 

 

Figure 5 shows the SEM morphologies of the worn 

surfaces of the as-cast and thixoformed A319 alloys at 

applied loads of 10 N, 50 N. From the micrographs it 

can be seen that the worn surfaces of as-cast alloy 

was more damaged than that of the thixoformed 

alloy. It is evident that the extent of wear in the 

thixoformed samples is lower than that of the as-cast.  

At load of 10 N the worn surface of both alloys is 

characterized by deep parallel grooves which are 

indicative for abrasion wear, and small adhesive pits. 

Nevertheless, the worn surface of the as-cast sample 

was more heavily scored in comparison with that of 

the thixoformed sample. Based on the observation of 

the SEM images and the transverse subsurface cutting, 

the width and the depth of the continuous grooves on 

the conventionally cast sample are larger than those 

on thixoformed sample. The grooves width and depth 

on the worn surface of as cast alloy were up to ~50 μm 

and ~30 μm respectively. While on the worn surface of 

thixoformed alloy they were reduced to ~40 μm and 

~25 μm respectively. At high load of 50 N, both 

samples’ worn surfaces show similar features to those 

of the 10 N load samples but have bigger craters ( up 

to 250 μm) particularly in the as cast alloy . 

 

   

  

Figure 5 SEM morphologies of worn surfaces of (a) as-cast 

alloy at 10N, (b) thixoformed alloy at 10N, (c) as-cast alloy at 

50N and (d) thixoformed alloy at 50N 

 

 

3.2.3  Friction Coefficient 
 

The curves of the coefficient of friction show significant 

fluctuations for both the as-cast and thixoformed 

alloys and the difference between them is 

insignificant. In this case to reduce the effect of these 

fluctuations an average coefficient of friction was 

estimated to provide a more comprehensive 
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evaluation of the influence of thixoforming on the 

friction.  Therefore, Figure 6 depicts the variation in the 

average coefficient of friction of the as-cast and 

thixoformed A319 alloys as a function of load. The 

results demonstrate that thixoforming process leads to 

a small improvement in the average value of the 

coefficient of friction at 10 N with values varying from 

0.91 to 0.86, whereas at 50 N, both alloys show almost 

similar values of friction coefficient with very small 

difference. The reduction in the coefficient of friction 

of thixoformed alloy is owing to its higher hardness 

value[17]. 

 

 

 
Figure 6 Average friction coefficient as a function of load for 

as-cast and thixoformed A319 alloys 

 

 

4.0  CONCLUSION 
 

Thixoforming process results in, transforming of Al 

dendrites of the conventional cast alloy into a fine 

globular one, modification of the silicon particles, and 

a uniform distribution of the silicon and intermetallic 
phases particles. The thixoformed A319 displayed 

higher hardness compared with the as-cast material. 

The thixoformed A319 exhibited better wear resistance 

and lower coefficient of friction compared with the as-

cast material, this is believed to be due to the 

improved hardness value, which is linked to the 

significant enhanced microstructure of the 

thixoformed samples. The mechanism of wear for both 

alloys was a combination of, abrasion, adhesion and 

minor delamination. 
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