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ABSTRACT 

 

This research present the works on the behaviour of wrought aluminium alloy 

via semisolid metal processing. Proper setting of pouring temperature and holding 

times is one of the important factors to obtain better microstructure formation and 

mechanical properties. In this work, thermal analysis experiments were conducted in 

order to obtain thermal profile of wrought aluminium alloy. This thermal analysis 

results such as liquidus, eutectic and solidus temperatures then were used as input 

parameters for subsequence experiments. In Direct thermal method (DTM) 

experiments, molten aluminium alloy was poured into copper tube moulds and 

cooled down to the semi-solid temperature before quenched in water at room 

temperature. The parameters of pouring temperature and holding times used were at 

685 ℃, 665 ℃, 64 5℃ and 60 s, 40 s and 20 s respectively. The parameters used in 

DTM were purposely to study the effect on metallography and mechanical properties 

of aluminium alloy. Experimental results have proven that the solidified 

microstructure shown that, microstructure with smaller grain size has better hardness 

strength compared to bigger grain size. These results were represented with sample 

that processed with longer the holding time produced smaller grain size. The 

metallography analysis results was also found that the smallest microstructure 

formation and the hardest among samples was achieved at the sample with pouring 

temperature at 645 ℃ and holding time at 60 s. Result obtained from this research is 

very useful in order to understand aluminium behaviour which processed via 

semisolid metal processing route. 
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ABSTRAK 

 

 Kajian ini membentangkan kerja-kerja yang dijalankan ke atas gambaran sifat 

aloi aluminium tempaan menggunakan proses logam separuh pepejal. Penyelarasan 

suhu dan masa pegangan yang betul adalah salah satu faktor yang penting bagi 

menghasilkan struktur kecil dan kekuatan mekanikal bahan yang baik. Dalam kajian 

kerja ini, eksperimen analisis termal telah di jalankan bagi memperoleh sifat thermal 

bagi aloi aluminum tempaan. Hasil dapatan dari analisis termal ini seperti suhu cair, 

eutektik dan pejal seterusnya di gunakan sebagai parameter masukkan bagi 

experiment seterusnya. Di dalam experimen Kaedah Thermal Terus, aloi aluminium 

cair di curahkan ke dalam acuan tiub tembaga dan disejukkan ke aras suhu separuh 

pepejal sebelum ianya di lindap kejut ke dalam air bersuhu bilik. Suhu tuangan dan 

masa pegangan yang di gunakan masing-masing  adalah pada 685 ℃, 665 ℃, 645℃ 

dan 60 s, 40 s, 20 s. Parameter yang di gunakan dalam experimen Kaedah Thermal 

Terus ini adalah bertujuan untuk mengkaji struktur kecil bahan dan sifat kekuatan 

mekanikal aloi aluminum. Hasil dapatan ekperimen telah membuktikan bahawa, 

struktur kecil bahan yang bersaiz lebih kecil menghasilkan kekuatan yang lebih baik 

dari struktur kecil bahan yang bersaiz besar. Hasil dapatan ini di di dapati dari 

sampel yang di proses dengan masa pegangan yang lebih lama. Hasil dapatan dari 

analisis struktur kecil bahan mendapati bahawa struktur bahan bersaiz paling kecil di 

perolehi dari sampel yang di proses menggunakan suhu tuangan 645 ℃ dan masa 

pegangan 60 s. Hasil dapatan dari kajian ini amat berguna untuk memastikan 

pemahaman yang lebih luas mengenai sifat-sifat aloi alumium yang di proses 

menggunakan cara pemprosesan logam separuh pepejal.   
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CHAPTER 1 

INTRODUCTION 

1.1 EXECUTIVE SUMMARY 

 

The use of the lightweight material such as aluminium alloy becomes one of the 

most important engineering materials in automotive and aerospace industries. Most 

of the automotive components such as cylinder heads, pistons, intake manifolds and 

chassis application in automotive power trains are made from aluminium alloy, 

typically by using a conventional metal casting process. The rapid growth in 

automotive industries in Malaysia, make the foundry a vital technology to keep 

Malaysia automotive sector can a head of the competition. There are several 

potential drawbacks are associated with conventional casting process, for instance 

shrinkage porosity formation, gas entrapment and hot cracking which leads to 

product rejection. Nevertheless, some of these conventional casting process 

weaknesses can be overcome by applying a semisolid metal (SSM) processing 

technique. 

 

The main objective of this research is to evaluate the behaviour of wrought 

aluminium alloy by using SSM processing technique. In particular, this research 

objective is also to investigate the relationship between aluminium formed 

component quality and their mechanical properties. Initially, thermal analysis (TA) 

experiment will be conducted to determine suitable processing condition and 

understand the relationship between fraction solid and temperature. Different cooling 

medium will be used to replicate different cooling rate condition. The information 

gained from TA will be used to produce globular microstructure feedstock billet 

suitable for semisolid metal processing by direct thermal method. The quality of 

feedstock billet will be evaluated by using a forming die. The formed component 

microstructure and their mechanical properties then will be evaluated. The findings of 

this research will establish the detail material characteristic and behaviour of wrought 

aluminium alloy which was produced from a SSM processing technique. Such 

material characteristic and behaviour are vital information in order to enhance the 

formability and quality of low fluidity alloys such as wrought aluminium. 
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1.2 PROBLEM  STATEMENT 

 

There is interest to process wrought aluminium alloy within the semi-solid state 

due to the enhanced properties available from this alloy compared to its cast alloy 

alternatives. The properties of wrought aluminium alloy are superior to conventional 

cast alloy. Wrought aluminium alloy however is more difficult to process within the 

semi-solid state due to its narrow solidification range and higher propensity for hot 

tearing. Although extensive research within the literature has been carried out on 

wrought aluminium alloy, less attention was given to detailed experimental 

investigation on thermal profiles and microstructure at various solidification rates. 

There is also currently a lack of detailed experimental investigation within the 

literature into the thermal profiles for wrought aluminium alloy at various solidification 

rates which may occur during thixoforming. Furthermore, there has been a lack of 

information on the mechanical properties of wrought aluminium DTM feedstock 

billets which produced by thixoforming. Therefore, in order to gain detail material 

behaviour information for semisolid metal wrought aluminium alloy components, 

metallurgical and mechanical characterization works need to be conducted. 

 

1.3 OBJECTIVES OF THE RESEARCH 

 

a) To investigate the effect of processing parameters on solidification rate and 

fraction solid and in turn the microstructure of produced SSM wrought aluminium 

feedstock billets. 

b) To determine the liquidus, eutectic and solidus temperature, fraction solids and 

dendritic coherency point resulting from the different cooling conditions of 

wrought aluminium alloy. 

c) To evaluate the microstructure formation and mechanical properties of the 

wrought aluminium formed components. 

 

 

 

 



3 
 

1.4 HYPOTHESIS 

 

An important metallurgical characteristic that has significant effect during SSM 

processing is a fraction solid. The fraction solid determines material flowability and 

influence microstructure and defect formation. The low viscosity (low fraction solid 

volume) component helps material to flow inside die cavity. Meanwhile, high fraction 

solid volume helps to prevent various defects, a finer internal structure and a high 

quality product. This fraction solid however is found highly depended on material 

processing parameters. Hence, in order to produce better quality component with the 

combination of excellent flowability and superior mechanical properties, the fraction 

solid volume during SSM processing need to be controlled. This can be achieved by 

executing adequate processing parameters during SSM processing. 
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Abstract. Thermal analysis method is broadly used to determine solidification characteristics of metals and 

alloys in numerous metallurgical processes. This paper presents the relationship between fraction solid and 

temperature of wrought aluminium 7075 alloy at different cooling rate conditions. The 7075 was heated in a 

graphite crucible to a temperature of 750 °C by an induction heating machine. A K-type thermocouple was 

located at the center of the crucible and was immersed within the molten metal to a depth of 15 mm from the top 

of the graphite crucible. The temperature and time profiles were recorded with a Data Logger GL-220 which 

was connected to a notebook with GL software. Three different cooling rate conditions (normal, intermediate, 

and high) were carried out with the crucible was set in the open atmosphere, in open atmosphere with minimum 

airflow over the crucible, and in open atmosphere with maximum airflow over the crucible, respectively. Based 

on the obtained cooling curves data, the enthalpy of phase change at respective temperature was determined. 

Results show that the calculated cooling rates for normal, intermediate, and high cooling rates were at 2.23 °C/s, 

2.88 °C/s, and 3.20 °C/s respectively. The variations of cooling rate were found directly related to phase 

transformation during solidification including at liquidus, eutectic and solidus temperatures.   

Introduction 

The SSM processing is an attracting technology, which enables the production of near net shape components 

with superior quality as compared to conventional casting process [1]. Most of the materials used in the SSM 

processing techniques are cast aluminium alloys such as A356 and A357 due to their good fluidity [2–6]. 

Nevertheless, they have relatively poor mechanical properties as compared to wrought aluminium alloys. 

Therefore, there is a strong drive to use 7XXX series aluminium alloys in SSM processing [7–10] as they have 

the highest mechanical properties among aluminium alloys [11].  

Quality of the feedstock billets during SSM processing needs to be controlled, just like in conventional 

casting. Thermal analysis (TA) is one of the useful and vital characterization techniques used to record physical 

properties of the sample as a function of temperature versus time or thermal curve either sample is heated or 

cooled by using a scheduled program [12]. This measurement aims to assess the changes that occurred in the 

sample for both physical and chemical aspects based on the measured properties of thermal analysis curve. The 

quality of a melt batch is observed via a recorded phase change temperatures and, fraction solid and temperature 

profiles relations [13]. Several techniques are also available to investigate the solidification of metals and alloys, 

and among them are differential scanning calorimetry (DSC) and differential thermal analysis (DTA). Aside 

from those methods, Bäckerud et. al. has introduced a different approach with two thermocouples to measure 

heat change in a single sample [14]. This method has enabled in-situ measurement and provides the actual heat 
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change in a test sample. Another way for investigating solidification of metals and alloys is the cooling curve 

analysis method. This technique determines the relationship between melt treatment, alloy composition, cooling 

curve parameters and properties. This technique has been widely used to determine material thermal profiles in 

these recent years [15–18]. The determination of a baseline is vital in cooling curve analysis method as it will 

decide the fraction solid and temperature relations. The cooling curve analysis technique interprets latent heat 

that evolved during solidification by the first derivation of cooling curve graph. This latent heat, which was 

characterized by the temperature change inside the molten metal, represented the phase changes [13].  

Chen et. al., had done a study on the effect of cooling rate on solidification parameters and microstructure of 

Al-Si alloy with the cooling curve technique [19]. They revealed that cooling rate was the main factor that 

affects the temperature gradient and solidification rate, which in turn affect the microstructure and mechanical 

properties of castings. However, there is still a lack of detail experimental investigations on the thermal profiles 

of aluminium 7075 at various sample mass and solidification rates. Hence, this experimental works aims to 

understand the relationship between solidification rate, and fraction solid development at different cooling rate 

conditions. The resulted output from this study is essential in selecting or determining the best processing 

parameters for thixoforming process.  

 

EXPERIMENTAL PROCEDURE 

TABLE 1.  Chemical compositions of wrought aluminium 7075 alloy from the experiment and literature. 

Source (wt%) Al Cr Cu Fe Mg Mn Si Ti Zn 

As-received sample 89.8 0.27 1.33 0.22 2.26 0.05 0.16 0.07 5.74 

Ahmad [20] 88.5 0.2 2.02 0.24 2.38 0.12 0.14 0.09 6.04 

Bäckerud [14] Bal 0.19 1.36 0.28 2.49 - 0.11 - - 

ASM [21] 87.1-91.4 0.18-0.28 1.2-2.0 <0.5 2.1-2.9 <0.3 <0.4 <0.2 5.1-6.1 

 

Wrought aluminium 7075 alloy was used in this experimental work and its chemical composition was 

determined with Optical Emission Spectroscopy, Foundry Master Oxford Instruments. The chemical 

composition test of the alloy was repeated six times for the purpose of accuracy and was then compared with the 

literature. Table 1 shows the chemical compositions of the 7075 used in this experiment and from the literature. 

The 7075 with 20 g in weight was placed in a 20 mm inner diameter and mm in height graphite crucible. The 

graphite crucible then was heated to a temperature of 750 °C with a KX-5188 series auto control high frequency 

induction heating machine. After the 7075 melted inside the graphite crucible, three different cooling conditions 

were selected. First, the crucible was allowed to cool naturally at room temperature to achieve a normal cooling 

rate. The other two conditions, which were the intermediate and high cooling rate, were conducted with the 

graphite crucible with molten alloy in a forced air flow with slower and faster speeds, respectively. A K-type 

thermocouple was positioned at the center of the crucible. It was immersed within the metal to a depth of 15 mm 

from the top of the melt. A Data Logger GL-220 which was connected to a notebook was used to record the 

temperature versus time cooling curve data. The data logger was set at 10 Hz/ch. Cooling rates were determined 

from the cooling curve, which were chosen above the liquidus temperature. The selected regions for calculation 

of cooling rates were set between 10 to 50 °C above the liquidus temperature. Calibration of the thermocouple 

was done before each cooling conditions were recorded to ensure accurate readings. The thermal analysis 

experiments for each condition were repeated three times to ensure reproducibility of the results and the setup 

for thermal analysis is shown in Fig. 1.    

 

 
FIGURE 1.  Schematic illustration of thermal analysis experiment setup for normal cooling condition. 

 

OriginPro 9 data analysis software was used to plot the cooling curve and first derivative curve (dT/dt 

curve). A base line was constructed on the first derivative curve to represent the cooling rate which would have 

occurred if the latent heat evolution was not present. The base line follows the same trend line with the first 

Molten wrought 
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Data logger  
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Connecting 
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e 

Graphite 

crucible 
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derivative curve in the single-phase regions, which are regions above the liquidus temperature, and below 

solidus temperature [13]. Fraction solid (fs) at specific times (∆t) was then computed by dividing the area 

integration value at ∆t with the total area integration values measured from the start (liquidus temperature) to 

end (solidus temperature) of solidification as shown in Eq. (1), where cc and bc is a cooling curve and baseline 

curve, respectively. 
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 (1) 

RESULTS AND DISCUSSION 

Figure 2 (a) and (b) represents the cooling curve, its corresponding first derivative curve alongside with 

baseline curve, and fraction solid recorded during solidification of a normal cooling rate condition. Cooling rate 

was found to be at 2.23 °C/s, which was measured by the slope of the cooling curve above the liquidus region. 

Based on Fig. 2 (a), the liquidus, eutectic, and solidus temperature of the normal cooling rate condition were 

recorded at 619.30, 438.48, and 421.90 °C, respectively. Meanwhile, the purpose of first derivative curve is to 

assist in identifying the changes of phases during solidification process, which might not be noticed just by 

using only the cooling curve. Fraction solid values which were calculated between liquidus and solidus region is 

shown in Fig. 2 (b). The information on fraction solid that happens during progressive solidification is useful to 

determine the processing temperature settings for semisolid metal processing.   

Figure 3 (a) shows the cooling curve for an intermediate cooling rate condition. The cooling rate was 

calculated at several points before liquidus temperature and was found to be at 2.88 °C/s. Based on the figure, 

the liquidus, eutectic and solidus temperature occurred at 603.84 °C, 415 °C, and 393.93 °C respectively. The 

corresponding calculated relations of temperature – fraction solid (Ta − fs) is presented in Fig. 3 (b). 

The cooling curve for high cooling rate condition which was found to be 3.20 °C/s is shown in Fig. 4 (a). 

The liquidus, eutectic and solidus temperature were recorded at 589.91 °C, 405.55 °C and 385.60 °C 

respectively. The first derivation of the cooling curve with a baseline were also shown in Fig. 4 (a). Whereas, 

the corresponding calculated relations of temperature – fraction solid (Ta − fs) is presented in Figure 4 (b). 
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FIGURE 2.  Thermal analysis results for a cooling rate of 2.23 °C/s, with the (a) cooling curve, cooling curve derivation, 

and baseline with respect to time, and (b) calculated temperature-fraction solid relation. 
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FIGURE 3.  Thermal analysis results for a cooling rate of 2.88 °C/s, with the (a) cooling curve, cooling curve derivation, 

and baseline with respect to time, and (b) calculated temperature-fraction solid relation. 
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FIGURE 4.  Thermal analysis results for a cooling rate of 3.20 °C/s, with the (a) cooling curve, cooling curve derivation, 

and baseline with respect to time, and (b) calculated temperature-fraction solid relation. 

 

TABLE 2.  Liquidus, eutectic, and solidus temperature at different cooling rate conditions. 

Source 
Cooling rate 

(°C/s) 

Liquidus 

temperature (°C) 

Eutectic 

temperature (°C) 

Solidus 

temperature (°C) 

This work 2.23 619.30 438.48 421.90 

This work 2.88 603.84 415.0 393.93 

This work 3.20 589.91 405.55 385.69 

Bäckerud [14] 2.3 628.0 466.0 466.0 

ASM [21] - 635.0 - 477.0 

 

The liquidus, eutectic, and solidus temperatures of various cooling rate conditions for this experimental 

work, alongside with data from other reports are shown in Table 2. The results in Table 2 show that the liquidus, 

eutectic and solidus temperature for this work are slightly lower than other results from the literature. Even 

though the cooling rate used between this work and from the literature are quite similar, but the mass of molten 

alloys contributes to the results dissimilarity. It was found that the mass of molten alloys that have been used by 

Bäckerud was 60 g rather than 20 g used in this work [14]. This mass factor explained well about the variation 

between these two results. 
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CONCLUSIONS 

The thermal analysis with different cooling rates was successfully investigated. The difference in cooling 

rate conditions has a significant effect to the changes of phases during solidification process. The liquidus, 

eutectic, and solidus temperature for a normal cooling rate (2.23 °C/s) occurred at 619.30 °C, 438.48 °C, and 

421.90 °C whilst for intermediate cooling rate (2.88 °C/s) occurred at 603.84 °C, 415.0 °C, and 393.93 °C, 

respectively. The liquidus, eutectic, and solidus temperature for a high cooling rate (3.20 °C/s) were recorded at 

a lower temperature than the other cooling rate conditions which were at 589.91 °C, 405.55 °C, and 385.69 °C.  
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ABSTRACT 

The evolution of microstructure affects from different pouring temperatures and 

holding times using a direct thermal method is presented in this paper. The direct 

thermal method is one of the thermal technique which is used to produce semi-

solid metal feedstock. In this experimental work, aluminium 7075 alloy was used. 

The experiments were carried out by pouring 7075 molten alloys into a cylindrical 

copper mould at different pouring temperatures of 685 °C, 665 °C and 645 °C 

meanwhile the holding time of 20 s, 40 s and 60 s before quenched into room 

temperature water. The sample with pouring temperature 680 °C and holding time 

20 s produced the smallest primary phase structure size. Nevertheless, the 

combination between pouring temperature and holding time of 665 and 60 s 

respectively produced the highest circularity value. 
 

Keywords: Semisolid metal, aluminium 7075, direct thermal method, globular 

microstructure 
 

1. INTRODUCTION 

Semi-solid metal (SSM) processing occurs between the liquidus and solidus 

temperature, a range within which the fluidity of molten metal can change greatly. 

Instead of a dendrite microstructure from the conventional liquid casting, a 

globular or spheroidal microstructure can be achieved by controlling process 

parameters, such as the temperature of the melt, cooling rate, stirring time, stirring 
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type, and stirring speed [1,2]. The flow behavior of SSM was influenced by the 

primary phase morphology of SSM slurries [3,4]. Study on SSM flowability shows 

dendritic structures tend to have the lower flowability than equiaxed structures [5]. 

The dendritic structures have a tendency to interlock each other and prohibited 

material from flows when an external force is applied. Furthermore, non-dendritic 

or globular structures were able to flow better which they tend to rotate and slip 

during forming operation [6,7]. A finer microstructure produced a better 

flowability due to better movement, less collisions among particles and lower 

viscosity [1,4,7]. Several rheological tests were performed in order to characterize 

SSM behavior. Simple model and defined parameters to characterize rheological 

of the SSM slurries were used in several parameters to characterize rheological of 

the SSM slurries were used in several research with variance in particle sizes to 

calculate the effective fraction solid. 

SSM casting processes have developed as a niche-casting process where high 

mechanical properties or a complex shape, or both, are required. It is an advanced 

technology which offers the ability to produce various components to be used in 

different industries, mostly within the automotive and aerospace industries. This 

process has many advantages, including low processing temperature, making it 

energy efficient, which contributes to part cost saving [2,8–10]. Due to increased 

fluidity during forming, provide from the spheroidal microstructure, parts formed 

have lower porosity levels [11] and associated improved mechanical  

properties [12]. Other benefits include a die-life extension [13], less filling defects, 

and faster solidification [14]. From a productivity viewpoint, SSM processing can 

provide the same or a greater production rate compared to conventional high-

pressure die casting processes. 

The novel process of Direct Thermal Method (DTM) was discovered initially 

by Brabazon and co-workers in 1997 [15]. In this process, the aluminium alloy was 

cooled from a low superheat within thin-walled cylindrical copper moulds. The 

superheated aluminium was rapidly cooled into the semi-solid state by the heat 

extraction provided by the copper mould. This initial rapid cooling gave rise to 

copious nucleation. At the same time, a thermal equilibrium was rapidly reached 

between the copper mould and the aluminium alloy which in effect provided an 

isothermal arrest which enabled the diffusion dominated processes of ripening to 

yield a globular microstructure. The concept of this process is different from the 

others in that it uses only natural cooling. 

Important processing parameters in DTM that shape the desirable 

microstructure include pouring temperature, holding time before quenching or 

forming, and size of cooling mould utilized. Lower pouring temperature and 

shorter holding periods produced more spherical structures [16]. The more 

spheroidal primary phase would increase the fluidity of the material during SSM 

forming. Higher cooling rates resulting from lower pouring temperatures above to 

below the liquidus temperature provide less superheat to be extracted by 

cylindrical copper mould. The resulting increased undercooling of the alloy during 

the solidification stage promotes the formation of more nuclei which in turn results 

in a smaller grain size [16]. An obvious advantage of this process is that it needs 

no special equipment and provides for low processing cost. However, there are 

limitations on the size of billet that can be produced. 

Recently, wrought aluminium alloys receive greater attention by the researchers 

for SSM processing [10,14,17–21]. Among commercial wrought aluminium 

alloys, 7xxx series alloys (Al-Zn-Mg-Cu) are regarded as excellent candidate 
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materials for structural automotive applications due to their high strength-to-

weight ratio, good ductility, and excellent corrosion resistance in most 

environments [10]. Aluminium 7075 has recently been investigated for use in the 

SSM processing [14,22–27]. The performance of aluminium 7075 has been studied 

by using both thixoformed cooling slope and recrystallization and partial melting 

(RAP) route in order to compare their mechanical properties [24]. It was noted in 

this work that thixoformed RAP route produced better tensile properties. 

The aim of this work is to investigate the effect of processing parameter to the 

microstructure of wrought aluminium 7075 which processed by using DTM. In 

particular, the microstructure evolution was also investigated. 

 

1. Experimental procedure 

The chemical composition of the aluminium 7075 alloys used in this 

experimental work, as determined by Optical Emission Spectroscopy, Foundry Master 

Oxford Instruments and from the literature, is presented in Table 1. The 7075 was 

supplied by Impact Ireland (Metals) Ltd, Ireland. The chemical composition test 

was repeated five times in order to acquire accurate results. 

The following procedures conducted the experiment setup for DTM. A 1 kg 

aluminium 7075 ingots were placed in a graphite crucible and were heated to a 

temperature of 700 °C by using the resistance heated Carbolite 1600 box furnace. 

Once the desired temperature of the melt was obtained, it was poured into a 

cylindrical copper mould with 1 mm wall thickness, 25 mm in diameter, and  

100 mm in height. The different pouring temperatures were set at 645 °C, 665 °C 

or 685 °C. After pouring molten metal into the mould, it was held for 20 s, 40 s or  

60 s respectively. After the holding time for each copper mould was achieved, it 

later quenched into room temperature water. In order to capture microstructure for 

the billet with the normal solidification condition, another billet which poured with 

685 °C molten alloy was allowed to solidify without quenching. 

 

Table 1 Chemical composition of aluminium 7075 from the experiment and literature.  

Source 

(wt%) 

Al Cr Cu Fe Mg Mn Si Ti Zn 

Experiment 88.5 0.2 2.02 0.24 2.38 0.12 0.14 0.09 6.04 

Bäckerud [28] Bal 0.19 1.36 0.28 2.49 - 0.11 - - 

ASM [29] 87.1- 0.18- 1.2- <0.5 2.1- <0.3 <0.4 <0.2 5.1- 

 91.4 0.28 2.0  2.9    6.1 

 
Solidified alloy of the DTM sample with initial dimensions of 25 mm in 

diameter and 100 mm in length were removed from the copper moulds and later 

machined by a Computer Numerical Control (CNC) lathe machine at 20 mm from 

the top and 5 mm from the bottom of the DTM sample. These locations were 

selected in order to give a minimum balance of 75 mm for the final DTM feedstock 

billets. The micrograph samples for each solidified alloy were obtained from the end 

of surface which sliced at 20 mm from the top. The schematic for DTM feedstock 

billet machining dimensions are shown in Fig. 1. 
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Fig. 1. Schematic for feedstock billet after DTM with initial and final dimensions. 

 

Samples were mounted to provide protection to sample and to create a uniform 

surface for subsequent automatic grinding and polishing processes. The samples 

mounted with Bakelite thermoset phenolic resin by using Buehler Simplimet 2000 

Mounting Press hot mounting machine. The curing temperature was set at 180 °C 

for 8 minutes and cooled for 4 minutes.    

Mounted samples were ground by using 240, 800, and 1200-grit size silicon 

carbide (SiC) for 4 minutes, at 10 N force pressure at a 200-rpm grinding wheel 

speed with flowing water. The flowing water helps to remove heat and flush any 

loose particles of metals and abrasive. These initial polishing steps are called 

planar grinding.  

Ground samples were then polished by the Ultra Pad with 9 and 3 micron; and 

Acetate Silk with 1 micron size diamond suspension. The samples were then given 

a final polish with Chemomet with 0.05 micron size alumina polishing suspension 

for 6 minutes each, at 10 N pressures and the polishing speed of 150 rpm. Buehler 

Motopol 2000 grinder/polishing machine were used to perform both of grinding 

and polishing works. 

Chemical etching was used to reveal the grain boundaries of the material under 

an optical microscope after the polishing process. During the grinding and 

polishing processes, thin layer on the material surface was formed. The chemical 

etching removed this thin layer by attacking the surface with the highest energy 

leading to surface relief that to be distinguished under the reflective light. The 

samples then were etched by using Keller’s etch for approximately  

30 seconds [29]. Compositions of the etchant were 95 ml water, 1 ml hydrofluoric 

acid HF, 1.5 ml hydrochloric acid HCL and 2.5 ml nitric acid HNO3. 

Reichert ME F2 universal camera optical microscope was used to view the 

microstructures. Buhler Omnimet Enterprise software was then used to capture the 

microstructure images by using a 8x, 10x, 20x and 40x magnification. 

Primary phase grain size diameter, circularity, aspect ratio and secondary 

phase area measurement were determined by Image J software. The circularity is 

an indication of a perfect circle which occurs within a microstructure. The value 

that approaches a value of 1.0 is considered as the perfect circle with decreasing 

number toward 0.0 is indicates an increasing elongated shape. The aspect ratio is 
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an indication for circular or square morphology, which aspect ratio value increases 

with an elongated particle. The circularity, C and aspect ratio, AR were calculated 

by using the following formula as in Eq. (1) and Eq. (2) which P and A are 

representing a perimeter and an area of the particle respectively: 

  

C = 4𝜋𝐴/𝑃2             (1) 

 

AR = major axis∕minor axis           (2) 

 

The Energy-dispersive X-ray Spectroscopy (EDXS) analysis was performed 

by an Oxford Instrument Inca Energy 350XT machine. This system uses a Carl-

Zeiss EVO-LS15 Scanning Electron Microscope (SEM) to observe the sample 

structure while EDXS detectors disperse chemical composition data. The EDXS 

detector and sample surface were set less than 11 mm in order to collect sufficient 

data. The data which obtained from the EDXS detector were then analysed by Inca 

Software. 

 

2. Results 

Microstructure for a starting material is shown in Fig.. The grain structure 

formation was elongated and un-recrystallized. These grain structure formations 

were shown by the contrast of variations with the formation of elongated grains, 

with several porosities detected.  

 

 
 

Fig. 2. As received sample for aluminium 7075. 

 

Comparison between DTM samples was made by examining the 

microstructure formation which occurred within DTM samples. The 

microstructure for pouring temperature of 685 °C, 665 °C and 645 °C with 

holding time of 60 s, 40 s and 20 s are presented in Fig. 3 to Fig. 5 respectively. 

Likewise, the microstructure for pouring temperature of 685 °C which was 

allowed to solidify without quenching is shown in Fig. 6. 

 

 

 

 

Porosity 

Porosity 
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Fig. 3. Microstructure for sample with pouring temperature of 685 °C and at different holding time 

with (a) 60 s (sample 1), (b) 40 s (sample 2) and (c) 20 s (sample 3). 

 

The role of holding time in DTM was to ensure an adequate temperature was 

achieved before quenching. The quenching temperature for each mould was 

estimated accordingly as the temperature in the copper mould was dropped at  

0.7 °C/s, which was obtained from a separate experimental work [30]. The first 

calculated quenching temperatures for pouring temperature of 685 °C by the 

holding time of 60 s, 40 s and 20 s were at 643 °C, 657 °C and 671 °C 

respectively. The second calculated quenching temperatures for pouring 

temperature of 665 °C by the holding time of 60 s, 40 s and 20 s were at 623 °C, 

637 °C and 651 °C. The last calculated quenching temperatures for pouring 

temperature of 645 °C by the holding time of 60 s, 40 s and 20 s were at 603 °C, 

617 °C and 631 °C respectively. These quenching temperatures later were used to 

determine 𝑇𝑎 − 𝑓𝑠 relations within copper mould which were based on the results 

obtained from a previous experiment [31].  

There was an apparent indication from these figures that there was a 

significant microstructure difference between samples that quenched at different 

time period. Another obvious finding with these results was the sample which 

allowed to solidify without quenching produced a bigger size structure than other 

samples. The microstructure between the sample with pouring temperature of  

685 °C, holding time of 60 s and sample without quenching show this evidence as 

presented in Fig. 3 (a) and Fig. 6. 

 

 

(b) Secondary Phase 

Primary Phase 

(a) 

(c) 
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Fig. 4. Microstructure for sample with pouring temperature of 665 °C and at different holding time 

with (a) 60 s (sample 4), (b) 40 s (sample 5), and (c) 20 s (sample 6). 
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Fig. 5. Microstructure for sample with pouring temperature of 645 °C and at different holding time 

with (a) 60 s (sample 7), (b) 40 s (sample 8), and (c) 20 s (sample 9). 

 

 

 

Fig. 6. Microstructure for sample with pouring temperature of 685 °C (sample 10) and allowed to 

solidify to room temperature. 

 

Comparisons between the microstructure of the samples were made by using a 

grain size measurement method. The grain size measurements consist of the 

average values for primary grain diameter, circularity, aspect ratio and secondary 

phase area. The results obtained from the grain size measurement are presented in 

Fig. 7 to Fig. 10. 

There was a significant difference between average microstructure primary 

grain diameters for sample 1, 2 and 3 which are presented in Fig. 7. Moreover, the 

significant difference was also found with sample 10 that allowed to solidify 

without quenching when the comparison was made with other samples. Sample 10 

which processed with pouring temperature of 685 °C obtained the highest average 

diameter value. This gives the indication that sample 10 contained large 

microstructure features. There was the insignificant difference for grain diameter 

with sample 3 to 9 which processed at different processing conditions. The results 

were found overlapped to each other. Together, these results provide an important 

indicator that the relationship between processing parameters and microstructure 

formation. 
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Fig. 7. Grain size measurement for the average primary grain diameter of 10 samples (errors are 

95% confidence intervals). 

 

 

 

Fig. 8. Grain size measurement for the average microstructure circularityof 10 samples (errors are 

95% confidence intervals). 

 

 

 

Fig. 9. Grain size measurement for the average microstructure aspect ratio of 10 samples (errors are 

95% confidence intervals). 

 

 

Fig. 10. Grain size measurement for the secondary phase area of 10 samples (errors are 95% 

confidence intervals). 
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In order to assess the chemical compositions of the sample, an Energy-

dispersive X-ray Spectroscopy (EDXS) analysis was used. The test was performed 

on two different areas consist of primary and secondary phases. The primary phase 

was represented by a solid grain structure as shown in Fig. 11. Meanwhile, the 

secondary phase was represented by liquid structures that occurred at the grain 

boundary of the solid grain structure as shown in Fig. 12. The chemical 

compositions of one of DTM samples at primary phase, which analysed by using 

EDXS are shown in Table 2. Three major elements were detected consist of 

aluminium (Al), Zinc (Zn) and Magnesium (Mg).  

Nevertheless, chemical compositions of one of DTM samples at secondary 

phase, which analysed by using EDXS are shown in Table 3. Two major elements 

were detected consist of aluminium (Al) and copper (Cu).  
 

Table 2 Chemical composition of primary phase from EXDS. 

Elements (wt%) Al Zn Mg 

Spectrum 92.71 - 100 3.40 – 5.95 1.59 – 1.89 

 

 

 

Fig. 11. EDXS line spectrum for Primary phase. 

Table 3 Chemical composition of secondary phase from EDXS. 

Elements (wt%) Al Cu 

Spectrum 45.47 – 63.18 36.82 – 54.25 

 

 

Fig. 12. EDXS line spectrum for secondary phase. 
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+ 

Line Spectrum (7) 
+ 
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3. Discussion 

4.1 Effect of Pouring Temperature 

 

The variation of pouring temperature used in DTM experiment was 

intentionally established to determine the effect of processing parameters to 

microstructure formation. The results of this experimental work indicated that the 

grain sizes of the sample were strongly influenced by the processing parameters 

applied. Prior study has noted that the pouring temperature was among the 

important factors in DTM which determined the success of the process [31]. 

The pouring temperature is related to the cooling rate. Lower pouring 

temperature is the important parameter in producing a globular microstructure in 

the DTM. Lower pouring temperature for DTM retards the formation of 

microstructure [31]. Lower pouring temperature leads to a higher cooling rate as 

less superheat to be extracted from the mould and the melt. The low pouring 

temperature, which was used in this experimental work, developed small grain size 

diameter and more globular microstructure as the low pouring temperature helps to 

increase the cooling rate. The microstructure which was executed with the pouring 

temperature of 645 °C produced smaller diameter size and more spherical primary 

grain structure than the pouring temperature of 685 °C. The average primary grain 

diameter and circularity were used to determine the size and shape of the 

microstructure to support this finding. The average primary grain diameter of 

sample 2 was higher while circularity was lower than sample 8. Sample 8 

produced by the lower pouring temperature, which was executed at pouring 

temperature of 645 °C. The higher pouring temperature leads to the slower cooling 

rate as more time needed by the systems to extract the heat from the above to 

below the liquidus temperature.  

Lower pouring temperature produced smaller grain structure can be explained 

by the fact that the formation of microstructure merely depended on cooling rate 

which was used for material processing [32–34]. The cooling rate affects the 

formation of microstructure by the magnitude of undercooling temperature during 

solidification [35]. The undercooling is the difference between the equilibrium 

transformation temperature and temperature, which the material cools before the 

start of the phase transformation. 

The undercooling is influenced by the solidification rates, which are influenced 

by the type of a mould material, mould thickness and similar. Therefore, the 

formation of a microstructure which evolves within material depends on the degree 

of undercooling. The undercooling becomes larger when the cooling rate is higher. 

The increment in undercooling increases the amount of nucleation, which is 

ultimately resulting in a smaller grain size. During the solidification process, as the 

undercooling temperature and time increase, the melt potential nucleation 

decreases resulting in a coarse-grained structure deformation. The higher cooling 

rate is therefore associated with a smaller grain size and a globular microstructure.  

Cooling rate determines the success of DTM to produce smaller primary phase 

structure and spheroidal microstructure [34,36,37]. The principle of DTM which 

allows for a quick heat change retards the formation of a microstructure. The 

chilling effect which occurs within the copper mould produced smaller nuclei and 

affected the formation of a spheroidal microstructure. The results in DTM suggest 

that all the samples except sample 10 were suitable for thixoforming operation. 
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The suitable thixoforming feedstock primary grain structure was found in the range 

of approximately 100 µm [26]. 

 

4.2 Effect of Holding Time 

 

The role of holding time in DTM was to ensure an adequate fraction solid 

before quenching. The formation of a smaller size and a globular microstructure by 

using DTM was influenced by fraction solid volume in molten metal before 

quenching [38–40]. This fraction solid was estimated by determining the 

temperature drops during the holding period. Based on separated experimental 

works, the temperature inside DTM moulds during holding time was dropped at 

0.7 °C/s. The different fraction solids used in this experimental work show the 

apparent changes in microstructure evolution. The formation of smallest average 

primary grain diameter in the DTM experimental work occurred at pouring 

temperature of 685 °C and holding time of 20 s (see Fig. 3 (a)). The sample was 

quenched at the temperature of 671 °C which it was in fully liquid state condition.  

The observed correlation between holding time and fraction solid might be 

explained in this way, during rapid solidification after molten alloy was poured 

into a copper mould, the nuclei was started to deform from the liquid condition. 

The nuclei were evolved and impinged to each other within the material and later 

produced a dendritic microstructure as in typical solidification process. During this 

process (from the liquid to dendritic microstructure formation), the fraction solid 

which occurred in the material was increased as it approached the solidus 

temperature. The formation of the nuclei which was small at this stage, become 

larger due to the increment of fraction solid volume. The quenching technique 

which was performed before nuclei become larger captured a smaller and finer 

globular shape microstructure.  

Sample 3 was quenched into ambient temperature water while it still in fully 

liquid condition (temperature at 671 °C). The quenching action had provided 

chilling environment when copper mould and molten alloy reached water. This 

chilling action allows rapid solidification of the melt that later catalysed nuclei 

formation and produced a large number of small size structures. Proper selection of 

a holding time in DTM is crucial to allow the formation of a desired microstructure 

feature due to fraction solid effect. Results in this experimental work show the 

fraction solid has influenced a microstructure formation. The fraction solid is one 

of important parameters in SSM, which determines material flowability, similar 

like in conventional casting process. A different fraction solid which was used in 

this experimental work has showed the apparent changes in microstructure 

evolution.  
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Fig. 13. Microstructure formation for two different raw materials which processed by using DTM 

with (a) aluminium A356 [41]  and (b) aluminium 7075 (this work). 

 

The formation of a globular microstructure in DTM was typically influenced 

by the raw material used. In order to show this, a comparison was made between 

aluminium A356 and 7075 which processed by using a DTM [41]. The 

microstructure for A356 from the literature and 7075 from this work are presented 

in Fig. 13. Both samples were processed at nearly similar pouring temperature in 

the range of 640 to 645 °C and holding time in the range of 40 to 75 s. The A356 

microstructure was slightly more globular than 7075 with obvious distinction for 

the primary and secondary phase formation. Even though some of the research 

indicated that there was likely to process 7075 in semi-solid range temperature, but 

with this experimental work results, the A356 DTM feedstock billets showed more 

superior than 7075 in the scope of globular microstructure and the distinction 

between primary and secondary phase. Furthermore, it was also found that in the 

case of casting alloy 7075, the eutectic phase and globular structure were less to 

appear than for the casting alloy A356 [42]. 

 

4.3 EDXS Analysis 

 

The EDXS results revealed compositions for primary phase (α-Al) for DTM 

samples consist with Al, Zn and Mg such as in Table 2. Further analysis was made 

at the grain boundary area or secondary (liquid) phase. The grain boundary 

compositions for the DTM specimen were contained only with Al and Cu as 

shown in Table 3. The difference in composition at the grain boundary for both 

specimens was likely because of the precipitation sequence. The solidification 

process for the DTM was unable to provide a complete precipitation sequence 

because the samples were quenched into ambient temperature water.  The 

precipitation sequence of Aluminium 7075 was started with α-Al, followed by the 

Al + Al3Fe and then Al + Mg2Si. The next reaction was the eutectic phase, which 

precipitates last during solidification and melt first during heating consist of Al + 

Al2Cu + MgZn2 + Al2Mg3Zn3. The eutectic phase occurred between the primary 

phases (α-Al) at the grain boundaries [26,28]. This phenomenon explained the 

cause of different compositions at the grain boundary which allowed only Al and 

Secondary Phase 

Primary Phase 

Secondary Phase 

Primary Phase 

(a) (b) 
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Cu elements within the DTM sample as a complete precipitation sequence not 

occurred. 

 

4. Conclusion 

 

The combination of an adequate pouring temperature and a holding time 

produced and appropriate smaller size and a globular microstructure. In particular, 

the cooling rate and the fraction solid volume also play the important roles in 

determining the formation of a spheroidal microstructure and finer structure. The 

wrought aluminium 7075 which tend to have a narrow temperature window and 

high flowability resistance used in this research produced average primary 

microstructure phase diameter in the range of 82 to 123 µm and circularity in the 

range of 0.55 to 0.67. Higher pouring temperature was found significantly 

produced higher secondary phase that led to greater fluidity within sample. The 

higher cooling rate that was used for SSM feedstock processing has produced a 

small, globular and a uniform microstructure. The combination of pouring 

temperature at 685 °C and the holding time of 20 seconds produced the smallest 

primary phase structure size. Likewise, the combination between pouring 

temperature and holding time of 665 °C and 60 s respectively produced the highest 

circularity value at 0.5 fs. The finding presented in this research contribute details 

understanding and information regarding the behaviours of the wrought aluminium 

7075 processed by DTM for thixoforming. 
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CHAPTER 4 

 

CONCLUSION 

 

The thermal analysis with different cooling rates was successfully 

investigated. The difference in cooling rate conditions has a significant effect to the 

changes of phases during solidification process. The liquidus, eutectic, and solidus 

temperature for a normal cooling rate (2.23 °C/s) occurred at 619.30 °C, 438.48 °C, 

and 421.90 °C whilst for intermediate cooling rate (2.88 °C/s) occurred at 603.84 °C, 

415.0 °C, and 393.93 °C, respectively. The liquidus, eutectic, and solidus 

temperature for a high cooling rate (3.20 °C/s) were recorded at a lower temperature 

than the other cooling rate conditions which were at 589.91 °C, 405.55 °C, and 

385.69 °C. 

The combination of an adequate pouring temperature and a holding time 

produced and appropriate smaller size and a globular microstructure. In particular, 

the cooling rate and the fraction solid volume also play the important roles in 

determining the formation of a spheroidal microstructure and finer structure. The 

wrought aluminium 7075 which tend to have a narrow temperature window and high 

flowability resistance used in this research produced average primary microstructure 

phase diameter in the range of 82 to 123 µm and circularity in the range of 0.55 to 

0.67. Higher pouring temperature was found significantly produced higher secondary 

phase that led to greater fluidity within sample. The higher cooling rate that was used 

for SSM feedstock processing has produced a small, globular and a uniform 

microstructure. The combination of pouring temperature at 685 °C and the holding 

time of 20 seconds produced the smallest primary phase structure size. Likewise, 

the combination between pouring temperature and holding time of 665 °C and 60 s 

respectively produced the highest circularity value at 0.5 fs. The finding presented in 

this research contribute details understanding and information regarding the 

behaviours of the wrought aluminium 7075 processed by DTM for thixoforming. 

  


