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Abstract: Effect of pre-annealing treatment temperature on compactibility of gas-atomized Al−27%Si alloy powders was 

investigated. Microstructure and hardness of the annealed powders were characterized. Pre-annealing results in decreasing Al matrix 

hardness, dissolving of needle-like eutectic Si phase, precipitation and growth of supersaturated Si atoms, and spheroidisation of 

primary Si phase. Compactibility of the alloy powders is gradually improved with increasing the annealing temperature to 400 °C. 

However, it decreases when the temperature is above 400 °C owing to the existence of Si−Si phase clusters and the densely 

distributed Si particles. A maximum relative density of 96.1% is obtained after annealing at 400 °C for 4 h. In addition, the deviation 

of compactibility among the pre-annealed powders reaches a maximum at a pressure of 175 MPa. Therefore, a proper pre-annealing 

treatment can significantly enhance the cold compactibility of gas-atomized Al−Si alloy powders. 
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1 Introduction 
 

Rapidly solidified materials have superior 

mechanical properties, such as high strength, modulus, 

wear resistance, and elevated temperature strength [1−3]. 

This comes from the reduction of segregation, 

refinement of secondary phases or intermetallic 

compounds and suppression or elimination of coarse 

primary phases, which results from high solidification 

rate. In this sort of application, gas-atomization is a 

well-established technology for fabricating pure or 

pre-alloyed powder [4,5]. It is generally known that the 

powder compactibility plays an important role in the 

economical production of powder metallurgy (PM) route. 

Therefore, it is important to understand the powder 

compactibility thoroughly in terms of densification   

and microstructure variations to control the  

consolidation process, and then the characteristics of 

bulk material [6−8]. 

As a precursor process to sintering or other hot 

working, many studies have been carried out on the 

compactibility of metal, ceramic, and composite  

powder [9−11]. Previous studies indicated that 

reinforcement characteristics, such as size, shape, and 

distribution, have a great effect on the densification 

behavior [6,12,13]. DELIE and BOUVAR [6] suggested 

that irregular reinforcements hinder the densification 

behavior, especially when the volume fraction of 

reinforcement is high or when the reinforcements have 

high aspect ratio. Their numerical simulation results 

indicated that the matrix should be more deformed to 

surround the reinforcements with high specific area. The 

compactibility is also reduced with decreasing the size of 

reinforcement or increasing its volume fraction [14−16]. 

Mechanical milling, towards a homogeneous distribution 

of reinforcement, not only changes the powder 

microstructure, mechanical properties, and morphology, 

but also influences the compactibility [17−19]. 

Increasing the milling time results in enhancing the 

matrix hardness and the formation of spherical powder, 

which reduces the deformation capacity [18]. 

In terms of microstructure and performance, 

hypereutectic Al−Si alloy is generally regarded as an 

in-situ natural Al matrix composite, in which Si phases 

act as reinforcement [20,21]. According to the classical  
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LSW theory [22,23], the grains are coarsened as a 

function of temperature and holding time. What’s more, 

the Si phase characteristics in rapidly solidified Al−Si 

alloys are highly sensitive to the annealing temperature 

[24,25]. Therefore, the evolution of Si phases, i.e., size, 

shape, and morphology, and the mechanical properties of 

Al matrix will significantly affect the compactibility of 

rapidly solidified hypereutectic Al−Si alloy powder. 

According to the open literatures available, no study has 

been reported on the effect of pre-annealing treatment on 

the compaction behavior of rapidly solidified powder. 

In the present work, the compactibility of 

gas-atomized hypereutectic Al−Si alloy powder was 

evaluated as a function of pre-annealing temperature. 

The effect of pre-annealing temperature on the evolution 

of α(Al) matrix microhardness and the characteristic of 

Si phases, including primary and eutectic Si phases were 

investigated. The morphology of the Si phases was 

observed from powder particle cross-sectional and 

surface microstructures and the Si phases extracted from 

the Al matrix by deep etching. Finally, the 

microstructural features and matrix hardness effects on 

powder compactibility were discussed based on density 

versus applied pressure curves obtained by cold rigid 

compaction. 

 

2 Experimental 
 

Hypereutectic Al−27%Si (all compositions are in 

mass fraction) alloy powders were employed in the 

present work. The master alloy prepared by induction 

melting process was melted at 950 °C. High purity Al 

(99.995%) and monocrystalline silicon (99.999%) were 

utilized as raw materials. The molten metal was poured 

into a tundish and then bottom poured through a graphite 

melt delivery nozzle of 2.5 mm into an annular N2 gas 

atomizer operating at a pressure of 0.9 MPa. The 

as-atomized alloy powders were mechanically sieved to 

exclude particles larger than 200 μm. 

The powders were pre-annealed at various 

temperatures (100 to 450 °C) for 4 h under the 

atmosphere of H2. Compactions of the as-atomized and 

pre-annealed powder were conducted at room 

temperature in a cylindrical die with an inner diameter of 

20 mm. In each case, the pressure was slowly increased 

to the target value and held for 30 s before ejection of the 

die. The initial aspect ratio of L0/d (height/diameter) was 

lower than 0.5 to ensure more homogeneous pressure 

distribution into the cylindrical sample. The die was not 

lubricated and no lubricant was mixed into the powder. 

Size characteristics of the as-atomized powders 

were analyzed using a laser particle size analyzer. 

Specimens for microstructural observation were prepared 

and etched with Keller’s reagent (1%HF−1.5%HCl− 

2.5%HNO3−95%H2O, volume fraction). To reveal the 

morphology of primary and eutectic Si phases in more 

detail, the as-atomized and annealed powders were 

deep-etched with 10% HCl dilute reagent at 60 °C, 

respectively. The morphology and microstructure of 

powders and the Si phase morphology were 

characterized by using a scanning electron microscope 

(SEM, FEI QUANTA−200). The Vickers microhardness 

was measured by applying a load of 10 g for 30 s. At 

least 20 measurements were made randomly on the 

polished particle cross-sections. The size characteristics 

of the Si phase were measured using an image analysis 

software. The relative densities of compacts were 

measured by the Archimedes immersion method and 

volumetric method, respectively. The Archimedes 

method indicates that the apparent mass of an object 

immersed in water decreases by an amount equal to the 

volume of the liquid that it displaces. While, the 

volumetric method is according to the volume and mass 

of an object. It was noted that the Archimedes results 

may be not accurate for compacts with high porosity, 

thus the volumetric results were used when the 

disagreement between values from Archimedes and 

volume method was above 2.0%. 

 

3 Results and discussion 
 

3.1 Powder morphology and size distribution 

It is widely realized that the compaction behavior 

and consolidation process of PM parts are strongly 

affected by the powder characteristics such as 

morphological features, microstructure, mechanical 

properties, size, and size distribution [16]. Figure 1 

presents the morphologies of the gas-atomized Al−Si 

alloy powders. From the images, the powder particles 

have various shapes, such as teardrop, ellipsoid or near 

spherical (Fig. 1(a)). The surface of the particles is quite 

rough, with many satellite particles, flasher or holes  

(Fig. 1(b)). With decreasing the particle size, the particles 

with near spherical shape become dominant and      

the surfaces become smoother. Size distribution 

characteristics of the powders are presented in Table 1. 

 

Table 1 Size distribution characteristic of hypereutectic Al−Si 

alloy powders (Dn is the particle diameter (μm) at n percent of 

cumulative curve, Dv is the mean particle diameter from 

volume, and Da is the mean particle diameter from area) 

Parameter Particle size/μm 

D10 16.0 

D50 50.5 

D90 110.5 

Dv 57.7 

Da 28.1 
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3.2 Microstructure and hardness 

Figure 2 shows the cross-sectional microstructures 

of the Al−Si alloy powders with a diameter of about   

30 μm as a function of the pre-annealing temperature. 

Irregular primary Si phase with sharp corners and 

needle-like eutectic Si phase with network structure 

distribute in Al matrix at the as-atomized state       

(Fig. 2(a)). After annealing at 300 °C, the eutectic Si 

phase partially dissolves into the Al matrix as the aspect 

ratio (the ratio of needle length to width) decreases. 

While, no obvious change in the size and shape of the 

primary Si phase appears (Fig. 2(b)). After annealing at 

 

 

Fig. 1 Morphological features of Al−Si alloy powders with various shapes depending on particle size (a) and quite rough powder 

surface (b) 

 

 

Fig. 2 Microstructures of Al−Si alloy powders as-atomized (a) and pre-annealed at 300 °C (b), 400 °C (c) and 450 °C (d) 
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400 °C, the Si crystals precipitate from the 

supersaturated Al matrix and then grow to have an 

approximately spherical shape (Fig. 2(c)). Thus, the 

rapidly solidified structure finally decomposes into two 

equilibrium phases of α(Al) and Si phase by annealing. 

In the powders pre-annealed at 450 °C, the newly formed 

Si phase and the primary Si phase quickly grow to have a 

mean diameter of 1.76 μm and 4.56 μm, respectively 

(Fig. 2(d)). Another important phenomenon is also 

noticed that the volume fraction of Si phase seems to 

gradually increase with increasing the temperature owing 

to the precipitation and growth of supersaturated Si. 

As reinforcement, the characteristic of Si phases, 

including primary and eutectic phases, can greatly 

influence the compaction behavior of hypereutectic 

Al−Si alloy powders. In order to investigate the 

morphologies of the Si phases in more detail, Si phases 

were extracted from the Al matrix through deep-etching 

and the results are shown in Fig. 3. From Fig. 3, it is 

observed that the pre-annealing temperature has a 

significant effect on the morphologies of primary and 

eutectic Si phases. The primary Si phase exhibits a 

variety of morphologies such as polygonal, star-like, and 

other irregular shapes in the as-atomized state (Fig. 3(a)).  

However, the spheroidizing of primary Si phase is 

observed as the sharp corners become smoother after 

pre-annealing, as shown in Figs. 3(b) to (d). Furthermore, 

clustering of the primary Si phase is observed after 

pre-annealing at 450 °C, where the clustered Si phase 

shows a complicated morphology and leads to the 

formation of Si phase with large size. Additionally, the 

eutectic Si phase with needle-like morphology changes 

into bar-like or block-like morphology with increasing 

the pre-annealing temperature. At the same time, it is 

also clear to observe that clustering of the eutectic Si 

phase occurred after pre-annealing at 300 to 400 °C. This 

indicates that the primary Si phase grows by attachment 

of not only Si atoms but also Si−Si clusters. 

Figure 4 shows the XRD patterns of the 

gas-atomized Al−Si alloy powders before and after 

annealing. It can be seen that all diffraction peaks are 

attributed to Al and Si phases, and no additional 

intermetallic or compound can be observed. Therefore, 

no detrimental reaction occurred during the fabrication 

and annealing process. However, the diffraction peaks of 

Si phase are more visible owing to the precipitation and 

growth of supersaturated Si atoms. 
 

 

Fig. 3 Morphologies of primary and eutectic Si phases as-atomized (a) and pre-annealed at 300 °C (b), 400 °C (c), and 450 °C (d) 
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Fig. 4 XRD patterns of gas-atomized Al−Si alloy powders 

before and after pre-annealing at 400 °C 

 

Figure 5 illustrates the average size of primary Si 

phase and the microhardness as a function of the 

pre-annealing temperature. No observable coarsening of 

the Si phase is found after pre-annealing at temperatures 

below 250 °C. However, with further increasing the 

temperature, the size of Si phase increases quickly from 

1.78 μm at as-atomized state to 4.56 μm after 

pre-annealing at 450 °C. Generally, the Si phase grows 

by attachment of Si atoms to the surface of pre-existed Si 

particles. The diffusion rate of Si atoms plays an 

important role in the growth of Si phase. As a 

thermal-activated process, the diffusion of Si atoms will 

become easier with increasing temperature, which 

accelerates the diffusion rate to a great extent. Therefore, 

the size of Si phase increases evidently with increasing 

the pre-annealing temperature. 

The variation of mechanical property of the powder 

particles was studied through the Vickers microhardness 

measurements (Fig. 5). Microhardness of the powder 

decreases from HV 106 at the as-solidified state to   

HV 71 after pre-annealing at 450 °C. The supersaturation  

 

 

Fig. 5 Size of primary Si phase and microhardness of Al matrix 

with increasing pre-annealing temperature 

of  Si  atoms  owing  to  the  high  undercooling  during 

atomization and the densely distributed eutectic Si phase 

in Al matrix result in the high microhardness. A rapid 

decrease is observed as the pre-annealing temperature 

increases from 200 to 400 °C. However, nearly identical 

microhardness values are obtained when the 

pre-annealing temperature is higher than 400 °C. The 

main reason is that, in the thermal activation, 

precipitations of supersaturated atoms weaken the effect 

of solid solution strengthening on the Al matrix. 

Additionally, the relaxation of lattice distortion and 

decrease of dislocation density also contribute to the 

softening of Al matrix. 

 

3.3 Compaction behavior 

Figure 6 shows the compaction and densification 

rate (increment of relative density) curves of the 

gas-atomized Al−Si alloy powders annealed at various 

temperatures. The density related to the zero applied 

pressure is the tap density of 45.6% (Fig. 6(a)). In 

general, the compaction curves are similar to those of 

conventional metallic powders, i.e., the relative density 

increases with increasing the applied pressure with a 

decelerating densification rate (Fig. 6(b)). The 

compactibility is generally indicated by the extent of  

 

 

Fig. 6 Compaction (a) and densification rate (b) curves of 

Al−Si alloy powders as function of pre-annealing temperature 
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increased green density after applying a specific 

compaction pressure. Therefore, the compactibility is 

gradually improved with increasing the pre-annealing 

temperature to 400 °C, but is limited above that. The 

relative density of powder pre-annealed at 400 °C 

reaches a maximum value of 96.1% after compacting at 

400 MPa. Additionally, the deviation in compatibility of 

the pre-annealed powder is more noticeable with 

increasing the applied pressure to about 175 MPa, and 

then the deviation is reduced with higher pressure. 

According to the variation of microhardness of Al 

matrix with increasing the pre-annealing temperature, as 

shown in Fig. 5, the powders pre-annealed at relatively 

high temperatures obtain high level of deformation 

capacity. Owing to the mechanical property difference 

between the Al matrix and the Si phase, the powders 

deform through deformation of the soft Al matrix and the 

hard Si particles are non-deformable. At low compaction 

pressures, the densification progresses through the 

deformation of particle surfaces contacting with each 

other. This suggests that the plastic deformation of Al 

matrix occurs immediately with little powder 

rearrangement because the powder is tapped before 

compaction. It is known that warm compaction reduces 

the yield pressure of metal powder and enhances the 

compactibility by improving the contribution of plastic 

deformation of metal matrix [15]. Therefore, the 

compactibility of gas-atomized Al−Si alloy powders is 

gradually improved with decreasing the matrix hardness 

resulted from the increasing pre-annealing temperature. 

In order to explain the densification behavior of 

gas-atomized hypereutectic Al−Si alloy powders, not 

only the mechanical property was taken into 

consideration, but also the morphology and size of Si 

phases were investigated. During compaction, the Al 

matrix deforms plastically, the pores decrease in size and 

amount and the yield stress of the Al matrix increases 

due to the work hardening effect. Considering the 

deformation resistance, the primary Si with irregular 

shapes and sharp edges and the needle-like eutectic Si 

and dense distribution become a detrimental factor on 

compatibility. It has been indicated that the matrix should 

be deformed when inclusions have irregular shape and 

high surface area [6]. Therefore, due to the 

characteristics of rapidly solidified microstructure, the 

as-solidified alloy powders have poor compactibility. 

With increasing the pre-annealing temperature to 

200 °C and 250 °C, the dissolving of the needle-like 

eutectic Si phase contributes to the densification. 

However, at such state, the precipitated Si phase with 

small size and the primary Si phase with still sharp edges 

have large specific area and thereby experience increased 

friction during the compaction. 

Spheroidisation of the primary Si and growth of the 

precipitated Si with increasing the pre-annealing 

temperature to 400 °C further improve the  

compactibility. Therefore, the compactibility of powder 

improves with increasing the pre-annealing temperature. 

However, the complicated Si particles caused by the 

clustering of Si−Si phase after pre-annealing at 450 °C 

blocks the densification process. At low applied 

pressures, the influence of the Si phase morphology and 

size on the densification is relatively small, because the 

rearrangement of powder particles is the dominant 

densification mechanism. As the applied pressure 

increases, however, this effect is enhanced due to the 

work hardening of Al matrix. Such effects of 

morphology and size of Si phase on the compactibility 

are similar to those of reinforcement characteristics in 

composite powder [13,26]. 

Another possible factor which determines the 

compactibility is the volume fraction of the Si phase, as 

the matrix should conduct extra plastic deformation with 

high volume fraction of reinforcement. Thus, the 

compactibility of the powders pre-annealed at 450 °C is 

limited due to the complete precipitation and clustering 

of the Si phase. The compaction mechanism is usually 

considered in four stages, but it is unlikely that a single 

compaction equation will fit well in a single stage 

because several mechanisms may occur concurrently 

according to the powder characteristics and pressure 

level [8,27]. 

Therefore, the hardness of the Al matrix plays an 

important role at the initial stage of compaction at low 

pressures. While, the dissolving of the eutectic Si, 

growth of the precipitated Si, and spheroidisation of the 

primary Si contribute to the densification of the 

pre-annealed powder at high pressures. However, the 

clustering of Si−Si phase may be detrimental to the 

densification of hypereutectic Al−Si alloy powders. It is 

somewhat difficult to identify the size distribution of Si 

particles which could also influence the compactibility of 

hypereutectic Al−Si alloy powders. Therefore, it is 

important to choose a proper pre-annealing temperature 

for improving the compactibility of rapidly solidified 

powder. 

 

4 Conclusions 
 

1) Dissolving of the needle-like eutectic phase, 

precipitation and growth of supersaturated Si, and 

spheroidisation of the primary Si phase are observed in 

the rapidly solidified hypereutectic Al−Si alloy 

depending on the pre-annealing temperature. Clustering 

of the primary Si phase is observed after pre-annealing at 

450 °C, which leads to the quick growth of Si phase. 

Microhardness of the Al matrix decreases apparently 

after pre-annealing at 250 to 400 °C. 
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2) The compactibility of gas-atomized Al−Si alloy 

powders is improved gradually with increasing the 

pre-annealing temperature to 400 °C due to the decreased 

deformation resistance, which can attribute to the Al 

matrix softening and the evolution of the Si phase 

morphology and size. However, the compactibility is 

limited when the pre-annealing temperature is above 

450 °C owing to the existence of Si−Si clusters and 

densely distributed Si phase. 

3) Densification deviation of the powders 

pre-annealed at different temperatures shows that plastic 

deformation of the Al matrix occurs immediately with 

little particle rearrangement. The high microhardness of 

the matrix determines the densification behavior at low 

pressures, while the size, morphology, and volume 

fraction of reinforcing phase become more dominant at 

high pressures. 
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摘  要：研究预退火温度对气雾化 Al−27%Si 合金粉末压制性能的影响，并分析退火粉末的显微组织和硬度。预

退火不仅降低 Al 基体硬度，而且导致针状共晶 Si 相熔解、过饱和固溶 Si 原子析出和长大以及初晶 Si 相球化。

合金粉末的压制性能随着退火温度升高至 400 °C 而逐渐提高；但是，由于出现 Si−Si 相缠结和密集分布的 Si 颗

粒，粉末的压制性能在退火温度高于 400 °C 时反而有所下降。粉末在 400 °C 退火 4 h 后，其相对密度最大达到

96.1%。另外，预退火合金粉末压制性能的差异在压制压力为 175 MPa 时达到最大。因此，通过合适的预退火处

理可以大幅提高气雾化 Al−Si 合金粉末的室温压制性能。 

关键词：Al−Si 合金；压制性能；快速凝固；退火；显微组织 
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