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ABSTRACT
The effect of the processing technique on the microstructural and mechanical characteristics of A319/SiCp metal matrix composites (MMCs) was investigated. Composites containing 15 vol.-% of SiC particulates were fabricated using two different variations of rheocasting technique namely semi-solid (SS) and semi-liquid (SL) techniques. Tensile tests were conducted to evaluate the performance of the prepared alloys. Microstructural observations showed that the processing technique has a great influence on the morphology of (-Al and eutectic silicon as well as the porosity content. The composites showed acceleration in the precipitation kinetics in comparison with the unreinforced materials.  Moreover, the SS composites showed also acceleration in the precipitation kinetics when compared with SL composites. The tensile tests results revealed that SS composites have better ultimate and yield strengths when compared with SL composites. 
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1.  INTRODUCTION
Aluminum alloys reinforced with ceramic particulates are attractive for applications requiring higher stiffness, wear resistance and strength than traditional aluminum alloys [1-2]. Reinforcement by particles or short fibers of SiC and Al2O3 has proved to be especially advantageous since it offers composites materials having virtually isotropic properties at low cost [1]. Recently, there has been a growing interest in using metal matrix composites for high temperature applications in aircraft and automobile engines technologies [3]. Particulate reinforced MMCs have been synthesized using a number of different techniques that include solid phase processes, liquid phase processes and two phase (solid–liquid) processes (sometimes called 

rheocating or compocasting) [4]. The later process has been shown to be very promising for the manufacture of near-net shape composites in a simple and cost-effective manner [5]. In the rheocasting processes, the reinforcement is added to a semi-solid matrix alloy during vigorous agitation using mechanical or magneto-hydrodynamic methods. The presence of the primary solid phase in the viscous semisolid slurry assists in incorporating of the ceramic particles [6]. Moreover, the presence of the solid phase inside the melt reduces particles agglomeration resulting in a more homogeneous particle distribution as compared with a fully molten alloy [7]. 
There are two methods of the rheocasting process namely semi-solid (SS) and semi-liquid (SL) process techniques [8]. These two processes are distinguished from each other by the state of the matrix during the casting step. In SS the matrix is partially liquid while in the SL the matrix is nearly fully liquid. It has been reported  [7-9] that  the SS technique has many advantages over the SL technique such as lower operating temperatures, faster process cycles, reduced solidification shrinkage, and lower tendency for hot tearing, suppression of segregation, settling or agglomeration. However, the SS process [8] has many disadvantages, for instance, porosity, processing difficulties concerned with the control of the processing parameters such as temperature and shear rate. It well known that the problems concerned with the porosity in SS can be eliminated by application of pressure during the processing or forming. Moreover, it is well known that the selection of the alloy for SS processing is very critical. Alloys with narrow solidification range such as wrought aluminum alloys is difficult to process, while cast Al alloys, especially hypoeutectic Al-Si alloys exhibit wider solidification range giving the opportunity for easier control on SS process parameters. Cast Al-Si alloy exhibit a steep relationship between liquid fraction and melt temperature. So, any sudden decrease or increase in temperature during processing will not greatly affect the amount of liquid or solid fractions inside the molten slurry. 
Many investigations were reported about both microstructural and mechanical properties of SS-processed composites [7-9], but a comparison between the mechanical properties of SS and SL produced particulate reinforced MMCs needs more attention in order to be able to choose a method of fabrication. Therefore, it is the aim of this work to compare the microstructural characteristics as well as the elevated temperatures mechanical behaviour of Al MMCs fabricated by SS and SL techniques.
2. 
EXPERIMENTAL PROCEDURES
2.1 
Raw Materials

A commercial casting-grade aluminium alloy A319 was employed as the matrix material. The chemical composition of the alloy is shown in Table 1. 15 vol.-%SiC particles were added to the matrix alloy. The average size of SiC particles was 10 (m.
Table 1. The chemical composition of A319 Al alloy

	Alloy
	Chemical compositions (wt%)

	A319
	Si
	Fe
	Cu
	Mg
	Mn
	Ni
	Zn
	Ti
	Al

	
	6.48
	0.25
	3.00
	0.002
	0.003
	0.004
	0.013
	0.009
	Bal.


2.2 
Liquid Weight Fractions Calculations
In order to determine the solidus and liquidus temperatures as well as liquid weight fractions at any temperature for the A319 alloy, a fraction liquid vs. temperature curve was constructed using differential scanning calorimetry (DSC) technique. DSC measures the heat evolved during the solid–liquid phase transformation which can be used to determine the liquid fraction vs. temperature relationship. The liquid weight fraction vs. temperature relationship was obtained by integration of partial areas under the DSC curve. Figure 1 shows the obtained DSC curve as well as the calculated liquid weight fraction vs. temperature relationship. According to DSC experiment, the approximate solidus and liquidus temperatures are 516 and 610 oC, respectively. Moreover, the temperature T0.5 and T0.9 at which the liquid weight fraction inside the molten slurry equal to 0.5 and 0.9 wt.-% were found to be 570 and 604 oC, respectively. In the present study the SS composites were processed at 570+3 oC, while the SL composites were processed at 604+3 oC.

2.3 
Composites Fabrication

The manufacturing method was according to the following procedure: the A319 Al matrix alloy was heated to about 700 ◦C, which is about 90 oC above the melting temperature of such alloy, in a graphite crucible using electrical resistance furnace followed by stirring the melt at 750 rpm using four blades stainless steel impeller. While the stirring was continued, the temperature of the furnace was gradually decreased, until the melt reached the specified temperature in the liquid-solid range. Then, the temperature was decreased to about 570+3 and 604+3 oC for the SS and SL samples respectively. The molten slurry was kept at these temperatures for 10 min while being continuously stirred. Preheated SiC particles were added to the molten slurry at a constant rate (( 5.5 g/min). The SiC particles were previously heated in air at 300 oC for 30 min. This treatment improves the wettability of the SiC particles and reduces the undesired interfacial reactions. After incorporating the SiC particles, the stirring was continued for about 20 min and then the stirring was stopped. This time (i.e. 20 min) is quite enough time to ensure good metal/particles mixing. After that, the composite slurry was poured into a preheated cylindrical steel mould of 50 mm diameter and placed inside a tubular resistance furnace followed by squeezing during solidification under pressure of 100 MPa. As previously mentioned the squeezing step is essential to reduce the porosity content in the composites, hence improving the mechanical properties. Composites containing 15 vol-.% SiC particles were prepared using both SS and SL techniques. For the sake of comparison, the unreinforced A390 matrix alloy was also fabricated using the above mentioned techniques. The matrix was stirred for about 20 min before pouring them inside the steel mould.
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	Fig. 1. DSC curve and the variation of liquid weight fraction with

 temperature for A319 unreinforced alloy


2.4
 Heat Treatment

The unreinforced A319 alloy and the composite alloys were solution heat treated at 505+2 oC for three hours and then quenched in cold water. After cooling, specimens were cut and artificially aged at 155+1 oC to determine the peak hardness level attainable during age hardening and the time required for achieving such a hardness level. Vicker’s hardness test measurements were carried out using a load of 10 kg.
2.5 
Tensile Tests

Tensile tests were carried out at ambient temperature to determine the performance of the prepared materials. Tensile tests were carried out after heat treating the monolithic alloy and composites samples to their peak hardness. The tensile tests were conducted on round tension test specimens of diameter 4 mm and gage length 20 mm using Shimadzu universal testing machine according to DIN 50125. For each condition, three specimens were tested. After each test, the ultimate tensile strength (σUTS), 0.2% offset yield strength (σYS), and the ductility δ% (measured by % elongation) were calculated. 
2.6 
Metallographic and Fracture Surfaces Examination

The microstructure examination was carried out using Olympus optical metallurgical microscope. The average sizes of (-Al grains as well as the eutectic silicon were measured using SoftCast image analyzer software. The volume fraction of porosity was measured using quantitative metallographic technique, in which areas of all pores observed at the specimen section were measured using the image analyzing techniques. The summation of these areas was then divided by the total observed area of the specimen section. The observations were carried out at magnification 100×.
3. RESULTS AND ANALYSIS
3.1 Microstructural Observations
Figure 2 shows the microstructures of the monolithic alloy fabricated by both SS and SL techniques. It is clear from the figure that the microstructure of both monolithic materials (i.e. SS and SL processed materials) consists of (-Al grains and eutectic phase. However, it was noticed that the SS material has much smaller size of (-Al grains when compared with SL material. The average grain size for the SL and SS materials were about 80 and 35 (m, respectively. Refinement of the SS microstructure due to vigorous agitation in the solid–liquid range is explained by several researchers [10-12]. Vogel et al. [10] proposed the bending of the dendrite arm due to stirring and its subsequent separation followed by liquid penetration. The stirring also allows the fragmentation of the dendrites to smaller ones. Hellawell [11] suggested that remelting of dendrite arms at their roots, rather than breaking off by a mechanical force, which might achieve grain multiplication. 
The unreinforced material made by SL technique exhibited coarse acicular eutectic silicon of about 12+5 (m in length dispersed among the fully developed primary aluminum dendrites. In contrast, the unreinforced A319 material made by SS technique displayed a microstructure of much finer eutectic silicon. The eutectic silicon for the SS materials was 5+3 (m in length.
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	(a)
	(b)

	Fig. 2. Microstructure of A319 monolithic material fabricated by (a) SL and (b) SS techniques.


The microstructures of the SL and SS A319/15 vol-% SiC composites are illustrated in Fig. 3a and 3b, respectively. The distribution of SiC particles inside the material matrix is more uniform in SS composites when compared with SL composites. Agglomerations of SiC particles are observed in SL samples. It is believed that high viscosity of SS material allowed reducing macrosegragation of the SiC particles. The high effective viscosity of the SS metal slurry prevents particles from settling or agglomerating [7,9].
Porosity measurements for the investigated materials are illustrated in Fig. 4. The results revealed that the SL monolithic material exhibited slightly higher porosity content than the SS monolithic material. In both SS and SL processed monolithic materials there is a presence of a finite amount of non-connected porosity in the matrix (see the arrows in Figs. 2a and 2b). It is also noticed that the unreinforced materials (both SL and SS) have lower porosity than the composites fabricated using both techniques. The high porosity content of the composites could be explained by the air bubbles entering the slurry either independently or as an air envelope around the reinforcement  particles [13].
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	Fig. 3. Microstructure of A319/SiC composites fabricated by 
(a) SL and (b) SS techniques.
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	Fig. 4.  The porosity of the investigated materials


Comparing the porosity levels of the SS and SL composites showed that the SL composites have slightly lower porosity level than SS composites. This is attributed to the non-uniform distribution of SiC particles. The places of particles agglomerations tend to entrap the gases between the particles and form inter-particles clustering porosity. When the SiC particles are uniformly distributed, this allows the inter-particles clustering porosity to be reduced as in the case of SS composites and hence reduces the bulk (overall) porosity. 

It is well known that final distribution of ceramic particles inside the matrix material depends on many factors, such as the fabrication technique and its process parameters (for example, stirring temperature, preheating temperature of the ceramic particles, pouring temperature…etc) as well as the nature and the amount of the ceramic phase. In the present work a combination of stir casting and squeeze casting techniques is adopted. The reason for squeezing the materials is to reduce the porosity level and improve the particles distribution by reducing the agglomeration by helping in redistributing the particles and improving the microstructure. However, the microstructure after squeezing depends on the initial microstructure obtained from the stir casting. If the distribution of SiC particles obtained after stirring is fairly uniform, it is expected that the effectiveness of squeezing will be high. In contrast, if the microstructure obtained after stir casting suffers from SiC particles segregation, as in the case of SL composites, the effectiveness of the squeezing will be reduced [2,5,7]. 

3.2 Aging Behaviour
The effect of processing technique on age-hardening behaviour was identified by comparing the behaviour of two identical materials fabricated by two different processing techniques. Figure 5 shows the aging response curves for the investigated materials. The results revealed that, for the unreinforced A390 material, the precipitation kinetics had small dependence on the processing technique. Both SS and SL matrix materials had reached the peak hardness after 8 hours. It is also observed that the SL material has a slightly higher peak hardness value than the SS material. The A319 SS and SL unreinforced materials showed peak hardness values of 93 and 96 VHN, respectively. 
According to Fig. 5, it can be concluded that the precipitation kinetic of the composites is completely different when compared with the unreinforced material. The composites reached the peak hardness before the unreinforced materials. Moreover, the SS composites reached the peak hardness faster than the SL composites. The SS and SL composites reached the peak hardness after 3 and 5 hours, respectively. The composites exhibited higher peak hardness values than the unreinforced material. Comparing the peak hardness of the SS and SL composites indicates that the SS composite has slightly higher hardness as the A319 SL and SS composites showed peak hardness values of 108 and 113 VHN, respectively. This may be attributed to the more uniform distribution of SiC particulates exhibited by SS composites when compared with the SL composites. 
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	Fig. 5. Age-hardening curves for the investigated materials.


Extensive researches have been carried out on the aging behavior of MMCs [1,14-17]. These researches indicated that the aging kinetics and aging hardenability during aging of MMCs depend on a variety of factors, such as: the nature (oxide, carbide, or nitride), the size, shape and volume fraction of reinforcement; fabrication method of the composites; secondary processing; aging temperature and the nature of matrix-reinforcement interface. According to the age hardening results, the A319/SiC composites exhibit accelerated aging compared with the unreinforced materials. Such accelerated aging is attributed to the acceleration of the precipitation by the addition of SiC particles. The acceleration of the precipitation can be explained by the high-density of dislocations in the composite due to the addition of SiC particles which can enhance the nucleation and growth of the precipitates [16]. The high-density dislocations are introduced by the large differences in the coefficient of thermal expansion (CTE) between SiC particles (4.6(10-6m/m(oC) and A319                 (21.6(10-6m/m(oC). This thermal mismatch will result in a substantial stress within the matrix around the SiC particles during cooling from the solution treated temperature, this stress can then be at least partially relieved through dislocations generation in the composite matrix, especially, in the vicinity of the SiC particles [14,15].

For the A319 unreinforced material, it was found that, the precipitation kinetics had a very small dependence on the processing technique. These results are consistent with the obtained data. This may be due to that the two current processing techniques were both casting techniques. This is consistent with previous results indicating that there is no effect of stirring on subsequent age hardening [17]. It is expected that when comparing the aging behaviour of the A319 material investigated in the present work with the same material but fabricated with a completely different technique such as powder metallurgy (PM) technique, the aging kinetics will be different since PM involve extrusion and thus large strains which are known to accelerate               precipitation [17].

It is well known that, the distribution of the ceramic phase plays an important role in determining the aging kinetics of the composites. According to microstructural data obtained for both SS and SL techniques, differences in aging behavior were expected. The SL composites obtained in the present work suffer from SiC particles segregation that will reduce the precipitation ability. The SiC particles agglomeration reduce the interfacial area and produce weak interfacial bonds which in turn reduce the dislocation density generated due to the mismatch in the CTE between SiC particles and matrix. Accordingly, the precipitation kinetics will be considerably affected.
3.3 Tensile Properties

Table 2 shows the tensile properties of the investigated materials. The results showed that both the SS and SL composites exhibited better ultimate (σUTS) and yield (σYS) strength when compared with the matrix material. The SS composite showed higher values of both σUTS and σYS in comparison with those obtained for SL composites. This may be attributed to the better distribution of the SiC particles inside the matrix since the SL material showed agglomerations of SiC particles. Moreover, it is suggested that the good distribution of SiC particles showed in SS composites improves the interfacial bonding between SiC and matrix which in turn improves the mechanical properties. The same observation was also noticed for the unreinforced material, since the SS matrix material exhibited better strengths (i.e. σUTS and σYS) than the SL matrix material. This may be attributed to the finer grains exhibited by SS matrix material. 
The composites have lower ductility when compared with the unreinforced materials. However, the SS composite exhibited higher ductility than the SL composite. This again may be attributed to the better distribution of the SiC particles inside the matrix. From Table 2, it is clear that that the SS unreinforced material has slightly higher ductility than the SL material. Again, this can be explained by the lower grain size showed by the SS matrix when compared with SL matrix (see Fig. 2).
Table 2. The tensile properties of the investigated materials.
	Alloy/Preparation Technique
	σUTS (MPa)
	σYS (MPa)
	δ%

	A319/SL
	225
	161
	3.2

	A319/SS
	231
	165
	3.5

	A319+SiC/SL
	246
	184
	2.1

	A319+SiC/SS
	261
	195
	2.6


The degradation in mechanical properties showed by SL composites as a result of non-uniform distribution of SiC particulates can be attributed to the tendency of early crack nucleation in the matrix at the clusters or agglomeration sites [13,14]. Another important feature that might have contributed towards the degradation in the strength of the SL composites is the poor interfacial integrity between the Al matrix and SiC particulates. The poor interfacial integrity prevents the effective load transfer across the Al/SiC interface, thus reducing the role of SiC particulates as load carriers in the metallic matrix. In several studies, it has been indicated that a strong interfacial bond contributes effectively towards the enhancement of strength of the composite materials [6].
Accordingly, the results of mechanical properties characterization revealed a significant improvement in the strength and ductility of the SS composite samples when compared to the SL unreinforced and composite samples. The better tensile properties thus exhibited by the SS rheocast samples (unreinforced or composites) when compared to SL rheocast samples are attributed to the processing associated improved microstructural uniformity, relatively more uniform distribution of SiC particulates and good interfacial integrity between the ceramic particulates and the Al metallic matrix.
4. CONCLUSIONS
The main conclusions from this study are as follows:

1. The rheocast processing technique has a great influence on the final microstructure of both unreinforced and composite materials. The SS and SL rheocast samples (either composites or unreinforced) exhibited different morphologies of (-Al and eutectic silicon as well as the porosity content. The SS unreinforced material showed finer grain size of the primary α-Al when compared with SL unreinforced material. The SS composites showed better SiC particles distribution than SL composites. In contrast, the SS composites exhibited slightly higher porosity level.
2. The hardenability of the composites was generally greater than that of the unreinforced matrix material, thus indicating a different precipitation state in the matrices of the composites. The composites showed acceleration in the precipitation kinetics when compared with the unreinforced materials. The SS composites showed also acceleration in the precipitation kinetics when compared with SL composites. 
3. Composites fabricated by SS technique exhibited better mechanical properties when compared with those fabricated with SL technique. This is attributed to the more uniform distribution of SiC particulates and good interfacial integrity between the ceramic particulates and the Al metallic matrix when compared to SL composites.
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"خواص المؤتلفات ذات الاساس من سبيكة الالومنيوم A319 و المدعمة بحبيبات كربيدات السليكون والمصنعة بطريقتى السباكة شبه الصلبة و شبه السائلة"
هذا البحث يهدف الى دراسة تأثير عملية تصنيع المواد المؤتلفه ذات الاساس المعدنى على خواص كل من البنية المجهرية و الميكانيكية لهذه المؤتلفات. و قد تم تحضير مواد مؤتلفة ذات الاساس من سبيكة الالومنيوم A319 ومدعمة بحبيبات كربيدات السليكون بنسبة 15 % من الحجم. تم تحضير المواد المؤتلفة بطريقة السباكة الريلوجية بأسلوبى السباكة فى الحالة شبه الصلبة و السباكة فى الحالة شبه السائلة. اظهرت النتائج ان طريقة التحضير لها تأثير كبير على شكل البنية المجهرية لكل من حبيبات الالومنيوم و السليكون اليوتكتيكى هذا بالاضافة الى محتوى المسامية للمواد المؤتلفة او المواد الاصلية (غير المدعمة). اما بالنسبة الى الخواص الميكانيكية فقد وجد ان السبائك (المؤتلفة او الاصلية) المصنعة بطريقة السباكة فى الحالة شبه الصلبة تتمتع بخواص ميكانيكية اعلى من مثيلاتها المصنعة بطريقة السباكة فى الحالة شبه السائلة.
















































Lecturer, Shoubra Faculty of Engineering, Banha University, Cairo, Egypt

PAGE  
14

_1223142016.bin

_1239735835.bin

_1222229443.bin

