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Absctract 

The processing of Metal Matrix Composites (MMCs) is widely carry out using liquid state processing route. Particle 

dispersion is the major concern while processing. The solidification influences dispersion of particles in cast condition. 

Subsequently, derive the change in mechanical and metallurgical properties of the material. A solidification rate is 

modify with the use of insulation on mold cavity. In literature, effect of processing condition i.e. insulation on 

properties of cast components of base metal or alloy were reported without considering metal composites. The aim of 

the current research is to investigate effect of insulation on particle dispersion in cast composites and to compare and 

analyse the results with the cast alloy. In the present investigation cube shape LM25/SiC composite (MMC) was 

developed using stir casting process. The solidification velocity (velocity of the solid-liquid interface) was calculated 

experimentally with the help of thermocouple, placed inside the mold cavity and associated data acquisition system. 

Critical velocity of the composite was calculated mathematically. Cube shape casting with two different processing 

condition were casted i.e. with and without insulation. Microstructure and hardness results were evaluated for the 

investigation of particle dispersion. From the present investigation it was observed that for LM25/SiC AMC, the 

solidification velocities above which engulfment occur was 0.087 μm/s with insulation and 0.117 μm/s without 

insulation. The microstructure images taken at different positions for two conditions reveal that the particles were 

pushed towards the grain boundaries, which confirms the result obtained from critical velocity calculation.  
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1. Introduction 

The foundry process is the most widely used practice for the processing of MMCs thorugh liquid state processing 

route. The preliminary work on processing of cast composites was attempted by Badia and Rohatgi in 1965 [1]. In the 

subsequent years,  processing of cast MMCs has shown significant progress for the applications in automotive industry 

[2-4]. Dwivedi et al., 2014 performed experimental investigation on microstructure and mechanical properties of 

LM25/SiC composites. They observed that with increase in the reinforcement contents i.e. 5, 10 and 15 wt.%, more 

SiC particles were present in the microstructure. The hardness values for LM25/SiC was found as 81.16 BHN, 92.33 

BHN and 102 BHN for 5, 10 and 15 wt.% respectively [5]. Singh et al. 2017 have developed a stir casting setup and 

carried out experimentation using Al6063/SiC MMC with 10 wt% reinforcement content. Microstructure observation 

reveled uniform distribution of particles with presence of porosity [6]. The comprehensive research review on the 

development of MMCs through stir casting considering various factors has been presented by Ramanathan et al., 2019. 
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They have presented hardness of different Al alloy reinforced with SiC particles having various weight fraction of 

SiC. The value of brinnel hardness ranges from 50 HB to 141 HB [7]. Surya and Gugulothu, 2022 have developed 

and characterized Al7075/SiC MMC. In their study they reported hardness of cast composites having SiC 

reinforcement content 5 wt.%, 10 wt.% and 15 wt.% as 83 BHN, 119 BHN and 124 BHN respectively. From the 

microstrure examination they reported uniform dispersion of particles with strong bonding between matrix and 

reinforcement particles and also reported that particle clustering increased with the increase in SiC content [8]. 

During solidification, the interaction between particles and matrix phase is influenced by the kinetic conditions evolve 

during liquid to solid transformation [9]. The kinetic conditions are governed by the critical velocity of the moving 

solid-liquid (S-L) interface. Particles are pushed ahead of S-L interface if solidification velocity is less than the critical 

value and get engulfed alternatively [10-13]. Recent reported research on solidification velocity are discussing 

behavior in alloy only i.e. not considering composites [14-17].  

2. Experimental Methodology 

In the present investigation cube shape composite having size of 90 mm x 90 mm was developed using optimum 

stirring parameters i.e. stirring speed of 400 rpm, stirrer position of 40 mm height and stirrer geometry (blade angle) 

45 degree as per methodology adopted by the authors [18]. The cast composites having LM25 aluminium alloy as 

matrix material and 5 wt.% SiC particles as reinforcement was processed in the present investigation. The experiemnts 

were conducted with two different conditions such as, with and without use of insulating pad outside the mold cavity. 

The insulating pad having 20 mm thickness was used in the investigation. The solidification velocity (velocity of the 

solid-liquid interface) was calculated experimentally with the help of thermocouple, placed inside the mold cavity. 

The two cubes of aluminium alloy LM25 was casted having a configuration as with and without insulation along with 

two cube shape composite. The microstructure characterization and hardness testing of cast components were carried 

out to investigate particle dispersion.  

To measure the temperature during solidification of the melt, thermocouples positions were as shown in Figure 1. The 

molds with insulating pad and thermocouples are shown in Figure 2. The temperatures at different locations were 

measured and recorded using National Instruments (NI) data acquisition system as shown in Figure 3.  
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Figure 1 Locations of Thermocouples in Cube Shape Cavity (Dimentions are in mm) 

 

 

 

Figure 2 Sand molds (a) With insulating pad and pattern (b) with insulating pad and thermocouples (c) 

without thermocouple and with insulating pad  
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Figure 3 Experimental setup with the data acquisition system 

2.1 Solidification Velocity 

In order to find out solidification velocity of cube casting, the temperature at various locations as shown in Figure 1 

were measured using k-type thermocouples. The one end of the k-type thermocouple was inserted in the mold up to 

parting line of the cavity and other ends were connected to the temperature input module NI TB9214 of NI data 

acquisition system as shown in Figure 3. The data acquisition system is equipped with LabView signal express 

software, which measures and record the temperature at an interval of 0.5 seconds. The time for solidification at the 

particular location was evaluated from data obtained through the data acquisition system. The solidification velocity 

was calculated from the relation proposed by [9] as mentioned in Equation 1. The research work reported by [9] 

presents latest reported work for the compsoites, other recent research works focus on pure metal or alloy only. Hence, 

their work is considered as reference for the present study. 

𝑉 =
𝑑𝑎𝑣𝑔

8𝑡𝑠
         (1) 

Where, davg = Average diameter of particle 

 ts     = Solidification time  
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The average diameter of particle (davg) was measured from the micrographs using Biovis MP image analysis software. 

The solidification velocities at different locations for LM25/SiC MMC with and without insulation are presented in 

Table 1 and 2 respectively.  

Table 1 Solidification velocities of LM25/SiC composite with insulation 

Locations V1 (1-2) V2 (2-3) V3 (3-4) V4 (4-5) V5 (5-6) Average 

Solidification 

Velocities 

(μm/s) 

0.196 0.014 0.022 0.021 0.183 0.087 

 

Table 2 Solidification velocities of LM25/SiC composite without insulation 

Locations V1΄ (1-2) V2΄ (2-3) V3΄ (3-4) V4΄ (4-5) V5΄ (5-6) Average 

Solidification 

Velocities 

(μm/s) 

0.224 0.031 0.067 0.067 0.193 0.117 

 

2.2 Critical Velocity 

During solidification, the interaction between particles and matrix phase is influenced by the kinetic conditions evolve 

during liquid to solid transformation [10]. The kinetic conditions are governed by the critical velocity of the moving 

solid-liquid (S-L) interface. Particles are pushed ahead of S-L interface if solidification velocity is less than the critical 

value and get engulfed alternatively  [12].  

The critical velocity in the present investigation was calculated using the analytical model presented by [9]. They have 

presented an analytical equation of the critical velocity as mentioned in Equation 2.  

𝑉𝑐 = (
1

6

𝐵

𝜂ℎ2
 (1 + 𝑒𝜋

2(1− 
𝑟

𝑐𝑟
)

))

−1

         (2) 

 

Where, Vc = Critical velocity in μm/sec 

B = Hamaker constant between particle and interface  

h = Minimum separation distance between particle and interface = 1 x 10-8 m 

η = Viscosity of the melt 

r = Particle radius 
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cr = Critical radius of the particle 

The critical radius of the particle is evaluated from Equation 3 as shown below.  

𝑐𝑟 = (
27

4

𝐾𝑏𝑇𝜂

𝜋∆𝑡(𝜌𝑝 − 𝜌𝑙
2)𝑔2

)

1
5

         (3) 

Where, ρp = Density of SiC particle 

ρl  = Density of Al alloy melt 

g  = Gravitational acceleration 

Kb= Boltzmann constant 

T = Absolute temperature of the metal 

Δt = The time interval of action of the Brownian force 

The parameters used for calculations of critical velocities in LM25/SiC system are presented in Table 3. The critical 

velocity was obtained as 4.158 μm/s, according to Equation 2. 

Table 3 Parameters used for calculation of critical velocity in Al-SiC system 

Parameter Value Unit Reference 

B 1 x 10-21 Unit less [19] 

h 1 x 10-8 m [9] 

η 0.4 Pa.s [20] 

r 22 μm Calculated 

ρp 3200 kg/m3 Material Property 

ρl 2700 kg/m3 Material Property 

g 9.8 m/s2 Constant 

Kb 1.38 x 10-23 J/K [9] 

T 923 K Material Property 

Δt 1 x 10-3 s [21] 

 

2.3 Hardness Testing 

In order to investigate the effect of processing conditions and mold cavity on the dispersion of reinforcement particles 

hardness testing of cast components was carried out using hardness tester as shown in Figure 4. The Brinell Hardness 

Number (BHN) was measured along the diagonal direction of cast components at an interval of 15 mm as shown in 
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Figure 5 (dimensions are in mm). The BHN was measured for the total four cube casting, i.e. cube casting of LM25 

with and without insulating pad; and cube casting of LM25/SiC MMC with and without insulating pad.  

 

Figure 4 Hardness tester used for Brinell harness number measurement 

 

Figure 5 Locations for Brinell hardness number measurement 

The hardness value (BHN) measured for LM25/SiC composites at two different processing conditions are presented 

in Table 4. The hardness value of aluminium alloy LM25 was evaluated in a similar manner. The mean hardness value 

of LM25 has been evaluated as 125 and 135 BHN for with and without insulation respectively. 
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Table 4 Hardness value of LM25/SiC MMC for different processing condition  

Locations Distance (mm)  Without Insulation  With Insulation 

1 15 131 135 

2 30 132 137 

3 45 133 138 

4 60 135 146 

5 75 136 147 

6 90 133 139 

7 105 130 134 

Average BHN 132.86 139.43 

2.4 Microstructure Characterization 

The effect of processing condition on the dispersion of particles inside the mold cavity was evaluated by the 

microstructure analysis of cube casting. The microstructural analysis was carried out using the Zeiss Axiovert 

metallurgical microscope equipped with Biovis MP software for image analysis. The specimens were prepared for 

metallographic examinations using 120–220–400–600–800 mesh emery papers, followed by polishing with alumina 

paste. Keller’s reagent was used for etching of the samples. The microstructure images of aluminium alloy LM25 with 

and without insulation are shown in Figure 6. The cube casting was sectioned into three different pieces, i.e. top, 

middle and bottom for the two processing condition with and without insulation. The samples from these pieces were 

analyzed for microstructure testing and images of microstructure are presented in Figure7. 

 

Figure 6 Microstructure images of Al alloy LM25 for two different processing conditions 
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Figure 7 Microstructure images of LM25/SiC composite at different positions for two different processing 

conditions 

3. Effect of Processing Condition on Particle Dispersion 

The solidification of composite slurry involves the interaction between solid-liquid (S-L) interface and suspended 

reinforcement particles, which influence the particle dispersion. The particles are either engulfed by the S-L interface, 

resulting in the dispersion of particle within the grain; or S-L interface pushes the particles towards grain boundaries 

and eutectic region. Particles are pushed ahead of S-L interface if solidification velocity is less than the critical value 

and get engulfed alternatively [22].  
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The solidification velocity of LM25/SiC composite for two processing condition viz. with and without insulation has 

been evaluated and presented in Table 1 and 2 respectively. The solidification velocities of the composite with 

insulation were lower than the composite without use of insulation for all the locations. The critical velocity of 

LM25/SiC system was calculated as 4.158 μm/s. The solidification velocities for both the processing condition and 

for all the locations were lower than the critical velocity resulting in particle pushing. The solidification velocities 

above which engulfment occur was found to be 0.087 μm/s and 0.117 μm/s for LM25/SiC with and without insulation 

respectively.  

The microstructure images taken at different positions for two different conditions reveal that the particles were pushed 

towards the grain boundaries, which confirms the result obtained from critical velocity calculation. The higher dendrite 

arm spacing was observed in the micrographs of cast composite with insulation as compared without insulation.     

The hardness number distribution along the diagonal of the specimen for two different processing conditions is shown 

in Figure 8.  The higher value of hardness has been observed for a specimen with insulation along the diagonal 

direction of the specimen. The low hardness number was observed for the area near corners of the specimen and for 

area near the center of the specimen higher hardness number was observed due to interaction of the solid-liquid (S-L) 

interface. The hardness values (BHN) of LM25/SiC composites were 13.63% and 8.22%  higher than the LM25 alloy 

for with and without insulation, respectively. The use of insulation around mold cavity for composite increased the 

hardness by 12.95% compared to wihtout provision of insulation. 

 

Figure 8 Effect of processing condition on hardness of Al-SiC MMC  
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4. Conclusions 

 

 The solidification velocities above which engulfment occur was found to be 0.087 μm/s and 0.117 μm/s for 

LM25/SiC with and without insulation respectively. 

 The microstructure of composite sample taken at different positions for two different conditions reveal that 

the particles were pushed towards the grain boundaries, which confirms the result obtained from critical 

velocity calculation. 

 The low hardness number was observed for the area near corners of the specimen and for area near the center 

of the specimen higher hardness number was observed due to interaction of the solid-liquid (S-L) interface. 

 The hardness values (BHN) of LM25/SiC composites were 13.63% and 8.22%  higher than the LM25 alloy 

for with and without insulation, respectively.  

 The use of insulation around mold cavity for composite increased the hardness by 12.95% compared to 

wihtout provision of insulation. 
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