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ABSTRACT 
In this work, nine cast ingots of A356 cast aluminium alloy with 6 % TiB2, in-situ formed, have been fabricated at three different 
pouring temperatures of 750⁰C, 780 ⁰C and 810⁰C for three different holding times of 10 minutes, 20 minutes and 30 minutes. In 
these ingots the distribution pattern and size of TiB2 particles at six different identical locations each, for all the nine ingots and an 
analysis has been made to reason out the pattern of distribution of TiB2 particles based on pouring temperature, holding time after 
mixing the halide salts to form the TiB2 in-situ inside the A356 aluminium melt. Also the effects of other factors such as, turbulence 
during filling the mold, fluidity and prevailing local temperature on the distribution pattern of TiB2 particles at various locations 
along with the required size of TiB2 particles obtained from SEM micrographs taken at these locations have been inferred. This 
analysis is done to enable a cast component of Al/TiB2 MMC, in-situ formed, to be fabricated, with the desired distribution of 
particles and with desired size of TiB2 particulate reinforcement, at various locations of the cast component and cooling curves 
predicted by using ProCAST software for desired distribution based on heat transfer. 

 

KEYWORDS:ProCAST, Aluminium matrix composites, Titanium-di-boride, Al/TiB2 MMC,In-situ formed MMC. 
 

INTRODUCTION 

 

The physical and mechanical properties showed by metal matrix composites (MMCs), such as higher 

specific modulus, strength and thermal stability, create them mainly smart for use in the aerospace and 

automobile sectors. MMCs deliver a mixture of the metallic properties of the matrix with the ceramic properties 

of the reinforcement (high strength and high modulus) to give a material with more strength and modulus and 

higher temperature abilities than a related massive material.  Generally, in the aluminium matrix composites 

with various particulates like SiC, TiC, TiB2 and Al2O3 etc., people do not worry about the distribution pattern 

and many times one consider a uniform distribution. [1-4] Uniform distribution of the particulate reinforcement 

is desired only in certain specialized applications used in space for thermal purposes.[5, 6] In other applications 

such as that used for structural requirements preferential distribution of these particulates at various locations of 

the component may be desired. [7, 8] Perhaps, for components subjected to bending moment, particulates may 

be required to be preferentially placed at the locations of the component subject to maximum tensile stress. 

Another example is that a compressive member may require particulate reinforcements to be placed near the 

surface to have more buckling strength. Under these circumstances, if in a component the particulate 
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reinforcement can be placed at the locations of requirements and also if the particulates can be synthesized to 

the desired size the design requirements of the components can be more easily met. [8, 9] 

Under these circumstances, an extensive analysis has been made in this work to find out the reasons for the 

particular distribution and prevailing sizes of TiB2 particulate reinforcements formed in-situ in nine cast ingots 

fabricated for this study at three different pouring temperatures of 750 ⁰C, 780 ⁰C and 810 ⁰C and for three 

different holding times of 10 minutes, 20 minutes and 30 minutes durations. [10-12] These ingots have been 

analyzed by finite element analysis for Time Vs Temperature study (cooling curve) to find out the cooling rates 

at 24 locations of each ingot for three different pouring temperatures of 750 ⁰C, 780 ⁰C and 810 ⁰C. 

After getting the FEA (ProCAST) results, generated for all the 24 locations of an ingot six different 

locations with different cooling rates, were selected from Time Vs Temperature curves with the time considered 

after pouring. In the six different locations, short listed from 24 locations, Scanning Electron Micrographs, were 

taken for all nine ingots and all the micrographs were carefully studied to infer the reasons for the different 

patterns of distributions and the size of TiB2 particulates observed in the six locations.[13,14]  

In this paper an attempt has been made to understand the mechanisms behind the distribution pattern of 

TiB2 particulates in an ingot in a particular location and to find out the factors that govern the size of formation 

of TiB2 particles in that location. [15, 16] The purpose of this paper is to establish the mechanisms to fabricate a 

cast component of Al/ TiB2, in-situ formed MMC with the desired pattern of distribution of TiB2 particles at 

different locations of the component synthesized with the required size of particulate as well. 

 

2.1. Experimental Work: 

Nine ingots of A356 aluminium alloy were cast with 6 % TiB2 particulate reinforcements, formed in-situ, 

by the reaction of halide salts viz., potassium hexa fluro titanate and potassium tetra fluro borate, mixed in the 

aluminium melt, at various pouring temperatures of 750 ⁰C, 780 ⁰C and 810 ⁰C with varying holding times of 

10 minutes, 20 minutes and 30 minutes after mixing the salts. [17, 18] The dimensional drawing of the ingot 

cast through stir casting technique with the help of permanent mold is shown in figure (1). 

For all the 24 locations considered, after pouring the MMC melt in the ingot, temperature – time curves 

were obtained through finite element analysis using ProCAST casting simulation software. Six locations were 

short listed out of the 24 locations, for each ingot, representing varying cooling rate and flow characteristics 

during pouring. 

At the six locations of each ingot short listed, SEM micrographs were taken and a few examples are shown 

in figure (2a) to figure (2c). The average particle size in each of the six locations was read from the micrographs 

taken at a magnification of 5000x in microns and the values are tabulated in table (1) for all the nine ingots. 

Also the TiB2 content which is equal to the relative percentage area occupied by the TiB2 particles in each of 

the micrograph taken for six locations of each ingot were arrived at and tabulated in table (2). 

 

2.2. Finite Element Analysis: 

ESI ProCAST casting simulation software was utilized to get the transient temperature behavior up to 50 

seconds from the time of pouring at various pouring temperatures of 750 ⁰C, 780 ⁰C and 810 ⁰C for 24 locations 

of each of the ingot cast in permanent molds, and the temperature – time curves were obtained.[19] Out of the 

24 locations six locations, were short listed, based on different cooling rates and the flow characteristics 

prevailing upon locally at those locations during pouring. The temperature – time curves for six locations, for 

example at 8100 C are shown in figure (3), figure (3a) to figure (3f). The permanent mold solid model was 

created by using Unigraphics modeling software is shown in figure (4a). Then the permanent mold model 

imported to ProCAST casting simulation software, where the model was meshed (Triangular mesh element) 

using mesh tool for conducting thermal analysis at transient condition. Mesh diagram used in the finite element 

analysis for the ingot is shown in figure (4b). 

 

RESULTS AND DISCUSSION 

 

3.1. Effect of holding time and pouring temperature on size of TiB2 particles: 

The effect of both holding time and pouring temperature, exclusively, can be understood by analyzing the 

size of particles where turbulence prevailing during filling the casting is least and to be filled last. The size of 

TiB2 particles will be proportionate to higher pouring temperatures and longer holding time of the melt at the 

pouring temperature. 

Hence the size of the TiB2 particles, 2.5 to 3 µm as observed for 810 ⁰C and 30 minutes holding time at 

location – 1 is very much higher than the size of TiB2 particles, 1.0 to 1.5 µm as observed for 750 ⁰C and 10 

minutes holding time and for the combination other pouring temperatures and holding times the size of TiB2 

particles of location – 1 are in between.[20- 22] The location -1 was selected for analyzing the size of TiB2 

particles as it is the top most point in the ingot and at this location the height of falling of liquid metal during 

pouring will be minimum at this location.  
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If turbulence is minimum, the bigger particles formed at the pouring temperature after the holding time, 

after mixing the halide salts, will not get fragmented. Hence the size of TiB2 particles formed inside the melt 

will remain approximately the same without getting fragmented at location – 1, being the point exposed to least 

turbulence. 

 

3.2. Effect of cooling rate and turbulence on the distribution and size of the particles: 

If the turbulence while filling the mold is high at a particular location and temperature and fluidity of 

molten metal are also high then the TiB2 particles will fragment into smaller sizes at that location and at the 

same time if the cooling rate is also high at that location then more number of TiB2 particles will get trapped in 

the freezing metal, because, more amount of cooling MMC is circulated in that region. Hence in location – 23 

which is lowest corner of the ingot more molten metal will get circulated and at the same time the TiB2 particles 

in the circulated molten metal will get trapped in the quickly freezing zone. Thus at location – 23 and 810 ⁰C 

and at lowest holding time of 10 minutes the size of TiB2 particle observed is the least at 1.0 to 1.5 µm due to 

high turbulence while filling and fluidity is maximum and 40 -45 % TiB2 (Table – 2) is observed (where more 

TiB2 particles were trapped due to higher cooling rate and maximum circulation). At location – ,1 at 810 ⁰C and 

10 minute holding time with lower turbulence the TiB2 particle size is found to be more at 1.5 to 2.0 µm and 

TiB2 content is lower at about 20 – 30 % (Table – 2) only as more TiB2 particles have already got trapped at 

location – 23 because of more circulation. 

At lower pouring temperature of 750 ⁰C at location – 23 corresponding to 30 minutes holding time 40 – 50 

% TiB2 (Table – 2) content is found but the size of TiB2 particle is not less as compared to location – 1 as the 

turbulence will be minimum at location – 23 at lower pouring temperature of 750 ⁰C as the fluidity will be less. 

At other pouring temperatures and at other locations the turbulence will be in between, the size and % TiB2 

content will also be in between. 

Thus at location – 23 and at the pouring temperature of 810 ⁰C with 30 minutes holding time the TiB2 

particle size is 2.0 to 2.5 µm and the TiB2 content is maximum at 70 – 80 % (Table – 2) where the turbulence 

and fluidity are maximum and first to be filled in the mold.  

 

 
Fig. 1: Dimensional drawing of ingot cast, shown with 24 different locations considered. 
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Fig. 2a: SEM micrograph at location - 23 of the ingot 

 

 
 

Fig. 2b: SEM micrograph at location - 21 of the ingot 

 

 
 

Fig. 2c: SEM micrograph at location - 19 of the ingot 
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Fig. 3a: Temperature – time curve for 8100 C pouring temperature at location – 1 

 
 

Fig. 3b: Temperature – time curve for 8100 C pouring temperature at location – 4 
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Fig. 3c: Temperature – time curve for 8100 C pouring temperature at location – 7 

 

 
Fig. 3d: Temperature – time curve for 8100 C pouring temperature at location – 19 



327             P. Senthil Kumar et al., 2017/Advances in Natural and Applied Sciences. 11(4) April2017, Pages: 321-331 

 

 
Fig. 3e: Temperature – time curve for 8100 C pouring temperature at location – 21 

 

 
Fig. 3f: Temperature – time curve for 8100 C pouring temperature at location – 23 
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Fig. 4: Mesh diagram of the permanent mold-cast ingot used in the ESI ProCAST simulation software. 

 
 
Table 1: TiB2 particle size in microns at six different locations 

Location as per 

figure - 1 

Temperature in 0 C Particle size for holding time in µm 

10 minute 20 minute 30 minute 

 

1 

750 1 – 1.5 1 – 1.5 2 – 2.5 

780 1 – 1.5 1.5 - 2 2 – 2.5 

810 1.5 - 2 2 – 2.5 2.5 - 3 

 

4 

750 1 – 1.5 

L – 5, D -1 

1.5 - 2 2.5 - 3 

780 1 – 1.5 1 – 1.5 2 - 3 

810 1 – 1.5 1 – 1.5 2 – 2.5 
L – 12, D - 1 

 

7 

750 1 – 1.5 1.5 - 2 2.5 - 3 

780 1.5 – 2 2 – 2.5 2 – 2.5 

810 1 – 1.5 

L – 8, D -1.5 

1 – 1.5 2 – 2.5 

 

19 

750 1 – 1.5 1 – 1.5 1.5 - 2 

780 1 – 1.5 1.5 - 2 2 – 2.5 

810 1 – 1.5 1 – 1.5 2 – 2.5 

 

21 

750 1 – 1.5 1.5 - 2 2 – 2.5 

780 1 – 1.5 1 – 1.5 1.5 – 2 

810 1 – 1.5 

L – 10, D -1.5 

1 – 1.5 2 – 2.5 

 

23 

750 1.5 – 2 2 - 2.5 2 – 2.5 

780 1 – 1.5 1.5 - 2 2 – 2.5 

810 1 – 1.5 1 – 1.5 2 – 2.5 
L – 5, D - 1 

Where,  

L = Length of needle shaped TiB2 

D = Diameter of needle shaped TiB2 

 

Table 2: Percentage TiB2 particles in six locations of ingot from SEM micrograph 

Location Temperature in 0 C % Relative area of reinforcements 

10 minute 20 minute 30 minute 

 

1 

750 10 - 20 30 - 40 35 - 40 

780 20 – 30 30 - 40 35 - 40 

810 20 - 30 30 - 40 40 - 50 
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4 

750 30 - 35 30 - 35 35 - 40 

780 20 – 30 25 - 35 30 - 40 

810 25 - 30 30 - 35 40 - 50 

 

7 

750 10 - 20 30 - 40 25 - 35 

780 20 – 30 35 - 45 40 - 50 

810 20 – 30 40 - 50 60 - 70 

 
19 

750 20 – 30 20 – 30 30 - 40 

780 20 – 30 40 - 50 40 - 50 

810 20 – 30 50 - 60 50 - 60 

 

21 

750 30 - 40 20 – 30 40 - 50 

780 10 - 20 30 - 40 30 - 40 

810 30 - 40 50 - 60 60 - 70 

 
23 

750 30 - 35 35 - 40 40 - 50 

780 35 - 40 45 - 50 50 - 60 

810 40 - 50 60 - 70 70 - 80 

 

Graphical Abstract : 
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Highlights: 

• The effect of turbulence, cooling rate and pouring temperature on size and distribution of TiB2particles 

in Al/TiB2MMC ingot analyzed.  

 

Conclusions: 

At locations where the turbulence is maximum while filling the permanent mold and the pouring 

temperature is high, the TiB2 particulates will get fragmented into smaller ones. 

At locations where the circulation & cooling rate are high and the pouring temperature and fluidity are 

maximum, more number of TiB2 particles will be observed. 

At locations where the cooling rate, turbulence and circulation & fluidity are minimum and to be filled last 

the TiB2 size and number of particles observed will be the same as found in the molten metal, before pouring. 
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