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ABSTRACT 
 

It is well established that aluminum and its alloys are grain refined by some refractory 

metals to enhance their surface qualities and mechanical strengths. 

In this paper, the literature on grain refining, and its mechanism is reviewed and 

discussed. 

Also, the effect of grain refining of commercially pure aluminum by the addition of 

titanium, boron, vanadium, molybdenum, and zirconium is investigated. 

The effect of each of these elements on grain size, hardness and mechanical behaviour 

is presented and discussed. It was found that the addition of any of these elements 

except zirconium resulted in enhancement of grain size, hardness and mechanical 

strength. An increase of 2.1 % in flow stress of Al grain refined by Ti+B was achieved 

by addition of 0.1 % V at 0.2 strain. 
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INTRODUCTION 
 

Aluminum and most of its alloys normally solidify with a coarse columnar structure 

[1]. Hence, almost all aluminum cast is normally grain refined by adding a grain 

refiner into the Al melt before casting to obtain fine and homogeneous structure and to 

improve the mechanical behaviour and surface quality [2]. The effectiveness of 

various grain refining elements was investigated and reported by several researchers 

[2-9]. It was found that Ti, Ta, Zr, Sc, Nb, Hf, V, Mo, W and B are the most effective 

grain refiners for Al and its alloys. However, it was reported that titanium is the most 

powerful and less expensive one and it has a unique grain refining efficiency when 

added at weight percentages above 0.15% which exceeds the peritictic point on the Al-

Ti phase diagram. Furthermore, it was found that titanium grain refining efficiency can 

be greatly enhanced by the addition of a very small amount of boron [8].   
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Therefore, in industry it is common practice to use Ti alone or combined with boron to 

grain refine the Al castings, and some Al-Ti and Al-Ti-B master alloys are produced 

and commercially available for this purpose, e.g.  Al-4%Ti(AT4) and Al-5°/oTi-1% B 

(AT5B1) master alloys produced by Al Pechiney Co. and London and Scandinavian 

Co. respectively [9].  

Recently, Mayes et al [10] reported that Al-Ti-C master alloy proved to be a good 

grain refiner when added to commercially pure aluminum. 

The presence of small amounts of impurities or alloying elements in aluminum can 

strongly affect the grain refining efficiency of the master alloys containing either Ti or 

Ti and B [8,4]. For example, Moriceau [7] reported that the grain refining efficiency in 

pure Al by Ti was increased by 100% when the Al purity was decreased from 99.999% 

to 99.99%. It was also reported that. the presence of some alloying elements 

particularly Si, Fe, Mg and Zn improves the gram refining efficrency of the AH % Ti-l 

% B master alloy and this improvement increases with the increasing amount of the 

alloying constituent [5]. It is worth noting that although the presence of some elements 

in the Al melt, enhances the grain refining efficiency of Ti or “+3 [L 4, 8], the presence 

of others like Zr, Cr and Mn deteriorates this efiiciency i.e. produces grain coarsening 

[5, 11-14] which is known as poisoning. The grain refinement and poisoning of Al and 

Al alloys by addition of some refractory metals is recently rthewed and reported by 

Abdel-Hamid and laid [15]. Examination of the literature reveals that most of the 

reported work on grain refinement is mainly directed towards the metallurgical aspects 

of the phenomenon and little is published on the effect of the grain refiners on the 

mechanical behaviour of Al and its alloys [l6, 17, 18]. 

In this paper, the effect of adding some elements like V, Mo, and Zr on the mechanical 

behaviour of commercially pure aluminum A1 grain refined by Ti is given and 

discussed. 

 

MATERIALS AND EXPERIMENTAL PROCEDURES 

 

Materials 

 

A commercially pure aluminum of 99.8 % purity of the chemical composition shown 

in Table1: was used throughout this research work. 

 

Table 1: Chemical composition (Wt %) of commercially pure aluminum 

Element Fe Si Cu Mg Ti V Zn Mn Na Al 
Weight % 0.09 0.05 0.005 0.004 0.004 0.008 0.005 0.001 0.005 Remain 

 

The binary alloys Al-Ti, Al-V, Al-Mo, and Al-Zr were laboratory prepared from high 

purity aluminum and a high purity powder of the each element. These alloys were used 

to obtain the weight percentages of Ti, V, Mo, and Zr which corresponds to the 

peritictic limit of each element, Me, on the Al-Me phase diagram. 
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Experimental Procedures 
 

Preparation of Al-Me master alloys: 

 

Master alloys were prepared in graphite crucibles and graphite rods were used for 

stirring the molten bath in all the experiments. The earth element Me was added into 

molten aluminum at about “00°C and stirred under a cryolite flux. The temperature 

was kept constant for about 30 minutes before casting the alloy in a plate form of less 

than 10 mm thickness by spreading the melt over a cast iron plate. This master alloy 

was then cut into small pieces. 

 

After preparing the master alloy, the microalloy of each element was started by 

melting the predetermined quantity of Al and then the calculated amount of the binary 

Al-Me master alloy was added. The bath was stirred and the temperature was raised to 

about 850°C then lowered to 750°C, stirred for two minutes then the alloy was allowed 

to cool in the crucible outside the fumace. Details of the procedure are given in 

references [8,9]. 

 

Alloys containing 0.l % earth element in addition to 0.15% Ti were prepared.            A 

specimen of each alloy was cut, mounted, and prepared for determining the grain size 

and microstructural examination. The grain size was determined by the intercept 

method where an average of at least six fields was obtained. 

 

Hardness tests were carried out using a Standard Vickers hardness machine. 

Cylindrical specimens of 10mm diameter and 10mm height and specimens for 

hardness testing, were prepared from each alloy. Compression tests were conducted 

using a hydroservo universal testing machine, 810 MTS, at a cross head speed of 3x10
-

3
 mm/s, corresponding to a quasi- static strain rate of 5x10

-5
 mm/s. 

 

RESULTS AND DISCUSSION 

 

EFFECT ON GRAIN SIZE 
 

The bar chart of figure 1: illustrates the effect of addition of boron, molybdenum, 

zircenlum and vanadium on the grain size of aluminum grain refined by titanium. Also 

the grain size of the commercially pure aluminum is shown on the figure for 

comparison purposes. It can be seen from this figure that Ti has a great refining power 

when added to comrnercrally pure aluminum, the grain size was reduced from about 

1650 microns to about 178 microns. 
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Fig. 1: Effect of different grain refiners on grain size 

 

Furthermore, it can be also seen from the bar chart that the addition of each of the 

alloying elements, molybdenum and vanadium at a rate of 0.1%wt (which corresponds 

to the peritictic limit of each element on the Al- element phase diagram) in the 

presence of titanium resulted in improvement of the grain refining potency of titanium. 

The best improvement was achieved in the case of vanadium addition, then boron and 

finally molybdenum. This enhancement may be attributed to the formation of VAlm in 

case of vanadium addition, TiBz in case of boron addition and to MoAllz in the case of 

molybdenum addition, which work as nucleants for the (ii-aluminum beside the TiAl3. 

Addition of zirconium at the same rate 0.1% into aluminum grain refined by Ti 

resulted in coarsening of the grains i.e. it caused increase of the grain size from 178 

microns to 219 micron, i.e. poisoning effect, as shown in figure lz, though remained at 

the edge of the gram size acceptable level suggested by Cibula and Arjuna [2,11,12]. 

These results agree with previous results of other researchers [9,11,l6,18]. 

 

Effect on Hardness and Mechanical Behaviour 

Figure 2: shows the effect of the addition of each Ti, B, Mo, V and Zr on the Vickers 

hardness of commercially pure aluminum, from which it can be seen that addition of 

any of these elements to commercially pure aluminum resulted in enhancement of its 

Vickers hardness at different percentages, even Zr which resulted in grain poisoning 

when added to Al grain refined by Ti as discussed in the previous section. This 

enhancement is attributed to the presence of the hard particles TiBz, VAlm, Mo A112 

and Zr A13 in the case of addition of B,V, Mo and Zr respectively in addition to the 

TiAl3 particles which are present in the grain refining master alloy. The maximum 

increase in hardness was 12% in the case of addition of Mo and the minimum increase 

was 4% in the case of boron addition. 
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Fig.2: Effect of different grain refiners on the hardness of aluminum 

 

The effect of addition of these alloying elements on the mechanical characteristics of 

aluminum grain refined by Ti is shown in Table 2. 

 
Table 2: Effect of alloying elements on mechanical characteristics of Al grain refined by Ti 

 
 

It can be seen from Table 2: that the addition of titanium to commercially pure 

aluminum resulted in pronounced enhancement of its mechanical behaviour, e.g 15% 

increase in its flow stress was achieved at 0.2 strain. Furthermore, it can be seen from 

this table that the addition of B and Zr resulted in a reduction of the flow stress but for 

different reasons; in the case of boron, the decrease is due to the presence of the TiB2 

particles which replace the TiAl3 (being softer than the TiA13 particles) whereas in the 

case of zirconium addition, the decrease in the flow stress is due to the poisoning 

effect, i.e. the increase in the grain size. This may be explained in terms of the grain 

boundaries as these are high energy areas along which fracture cracks can initiate and 

propagate easily. Small, closely knit, grains minimize this tendency and provrde higher 

mechanical properties and large grains promotes this tendency and causes reduction m 

flow stress i.e. the case of zirconium addition. 

Finally, it can be seen from this table that addition of vanadium to aluminum grain 

refined by T1 resulted in further improvement of its mechanical behaviour where an 

increase of about 5% was achieved.  
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A total increase of about 20.6% in the flow stress of commercially pure aluminum at 

0.2 strain was achieved by the addition of both Ti and V. Concerning the 

workhardening index, it can be seen from Table 2: that it is reduced by different values 

depending on the alloying element. This means that the addition of any of these 

alloying elements reduces the formability of the alloy. The maximum reduction 

occurred when adding Zr followed by Mo and then V. The minimum reduction in 

formability was obtained in the case of boron addition. 

 

CONCLUSIONS 

 

The following conclusions have been reached regarding the effect of the alloying 

elements Ti, B, Mo, V, and Zr on the grain refinement and mechanical behaviour of 

cast aluminum. 

1. Under the conditions prevailing in this work, it was possible to obtain an equiaxed 

fine grain structure in case of grain refining commercially pure aluminum with Ti.  

2. Significant grain refinement and a slight improvement in the hardness and 

mechanical strength was achieved by the addition of boron and molybdenum to Al 

grain refined by Ti and remarkable improvement in mechanical strength, of about 

21%, by the addition of both Ti and V, whereas the addition of Zr, resulted in grain 

coarsening, i.e. poisoning effect and reduction of mechanical strength when all 

added at a rate of 0.1%wt which corresponds to the peritectic point on the Al-Me 

phase diagram. 

3. Addition of any of these alloying elements resulted in a decrease of the work 

hardening index, hence reduction in the formability limit. The maximum reduction 

in formability occurred when adding Zr and then by the addition of Mo. 
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