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Performance of Al–5Ti–1B Master Alloy After Ball Milling
on Minimizing Hot Tearing in Al–7Si–3Cu Alloy
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Abstract Hot tearing of Al–7Si–3Cu alloys with addition

of as received Al–5Ti–1B grain refiner and ball milled

grain refiner have been studied with constrained mould

casting to investigate the effect of these additions on hot

tear resistance. Al–5Ti–1B master alloy contains TiAl3 and

sub-microscopic TiB2 particles of sizes, 20–80 and

0.5–2 lm respectively. After ball milling of Al–5Ti–1B

master alloy, TiAl3 particles get reduced in size from 80 to

9 lm. Thus the number of finer TiAl3 particles increases,

resulting in improvement of grain refining performance of

the grain refiner and thus eliminating hot tearing.
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1 Introduction

Hot tearing is an inherent defect in Al–7Si–3Cu alloys

which is generally attributed to their long freezing range

[1, 2]. This defect essentially involves the formation of a

macroscopic and microscopic tear as a result of strain

localization in the solidifying metal above the solidus

temperature of the alloy. Hot tearing requires both a sus-

ceptible microstructure and a mechanical constraint, the

latter being most of the time imposed by the mould. It

generally consists of the main tear and numerous minor

offshoots, which follow intergranular paths, and the failure

surface reveals a dendritic morphology [1–5]. Eskin and

Katgerman [6] suggested that impurities can considerably

affect the ductility and the freezing range of alloys. Recent

investigation [7, 8] suggested that hot tearing is a strain

controlled phenomenon and occurs when it reaches a crit-

ical value in hot spot zone. In the first stage of solidifica-

tion, liquid film is relatively thick enough and continuous

throughout, while in the latter stage, the film become

thinner and the deformation is localized on a few hot zones,

giving rise to high strains. Furthermore, Campbell [9]

quantified Pellini’s theory and expressed that strain in the

hot spot is directly influenced by the coefficient of thermal

expansion, the length of mushy zone, length of the casting,

and length of a hot spot.

Grain refinement is generally used in die and sand

casting foundries to achieved fine and equiaxed grains

structure. Furthermore, grain refinement by inoculation

(Al–5Ti–1B) of master alloys is now a standard procedure

in aluminum industry to control the cast grain size [10].

One more important application of grain refinement treat-

ment is to reduce the brittle phase which is formed by the

high level of impurities. The brittle phase leads to hot

tearing severity in Al–Si–Cu alloy. The boride (TiB2) and

aluminide (TiAl3) particles, dispersed in the master alloy,

can provide activated nucleating sites for heterogeneous

nucleation events upon solidification. By now, various

attempts have been made to improve the grain refinement

response on the Al–Si–Cu alloys [11]. One effective route

is to increase the addition level of Al–5Ti–B master alloy,

which is undesirable in practice. Alternate route is to find

new refiners with lower Ti content. There is one more

possibility which includes reduction in the size of TiAl3
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particles in Al–5Ti–1B master alloy viz. hot rolling, cold

rolling, and ball milling. In the present investigation, pos-

sibility is explored to refine the TiAl3 particles in Al–5Ti–

1B grain refiner by ball milling technique and eliminate hot

tearing in Al–7Si–3Cu alloy at lower addition level of grain

refiner.

2 Materials and Methods

The as received Al–5Ti–B grain refiner was cut into small

chips and then ball-milled for 10, 30 and 50 h, respec-

tively in inert atmosphere. As-cast Al–5Ti–1B master

alloy was cut into small chips with the help of lathe

machine and then cleaned by acetone to remove dirt and

oil. After cleaning, chips were ball-milled under con-

trolled atmosphere of argon gas for 10, 30 and 50 h,

respectively. The ratio of ball to powder was kept 15:1

and the rotational speed of 400 r/min was used. The

particle size distribution along with average particle size

and surface area was measured by particle size analyzer.

Al–7Si–3Cu alloy was melted in electric resistance fur-

nace at 720 �C and covered with flux to avoid oxidation of

the melt. After removing the dross, the melt was degassed

with hexachlorothane tablets to remove hydrogen gas.

Ball milled grain refiners (0.045 wt%) were added to Al–

7Si–3Cu melt at 720 �C by wrapping in aluminium foil.

After 10 min, the melt was mechanically stirred for 2 min

with the help of graphite rod. The melt was poured into a

steel mould (length 260 mm and height 20 mm), coated

with the refractory material to avoid oxidation pickup by

the melt. X-ray diffraction (XRD, X’Pert Powder PAN

alytical), optical microscopy (OM, Leica DMLA), and

scanning electron microscopy (SEM, NOVA NANO 450)

were used for structural examinations. XRD measure-

ments were performed with a diffractometer, using CuKa
radiation, operated at 40 kV and 40 mA. The diffraction

patterns were obtained in the 2-theta degree range of

30–85� with a step size of 0.03�. The macrostructures of

cast metals and the microstructure of Al–5Ti–B master

alloy were revealed by etching in a standard Poulton’s

reagent and a 0.5% HF solution, respectively. The

chemical composition of as cast Al–7Si–3Cu master alloy

and as received Al–5Ti–1B grain refiner is given in

Table 1.

3 Results and Discussion

Figure 1 shows the XRD analysis of as cast, ball milled 10,

30 and 50 h Al–5Ti–1B grain refiner respectively. This

analysis confirms the presence of Al, TiB2, and TiAl3 phase.

This results clearly indicates that as ball milled time is

increased the relative intensity of TiAl3 particle is increased.

Figure 2a–c show the morphology of ball milled Al–5Ti–1B

grain refiner powder after 10, 30 and 50 h, respectively.

From Fig. 2b, c, it is clearly observed that the TiAl3 particles

are fragmented after 30 and 50 h milling, which leads to

more number of heterogeneous particles thus improving the

efficiency of Al–5Ti–1B master alloy grain refiner. Fur-

thermore, the Fig. 3 also illustrates that as ball milling time

increases, the average diameter of heterogeneous nucleation

particles decreases from 75 to 9 lm.

The morphology, size and size distribution of nucleation

particles play a vital role in the performance of grain

refiner [12]. Under nucleant paradigm, widely accepted

theory for grain refinement is duplex nucleation theory

which suggests that TiB2 is not a strong nucleation particle

but it forms a layer on the surface of TiAl3 phase which

improves its stability. Solute paradigm is also considered as

a responsible factor for grain refinement where Ti get

segregated to the a-Al-liquid interface, which leads to

constitutional supercoiling, and nucleation occurs rapidly.

The macrostructure of Al–7Si–3Cu alloy, grains refined

with as cast and ball milled Al–5Ti–1B master alloy (ad-

dition level 0.045 wt% Ti) are shown in Fig. 4a–d. Fig-

ure 4a shows coarser grain structure (1150 lm) in as cast

Table 1 Chemical composition of Al–7Si–3Cu and Al–5Ti–1B alloy

Elements Si Cu Mg Fe Cr Ti B V Al

Al–7Si–3Cu 6.94 2.95 \0.001 0.024 \0.001 0.005 – – Bal.

Al–5Ti–1B 0.05 – – 0.10 – 4.991 1.0 0.07 93.68

Fig. 1 XRD analysis of a as cast, b 10 h, c 30 h and d 50 h ball

milled grain refiner, respectively
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Al–7Si–3Cu alloy. Furthermore, no significant conversion

of columnar grain structure to equiaxed structure is

observed (as shown in Fig. 4b). The macrostructure of Al–

5Ti–1B master alloy ball milled for 30 h clearly shows the

conversion of coarse columnar structure to equiaxed with

grain size of 550 lm (Fig. 4c). Completely equiaxed

structures are obtained with grain size of 350 lm by sim-

ilar addition of 50 h ball milled grain refiner as presented in

Fig. 4d.

Figure 5a–d show the hot tearing image of Al–7Si–3Cu

alloy with 0.045 wt% Ti added to the melt. Figure 5a, b

clearly display that hot tears are present at the 908 junction

between the downsprue and casting bar. Grain refinement

occurs but the amount is not able to reduce hot tearing and

fails to accelerate an effective growth restriction of primary

a-Al phase. While the introduction of same amount of 30

and 50 h ball milled grain refiner to the melt removes the

crack completely (as shown in Fig. 5c, d). This has hap-

pened due to the presence of more heterogeneous nucle-

ation sites in 30 and 50 h ball milled grain refiner. The

morphology, size and type of particles are very important

Fig. 2 SEM analysis of a 10 h,

b 30 h and c 50 h ball milled

grain refiner, respectively

Fig. 3 TiAl3 particle diameter versus ball milling time (h)

Fig. 4 Macrostructures of cast Al–7Si–3Cu alloy inoculated with Al–5Ti–B master alloy with 0.035 wt% Ti, a Starting material as reference;

b 10; c 30 and d 50 h ball milled grain refiner respectively
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to decide the grain refiner efficiency of Al–5Ti–1B master

alloy. The existence of TiAl3 particles increases the grain

refinement efficiency. Finer TiAl3 particles increases the

nucleation sites. Other nucleant particles get triggered for

the nucleation due to the segregation of Ti into the

nucleant–liquid interface, which leads to constitutional

supercooling. Therefore, the grain refinement efficiency is

improved at lower addition level of grain refiner and finer

equiaxed grains are observed. The grain size is correlated

to hot tearing severity of the cast alloy such that an increase

in hot tearing severity is due to a larger grain size [8].

Typical hot tearing fracture surfaces as observed in Al–

7Si–3Cu alloy is shown in Fig. 6a–d. Evidence of density

difference from liquid to solid is seen in all the fracture

surfaces, which clearly proves the tensile loading present

during tearing (Fig. 6a). As shown in Fig. 6b, it is obvious

that hot tearing occurs due to porosity formation. Solid

skeleton formation begins to transfer tensile forces at an

Fig. 5 Hot tear image of Al–

7Si–3Cu alloy by adding ball

milled grain refiner (0.045 wt%

Ti) at (a) as received; b 10; c 30

and d 50 h

Fig. 6 Fracture surface SEM

analysis (a–d) with addition of

0.045 wt% Ti after 10 h ball

milled
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early stage, which suggests that a continuous dendritic

network formed in the mushy zone begins to separate under

the applied tensile force. It is indicated that hot tearing

initiates and propagates under the applied tensile force [5].

At this point, the remaining liquid between interdendritic

region is insufficient on latter stage of solidification, hence

liquid folds are generated at the hot tear surface (Fig. 6c).

Inner cracks with openings between grains on the fracture

surface are shown in Fig. 6d which shows that crack

propagates through liquid metal at the last stage of solidi-

fication. These gaps can either mature to a continuous tear

or get filled with the remaining eutectic liquid. If the

stresses exceed the strength built up from the solid bridg-

ing, it is easy for the formed gap (crack) to propagate

through the adjacent grain bridge [2]. If the strength built

up through grain bridging is high enough to resist the crack

propagation, there is no continuous hot tear.

4 Concluding Remarks

1. Ball milling of the Al–5Ti–1B master alloy increases

its grain refining efficiency.

2. The improved grain refining efficiency of the master

alloy after ball milled can be attributed to the smaller

size of more number of TiAl3 particles.

3. The hot tears initiate at grain boundaries and propagate

along the grain boundaries through the thin liquid film

at the later stage of solidification.

4. Porosity present at the hot tear region due to lack of

liquid melt at the last stage of solidification.

5. The addition of 30 h and 50 h ball milled grain refiner

(0.045 wt% Ti) completely eliminates hot tearing in

Al–7Si–3Cu alloy.
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