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ABSTRACT

The AA 356 is an aluminum alloy for casting which is widely used in the aeronautical and automotive industries. To improve the mechanical properties of this alloy, the grain refining is used. The cooling curve analysis is a low-cost technique used to evaluate the grain refinement and to calculate the latent heat of solidification. The objective of this study is to calculate the latent heat of solidification by utilizing the cooling curve thermal analysis through the Newtonian method, and to confirm the validity of the cooling curve use in the evaluation of grain refining with the use of Al Ti-B inoculants system. The obtained results confirm the validity of using the cooling curve calculation of latent heat of solidification, and also the validity of its use in the evaluation of grain refinement.
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INTRODUCTION

Concentrations of grain refiners must be controlled. Excess or lack may adversely affect the alloy properties (1, 2). In this control, the undercooling presented by the cooling curve (temperature versus time) (3) has been used for evaluating the degree of grain refinement (1, 3). The thermal analysis is widely used in the evaluation of processing aluminum alloys because it can provide several pieces of information regarding the alloy (1, 2). The Differential Scanning Calorimetry (DSC) Equipment (DTA) is used to determine the thermo-physical properties of alloys. It is expensive, requiring technical expertise, and it is not appropriate for foundries. This cooling curve analysis is a low cost alternative for casting industries (1, 2, 4). To calculate the latent heat by using the cooling curve analysis, two methods are employed: the Fourier and the Newtonian methods (3). The advantage of Newton's method is its simplicity (1, 2). 
The Newtonian method considers that the thermal gradients in the sample may be considered as zero, and the heat transfer occurs by convection (5). These conditions are met when the mold is thermally insulated at the top and base(6), and the cooling rate of the system is at around 0.1 ° C/s (7).

The mathematical form of the Newtonian analysis is given by the following equations(3, 5):
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,                                            (A)

(heat generated by phase transformation) - (heat lost by the metal) = (heat transferred to the mold)
Where: 

V = volume of the sample
(= density of metal

Cp = specific heat of the metal,
T = temperature,

t = time
h = heat transfer coefficient,

A = surface area, 

T0 = ambient temperature
QL= latent heat of solidification.

Rearranging Eq. (A), and considering the absence of phase transformation, it is obtained the Eq. (B) of the zero curve:
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Using the notations: cc to cooling curve and zc to zero curve, one can calculate the rate of heat released during the phase transformation as:
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      (C)

Integrating Eq. (C) gives:
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Where ts is the time of solidification.

Or:
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L = Cp (area under the curve derived from cc - area under the curve derived zc)     (F)

Where L is the latent heat


EXPERIMENTAL PROCEDURES

It was used ingots of AA 356 alloy and grain refiner shaped master alloy, provided in the form of rods. Their compositions are listed in Tab. 1 and Tab. 2.

Table 1 - Composition of the alloy AA 356 as manufactured (data supplied by ALCOA).

	Chemical composition of the alloy AA 356 (wt%)

	Silicon

(Si)
	Magnesium

(Mg)
	Iron

(Fe)
	Titanium

(Ti)
	Strontium
(Sr)
	Manganese

(Mn)
	Nickel

(Ni)
	Copper

(Cu)
	Boron

(B)
	Aluminum

(Al)

	6,52
	0,203
	0,089
	0,05598
	0,00001
	0,001
	0,002
	0,00034
	0,00029
	Balance


Table 2 - Composition of the master alloy (LSM data provided by Brazil).

	Chemical composition of the master alloy Al-5Ti-1B (wt%)

	Titanium

(Ti)
	Boron

(B)
	Vanadium

(V)
	Iron

(Fe)
	Silicon

(Si)
	Others

Total
	Aluminum

(Al)

	5,23
	0,79
	0,07
	0,24
	0,14
	0,10 maximum
	Balance


The alloy was remelted into an electric resistance furnace at 950 °C and, to the grain refiner, it was added about 0.05% of titanium. The liquid metal was poured into a sand mold of a circular section prepared with sand and resin curing at low temperatures. To ensure it was a radial flow of heat, a cover was made ​​with the same mold material that was placed on it after the pouring for promoting a thermal insulate.

The temperature measurements were performed using a pair of thermocouple type K (Chromel / alumel), connected to a digital temperature recorder to collect and store temperature data per second, both on the wall and in the center of each mold. The Excel and Origin Lab software were used to plot graphs and to perform calculations for the cooling curve thermal analysis. The numerical method adopted in the latent heat calculations was the trapezoid rule.

The used reagent for etching was prepared with 60% HCl, 30% HNO3, 5% HF, 5% H2O. The ingots were prepared for metallographic examinations, according to ASTM E340-00 (8) and E407-07 (9). Grain size measurements were performed according to ASTM E112-10 (10).

RESULTS AND DISCUSSION

Fig. 2 shows a cooling curve obtained from the center of an ingot mold, in which there was no addition of grain refiner. Highlighted, it is observed the formation of an undercooling on the order of 1.3 °C. The undercooling degree confirms the statement of Bäckerud that the undercooling for Al-Si alloys, which is 1 ºC to 2 ºC on average, if the potential nucleating particles are not added (11). 
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Figure 2 - Cooling curve showing undercooling. Solidified in sand cast ingot of circular cross section with thermal insulation, without an addition of grain refiner, with a cooling rate of 0.2° C/s.

Figure 3 presents a cooling curve of an ingot, to which it was added the grain refiner on the proportion of 0.05% of Ti. In this curve, the undercooling presented was on the order of 0.9° C. An effective grain refinement leads to the disappearance of undercooling (11).  Figure 3 also presents the derivative of the cooling curve, in which it is possible to observe the temperature of solidification beginning, and the formation of the eutectic phase. It is also possible to confirm that, with the addition of grain refiner, the nucleation temperature shifts up and reduces the undercooling. Hence, the cooling curve can be used in the control of grain refinement.
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Figure 3- Cooling curve of the ingot solidified in a sand and circular section mold, with thermal insulation and with the addition of grain refiner.

For comparing the curve with another one in the evaluation of grain refinement, it is necessary that the solidification occurs at the same cooling rates, i.e., the same extraction conditions of heat, casting temperature, and molding (7).

Fig. 4 presents the micrographs of solidified samples under the absence of a grain refiner, and under the presence of a grain refiner. It is observed that there was a reduction of the sample grain size with the addition of the grain refiner, which was confirmed through measures and carried out by means of the comparison method, given in Tab. 3.
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Figure 4 - Ingots sample micrographs solidified in a circular cross section mold, with thermal insulation: (a) sand cast without adding grain refiner; (b) addition of grain refiner in a sand mold, in the form of master alloys Al-5Ti-1B, in the proportion of 0.05%.

Table 3 – Measures of grain size of solidified ingots in a circular cross section mold with thermal insulation.

	Sample
	ASTM Size

	Solidified in a sand mold without the addition of grain refiner
	3

	Solidified in a sand mold with added grain refiner.
	4


The cooling curve thermal analyses by the Newtonian method were carried out. The first one was to obtain the zero curve, which is the one that is assumed that there was no phase transformation involving release or heat absorption, and is then used as the reference neutral thermal analysis of the cooling curve. For calculating the zero curve, it is assumed that the heat transfer coefficient, h, and other thermophysical parameters are constant before the nucleating temperature of the alloy. These conditions follow what was stated by Argyropoulos et al. (12), Barlow and Stefanescu (5) and Kierkus and Sokolowski (6). In this way, Eq. (B) is given as:
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After it is integrated, the zero curve is obtained.

Having obtained the zero curve, it was derived so that the area between the cooling curve and the zero curve derivatives were calculated by a numerical integration through the trapezoid rule. The latent heat was found by multiplying the value of the difference between the areas of the derivative cooling curve and the derivative zero curve by Cp = 1.3 kJ/kgK, value that Haq, Shin and Lee (3) claim to be the most suitable for the calculations involving the mushy zone of AA 356.

The results of latent heat calculations are presented in Tab. 4.

Table 4 - Results of the calculations of solidification latent heat.

	

Sample
	     Latent heat

(kJ/kg)

	Ingot solidified in a sand circular cross section without the addition of grain refiner. (cooling rate of  0.14° C/s)
	364,7

	Benchmark for the AA 356 alloys (13).

	389


CONCLUSIONS

It was verified that, when maintained at rates of heat extraction, the cooling curve analysis can be used as a parameter to evaluate the degree of grain refinement by the addition of grain refiner, through the variation in the undercooling phenomenon because the addition of grain refiners leads to the disappearance of the undercooling phenomenon during the solidification, and it elevates the nucleation temperature.
Considering the cooling rate being around 0.1 ° C / s, the Newtonian method is efficient in calculating the latent heat of solidification.
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