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Abstract

Grain refining and modification are common foundry practice for improving properties of cast Al-Si alloys. In general, these types of
treatments provide better fluidity, decreased porosity, higher yield strength and ductility. However, in practice, there are still some
discrepancies on the reproducibility of the results from grain refining and effect of the refiner’s additions. Several factors include the
fading effect of grain refinement and modifiers, inhomogeneous dendritic structure and non-uniform eutectic modification. In this study,
standard ALCAN test was used by considering Taguchi’s experimental design techniques to evaluate grain refinement and modification
efficiency. The effects of five casting parameters on the grain size have been investigated for A357 casting alloy. The results showed that
the addition of the grain refiner was the most effective factor on the grain size. It was found that holding time, casting temperature, alloy
type and modification with Sr were less effective over grain refinement.
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1. Introduction composed .of elongated and irregular Qendritic structure. This
heterogeneity leads to decreased mechanical properties. By using
grain refinement, homogeneous, regular and equiaxed dendritic

In the solidification process, mechanical properties, grain size structure is obtained whereas segregation is also reduced which
and shape are directly affected by casting method in the has a significant impact on the mechanical properties of castings

production of parts. Therefore, the basis and control of the [2,3].

solidification microstructure are greatly important in enhancing Aluminum master alloys that are used for grain refinement

the quality of castings structure. Also, as a result of the fact that contains different amounts of either Ti and B or only B which are

solidification in casting microstructure is effective for service life commercially available. Grain refined aluminum castings exhibits
of the parts, thus, solidification must be very well controlled in high fluidity and feeding, improved tensile and fatigue strength,
order to achieve the desired properties. In the casting of aluminum and low micro porosity [4, 5, 6, 7, 8, 9, 10]. The addition of
alloys, grain refinement and modification treatments are widely titanium (Ti) and boron (B) into liquid aluminum in a small
used [1]. In the unmodified alloys, the casting microstructure is amount is known to have a sudden and significant effect on grain
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refinement [1, 2, 3, 4, 5, 11, 12]. The mechanism of grain
refinement [13] states that the intermetallic compounds which are
Al3Ti, TiB, and AIB, [14] make heterogeneous nucleation centers
that lead to obtaining of finer grains [5, 6, 7, 13, 14, 15, 16].
Commercial Al-Ti-B master alloys of rod-shaped are widely used
in 5Ti%-1B%-Al combination and generally named as Al5TilB
grain refiners. The amount of addition of these master alloys vary
from 1/1000 to 5/1000 which depends on grain refining method,
cooling rate, chemical composition, scrap level etc [1, 2, 4]. After
the addition of grain refiner to the melt, it homogenizes in a short
time, but this effect decreases by increased holding time [10, 17].
This is known as the fading effect and this depends on many
factors. The most important one of them is the density difference
that leads to sedimentation of inoculant particles. Another
important parameter is the solubility limit of TiAl3 phase where
the limits of a-phase is up to 0.15 wt % Ti. Above this level,
peritectic reaction leads to formation and presence of TiAl3
intermetallic which is not required in the matrix [18].

In addition to the achievement of improved properties by grain
refinement, Sr, Na and Sb are widely used for the modification
process in the casting of Al-Si alloy. Silicon particles in the
eutectic structure are lamellar which is transformed into finer
fibrous structure [19, 20, 21, 22, 23, 24]. Fluidity and feedability
is increased particularly by the depression of eutectic temperature
[25]. Nielsen [26] designed a system to measure the feedability of
aluminum alloys. Permeability of dendritic mesh is measured.
Two zone furnace is used where the flow of liquid metal through
the solidifying region is controlled until the feeding is stopped
[27].

Casting of aluminum alloys by grain refining and modifying
master alloy additions in the light of better feeding ability, less
porous structure, high tensile strength and increased elongation
have some differences in implementation in foundries and
processes need to be controlled carefully. Therefore, it is required
that the effect of factors that affect the grain size should be
determined. The aim of this study was targeted to determine the
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factors that likely to affect the grain size of A357 aluminum alloy.
For this reason, parameters were selected as: grain refining
addition, holding time, modifier addition, molding temperature
and alloy type (primary/secondary). Taguchi experimental design
method was used to optimize the test conditions.

2. Material and Method

2.1. Casting Procedure

A357 alloy was melted in an electrical resistance furnace. The
chemical compositions of the primary and secondary scrap ingots
are given in Table 1.

Table 1.
A357 alloy chemical composition (wt%)

Chemical Composition %
Si Mn Mg Fe Cu Ti
Primary 91,33 748 032 029 0,162 0,003 0,018
Secondary 91,45 7,23 031 030 0,171 0,002 0,132

Alloy Type

Melting temperature was selected as 750°C and degassing was
carried out by using porous graphite where nitrogen was purged
for 15 minutes. For the grain refining, 0.2% Ti including Al-5Ti-
1B master alloy was used; and for modification, 0.02% Sr from
Al-% 10Sr master alloy was added. The liquid metal was poured
into the cone made from 5 mm sheet steel as shown in Figure 1.a
where the dimensions was in accordance with ALCAN standards.
A portion of 25 mm from the mold base was solidified via
immersing in water content as shown schematically in Figure 1.b.

| 25 mm
water
water outlet
—

|

b

Fig. 1. Dimensions of the test specimen, b) A schematic representation of the solidification apparatus
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In Figure 2.a, a photograph of the samples obtained after
solidification and cooling are illustrated. In the experiments, in
order to prevent the liquid aluminum reaction with the steel mold,
the mold was coated with boron nitride (BN). Once the samples

Microscopic examination and grain size measurements were
carried out in light microscope Nikon Eclipse L150 and image
analysis was performed using Clemex Vision Lite image analysis
software. The average grain size of each sample was recorded
from the values obtained by the software.

2.2. Experimental Design

Taguchi’s method is known to be used for optimizing parameters
to eliminate any variations that need to be investigated. In the end,
product quality is aimed to be achieved by a design of minimum
number of experiments.

In this study, Taguchi’s approach was used based on the five
factors which are summarized in Table 2. As seen in Figure 3, the
mixed L8 (27) orthogonal array has been selected [28, 29]. First
column was assigned to holding time (factor A); second column
to alloy type (factor B), third column was grain refinement master
alloy addition (factor C); fourth column was modifier (factor D);
and the last column was set to casting temperature (factor E).

were solidified, they were sectioned as shown in Figure 2 from
the base by 25 mm and subjected to grain size measurements.
Metallographic samples were prepared and then etched in Paulton
solution (60% HCI, 30% HNO3, 5%HF, 5%H20).
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Fig. 2. a) The test specimen, b) ALCAN test specimen dimensions and views of the surface
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Fig. 3. Linear graphs for L8 array [28]

Table 2.
Control factors and their levels
Levels
Control factors 1 11 1 v Units
A: Holding Time 5 15 30 60 min
B: Alloy type Primary Secondary - - -
C: Addition of grain refining master alloy Yes No - - 0.2% Ti
D: Addition of modifier master alloy Yes No - - 0.02% Sr
E: Casting temperature 700 750 i i °C
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3. Results and Discussions

3.1. Analysis of Control Factors
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Minitab 16.0 software was used to analyze each control factor (A,
B, C, D and E) on the grain refinement of A357 alloy. Signal to
Noise ratios are given in Table 3. S/N response and related mean
response is given in Table 4 and 5 respectively.

Table 3.

Experimental design for grain size using mixed L8 orthogonal array
Holding Casting Grain
Time Alloy type  Addition of grain refining alloy Addition of modifier alloy temperature size S/N ratios
5 Primary v v 700 245 -47.78
5 Secondary x x 750 680 -56.65
15 Primary v x 750 200 -46.02
15 Secondary x v 700 710 -57.03
30 Primary x v 750 765 -57.67
30 Secondary v x 700 185 -45.34
60 Primary x x 700 780 -57.84
60 Secondary v v 750 250 -47.96

The strongest influence according to the control factor was
determined by checking the highest difference.

It was found that addition of grain refining (C) was the dominant
factor.

Table 4.
S/N response table for the grain size.
Level A B C D E
1 -52.22 -52.33 -46.78 -51.46 -52.08
2 -51.52 -51.74 -57.30 -52.61 -52.00
3 -51.51
4 -52.90
Delta 1.39 0.59 10.52 1.15 0.08
Rank 2 4 1 3 5
Table 5.
Means response table for the grain size
Level A B C D E
1 462.5 497.5 220.0 461.3 473.8
2 455.0 456.3 733.8 492.5 480.0
3 475.0
4 515.0
Delta 60.0 41.3 513.8 313 6.3
Rank 2 3 1 4 5

Figure 4 shows the main effects of S/N ratios for the grain size.
From these plots, according to the shift in levels, optimum test
condition can be determined. As seen in Figure 5, the respective

levels of A;B,C D,E; show the grain size difference. It is evident
that addition of grain refiner (factor C) has the most significant
effect.
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Main Effects Plot for SN ratios
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Fig. 4. Effect of control factors on grain size

Fig. 5. Micrograph pictures; a) 1. Experiment samples, b) Best grain size sample
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3.2. Analysis of Variance

ANOVA was performed to determine the statistical analysis by
using the following equations [30]:
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SD Q factor
P = (6)
Tactor = SDQuorar

SS7: sum of squares of total variation,
N: total number of experiments,

R T? SS, : sum of squares of factor A,
SDQr = Z(S/N)iz S 1) K, : number of levels for factor A,
= N A;: sum of the total ith level of the factor A,
ny; : number of specimens for ith level of factor A,
- KA T : sum of total (S/N) ratio of the experiments,
Ai? T? DOF : degrees of freedom,
SDQy = z E - W ) Viuetor : variance of the factor,
Li=1 SS/ucior - sum of squares of the factor,
Fuetor - F ratio of the factor.
DOFtotal - N - 1 (3)
Percentage of contribution (P%) from ANOVA analysis gives the
S Sfactor degree of inﬂuence qf the parameter. Aq ‘FTest’ values of lpwer
Vfac tor = ————— Fha.n .‘5%’ is considered to be statistically anq physwally
DOFsqctor 4) insignificant. Table 6 shows that the ANOVA for grain size.
F _ Vfactor
factor Verror 5)
Table 6.
ANOVA tables for grain size
Source DF SDQ Variance Fleg Flabie P(%)
A 3 4284 4284 1428 7.85° 0.79
B 1 3403 3403 3403 12.28° 0.63
C 1 527878 527878 527878 12.28° 98.19
D 1 1953 1953 1953 12.28° 0.36
E 1 pooled pooled pooled pooled pooled
Error 1 78 78 78
Total 7 537597

SDQ: sum of squares; DF: degrees of freedom; P: percentage of contribution

 percentage of contribution.
®99% confidence level.

From Table 6, one can observe that holding time (4) (P= 0.79%),
alloy type (B) (P= 0.63%), addition of grain refining master alloy
(C) (P= 98.19%) and addition of modifier master alloy (D) (P=
0.36%) has the significant effect on the grain size. The factors A,
B, D and E do not contribute to grain refinement.

3.3. Confirmation Tests

In this study, five different parameters were selected to be
investigated by Taguchi method (L8). Effect of holding time,
alloy type, addition of grain refining master alloy and addition of
modifier master alloy on the grain size was evaluated.
Comparison of S/N ratio and ANOVA resulted in similar
findings. A3B2C1D1 condition was found to be the optimal
conditions for grain refinement.

The confirmation tests suggested that Taguchi’s orthogonal
design was successfully applied to grain refinement of A356
alloy. For reduced grain size, optimum combination of process
parameters was A3 B2 C1 D1 condition, referring to the holding
time of 30 min (A3), secondary of alloy type (B2), addition of
grain refining master alloy of unavailable (C1) and addition of
modifier master alloy of unavailable (D1). The comparison of
prediction and experimental results is given in Table 7. It can be
seen that the difference is only about 0.05% which can be
considered to be insignificant.

Table 7.
Results of the confirmation experiments for grain size

Optimal control parameters

Prediction Experimental
Level A;B,C\D, A3B,C\D,
S/N ratio for grain size (dB)  -45.32 -45.34
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4. Conclusions

The effect of holding time, casting temperature, alloy type,
modification and grain refinement addition over the grain size of
A357 alloy was investigated by means of using Taguchi approach.
The experimental findings were used on Minitab and ANOVA
statistical analysis revealed that addition of AISTilB about 0.2
wt% levels to A357 had the most significant influence on grain
refinement. On the other hand, casting temperature from 700 to
750°C had no particular effect over the grain refinement.
Similarly, Sr modification had no influence as well.

The lowest grain size was measured in the secondary alloy that
was melted at 700°C which was held for 30 minutes which was
185 um. On the other hand, the largest grain sizes were found in
the tests with the primary alloy after prolonged holding times
which varied from 30 to 60 minutes and results in 710 and 780
pm average grain size.

The reason behind the obtaining of smaller grain with secondary
alloy due to the fact that that alloy had already contained 0.132
wt% Ti. Thus, with the additional A15Ti1B addition, even after 60
minutes of holding, the fading effect was not observed. It is
important to note that when extra Ti was not added to secondary
alloy, grain size was increased after 5 minutes of holding.
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