
Vol.:(0123456789)

SN Applied Sciences (2020) 2:1833 | https://doi.org/10.1007/s42452-020-03659-1

Research Article

Effect of Ti addition holding time on casting quality and mechanical 
properties of A356 alloy

Mikdat Gurtaran1 · Muhammet Uludağ1

Received: 13 June 2020 / Accepted: 8 October 2020 / Published online: 16 October 2020 
© Springer Nature Switzerland AG 2020

Abstract
Bifilms are casting defects that occur due to the incorporation of surface oxide film into the melt. Thus, they act as a crack 
in the liquid. Once they remain in the structure, they decrease mechanical properties owing to their negative effect on 
porosity formation. One of the most fundamental problems to be avoided in this frame is the reduction of the bifilms 
or the cleaning of the liquid metal to prevent the porosity formation. In this study, A356 (Al–7Si–0.3 Mg) alloy was used. 
AlTi5B1 master alloy was added as a grain refiner. The effect of Ti on casting quality and mechanical properties changes 
by holding time was evaluated. The results were examined statistically by Weibull analysis. It was found that the pres-
ence of bifilms can be reduced as holding time increases after adding Ti. The tensile properties were increased as the 
holding time increased. Additionally, the optimum holding time may be 40 min after Ti addition for high casting quality 
and good mechanical properties.
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1  Introduction

Bifilms are casting defects that occur due to the incorpora-
tion of surface oxide film into the melt. Thus, they act as a 
crack in the liquid. Once they remain in the structure, they 
decrease mechanical properties [1–7]. On the other hand, 
hydrogen has always been blamed for the reduction of 
mechanical properties. It has been emphasized that the 
removal of hydrogen from the melt by degassing would 
reduce the porosity and thus improve the mechanical 
properties [8, 9]. However, Campbell and Dispinar [10, 11] 
carried out several works on the mechanism of porosity 
formation and it has been shown that dissolved hydro-
gen is not the main factor but only a trigger. As is known, 
Al alloys can easily form oxides during casting. Bifilms are 
formed by entrainment of oxide films such as the use of 
poor feed systems and turbulence during casting into the 

melt [12]. Campbell [13] describes the effect of oxide films 
on porosity formation by three mechanisms:

1.	 Gas pressure within the folded oxide films
2.	 The negative pressure which occurs during solidifica-

tion (shrinkage)
3.	 Dendrite arms that grow during solidification

The type of oxide that may form on the surface of liquid 
aluminum can be in three structures: amorphous, young 
and old [3]. Amorphous is in nanoscale which is the one 
instantly forms in milliseconds. Young oxide is the crystal-
line form in micrometer thickness which is also known as 
γ-Al2O3. Old oxide is the α-Al2O3 which is corundum. The 
type of oxide that may be present in the final microstruc-
ture significantly determines the casting quality. As can 
be expected, the older and the thicker the oxide predomi-
nantly decreases the mechanical properties. Tiryakioglu 
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et al. [7] showed that the tensile strength, hardness and 
elongation values of the Al–7Si–0.6  Mg were greatly 
reduced by bifilms. During the transfer of the molten metal 
from the crucible, new bifilms are formed in a finer struc-
ture than the old bifilms. These are called young bifilm 
and they act mechanical properties negatively like young 
bifilms [14]. Dispinar and Campbell [10, 11] quantified the 
bifilm content by a reduced pressure test. The measure-
ment was based on the maximum length of pores as an 
indication of bifilm length which was named as “bifilm 
index”:

Dispinar [12] investigated the correlation between 
bifilm index and mechanical properties. It was found that 
as the bifilm index was increased, tensile properties were 
decreased linearly.

Uludağ [15] studied the porosity formation mechanism 
of bifilms in three different alloys (A356, A413 and A380.1) 
that have different solidification range and morphology. 
In A356 alloy, which has dendritic and eutectic morphol-
ogy [16], bifilms are trapped between the dendrite arms. 
In A413 alloy, the planer growth of eutectic morphology 
pushes the bifilms into the last region to solidify, result-
ing in large size pores. A380.1 alloy contains two different 
eutectic phases alongside the dendritic structure. There-
fore, some of the bifilms are trapped between the dendrite 
arms and some remain in the two remaining eutectic liq-
uids, thus, easier for bifilms to open up at three different 
solidification steps.

The use of aluminum and its alloys is increasing day by 
day in many critical applications [17]. Many works have 
focused on the improvement of performance by various 
alloying element additions [6]. Nevertheless, one of the 
most fundamental problems to be avoided is the reduc-
tion of the formation of bifilms or the cleaning of the melt 
from bifilms in order to increase mechanical properties 
[18]. Once the melt is free from bifilms, more consistent 
and reproducible properties can be established.

Parameters such as degassing and mold design play 
an important role in preventing or eliminating bifilms. 
Pouring basin, sprue, runner systems and ingate has to 
be designed to prevent the formation of turbulence dur-
ing filling. The optimized mold design works perfectly for 
the melt that contains no bifilms. Thus, the second most 
important parameter becomes the removal of bifilms from 
the melt. This can be performed by degassing operations. 
The rising of inert bubbles through the melt attaches to 
the bifilms and collects them to the surface to be removed 
by skimming.[6, 19–21]. Yorulmaz [22] had shown the effi-
ciency of degassing by balloon and feather analogy. Dis-
pinar [12] had shown that after degassing, the mechanical 

(1)BI =
∑

maximum length of pores

properties were increased regardless of the hydrogen con-
tent of the melt. It was shown that the effect of bifilms on 
mechanical properties can also be quantified by Weibull 
analysis [4, 23–25].

To achieve better feeding and fluidity, various mas-
ter alloys are added to the alloy in the liquid state. While 
strontium is generally preferred for Si modification and 
eutectic temperature depletion [26], Ti is added for grain 
refinement [27, 28]. Mohanty and Gruzleski [29]] character-
ized that the grain refinement mechanism of the three Ti 
master alloys (Al–Ti, Al–5Ti–B and AI–B) in the A356 alloy. 
On the other hand, Tondel [30] first show the improved 
equiaxed globular structure by Al–B grain refinement. 
Later, Dispinar [31] and Uludağ [32] studied Al–B additions 
and showed that feed ability was improved significantly 
and pore formation was localized in A356 alloy. Addition-
ally, the effect of rare earth elements (La and Ce) on the 
mechanical and microstructural properties of A357 was 
described by Jiang et al. [33]. It was demonstrated that the 
optimum addition is 0.2wt% to achieve the best mechani-
cal properties with the most acceptable particle size (α-Al 
primary phase and eutectic silicon particles) and eutectic 
Si morphology. Besides the traditional techniques for cast-
ing, a novel technological system, the expendable pattern 
shell casting process with vacuum and low pressure (EPSC-
VL), was also tried by Jiang et al. [34] to clarify the internal 
casting quality of A356 alloy produced under the param-
eters such as gas flow rate, vacuum level, and gas pressure. 
It was concluded that the EPSC-VL process has consider-
able advantages in mechanical properties compared to 
other types of pattern shell castings (under gravity and lost 
foam castings). Similar work on the Al-matrix composite 
reinforced by nano-sized SiC particles was presented by 
Zhu et al. [35]. In the study, Al6082 alloy was produced 
with high mechanical properties thanks to the SiC, which 
was uniformly distributed by stir casting method.

In this study, the Al5TiB1 grain refiner was added to 
A356 (Al–7Si–0.3 Mg) alloy to investigate the durability of 
grain refiner on both melt quality and mechanical prop-
erties [36]. Reduced pressure test and tensile samples 
were collected at certain time intervals and the statistical 
analyses were performed. The main focus of the study is to 
clarify the holding time effect on the porosity, which plays 
a vital role in the mechanical and microstructural proper-
ties of Al alloys, and to describe the needs for excellent 
results for future studies.

2 � Materials and methods

Primary A356 alloy was used in this study. The chemical 
composition is given in Table 1.
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An electric furnace that is 50 kW was used and the 
charge was melted in an A50 SiC crucible at 740 °C. The 
dimension of the crucible is shown in Fig. 1. The crucible 
has 22 kg aluminum capacity. Each casting was achieved 
with about 2 kg alloy which is on top of the melt. After 
the melting temperature was reached, the AlTi5B1 grain 
refiner was added to achieve 30 ppm [37]. The chemical 
composition of the liquid alloy after AlTi5B1 addition was 
given in Table 1. Reduced Pressure Test (RPT) samples were 
collected at 20 min of the time interval and ten tensile 
test bars were produced in a single mold (Fig. 2). Tensile 
test samples were machined according to the ASTM B557 
standard (Fig. 3). The tensile tests were completed accord-
ing to TS EN ISO 6892–1 standard by using a Shimadzu 
machine that has 250 kN capacity.

Reduced pressure test samples were sectioned from the 
centre and cross-section was subjected to image analysis 
(SigmaScan) in order to measure the bifilm index. In order 
to obtain the bifilm index, all porosities on the sectioned 
surface were scanned, and then the scanned surfaces 
were uploaded to the analysis program. In the next stage, 
all porosities were automatically marked, and the total 
length of them was calculated in mm. Minitab was used 
for the statistical analysis of both bifilm index and tensile 
test results. Scanning Electron Microscopy (SEM) analyses 
were done on the fracture surface of tensile test samples 
to examine oxide structure.

3 � Result and discussion

It has been shown that the main factor in the formation 
of porosity is the entrainment of the surface oxide film 
(Al2O3) into the liquid. Thus, the bifilm index has to be 
measured to quantify the melt quality.

Table 1   Chemical composition 
(in wt%) of the A356 alloy used 
in the study

Alloy Si Fe Cu Mn Mg Zn Ti Al

A356 6.80 0.19 0.003 0.001 0.30 0.011 0.0008 Rem
A356 + Ti 6.85 0.18 0.003 0.001 0.30 0.011 0.0042 Rem

Fig. 1   Dimensions for the 
crucible of the A50

Fig. 2   Dimension of moulds a Tensile test, b RPT

Fig. 3   a Dimensions for the tensile test sample, b solid image of the 
tensile test sample
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Representative images of seven RPT samples obtained 
after consequent 20 min were given in Fig. 4. As can be 
seen, the size and number of bifilms changed with time 
after Ti addition. The trend appeared to be decreasing as 
holding time was increased. It can be seen that at time 
zero (Fig. 4a), which represents the initial bifilm content 
of the raw material, the bifilms were large and in high 
in population. When Ti was added, after 20 min of hold-
ing (Fig. 4b), it can be seen that there was a significant 
decrease in the number and size of bifilms. After 20 more 
minutes (Fig. 4c–g), the presence of these bifilms was fur-
ther reduced. The visual observations seen in Fig. 4 were 
numerically analyzed and the results were presented in 
Fig. 5.

Figure 5a clearly shows that the bifilm index decreased 
exponentially after Ti addition with increased holding 
time. From the viewpoint of the bifilm index value, it was 
understood that the optimum holding time may be 40 min 
after Ti addition. When the results of the lognormal distri-
bution of bifilm index results were examined (Fig. 5b), it 
can be said that the average bifilm length value decreases 
after 40 min depending on the time and increased after 
40 min. While it can be seen from Fig. 5b that the bifilm 
dimensions were closer to each other in the low holding 
times, that is, they had more homogeneous distribution in 
terms of size. In the long holding times, this distribution 
was diverted from homogeneity and the bifilms were seen 
to exist in many variable dimensions. Figure 5c shows that 
the number density of the bifilm index decreased expo-
nentially with time. This result associated with Fig. 5b sug-
gested the conclusion that the change of the number of 
bifilms gained stability while the dimensions of bifilms 
varied too much.

It is known that grain refiner master alloys are added to 
the liquid metal in order to obtain a finer grain and reduce 
porosity formation structure by regulating the micro-
structure [1, 20, 38, 39]. The optimum secondary den-
drite arm space (SDAS) and micro-porosity are obtained 
by 0.06–0.15% Ti grain refiner addition [40]. It is claimed 
that the titanium-containing grain refiners collapse to the 

bottom due to the density difference and the oxide films 
(bifilms) are precipitated during this collapse [41, 42]. On 
the other hand, it is recommended that the casting pro-
cess be made quickly in grain refinement processes per-
formed with Ti-containing master alloys [18]. Because, due 
to the high density of titanium, it gradually collapses at 
the bottom and the grain refiner loses its effect. Through 
this theoretical information [13, 36] and the results of the 
experimental work carried out in this study, the effect of 
grain refiners on porosity formation was schematically 
presented in Fig. 6. Figure 6a is for before Ti addition and 
b, c, d, e, f and g represent 20, 40, 60, 80, 100 and 120 min. 
after Ti addition, respectively. The seven different images 
a–g given in Fig. 6 shows how changing oxide films in the 
liquid for casting with time are shown and the role of tita-
nium in this change. Titanium-containing grain refiners, 
depending on the time, collapses at the bottom and they 
also lead bifilms concomitantly and improve the casting 
quality by reducing porosity formation. The positive effect 
of titanium on porosity formation continues as long as it 
continues to act on grain refinement. For the experimental 
conditions carried out in this study, the activity of the tita-
nium increased exponentially up to 40 min and reached 
its maximum activity at 40 min. However, after 40 min, the 
Ti effect continued to increase by decreasing depending 
on time. This finding can be clearly seen in the bifilm index 
results and also in the mechanical property findings given 
in Fig. 7. The effect of titanium on the time-dependent 
mechanical properties (UTS, YS, elongation and tough-
ness) was presented in detail in Fig. 7. If the graphs given 
are evaluated in general, the improvement of mechanical 
properties with time can be easily stated. It is clear that the 
most effective holding time in the liquid state was 40 min 
on the UTS graph, besides similar findings were obtained 
in all graphs. On the other hand, it is mentioned in the 
literature [43] that TiB2 is attributed to the nucleation of 
α on β. However, in another study [44], it is claimed that 
TiB2 has no nucleation effect on α-Al grains in pure alu-
minum. In the current study, it was focused on the effect 
of TiB2 on porosity formation rather than the effect of it on 

Fig. 4   Representative images of RPT samples collected at different time intervals; a 0  min., b 20  min., c 40  min., d 60  min., e 80  min., f 
100 min. and g 120 min
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microstructure. From the result of the experimental study, 
ıt can be concluded that TiB2 is also attributed to decrease 
porosity with a mechanism which is collapses from the top 
to bottom of the melt depending on time.

Weibull analysis can be used to investigate mechanical 
properties statically. This analysis can be applied using two 

equations. The first equation is the Hazen method and the 
second is Weibull analysis [23, 45, 46]. These two equations 
were given below:

(2)P = (i − 0.5)∕n

Fig. 5   a Bifilm index versus holding time of liquid aluminium, b distribution of bifilm length, c number density of bifilms

Fig. 6   Schematic representation of the effect of Ti addition on melt quality
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where I; Numbering figures, n; Total numbering, and p; 
possibility

The Weibull analysis presents the reliability and 
repeatability of experimental results. Weibull modulus 
can be used for Weibull analysis. If the Weibull modulus 
is high of a parameter, the parameter is more reliable 
than other parameters [10]. Characteristic alpha gives 
an estimating data with 63% possibility. The result of the 
characteristic alpha calculation can be had in a study 
that is done under the same conditions [4, 23].

The Weibull analysis was performed on all mechanical 
test results) and the results were summarized in Fig. 8 
and Table 2 for Weibull modulus and characteristic alpha 
respectively. According to Fig. 8, the highest repeatabil-
ity for UTS, elongation and toughness was obtained in 
20 min with the highest shape parameter. The lowest 

(3)W = ln (ln (1∕(1 − p)))

value was found for 120 min of holding. For 40 min, the 
level of repeatability seems to be acceptable.

It can be said that the highest UTS value for the experi-
mental conditions used in this study can be obtained at a 
holding time of 40 min as 304 MPa. These characteristic 
alpha values were 228 MPa yield stress at 20 min, 2.63% 
elongation at fracture at 120 min and 639 MJ/m2 tough-
ness at 120 min. The UTS results increased with time and 
decreased in 120 min, and the highest value was obtained 
in 40 min of holding time. It was also shown in this graph 
that the elongation values increased with time, the lowest 
value was seen in 20 min holding time, and the maximum 
value was obtained in 120 min holding time.

Since bifilms are the main source of porosity formation 
and degradation of mechanical properties, a correlation 
between bifilm index and mechanical properties were also 
carried out. It has been mentioned by many researchers 
[1, 5, 12, 17, 32, 47–51] that the number, size, distribution 

Fig. 7   Changes in mechanical properties depending on holding time. a Ultimate Tensile Strength (UTS), b Yield Strength (YS), c Elongation 
% (e) and d Toughness
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and orientations of bifilms should be evaluated when dis-
cussing the effect of bifilms on mechanical properties and 
casting quality. Bifilms (oxide structures) imaged from the 
samples of the study were presented in Fig. 9.

Basing on these studies, lognormal distribution graphs 
were drawn on each mechanical property for experimental 
findings and given in Fig. 10. When the lognormal graph 
of the UTS results was examined, it was seen that the dis-
tributions belonging to the casting with 40 min holding 
time which had the highest value were in a wider range 
than the casting with 20 min, that is, the values belong-
ing to the casting with 20 min holding time were closer to 
each other. Looking at the results after 40 min, it appeared 
that the values started to fall and took place in much 
wider scatter. The fact that the widest scattering occurs 
after 120 min of holding and that it was much more scat-
tered than the zero-minute holding parameter shows that 
time-dependent new bifilms are carried out in the liquid 
metal. A similar effect was seen in other results. However, 
in the yield strength, this effect was visible on the average 
value contrary to the distributions. Although the highest 
value was obtained at the 120 min holding time, the most 

Fig. 8   Change in Weibull modulus of the mechanical properties depending on holding time

Table 2   Result of characteristic alpha of the mechanical properties 
depending on holding time

Holding time Characteristic alpha (scale)

UTS YS e Toughness

0 285.77 224.67 2.09 521.7
20 288.9 228.79 1.94 495.47
40 304.11 221.34 2.25 576.34
60 294.97 226.85 2.23 572.84
80 298.67 222.53 2.38 611.05
100 297.67 226.58 2.3 594.15
120 290.91 201.16 2.63 639.82
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scattered values were observed in this casting parameter. 
In the elongation results, the lognormal distributions of 
the 40 min castings reflected the effect of titanium addi-
tion. This is because the elongation has increased compare 
to zero-minute holding time and all values are in a very 
narrow range. This effect was partly presented also in the 
results of toughness.

A critical evaluation of the optimum holding time for 
a high-quality casting can be made using all experimen-
tal results. When results of bifilm calculations, mechanical 
properties and statistical analysis are taking into account 
together, it can be said that casting quality tends to 
increase up to 60 min holding time. However, once repro-
ducibility of the castings is considered, the optimum hold-
ing time appears as 40 min. Shortly, it can be concluded 
that 40 min is acceptable as the optimum time limit, and 
after this holding time, casting quality can be decreased 
as time goes up.

From the results of the statistical analysis carried out, 
it was examined whether there is any relation between 

the average bifilm index and toughness, or not, and the 
attained result was given graphically in Fig. 11. As can 
be seen clearly from the graph, the bifilm dimensions 
seriously affected the toughness values of this alloy. 
As the average index increased, the toughness value 
increased. In the case of such an effect, it was consid-
ered that the existence of a low number of bifilms and 
very different distributions occurred at high average 
bifilm index values. And these variables were thought 
to be effective on toughness. On the other hand, the 
relationship between the bifilm index (casting quality) 
and UTS was also examined, and the results were pre-
sented in Fig. 12. From these findings, it can be said that 
there was a strong correlation between the bifilm index 
and UTS. However, the effect of casting quality on UTS 
depends on how big and small the bifilm index value 
is. As the bifilm index increased, that is, as the casting 
quality decreased, the UTS decreased. This conclusion 
can be clearly seen in Fig. 12. On the other hand, when 
the Bifilm index values were low, the UTS values were in 

Fig. 9   Representative SEM 
images of oxide structures 
(bifilms) on the fracture surface 
of tensile bars. a Oxide struc-
tures from the samples of zero 
minute holding time, b Surface 
oxides from the samples of 
zero minute holding time, c 
Oxides between dendrite arms 
from the samples of 20 min 
holding time, d Surface oxides 
from the samples of 40 min 
holding time, e An oxide on 
the dendrite arms from the 
samples of 40 min holding 
time, f Oxides from the sam-
ples of 120 min holding time
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a very wide range, UTS was in the narrow range at high 
Bifilm index values. This is because the casting defects 
(bifilms and porosities) present in the material at a high 
bifilm index value were likely to reduce the UTS results. 

In other words, the more bifilm present in the mate-
rial, the more likely it will act as a crack to decrease the 
mechanical properties.  

Fig. 10   Lognormal distribution of results of mechanical properties

Fig. 11   The relationship between average bifilm index (ABI) and 
toughness Fig. 12   The relationship between bifilm index (BI) and UTS
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4 � Conclusion

This study has been carried out in order to investigate 
the effect of holding time on bifilms after the addition 
of titanium. The conclusions from the study can be listed 
as follow;

1.	 Ti addition significantly decreases the bifilms in the 
liquid metal as Ti collects oxides when it moves to the 
bottom of the crucible after addition, and the number 
of bifilms is reduced as holding time increases.

2.	 New bifilms are generated as the holding time of the 
liquid metal is increased.

3.	 The size of the bifilms considerably affects the tough-
ness of A356. As the average bifilm index increases, 
toughness increases.

4.	 There is a strong correlation between the bifilm index 
and UTS. A high population of bifilms decreases 
mechanical properties. Also, the elongation value at 
fracture is increased as the holding time increases.

5.	 The melt can be held a maximum of 60 min after Ti 
addition and the optimum holding time may be 
40 min to obtain the highest quality in A356 casting.
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