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Abstract

:

Entrapped double oxide film defects are known to be the most detrimental defects during the casting of aluminium alloys. In addition, hydrogen dissolved in the aluminium melt was suggested to pass into the defects to expand them and cause hydrogen porosity. In this work, the effect of two important casting parameters (the filtration and hydrogen content) on the properties of Al–7 Si–0.3 Mg alloy castings was studied using a full factorial design of experiments approach. Casting properties such as the Weibull modulus and position parameter of the elongation and the tensile strength were considered as response parameters. The results suggested that adopting 10 PPI filters in the gating system resulted in a considerable boost of the Weibull moduli of the tensile strength and elongation due to the enhanced mould filling conditions that minimised the possibility of oxide film entrainment. In addition, the results showed that reducing the hydrogen content in the castings samples from 0.257 to 0.132 cm3/100 g Al was associated with a noticeable decrease in the size of bifilm defects with a corresponding improvement in the mechanical properties. Such significant effect of the process parameters studied on the casting properties suggests that the more careful and quiescent mould filling practice and the lower the hydrogen level of the casting, the higher the quality and reliability of the castings produced.
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1. Introduction


Aluminium alloys are the most used materials in the automotive industry due to their excellent properties such as strength, durability, safety and low density, resulting in reduced emissions and an increase in fuel efficiency of the produced vehicles. In addition, aluminium is a fully recyclable material without losing recycled quality. Therefore, there is an accelerated demand for innovations and developments for aluminium alloys, particularly regarding improving the mechanical properties of the cast components [1,2,3,4,5,6].



Cast aluminium alloys are shown to have low gas absorption, with the exception of hydrogen [7,8,9,10]. Oxide film defects (bifilms) are typically created due to surface disturbance of the Al melt during pouring and/or transfer processes. This causes the oxidised surface to be folded upon itself entrapping an air layer within it and then be entrained in the bulk liquid Al [11,12,13,14]. Entrainment of bifilm defects is one of the most significant issues in aluminium castings, as they are claimed to deteriorate the tensile and fatigue properties. They are also promoting the creation of other casting defects such as pores and iron intermetallics [15,16,17].



Research studies showed that the bifilm defects occurrence during the pouring of the melt could be explained through the critical ingate velocity concept. As the melt enters the mould cavity with a speed more than a critical value (about 0.5 m/s for most aluminium alloys), the flow front becomes unstable and allows the creation of surface oxide foldable layers [18,19,20,21,22]. Literature has also confirmed that it is challenging to produce reliable casting and avoid oxide film entrainment using top-pouring methods. Therefore, bottom-pouring gating techniques are preferred because they avoid instability of melt flow behaviour during mould filling by controlling the ingate-velocity requirements for sound castings [23,24,25,26,].



During solidification of the cast, the solubility of the hydrogen in Al melt considerably drops causing the former to be rejected by the growing dendrites. Concurrently, entrained bifilms, initially being compacted due to bulk turbulence, start to unfurl due to the negative pressure ascending from the shrinkage of the cast. This behaviour causes hydrogen to diffuse into the developed bifilm and inflate them into pores [27]. The results recently supported these findings by El-Sayed, Chen and Griffiths that demonstrated a harmful influence of hydrogen on the mechanical properties of an Al casting [28,29,30,31].



Design of experiments (DoE) is a systematic approach used to plan, conduct, and analyse tests to study the effect of different parameters of a given process on the response(s) of that process through performing the minimum number of experiments [32,33,34,35]. A two-level full factorial design is one of the most widely used experimental designs in which each of the process parameters is set at two levels. These levels are called ‘high’ and ‘low’, ‘Good’ and ‘Bad’ or ‘+1′ and ‘−1′. A factorial design denoted 2k design is a full factorial design of k parameters—each has two levels, and the design will involve 2k runs [36].



Previous investigations about casting of light alloys had looked at the effect of different casting parameters on the mechanical properties. However, not many attempts in the literature have been made to identify which of these parameters had a statistically significant effect on the tensile properties of Al–Si–Mg cast alloys. The current research was carried out to cover the research gap and utilizes statistical techniques by means of Full Factorial Design of Experiments (DoE) and Analysis of Variance (ANOVA) to identify the significance of casting process parameters and study their effect on the UTS and % elongation of the castings produced. In addition, the application of DoE not only allowed to statistically assess the significance of the studied parameters, it also provided a sort of quantification of the weight of each parameter in impacting the studied process outputs through the calculation of the standardised effect of each factor. Finally, the use of DoE allowed also to assess the interaction effect between the studied parameters, which is very difficult, if not impossible, to determine otherwise.



In this paper, the effect of the hydrogen content of aluminium casting and the use of filters on the amount and size of bifilm defects, and by implication on the properties of Al–7 Si–0.3 Mg alloy castings was studied. A two-factor DoE was used for the modelling and the analysis of the casting process. The aim of such study is to provide a better understanding of the factors dominating the quality and reproducibility of light metal cast alloys.




2. Experiment


The two-parameter Weibull distribution is an empirical distribution [37] introduced by Weibull in 1951, and the distribution function is expressed as


P = 1 − exp {−[x/x0]m}



(1)




where:



P = the cumulative fraction of failures in the mechanical property, e.g., a tensile test;



x = variable being measured, e.g., tensile strength;



x0 = position parameter or characteristic value at which 63% of the samples failed;



m = Weibull modulus.



Taking the logarithm of Equation (1) twice yields a linear equation:


ln [−ln(1 − P)] = m ln(x) − m ln(x0)



(2)




with a slope of “m” and an intercept of “−m ln(x0)”. When “ln [−ln(1−P)]” is plotted versus “ln(x)”, Weibull probability plot is obtained and therefore the values of “m” and “x0” could be determined [20].



Literature suggests that Weibull distribution could better explain the failure of materials under a mechanical loading than a normal distribution [37,38]. A greater Weibull modulus and position parameters mean that the samples have fewer defects, which indicate higher and more reproducible properties. This study employed a two-parameter Weibull distribution to quantify the variability of the ultimate tensile strength and the % elongation of Al-Si-Mg cast alloys.



In this study, castings from Al–7 wt.%Si–0.3 wt.%Mg alloy were produced using gravity casting technique. Hydrogen contents and filtration were the two factors of the sand casting process that were considered for the experimentation. In addition, four process outputs or study responses were considered in this study. They were the cast Weibull modulus and position parameter of the UTS (denoted mUTS and x0)UTS, respectively), and the Weibull modulus and position parameter of the elongation (denoted mELONG and x0)ELONG, respectively). Each process parameter was varied over two levels: “−1” and “+1”. The experiment, therefore, contained four combinations of hydrogen contents and filtration. The design matrix of the experimental work is shown in Table 1.



A two-level full factorial study was applied to explore the effects of hydrogen contents and filtration and their interaction using Design-Expert Software Version 7.0.0 (Stat-Ease Inc., Minneapolis, MN, USA). Figure 1a shows a sketch of the pattern geometry used to produce the resin-bonded sand moulds. The mould consists of ten tensile test bars of a length of 100 mm and a diameter of 11 mm. The runner used in this mould had a thickness of 25 mm. Two moulds were cast to produce 20 tensile test bars for each of the four experiments listed in Table 1. In each experiment, about 6 kg of Al–7 Si–0.3 Mg alloy were melted in an induction furnace (Inductotherm, Droitwich, United Kingdom ). The melt was kept at 800 °C under a partial vacuum atmosphere of 0.2 bar for 2 h before pouring to allow the expansion of the charge oxide films and consequent floating to the melt surface, which helps to remove them as suggested in the literature [29]. The melt was then poured into the moulds in such a way to promote the creation of fresh bifilms.



In order to evaluate the effect of the hydrogen content in the casting samples, the experiments were grouped into two categories—the first category includes samples with high hydrogen content (Experiments 1, 3), and the second category includes samples low hydrogen content (Experiments 2, 4). For Experiments 1 and 3 the molten aluminium was poured into the moulds that had been prepared one day before the experiment. As for Experiments 2 and 4, and in order to ensure obtaining castings with low hydrogen content, degassing was carried out using AlSCAN equipment (ABB Measurement & Analytics, Pennsylvania, USA) for 30 min before pouring. In addition, and to eliminate hydrogen picking up from the mould walls, the moulds were kept under a reduced pressure of 0.5 bar for 14 days before the experiment in order to allow the resin solvent to evaporate completely from the sand moulds [28]. For Experiments 3 and 4, two ceramic filters (Fesoco, Birmingham, United Kingdom) of 10 pores per linear inch (PPI) and dimensions of 50 × 50 × 20 mm, were placed in the filter prints at the locations shown in Figure 1a. This would allow better control of the melt flow inside the mould, aiming to reduce the possibility of oxide film entrainment. After solidification of the cast, samples were cut from the runner bar, and hydrogen measurement was analysed using LECO™ hydrogen analyser (LECO, St. Joseph, MI, USA) for solid-state hydrogen measurement of the castings from different experiments.



Tensile test samples were prepared by machining the solidified castings using a turning machine. Figure 1b shows a schematic of the tensile test samples. Testing was performed with a WDW-100E universal testing machine (Time Group Inc., Beijing, China) with a strain rate of 1 mm min−1. The ultimate tensile strength (UTS) and % elongation results were assessed using a two-parameter Weibull distribution to evaluate the effect of the casting parameters on the scatter of the casting tensile properties. Finally, the broken tensile test samples were examined using a Philips XL-30 scanning electron microscope (SEM) (SEMTech Solutions, Inc., North Billerica, MA, USA ) equipped with an energy dispersive X-ray analyser (EDS) for the evidence of bifilm. For each of Experiments 1 and 4, three specimens were selected for investigation that showed the lowest UTS, as they were expected to include more oxide film defects.




3. Results and Discussion


As discussed, aluminium alloy melt was held under vacuum to eliminate the effect of previously introduced oxides in the raw material and ensure that the castings’ variability is only due to the changed casting process parameters [27,36]. These process parameters or casting conditions are the amount of hydrogen in the solidified casting and the filtration.



Table 2 lists the casting conditions of the experiments performed and the corresponding Weibull analysis results for different properties.



The results showed a significant effect of the degassing treatment as well as the holding of the sand mould under reduced pressure, for a given time before pouring in, on the casting hydrogen content. The average hydrogen content of the samples cut from the solidified undegassed castings (Experiments 1 and 3) and degassed castings (Experiments 2 and 4) were 0.257 and 0.132 cm3/100 g Al, respectively. The noticeable reduction in the hydrogen level in Experiments 2 and 4 is reasoned to the use of a degassing treatment that was able to decrease the hydrogen content in the melt before pouring, as well as the vacuum treatment of the moulds before the use that seemed to minimise the amount of hydrogen picked by the poured melt from mould walls [39].



Figure 2 shows the Weibull distribution results of the tensile samples. Corresponding plots for the % elongation are also presented in Figure 3. As shown in the two figures, the data representing both properties are linearly distributed, as suggested by correlation coefficients. In both figures the slope of the data trend lines (that represent the Weibull moduli) of both the UTS and % elongation in Experiment 4, where degassing and ceramic filters were employed, were the largest among all castings.



By applying the DoE approach to investigate the effect of the process parameters, Figure 4a–c shows the effect of hydrogen content, filtration and the interaction between the two parameters, respectively, on mUTS. Corresponding plots related to mELONG are presented in Figure 5a–c, respectively. Note that in both Figure 4b and Figure 5b the points representing the responses are connected using dotted lines, not solid lines, to indicate a categoric factor.



The two figures indicate that both moduli had been increased consistently with either the decrease of hydrogen content and/or the use of filters. The value of mUTS, at a hydrogen level of 0.257 cm3/100 g Al and without the use of filters, was about 4 (Experiment 1). Decreasing the hydrogen level to 0.132 cm3/100 g Al increased the modulus to about 9, while the use of 10 PPI filters increased the modulus to 8. However, the application of degassing and mould treatment (that tended to decrease hydrogen level) and the implementation of filters resulted in a significant improvement of mUTS to about 22 (Experiment 4). Moreover, mELONG of about 2 was obtained for the undegassed casting poured in unfiltered moulds. MELONG values of 6, 5 and 11, respectively, were obtained for castings when hydrogen level was reduced, filters were implemented, and both conducts were adopted. Finally, the results suggest that the hydrogen level and filtration interaction is also significant, especially for mUTS, as shown in Figure 4c and Figure 5c. At lower hydrogen level, the positive effect of filtration on both moduli is clearer. Likewise, the antithesis impact of hydrogen level on the Weibull moduli is more obvious when filtration was adopted.



The influence of the hydrogen levels, filters, and interaction between them on x0)UTS and x0)ELONG are shown in Figure 6 and Figure 7, respectively. x0)UTS and x0)ELONG exhibited similar trends to those of mUTS and mELONG. Again, in both Figure 6b and Figure 7b the points representing the responses are connected using dotted lines, not solid lines, to indicate a categoric factor. The parameters were enhanced 81 to 148 MPa for the UTS, and from 4 to 7 for the % elongation upon reducing the hydrogen level and use of filters. Furthermore, the interaction between both factors was also revealed to remarkably influence the position parameters of both tensile properties. Employing ceramic filters enabled a sharper relationship between the hydrogen level and x0)UTS (Figure 6c) and x0)ELONG (Figure 7c), and vice versa.



Generally, it was evident that the implementation of ceramic filters and the application of casting procedures that promoted reducing the hydrogen level of the casting had a significant effect on the enhancement of mUTS, x0)UTS mELONG and x0)ELONG, as could be inferred from Figure 4, Figure 5, Figure 6 and Figure 7. The Weibull moduli and position parameters were the highest for samples produced in Experiment 4 compared to all castings. This is owed to the use of filters and low hydrogen level castings. This indicates that the casting quality has been improved, and the variability among them has been reduced.



Literature has demonstrated that the use of a poor gating system, with a runner of ≥25 mm height and without the use of filters, was associated with the formation and entrainment of a substantial amount of bifilm defects [28]. They have also advocated that due to the lack of bonding between the inner (dry) sides of a bifilm, the rejected hydrogen during solidification usually penetrates into the defect and easily expands it, like a balloon, creating a hydrogen pore in the final casting [40]. In Experiment 1, the casting experiment was performed without a prior degassing of the aluminium melt to produce a high hydrogen level casting. This resulted in a substantial drop in the tensile strength of the samples (a x0)UTS of 81 MPa and a x0)ELONG of 4%) and also widened their spread (4 and 2, respectively, for mUTS and mELONG). This could be easily inferred from the results shown in Figure 2, Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7, as well as in Table 2, which showed that samples from Experiment 1 experienced the worst properties among all experiments.



Using the experimental data, a factorial analysis using Analysis of Variance (ANOVA) statistical approach was executed to determine the standardised effects of studied parameters (the hydrogen level of the casting and filtration) and their interaction on four responses considered in this study: mUTS, x0)UTS, mELONG and x0)ELONG. Table 3 summarises the list of factors and their interaction, as well as the effect of each factor and/or interaction. The effect is the change in the response as the factor changes from the “−1” level to the “+1” level. In other words, the effect of a given factor A is the difference between the mean values of the response at levels “+1” and “−1” of A. A positive value of the effect denotes a lineal influence favouring optimisation, whereas a negative sign signifies a converse repercussion of the parameter on the studied response [41].



It is evident that the H level of the casting had an adverse effect on mUTS, x0)UTS, mELONG and x0)ELONG, while filtration showed an advantageous effect on the four outputs evaluated in this study, see Table 3. This could be concluded from the signs of the main effects of the two parameters for different responses. However, and independent of the sign of the effect, ANOVA results had demonstrated that the standardised effects of each of the hydrogen levels and filtration on the four responses were too close. This is a clear indication of the important roles played by both factors in influencing the reproducibility of aluminium castings.



The DoE results, presented in Table 3, signified that doubling the hydrogen content was associated with a negative effect on mUTS and x0)UTS of about −9 and −34 MPa, respectively, and on mELONG and x0)ELONG of about −5 and −2%, respectively. On the other hand, filtration was shown to have a favourable effect on mUTS and x0)UTS of about 8 and 33 MPa, respectively, and on mELONG and x0)ELONG of about 4 and 2%, respectively. This might be due to the role played by the filters in damping the acceleration of the incoming flow of liquid Al during its passage through the runner. This would permit a calmer and smoother flow behaviour of the melt inside the mould, reduce the ingate velocity, minimise oxide film entrainment, and ultimately improve the tensile properties. This confirms the results obtained by Green and Campbell [38,42], who apprised a considerable improvement in the Weibull moduli of the tensile properties of Al–7Si–Mg castings, of about 350%, while applying a turbulent-free filling system that seemed to prevent oxide film entrainment.



Bifilm defects were detected at the specimens’ fracture surfaces from the four experiments carried out in this work. Typical examples of such defects from Experiments 1 and 4 are shown in Figure 8 and Figure 9, respectively. Results of the accompanied EDX examination at the suspected oxide films confirmed that spinel films existed at these surfaces. The EDX spectra contained a peak for carbon which was suggested to be caused by the contamination of the atmosphere inside the SEM. The identity of the spinel films was confirmed by EDX analyses that detected relatively large amounts of oxygen at the suspected oxide films (indicated by the high oxygen peak in the EDX spectrum), which had not been detected in other adjacent areas of the fracture surface being examined. It was shown that the approximate average areas of the spinel layers detected on the fracture surfaces of the examined test bars (assuming an elliptical shape for the oxide film) from Experiments 1 and 4 were about 1.4 and 4.5 mm2, respectively.



In Experiment 1 the bad mould design and the lack of filtration are expected to violate the critical ingate velocity and accordingly plenteous entrainment of oxide films is expected. Additionally, the relatively high hydrogen level of the castings in this experiment (about 0.257 cm3/100 g Al) was expected to increase the hydrogen ingress into the bifilms and increase their sizes. Therefore, several oxide film defects of comparatively larger sizes were often detected at the fracture surfaces of test bars from this experiment. See Figure 8. In contrast, the area covered with oxide layers detected on the fracture surface of a specimen from Experiment 4 (Figure 9) was considerably smaller than that in the casting from Experiment 1 by about one-third. This is suggested to be a result of the significantly lower hydrogen level of the former experiment due to the application of degassing, as well as the use of filters that seemed to minimise the oxide film entrainment during mould filling.



The substantial reduction in the amount and size of bifilm defects, which is related to the combined effect of the two casting parameters, caused the castings from Experiment 4 to have a noticeable improvement of their mUTS and mELONG by about 420% and 400%, respectively, compared to those in Experiment 1. Moreover, a less significant increase in x0)UTS and x0)ELONG of about 82% and 101% respectively was obtained due to the reduced hydrogen level and the use of filters. See Table 2.



The connotation of the current findings would be that the implementation of filters could significantly reduce the production of bifilm defects. Moreover, the reduction of casting hydrogen level would minimise the amount of the gas diffuses into the entrained bifilms, decreasing the size of the defects. Thus, if appropriate treatment procedures for both the melt and the sand mould would be considered, this would permit the production of castings with minimum hydrogen level. Additionally, if filtration was applied, this would allow a more quiescent mould filling regime. These considerations would allow a casting producer to reduce both the number and the size of the bifilms in the melt and consequently obtaining an Al cast alloy with improved mechanical properties.




4. Conclusions


	
The detection of bifilms at fracture surfaces of the majority of tensile samples examined is a suggestion of the deleterious influence of these inclusions on the mechanical properties of Al cast alloys.



	
ANOVA results suggested that reducing the hydrogen content of an Al–7 Si–0.3 Mg cast alloy and the application of 10 PPI filters had remarkable positive standardised effects of about 9 and 4, respectively, on the UTS and % elongation Weibull modulus.



	
Statistical analysis also indicated that both parameters had significant standardised effects on the UTS and % elongation position parameters, of 33 MPa and 2%, respectively.



	
The optimised casting condition involving the implementation of filters and the application of the precautions required to decrease the hydrogen level of the casting resulted in an outstanding improvement of the Weibull moduli of the UTS and % elongation by a factor of about 4.
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Figure 1. A schematic diagram of (a) the pattern used to create the mould, (b) a tensile test sample (dimensions in mm). 
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Figure 2. Weibull distribution of UTS of Al–7 Si–0.3 Mg alloy for different experiments itemised in Table 1. 
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Figure 3. Weibull distribution of % elongation of Al–7 Si–0.3 Mg alloy for different experiments itemised in Table 1. 
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Figure 4. Effect of (a) hydrogen level, (b) use of filters, (c) the interaction between hydrogen level and filters on mUTS. 
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Figure 5. Effect of (a) hydrogen level, (b) filtration, (c) the interaction between hydrogen level and filtration on mELONG. 
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Figure 6. Influence of (a) hydrogen level, (b) filtration (c) the interaction between hydrogen level and filtration on x0)UTS. 
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Figure 7. Graphs of (a) hydrogen level, (b) filtration, (c) the interaction between hydrogen level and filtration against x0)ELONG. 
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Figure 8. (a,b) Electron microscopy fractographs and corresponding EDX spectra (at the positions pointed with “X”) of oxide films on the fracture surfaces of two tensile-tested bars from Experiment 1. 
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Figure 9. (a,b) Electron microscopy fractographs and corresponding EDX spectra (at the positions pointed with “X”) of oxide films on the fracture surfaces of two tensile-tested bars from Experiment 4. 






Figure 9. (a,b) Electron microscopy fractographs and corresponding EDX spectra (at the positions pointed with “X”) of oxide films on the fracture surfaces of two tensile-tested bars from Experiment 4.



[image: Metals 12 00160 g009]







[image: Table] 





Table 1. Experimental plan.
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Experiment




	
Factor

	
Coded Symbol

	
1

	
2

	
3

	
4






	
Hydrogen content of the casting

	
A

	
−1

	
+1

	
−1

	
+1




	
Level

	
-

	
(High)

	
(Low)

	
(High)

	
(Low)




	
Filtration

	
B

	
−1

	
−1

	
+1

	
+1




	
Level

	
-

	
(Unfiltered)

	
(Unfiltered)

	
(Filtered)

	
(Filtered)
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Table 2. Position parameter and Weibull modulus of cast specimens produced under different conditions.
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Exp. No.

	
Hydrogen Level (cm3/100 g Al)

	

	
UTS (MPa)

	
% Elongation




	
Filtration

	
Position Parameter

	
Weibull Modulus

	
Position Parameter

	
Weibull Modulus






	
1

	
0.257

	
Unfiltered

	
81

	
4.15

	
4.08

	
2.17




	
2

	
0.132

	
Unfiltered

	
106

	
8.95

	
4.92

	
6.14




	
3

	
0.257

	
Filtered

	
105

	
7.78

	
4.72

	
4.88




	
4

	
0.132

	
Filtered

	
148

	
21.67

	
8.2

	
10.87
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Table 3. Factorial analysis of the properties of the casting.






Table 3. Factorial analysis of the properties of the casting.





	
Term

	
Standardised Effect




	
Weibull Modulus of UTS

	
Position Parameter of UTS (MPa)

	
Weibull Modulus of % Elongation

	
Position Parameter of % Elongation (%)






	
A-Hydrogen Level

	
−9.43

	
−34

	
−4.98

	
−2.16




	
B-Filtration

	
8.18

	
33

	
3.72

	
1.96




	
AB

	
−4.56

	
−9

	
−1.01

	
−1.32
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