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Abstract 
 

Aluminum alloys are widely used in the industry thanks to its many advantages such as light weight and high strength. The use of this 

material in the market is increasing day by day with the developing technology. Due to the high energy inputs in the primary production, the 

use of secondary ingots by recycling from scrap material are more advantageous. However, the liquid metal quality is quite important in the 

use of secondary aluminum. It is believed that the quality of recycled aluminum is low, for this purpose, many liquid metal cleaning methods 

and test methods are used in the industry to assess the melt cleanliness level. In this study, it is aimed to examine the liquid metal quality in 

castings with varying temperature using K mold. A206 alloy was used, and the test parameters were selected as: (i) at 725 °C, 750 °C and 

775 °C casting temperatures, (ii) different hydrogen levels. The hydrogen level was adjusted as low, medium and high with degassing, as-

cast, and upgassing of the melt, respectively. The liquid metal quality of the cast samples was examined by the K mold technique. When the 

results were examined, it was determined that metal K values and the number of inclusions were high at the as-cast and up-gas liquid with 

increasing casting temperatures. It has been understood that the K mold technique is a practical method for the determination of liquid metal 

quality, if there is no reduced pressure test machine available at the foundry floor.  
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1. Introduction 
 

Aluminum alloys are important engineering materials due to 

their light weight, low density, high corrosion resistance, high 

electrical and thermal conductivity, high strength and ductility. 

Therefore, it is widely used in different applications such as 

automotive, aerospace, defense, aerospace industry, and machinery 

[1]. It is also known that aluminum alloys are needed more and 

more every day in the automotive industry due to lowered emission 

requirements [2].  

The raw materials required for aluminum casting are basically 

supplied in two different ways. The first of these is primary 

production by extraction of aluminum from ore, and the other from 

scrap (secondary ingot) through recycling. In the ore production, 

bauxite ore is mined, and alumina is obtained by the Bayer Process. 

After this process, pure aluminum is obtained by applying 

electrolysis process [3]. This method requires high energy input. 

The amount of energy required during the production of aluminum 
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by recycling from scrap is comparatively low which is around only 

5% of the primary production. Secondary aluminum production is 

important because aluminum is a metal with good recyclability, 

low energy consumption during remelting etc [4], [5]. The 

importance of recycling and secondary production is increasing due 

to limited reserves and bauxite resources that are decreasing day by 

day. However, the most important problem encountered in the use 

of secondary aluminum by recycling is the optimization of the 

liquid metal quality and the need for additional processes to clean 

the melt [6]. 

In the production of parts by aluminum alloys casting, the 

liquid metal quality is negatively affected by possible defects such 

as Fe-containing intermetallic phases, bifilms, dissolved hydrogen 

and inclusions [7], [8]. Low liquid metal quality may cause the 

casting parts to be separated as scrap, as well as adversely affect 

fluidity and mechanical properties due to the formation of 

micropores and cracks in the cast parts [9-13]. In order to produce 

high quality products from secondary aluminum, which has a 

serious economic value in the industry, it is necessary to increase 

the quality of the liquid metal. In this context, many liquid metal 

cleaning processes are developed. Some of them involve the use of 

flux as lance-assisted degassing, rotary type degassing, 

electromagnetic degassing, spray degassing, ultrasonic degassing, 

and vacuum degassing [14-17]. Foundries apply different cleaning 

methods depending on capacity and production procedure [18].  

Various academic studies have been conducted on degassing 

methods. Ultrasonic degassing for low-pressure die casting was 

studied by Da Silva [19] and compared with rotary Ar degassing. 

They reported that ultrasonic degassing was as efficient as Ar 

degassing in 150 kg furnace resulting with slightly better ductility 

in 356 alloy. Eskin et al [20] investigated ultrasonic degassing 

kinetics and compared it to rotary Ar degassing. An AlSpek-H, 

reduced pressure test (RPT), and 3D X-ray tomography were used 

to investigate the effects of ultrasonic degassing on porosity 

formation. They suggested that shorter degassing times can be used 

by ultrasonic degassing and less dross formation was reported. 

Fan et all [21] used high shear device to achieve homogeneous 

finer microstructure with decreased porosity. Galarraga et al [22] 

investigated the efficiency of the rotary and ultrasonic degassing 

system on an AlSi10Mg casting alloy. They used RPT, 

Archimedes’ principal density method. They reported that rotary 

degassing has higher volumetric efficiency than ultrasonic 

degassing. In their study, Mostafaei et al [23] examined the effect 

of rotary degassing parameters, such as degassing time and flow 

rate, on melt and casting quality. They show that the quality of melt 

depends on gas flow rate and rotation speed of the lance. 

Various test methods are also available to check the assessment 

of liquid metal cleanliness such as RPT, K-mold technique, thermal 

analysis method, X-ray method, Tatur test, ultrasonic test, PoDFA 

method, Qualiflash disk method, Brightimeter technique and 

electrical resistance method [24-27]. Among these test methods, 

the most commonly used ones in terms of investment cost, rapid 

evaluation, and application practicality are known to be RPT and 

K-mold techniques [28].  

The K-mold test method was first applied in 1973 by Sanji 

Kitaoka (Nippon Light Metal Ltd.) in Japan [29]. The test method 

is based on the inspection procedure of the fracture surfaces of the 

cast part. The purpose of the test is to evaluate the macro 

cleanliness of the aluminum melt before casting. Compared to other 

liquid metal test methods, the method has advantages such as being 

economical, easy sampling, rapid evaluation, and sensitivity to 

inclusions and oxide film [30].  

In the K mold technique, after casting, the specimens are 

removed from the mold and fractured from the notch areas. A 

macro-scale analysis is performed on the cross-sectional surfaces 

to detect inclusions. Liquid metal quality is determined by K value 

as seen in Equation 1.  

 

K = s / n              (1) 

 

K: the number of inclusions on the fracture surface of a part of the 

sample,  

s: the total number of inclusions found without size-dependent in 

the fragment,  

n: refers to the number of samples examined. 

 

Liquid metal cleanliness can be determined according to the K 

value. When K<0.5, 0.5<K<1.0, K>1.0 are clean, acceptable, and 

not acceptable respectively [10]. Therefore, when K values are 

bigger than 1, it means that the liquid metal should be cleaned 

further. 

Gyarmati [31] investigated relation between bifilm and 

porosity formation in aluminum castings. They used K-mold 

method, Reduced pressure test (RPT), X-ray computed 

tomography (CT) in their studies. They observed that the number 

of pores in RPT sample and Bifilm quantity in K-mold samples 

were proportional to each other.  

Gyarmati et al [32]  also investigated the efficiency of rotary 

degassing system on melt quality of Al-Si alloys by similar 

techniques. It was reported that wrinkled oxides had covered the 

surface of the dendrites. These phenomena indicate that porosity 

formation in aluminum castings was initiated by bifilms (double 

oxide layers). These observations were compatible with 

Campbell’s theory [33-35] which stated that the bifilms are the 

main reason for both shrinkage and gas porosity in aluminum.  

As mentioned before, the cleanliness of the liquid metal is very 

important in aluminum castings. In this study, the quality of liquid 

metal of A206 alloy in different gas content and casting 

temperatures was investigated by the K-mold technique and RPT 

(reduced pressure test).  

 

 

2. Materials and Methods 
 

 

2.1. Material 
 

In this study, secondary A206 aluminum ingot was used. The 

chemical composition (% wt.) of the A206 alloy is given in Table 

1. 

 

Table 1. 

Composition of the A206 aluminum alloys used in the casting 

experiments 

Fe Si Cu Mn Mg Zn Ni Ti Al 

0.085 0.0121 4.75 0.33 0.36 0.026 0.02 0.00666 rem 
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2.2. Melting process and casting experiments  
 

Melting operations were carried out in an electric resistance 

furnace with 10 kW power. A10 type SiC crucible with an 8 kg 

capacity was used. The melt temperatures were set to 725, 750 and 

775 °C.  The gas content was set to three levels: as-cast (mid), de-

gassed (low), up-gassed (high). For each condition, samples were 

collected for K-mold and RPT. K-mold was coated with BN and 

heated to 200oC. The degassing was carried out with nitrogen gas 

with 5 l/min gas flow rate by using a graphite lance for 10 minutes. 

For the up-gassing, water vapor was applied to the surface of liquid 

metal (for 15 minutes) to increase the hydrogen level in the liquid 

metal. The schematic representation of the casting furnace is given 

in Fig 1. 

 

 
Fig 1. Casting furnace system, (a) as-cast, (b) degassed, (c) 

upgassed 

 

K-mold is 240 mm long, 36 mm wide, and 6 mm thick. There 

are notches in the sample, as seen in Fig. 2. After the samples were 

collected by ladle and poured into the mould, the inclusions on the 

fracture surfaces of the 5 pieces obtained from the sample were 

examined by the macro examination method. In order to examine 

the samples, high-resolution photographs of the fractured surfaces 

of the samples should be taken. Photographs of the sample fracture 

surfaces were taken with a Sony A7R3 camera with 42.4 MP 

resolution. Inclusion counting was performed from the obtained 

images with the image analysis method and K values were recorded 

according to Equation 1. Detailed information about K-mold 

method and K values can be found in the following articles [36, 

37]. 

Reduced pressure test (RPT) was carried out at 100 mbar. The 

density of the samples was measured by Archimedes principle and 

the bifilm index was measured from the cross-section of samples. 

The following articles provide detailed information about RPT 

sample preparation and bifilm index [38], [39]. 

 

 
Fig. 2. K-mold and a representative cast sample 

 

3. Results and Discussion 
 

The castings were completed at three different casting 

conditions (de-gassing, as-cast, and up-gassing) and at three 

different casting temperatures (725, 750, and 775 oC). The cast 

samples were fractured into 5 pieces by using the notches to create 

fracture surfaces. High-resolution photographs were taken of the 

fractured surfaces of these five stacked pieces. Images of the K-

mold samples are given in Figure 3. The image of these fracture 

surfaces of K mold test samples was examined by using macro 

examination methods. 

It can be seen in Figure 3 that the inclusions and defects can be 

clearly detected in macro images. The inclusion and defects on the 

fractured surfaces are counted without any discrimination in 5 

pieces of K-mold sample for each condition. During this procedure, 

the total number of inclusions and defects is recorded regardless of 

the defect size. 

It was observed that there was an increase in inclusion with the 

increase in temperature in all experimental conditions (different 

gassing levels). It is interesting to note that the size of defects was 

decreasing while the number of defects was increasing with 

increased temperature. Furthermore, k-mold samples with the up-

gassed condition revealed the highest number of defects (K values). 

On the other hand, in the casting with the degassed conditions, the 

inclusions on the fracture surface of K-mold samples displayed the 

lowest K values (fewer inclusions). 

 

 
Fig. 3. K-mold samples fracture surfaces on different conditions 

(de-gassing, as-cast and up-gassing) and 725, 750 and 775 °C 

casting temperatures 

 

Table 2 represents the total number of defects and K values for 

each casting condition (gas levels and casting temperatures). The 

number of inclusions shows the total number of inclusion and 

defects counted on the surface of all 5 parts of the K-mold sample. 

The number of K mold parts represents the investigated fractured 

surface for each casting condition (from one K-mold sample). 

Therefore, Table 2 is basically a numerical representation of Figure 

3. K-values are calculated by dividing the number of mold parts by 

the number of inclusions (Equation 1). 
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Table 2. 

Calculated K values, the total number of inclusions at 5 fractured 

surfaces of cast samples at three different casting temperatures and 

gassing levels (As-cast, Up-gassing, and De-gassing) conditions 

Casting 
Temperature 

(°C) 

Number of 

inclusions 

Number 

of K mold 

parts 

K value 

As-cast 725 14 5 2.80 

As-cast 750 17 5 3.40 

As-cast 775 23 5 4.60 

Upgassed 725 18 5 3.60 

Upgassed 750 22 5 4.40 

Upgassed 775 24 5 4.80 

Degassed 725 4 5 0.80 

Degassed 750 5 5 1.00 

Degassed 775 7 5 1.40 

 

It can be seen in Figure 4 that K-value was increased with the 

increase in the casting temperature in all conditions. The degassed 

condition has the lowest K-values around 1 while as-cast and up-

gassing conditions have similar and highest K-values around 3-5. 

The studies about liquid metal quality with the K mold test method 

suggest the use of K values lower than 1 for high liquid metal 

cleanliness. In degassed castings, it is seen that the liquid metal 

quality is at acceptable levels below 1. This confirms that the 

degassing process was efficiently carried out and melt was cleaned 

from defects. When the test results are examined, it is understood 

that cleaning should be done because the K values are above 1.00 

in all of the as-cast samples [36]. In 775 °C degassing trials, the K 

value was 1.40. Therefore, it suggests that the liquid metal requires 

further treatment. Either degassing time or flow rate of nitrogen gas 

need to be optimized for castings at 775 °C in order to achieve the 

required high-quality melt cleanliness levels. 

 

 
Fig. 4. K-value change by casting temperature (725, 750 and 

775 oC) and casting conditions (As-cast, up-gassing and de-

gassing) 

As seen in Figures 3 and 4, the increased K-value in up-gassed 

castings can be attributed to the increased oxidation rate in 

aluminum with increased temperature. The transformation of 

amorphous alumina to crystalline -Al2O3 is enhanced due to the 

fast migration of oxygen through the oxide-metal interface. During 

this transformation, the volume of the oxide decreases which is 

known as breakaway oxidation. Thus, a single large oxide now 

tears into fine and smaller ones. Additionally, depending on the Mg 

content of the alloy, MgAl2O4 spinel oxides may form which also 

has the tendency to form breakaway oxidation. Based on data from 

Table 2, the change in the number of defects with temperature was 

plotted. As seen in Figure 5, as the temperature increased, the 

number of defects increase almost linearly. Furthermore, the 

number of defects also increases depending on casting conditions 

at the same casting temperature. For example, K-mold samples 

have 4, 14, and 18 defects for de-gassing, as-cast, and up-gassing 

casting at 725 °C, respectively. 

 

 
Fig. 5. Change in number of defects by casting temperature (725, 

750 and 775 oC) and casting conditions (As-cast, up-gassing and 

de-gassing) 

 

Figures 6, 7, and 8 represent the SEM (Scanning electron 

microscopy) Images of K-mold samples at the different casting 

conditions (different gassing levels). Figure 6 shows the SEM 

images of the fractured surfaces of K-mold samples at as-cast 

conditions. These figures displayed those oxides are observed on 

the surface of the fractured surfaces. These oxides have a geometry 

that resembles a crumpled paper and can be clearly seen in the 

fracture surface of samples (Figure 6 a-d). This crumpled geometry 

is an indication of turbulent motion of the oxide either within the 

melt or that could occur during filling. These were mainly observed 

in the as-cast condition. 

Figure 7 shows the SEM images of fractured K-mold samples 

at up-gassing conditions. There was also the flat and rigid type of 

thick old oxides on the fracture surface. Their size changed from 

300 to 600 µm as seen in Figure 7 a-d. These flat and rigid type 

oxides were mainly observed in the up-gassed casting condition. 

Figure 8 shows the porosity images in SEM photos at all 

casting conditions. Some pores on the fracture surface were 

associated with dendrites clearly seen on the fracture surface 

(Figure 8). One particular defect was quite interesting where an 

oxide was covering the dendrite as seen in Figure 8-c. As seen in 

Figure 8-d, most of the fracture surface was typical brittle 

morphology with negligible amount of porosity and oxides. It has 

a microscopically rough surface more typical of nitride bifilms 

resulting from the nitrogen degassing.  The nitrogen degassing 

would have floated out all the original macroscopic or mesoscopic 

alumina bifilms but generated huge numbers of microscopic 

bifilms from the bursting of the nitrogen bubbles at the surface (the 

two halves of the opposite surfaces of each bubble coming together 

to make a bifilm), therefore producing a huge population of fine 

bifilms (probably nitride bifilms). On the other hand, in the 

degassed castings, no particular defect was detected.    

 



26  A R C H I V E S  o f  F O U N D R Y  E N G I N E E R I N G  V o l u m e  2 3 ,  I s s u e  3 / 2 0 2 3 ,  2 2 - 2 9  

 
Fig. 6. SEM images of crumpled oxides on the fracture surface  

of as-cast samples 

 

 
Fig. 7. SEM images of thick and rigid old oxides on the fracture 

surface on the up-gassed samples 

 

 
Fig. 8. SEM images of various types of porosity observed on the 

fracture surface of K-mold samples 

 

In order to assess the effect of melt treatment on K-mold tests, 

the change in K values (ΔK) is calculated using Equation 2 given 

below. 

 

ΔK = [(K2−K1) / K1] ×100            (2) 

 

Figure 9 represents the change in K values (ΔK) based on the 

as-cast samples for all casting temperatures. In de-gassing casting, 

approximately 70% decrease is observed based on the as-casting 

samples for all temperatures. On the other hand, up to 25% increase 

in K-values for the up-gassed condition. 

 

 
Fig. 9. Change in K-values by temperature and melt treatment 

 

According to the density of RPT samples, it can be seen in Fig. 

10 that the degassed condition had the highest density values 

ranging from 2.73-2.78 g/cm3 while the upgassed condition had the 

lowest density values. It is interesting to observe that the density 

was increasing with increased temperature for as-cast and degassed 

conditions while the density was in decreasing trend for the 

upgassed melt. On Fig. 11, the change in bifilm index with 

temperature and casting conditions are given. It can be seen that the 

bifilm index was decreasing with increased temperature for as-cast 

and degassed condition while a significant increase was observed 

for the upgassed condition.  

Figure 10 displays the density of RPT samples which is cast at 

different gassed level and casting temperatures. According to the 

density of RPT samples, it can be seen in Figure 10 that the de-

gassed condition had the highest density values ranging from 2.73-

2.78 g/cm3. On the other hand, the up-gassed RPT samples had the 

lowest density values ranging from 2.61-2.73 g/cm3. It is 

interesting to observe that the density was increasing with 

increased temperature for as-cast and degassed conditions while the 

density was in decreasing trend for the up-gassed RPT samples. 

The decrease in density might be explained by formed porosity due 

to high gassing levels during up-gassing of samples under reduced 

pressure casting. 

The change in bifilm index with temperature and casting 

conditions are given in Figure 11. It can be seen that the bifilm 

index was decreasing with increased temperature for as-cast and 

degassed conditions. on the other hand, a significant increase was 

observed at elevated temperatures for the up-gassed condition. The 

bifilm indexes are approximately 6, 25 and 72 mm at 725, 750 and 

775 °C casting temperatures, respectively. This increase can be 
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explained by the formation of new bifilms during the steam-

applying process. These bifilms are unfurled under reduced 

pressure and being visible. Therefore, new porosities are formed 

and expended at A206 RPT samples. These new formed porosities 

might be main reason at the decrease of density with increasing 

casting temperature at up-gassed RPT samples. 

 

 
Fig. 10. Change in density of RPT samples with casting 

temperature and different casting conditions (as-cast, de-gassing 

and up-gassing) 

 

 
Fig. 11. Change in bifilm index at different casting conditions and 

temperatures 

 

The correlation between bifilm index, density and K-values 

were also evaluated. The results are summarized in Fig. 12 and Fig. 

13. Both values (bifilm index and density of RPT) appear to have 

an exponential relationship with K values. The scatter of density 

results vs K-values is wider compared to bifilm index. When K-

value is low, density is high and bifilm index is low. However, at 

high K-values (between 4-5), both the density and bifilm index 

values scatter significantly which indicates that sensitivity of the 

tests with regard to the melt cleanliness varies dramatically. 

Therefore, it can be concluded that when the melt cleanliness is 

high (i.e. bifilm index lower than 20 mm), K values of up to 3 could 

be acceptable. On the other hand, the highest cleanliness was 

achieved when bifilm index was lower than 10 mm which 

corresponded to K values of lower than 1,3. As a result, the best 

conditions of melt cleanliness and defect-free castings could be 

achieved when bifilm index is lower than 10 and K mould is lower 

than 1. Erzi et al [40] had shown that density index could be 

misleading to assess melt cleanliness level due to the fact that not 

all pores are always round, instead, occasionally they can be flat or 

crack-like shapes. In this way, the density will be high, but a large 

defect would be present in the melt. As seen in Fig. 13, the lowest 

K-value (< 1) is achieved when density is high and bifilm index is 

lower than 10 mm.    

 
 

 
Fig. 12. Change in K-values with (a) bifilm index, (b) density of 

RPT samples 

 

 
Fig. 13. Contour map of bifilm index, density of RPT and K-

values 

 

 

4. Conclusions 
 

In this study, an investigation was carried out on the assessment 

of the liquid metal quality with the K-mold and RPT technique in 
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the casting of A206 aluminum alloy at varying temperatures and 

different gas levels. In conclusion: 

Casting temperature is important for liquid metal quality. The 

number of inclusions in a casting product increases as temperatures 

increases. This is attributed to the breakaway oxidation which 

results in smaller and higher number of oxide defects in the melt. 

Therefore, melt cleanliness level is adversely affected by increased 

melt temperature. 

Degassing decreases the number of inclusions in the melt and 

melt cleanliness increases. Without degassing, the K values in the 

castings are high at all temperatures. The degassing process is 

therefore necessary for these alloys in order to have good quality 

castings. 

In the degassing castings, the K value is at an acceptable level 

(below 1.0) at temperatures of 725 °C and 750 °C. However, with 

the increase in temperature, the K value increased to 1.40 in the 

casting made at 775 °C.  In order to achieve K values lower than 1 

(i.e. good quality melt), bifilm index need to be lower than 10 mm. 

Based on all this information, it has been concluded that the 

best conditions of melt cleanliness and defect-free castings could 

be achieved when bifilm index is lower than 10 and K value is 

lower than 1. For foundries who does not use or have RPT machine, 

simple K-mold could be an alternative practical solution.  
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