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Abstract 
 
The most important factor affecting the production of quality parts with aluminum alloys is the quality of molten metal. One of the 
determining factors in molten metal quality is the minimization of trace impurity elements in the alloy. One of the most harmful impurities 
among these elements is Fe, and its amount is a determining factor in its negative effect. It is known that Fe negatively affects the quality 
of aluminum, causing a decrease in mechanical properties. Most of the Fe in the alloy forms intermetallic from needle-like to complex 
Chinese-script structures.  In this study, carbon steel and stainless-steel rods were immersed in the liquid metal at casting temperatures of 
700°C and 750°C in A356 aluminum casting alloy and were subjected to diffusion for 1, 2 and 5 hours. Subsequently, a 4-channel flow 
test mold with various section thicknesses was used. All samples were measured by measuring the liquid metal advance distances of all 
sections in mm. Then, microstructure analyses were performed on the obtained sections. As a result, it is observed that as Fe diffusion 
increases, liquid metal advancement distances decrease and Fe intermetallics form in the microstructure. 
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1. Introduction 
 
Aluminum alloys are widely used in many applications such 

as automotive and aerospace due to their low density, excellent 
mechanical properties, light weight, easy fabrication, strength and 
good corrosion resistance [1-4]. The quality of the final product 
needs to be high due to critical application areas. It is well-known 
that the factors affecting the casting quality of aluminum casting 
alloys are alloy composition, casting temperature, microstructure, 
and porosity. Various factors occurring in the structure can cause 
microporosity, oxide film and intermetallic phases that affect the 
mechanical properties of the alloy [5-9]. 

The microstructure of aluminum casting alloys plays an 
important role in determining their mechanical properties and 
overall quality. Optimizing the casting temperatures in aluminum 

alloys is a critical factor to improve the quality and performance 
of the final product. [10]. Studies have shown that factors such as 
cooling rates during the casting process can affect the 
microstructure, with slower cooling rates leading to coarse 
dendritic morphology and adverse effects on the strength and 
elongation of the cast parts [11,12]. Many elements in the alloy 
have different characteristics on the microstructure. One of these 
elements, iron, which is either intentionally or unintentionally 
present in the alloy, has a complex effect on the casting quality of 
aluminum alloys. Fe is considered to be the most widespread and 
harmful impurity in aluminum casting alloys, causing an increase 
in casting defects that can adversely affect the properties of the 
material [13-15]. The presence of Fe can promote the formation 
of intermediate phases in the solidification process of aluminum 
alloys [16-20]. While Fe forms an intermetallic, its morphology 
varies depending on the other alloying elements present in the 
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liquid metal. Particularly, Si, Mn and Cr content have major 
control over the size and shape of Fe-based intermetallic phases in 
which it can be in the form of needle (beta Fe) or Chinese script 
(alpha Fe) morphologies. 

Fluidity in aluminum alloys is a critical property affected by 
various factors. Factors such as Fe, intermetallics, structural 
properties of the surface film layer, presence and distribution of 
defects in aluminum alloys are among these factors [21,22]. The 
fluidity of aluminum alloys can vary depending on factors such as 
the amount of Fe they contain, the composition of the alloy, and 
the solidification process. Therefore, in order to understand the 
effect of the Fe element on fluidity in aluminum alloys, various 
factors such as solidification rate, microstructure, and mechanical 
properties must be evaluated together. The presence of iron in 
aluminum alloys can affect their fluidity by promoting the 
formation of intermediate phases during solidification. 

In this study, A356 alloy, carbon steel and stainless-steel rods 
were diffusion immersed in liquid metal at 700°C and 750°C for 
1, 2 and 5 hours. Then, they were cast in a 4-channel fluidity mold 
with different section thicknesses. 

 
 

2. Experimental work  
 
The chemical composition of the A356 aluminum alloy is 

given in Table 1. The chemical compositions of the steel bars 
used to examine the effect of diffusion and changes in the 
microstructure are given in Table 2. 

 
Table 1.  
A356 Aluminum Alloy Chemical Composition (%wt) 

Fe Si Cu Mn Mg Zn Ni Ti Al 

0,20 6,65 0.02 0.03 0,33 0.04 0,02 0,08 Rem. 

 
Table 2.  
Chemical Composition of Steel Bars (%wt) 

 C Mn P S Si Cr Ni 
SS430 0,12 1,0 0,045 0,03 1,0 16 0,75 
St1020 0.18 0.4 0,04 0,05 - - - 

 
In the experimental setup, two different casting temperature 

(700 °C-750 °C), two different steel rods (carbon steel - stainless 
steel), and three different holding times (1 hour, 2 hours and 5 
hours). Overall, 14 different castings were made. Castings were 
carried out in a SiC crucible in the induction furnace as shown in 
Figure 1. When the liquid metal temperature reached the desired 
value, carbon and stainless steel rods with a diameter of 40 mm 
were kept in the liquid metal. 

 

 
Fig 1. Visual of steel rod in induction furnace and crucible used in 

casting 
 
Castings were made in a permanent mold. The mold was 

heated to approximately 250 °C with a heating table. Then, 
samples were collected for microstructural analysis. Castings 
were made in a permanent mold and samples were collected for 
microstructural analysis. After polishing, the samples were etched 
with Keller's solution (95 ml distilled water, 2.5 ml HNO3, 1.5 ml 
HCl, 1.0 ml HF). After etching, the microstructure was examined 
using an NMM-800/820 series metallurgical optical microscope. 
Additionally, fluidity tests were performed on 4-channel 
permanent mold castings with thicknesses ranging from 2 to 8 
mm (Figure 2). 

 

 
Fig 2. Dimension of the fludity mould 

 
 

3. Results and Discussion 
 

An example sample image obtained from castings is given in 
Figure 3. 

 

 
Fig 3. Sample sample image 
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In the study, the chemical analysis results of the cast samples 
under varying conditions given in experimental section are 
provided in Table 3. The tests were analyzed with the ARL brand 
optical spectrometer and EN 1706 standard. When the results 
obtained from OES analysis are examined, it can be seen that the 
casting temperature and diffusion time are the most effective 
parameters in the change of Fe content in the melt. Additionally, 
the increase in Ni and Cr content was also reported mainly due to 
the dipping of stainless-steel rods. It is important to note that Si 
content starts to decrease in longer durations that is attributed to 
increased formation of AlFeSi phases in which they start to 
sedimate to the bottom of the crucible. 
 
Table 3.  
Chemical analysis results of the test samples (% wt.) 

Material exp Si Fe Mn Ni Cr 

N
on

e 700-D0 7,140 0,108 0,002 0,003 0,001 
750-D0 7,011 0,112 0,002 0,005 0,007 

C
ar

bo
n 

St
ee

l 

700-D1 7,171 0,121 0,008 0,003 0,001 
700-D2 7,241 0,310 0,003 0,004 0,001 
700-D5 5,861 1,973 0,017 0,003 0,003 
750-D1 5,784 1,450 0,009 0,011 0,003 
750-D2 5,795 1,985 0,109 0,007 0,003 
750-D5 5,294 2,359 0,013 0,008 0,003 

St
ai

nl
es

s S
te

el
 700-D1 7,014 0,458 0,009 0,024 0,033 

700-D2 6,360 1,100 0,027 0,049 0,056 
700-D5 6,610 1,390 0,037 0,091 0,134 
750-D1 6,540 1,220 0,036 0,090 0,119 
750-D2 6,559 1,670 0,045 0,134 0,263 
750-D5 6,453 1,709 0,047 0,144 0,281 

 
When the images given in Figure 4 are examined, it is seen 

that when the casting temperature is changed, no Fe-based 
intermetallic phases observed considering the 0.1 wt% Fe content 
of the base alloy. The pictures of the specimens obtained from 
carbon steel diffusion castings are given in Figure 4. 

 

 
Fig 4. Microstructure images of reference samples 

(a) 700oC, (b) 750oC 
 
When carbon steel was dipped for 1, 2 and 5 hours; it is seen 

in Figure 5 that the intermetallic formation starts, and the pore 
sizes are smaller at 700°C at 1 hour diffusion time. When the 
diffusion time is 2 hours, it is seen that the pore size and number 
increase and intermetallic formation is also increased. When the 
diffusion time was 5 hours, it was observed that the β phase, 
known as the most harmful phase, increased significantly with 
localized distribution. Also, the pore formation was increased 

with pores particularly accumulated around the Fe phases. When 
the diffusion temperature was increased from 700°C to 750°C, the 
intermetallic phase formation, pore distribution and their sizes 
were increased dramatically with increased the diffusion time. It 
is important to note that there was a significant increase in the 
length and width of the β phase at diffusion times of 2 and 5 
hours. When the temperature difference is examined, it is seen 
that the number and size of phases formed at 700°C 1, 2 and 5 
hours are less than 750°C. This is due to the fact that the 
temperature increases the diffusion rate. 

 

 
Fig 5. 100X microstructure images of samples exposed to 

diffusion with plain carbon steel 
 
When the microstructures given in Figure 6 are examined, the 

size and distribution of the pores and Fe intermetallic phases were 
directly related with the diffusion time. The different type and 
morphology of Fe phases were recorded in the microstructure. 
One of the reasons for this is the increase in Cr and Ni content as 
well as the increase in the Fe content in the chemical composition. 
Considering the diffusion hours and temperatures applied to the 
liquid metal, less and smaller phases was formed in 1 hour at 
700°C. When the diffusion time is 2 and 5 hours, it is observed 
that β-Al5FeSi (needle structure), α phase (writing-like) formation 
and pore formation increase. When the diffusion effect for 1, 2 
and 5 hours at 750°C was examined, it was observed that as the 
diffusion time increased, there was an increase in the 
intermetallic, and also porosity formed in the structure. When the 
effect of casting temperature is examined, it is seen that less 
intermetallic is formed at 700°C when compared to 700°C and 
750°C. It is thought that this is due to the fact that temperature 
increases the diffusion rate. 

 

 
Fig 6. 100X microstructure images of samples diffused with 

stainless steel 



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  

In Figure 7, a representative image of a sample where carbon 
steel was dipped is given. It can be clearly seen that the 
microstructure is consisted of β-AlFeSi phases. In Figure 8, when 
stainless steel was used, Cr, Ni and Mn were detected in the EDX 
analysis. 

 

 

 
Fig 7. SEM and EDX analysis of samples with carbon steel 

 

 

 
Fig 8. SEM and EDX analysis of samples with stainless steel 
 
The values obtained from the four-channel fluidity pattern are 

given in the fluidity index formula given below and the fluency 
index values obtained in Table 4. When calculating the fluidity 
index, it can be calculated by expanding it depending on the 
number of channels in the mold where this index is located [21]. 

 
 

 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (𝑚𝑚𝑚𝑚)

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑇𝑇ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (𝑚𝑚𝑚𝑚)
 

 
Calculations for the fluidity mold used in the experiments 

were made as in the example below. The sample calculation was 
carried out with the liquid metal advance distances obtained in the 
700°C reference casting. 
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𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =
4
2

+
144

4
+

217
6

+
300

8
= 111,67 

 
 

Table 4.  
Fluidity index values of the samples 

Material Time 700°C 750°C 
None  111,6 126,1 

Carbon Steel 
1 48,8 82,0 
2 36,7 56,6 
5 35,4 49,5 

Stainless Steel 
1 51,0 73,0 
2 38,0 59,4 
5 28,2 36,8 

 
The fluidity test results are summarized in Figure 9. It can be 

seen that the fluidity increases with increased casting temperature, 
and it decreases with increased Fe content of the alloy. When the 
fluidity difference between carbon steel and stainless-steel dipped 
samples are compared, it could be seen that there is no significant 
difference in the fluidity lengths at different section thicknesses. 

 

 
Fig 9. Fluidity index change of A356 alloy at different casting 

temperature and section thickness 
 
 

4. Conclusions 
 
The results obtained from the studies are given below. 

• After dipping steel rod in liquid aluminum, increasing the 
casting temperature from 700°C to 750°C, Fe content was 
increased due to the increase in the diffusion rate. 

• When stainless steel was dipped into the alloy, an increase 
in Cr and Ni content as well as an increase in Fe content 
was recorded. 

• The dipping of carbon steel and stainless steel in melts at 
750°C increased the intermetallic phases as well as porosity 
in the microstructure.  

• Microstructure examinations showed that increasing the 
diffusion time from 1 hour to 5 hours increased the 
formation of intermetallic and pores in the alloy. 

• Beta-Fe phase size and distribution was increased with 
increased temperature and duration. 

• In the presence of Cr and Ni, more complex Fe-phases 
together with switch from beta to alpha Fe formation was 
observed.  

• Less pores were observed in stainless steel dipped melts 
compared to carbon steel dipped melts. 

• Both the fluidity and the fluidity index were decreased with 
increasing Fe content. 

• Increasing the casting temperature increases the fluidity 
index 

• Fluidity index is decreased higher when stainless steel was 
used compared to carbon steel.  
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