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Abstract 
 

The paper presents results of tests carried out on ausferrite carbide matrix alloyed ductile cast iron. The ausferrite was obtained via addition 

of Cu and Mo alloying elements. This eliminated heat treatment from the alloy production cycle. The article presents results of tests of the 

quality of the obtained material. Emphasis was put on metallographic analysis using light and scanning microscopy. Works also included 

chemical composition tests and EDS analysis. Strength tests were executed in an accredited laboratory. It is possible to create a raw ausferrite 

carbide matrix without subjecting an alloy to heat treatment. However, it turned out that quality parameters of cast iron were insufficient. 

The obtained material hardness was 515 HB, while Rm strength and A5 ductility were very low. The low tensile strength of the analyzed 

alloy resulted from the presence of degenerate graphite secretion (of flake or vermicular shape) in the cast iron. The tests also demonstrated 

that the alloy was prone to shrinkage-related porosity, which further weakened the material. Alloys made of alloyed ductile iron of ausferrite 

matrix micro-structure are very attractive due to elimination of the heat treatment process. However, their production process and chemical 

composition must be optimized. 
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1. Introduction 
 

Ductile iron tempered using ADI isothermal process occurs in 

many varieties [1-3]. In the scientific literature, there are many 

works describing ductile iron [4-5], ductile iron for thin-walled 

alloys [6-7], as well as vermicular ductile iron [8] with an ausferrite 

matrix. The basis for production of such a ductile iron is heat 

treatment of alloys [9-10]. As a result of heat treatment, cast iron 

obtains unique use properties. It increases the tensile strength and 

hardness [11], as well as allows maintaining a certain limit of 

plasticity. As a result, ADI ductile iron may be used in many 

industrial solutions, which take advantage of its unique 

characteristics, such as its resistance to abrasion wear [12-14]. 

However, this material also has flaws. The main one is a limited 

alloy use temperature, which is below isothermal tempering 

temperature. Another problem is expensive heat treatment, which 

is long and requires costly devices. It also consumes a lot of energy. 

Moreover, quenching tanks are filled with salts that cause surface 

corrosion on alloys. Salt baths used for ductile iron isothermal 

tempering are harmful for the environment. Due to use of 

austenitization furnaces and tempering tanks, the size of alloys, in 

which we may create the ausferrite micro-structure, is limited. 

The literature provides methods of elimination of heat 

treatment from the process of ADI ductile iron production [15]. It 

is possible to directly cool ductile iron [16] or use alloying elements 

[17-22] that ensure obtaining of an ausferrite micro-structure. This 

is a very attractive solution, in particular considering the rapidly 

growing energy prices.  
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The aim of the work is initially to identify the possibility of 

producing large-sized castings with an ausferrite matrix. The 

planned effect of the work is the recognition of errors (on a 

laboratory scale) that may accompany the production of castings 

on a macroscale weighing more than 1000 kg with an ausferritic 

matrix, without heat treatment. 

 

 

2. Materials and Methods 
 

Experimental melting was carried out in an induction furnace 

of medium frequency and capacity of 25 kg. Circulating scrap of 

chemical composition presented in Table 1, item A, was used as 

input material. During the experimental melting, the chemical 

composition of the cast iron was supplemented with Mo alloying 

additions in a form of FeMo65 and Cu in its pure form Cu99.9E. 

After overheating the metal bath to 1530°C, we collected a sample 

for the chemical composition analysis (Tab. 1, item B). The alloy 

temperature was lowered to 1420°C; then, we carried out balling 

using the flexible cable method and Cedifil NCD 4800 flux-cored 

wire. Next, we applied Inoculin 400 modifier on the metal stream. 

A cylinder of Ø30 mm and 50 cm height (alloy mold 0.74 cm) was 

cast and a sample for chemical composition analysis was collected 

(Tab. 1, item C). The chemical composition analysis was 

performed using Leco GDS500A spark spectrometer. 

Metallographic tests were executed using Nicon Eclipse LV500N 

light microscope and Nikon NIS-Element F 3.00 software, as well 

as Phenom ProX scanning microscope with EDS system. Strength 

tests were carried out using Louis Schopper Staatl static strength 

test machine and Falcon 500G2 hardness tester. Metallographic 

tests were performed on samples etched in 3% Nital solution in 

bright field and dark field using filters available in Nikon NIS-

Element F 3.00 software and in fresh fractures.  

 

Table 1.  

Chemical composition of cast iron 
Chemical composition, wt. % 

 C Si Mo Cu Mn P S Mg Fe 

A 3.92 2.20 0 0.04 0.71 0.04 0.012 0 bal. 

B 3.65 2.01 2.03 1.99 0.64 0.04 0.027 0 bal. 

C 3.60 2.51 2.07 1.96 0.65 0.03 0.024 
0.
07 

bal. 

A - iron scrap, B - preliminary cast iron before spheroidization 
treatment,  
C - final cast iron after spheroidization treatment 

 

 

3. Research results and discussion 
 

 

3.1. Light microscopy 
 

Figures 1-8 present the micro-structures of obtained cast iron. 

In the micro-structures, there are visible graphite precipitates in the 

ausferrite matrix. Furthermore, on the borders of grains there are 

bright precipitates of molybdenum carbide Mo2C. All identified 

elements of the micro-structure are marked and described in the 

photos below. 

 
Fig. 1. Ausferrite microstructure with nodular graphite and 

molybdenum carbide for casting No. C, etched 3% Nital 

 

 
Fig. 2. Ausferrite microstructure with nodular graphite for casting 

No. C, etched 3% Nital, a - bright field, b – dark field 
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Fig. 3. Ausferrite microstructure with nodular graphite and 

molybdenum carbide for casting No. C, etched 3% Nital,  

a - bright field, b – dark field 

 

 
Fig. 4. Molybdenum carbide and ausferrite microstructure for 

casting No. C, etched 3% Nital 

 
Fig. 5. Ausferrite microstructure with degenerate nodular graphite 

and molybdenum carbide for casting No. C, etched 3% Nital 

 

 
Fig. 6. Ausferrite microstructure with nodular graphite and 

molybdenum carbide for casting No. C, etched 3% Nital,  

a - bright field, b – dark field. Half-etched sample 
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Fig. 7. Flake graphite participations and molybdenum carbide 

with ausferrite matrix for casting No. C, etched 3% Nital 

 

 
Fig. 8. Flake graphite and molybdenum carbide with ausferrite 

matrix for casting No. C, etched 3% Nital 

 

As you can see, in the presented micro-structures of the 

obtained alloy, we may identify highly degenerated spheroidal 

graphite precipitates (Fig. 5) and flake graphite precipitates (Fig. 7-

8). This is caused by the impact of alloying elements on the graphite 

crystallization process. Papers [23-24] mention the phenomenon of 

degeneration of spheroidal graphite to the flake form in case of 

alloys of increased Mo content. The correct process of spheroidal 

graphite crystallization is also impacted by high level of Cu. As 

shown in papers [25-28], Cu negatively impacts the process of 

spheroidal graphite crystallization, whereas different authors 

indicate various limit values of participation of copper, above 

which graphite is subject to degradation. 

 

 

 

 

 

3.2. SEM and EDS analysis 
 

In order to carry out more detailed assessment of the quality of 

the analyzed alloy, scanning microscopy was used. 

 
Fig. 9. The analysis of a EDS for nodular graphite and 

molybdenum carbide 

 

 
Fig. 10. The analysis of a EDS for degenerate graphite 
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The EDS analysis results presented in photo 9 confirm that 

bright precipitates on the borders of grains contain high amounts of 

molybdenum. Therefore, in case of the system of elements typical 

for the analyzed alloy, we are dealing with molybdenum carbides 

Mo2C. This is also confirmed by other papers [29-30]. 

The chemical composition of the degenerated spheroidal 

graphite precipitates was also confirmed. Photo 10 shows a 

vermicular secretion, which clearly contains a lot of carbon. Such 

a result unambiguously identifies it as a graphite secretion. 

The next stage of SEM analysis included analyzes carried out 

on the fractures of the tested alloy. The results of those analyzes are 

presented in photos 11-13.  

 

 
Fig. 11. The analysis of a SEM metallographic fracture. Nodular 

and degenerate graphite 

 

 
Fig. 12. The analysis of a SEM metallographic fracture. 

Degenerate nodular graphite 

 
Fig. 13. The analysis of a SEM metallographic fracture. Shrinkage 

cavity. Nodular and degenerate graphite 

 

As shown in photos 11-13, the graphite precipitates disclosed 

at the fractures are significantly degenerated. The additional lack 

of continuity of the matrix, which decreases the quality of the alloy, 

is shown in photo 13. Here, we can see shrinkage. If such defects 

are present in case of 0.74 cm alloy mold, we may expect an 

accumulation of such defects in case of alloys of larger dimensions. 

 

 

3.3. Mechanical properties testing 
 

The last stage of tests included strength tests based on the 

obtained material. Due to the specificity of the presented 

experiment (initial tests), a Y type sample was not cast – only an 

Ø30 mm cylinder was cast. From this cylinder, a sample of 

dimensions in line with PN EN 1564 was machined. The obtained 

results are presented in Table 2. 

 

Table 2.  

Mechanical properties of alloyed cast iron No. C 
 Rm, MPa A5, % HB 

C 223 0.8 515 

 

Based on the obtained strength tests, it may be stated that the 

value of hardness is significantly higher than the values for ADI 

cast iron included in standard 1564. This results mainly from the 

presence of molybdenum carbide in the matrix, which increases 

this value. The tensile strength is low due to lack of homogeneity 

of the graphite precipitates (there are vermicular graphite 

precipitates and flake graphite present near the spheroidal 

graphite), which decreases the Rm value. Moreover, the shrinkages 

identified in the analyzed alloy significantly reduce the Rm value 

of the tested alloy. 
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4. Conclusions 
 

The conclusions drawn from the performed tests were as 

follows: 

• Cast iron with a correct matrix micro-structure (ausferrite) 

was successfully obtained without heat treatment. 

•  Due to the high content of alloying additives (Cu and 

Mo), the tensile strength is significantly lower. The reason 

for that is degeneration of certain graphite precipitates from 

spherical to vermicular or flake shape. 

• The described material shows tendency for shrinkage-related 

porosity, which negatively impacts its tensile strength. 

• The value of the obtained hardness of the analyzed samples 

is very high due to presence of molybdenum carbide on the 

borders of grains.  

• The obtained cast iron may be qualified as vari-morph [31] 

cast iron with carbides. 
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