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higher ductility and toughness. An indisputable advantage of this 
cast iron is very good machanability, which allows machining of 
castings after heat treatment. For example, in the study [6], the 
following properties were obtained: TS = 700 MPa, YS = 500 
MPa, EL = 14.5%, Hardness = 250, IS = 11 J/cm2. To achieve the 
desired structure,  the base cast iron must first undergo the 
operation of ferritisation. Thus, the heat treatment of this cast iron 
should take the following course: 

 
     ferritising + partial austenitising + high temperature 
    austempering (350 - 3800 C). 

 
This cast iron grade is known in the literature as FADI 

(Ferritic-Ausferritic Ductile Iron) or IADI (Intercritically 
Austenitised ADI). IADI grades have already been included in 
some international standards, to mention the 800-500-10 grade in 
ISO 17 804: 2005, and the 750-500-11 grade in SAE J2477: 2004 
and ASTM A897/A897M: 2006. 

Cast iron of this grade is particularly suitable for elements that 
require tight tolerances and very exact machining in austempered 
condition. In the United States, the 800-10 grade is believed to be 
an upgraded variation of the traditional ferritic ductile iron of 
grade 4512 [7]. With the strength nearly two times higher, 
castings can be designed with thinner walls, which will 
significantly reduce their weight. 
 
 
 
 

2. Experimental procedure 
 

Tests were carried out on ductile iron samples of the 
following chemical composition:  

 
C = 3,80%, Si = 2,30%, Mn = 0,28%, P = 0,060%, S = 0,010%, 
Mg = 0,065%, Ni = 0,60%,  Cu = 0,70%, Mo = 0,21% 
The heat treatment (austempering) was carried out according to 
the cycles given in Table 1. 
 
Table 1. 
Heat treatment variants during partial austenitising  

Cycle Austeni-tising Austem-pering 
1 800 360 
2 815 360 
3 830 360 
4 800 380 
5 815 380 
6 830 380 

In each cycle the holding time was 1h 
 
 

3. Results and discussion 
 

Pre-eutectoid ferrite was obtained in an amount of 5 to 15%.  
Examples of microstructure are shown in Figs. 4 -9. 

Table 2. 
Mechanical properties of ADI after partial austenitising  

No. Cycle 
Mechanical properties  Microstructure of metallic 

matrix YS, 
MPa 

TS, 
MPa EL, % Pct RE, % Hardness 

HRC 
1 1 920 1041 5,6 9,2 36 Lower ausferrite  + pre-

eutectoid ferrite + austenite 
+ martensite (traces) 

2 2 901 1037 6,0 9,1 37 
3 3 915 1045 6,9 7,6 37 
4 4 821 986 10,4 9,8 34 
5 5 766 919 7,9 8,9 34 
6 6 806 969 8,3 7,9 35 

 

  
Fig. 4. Microstructure of ADI from C1 cycle. Etched with Beraha 
reagent - Martensite, 1000x. Pre-eutectoid ferrite, lower bainite, 

austenite  

Fig. 5. Microstructure of ADI from C2 cycle. Etched with Beraha 
reagent - Martensite, 1000x. Pre-eutectoid ferrite, lower bainite, 

austenite  
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Fig. 6. Microstructure of ADI from C3 cycle. Etched with Beraha 
reagent - Martensite, 1000x. Pre-eutectoid ferrite, lower bainite, 

austenite  

Fig. 7. Microstructure of ADI from C4 cycle. Etched with Beraha 
reagent  - Martensite, 1000x. Pre-eutectoid ferrite, lower bainite, 

austenite  

  
Fig. 8. Microstructure of ADI from C5 cycle. Etched with Beraha 
reagent  - Martensite, 1000x. Pre-eutectoid ferrite, lower bainite, 

austenite 

Fig. 9. Microstructure of ADI from C6 cycle. Etched with Beraha 
reagent  - Martensite, 1000x. Pre-eutectoid ferrite, lower bainite,  

austenite  
 
 
Model of results interpretation based on fuzzy logic 
 

Technical limitations prevented obtaining in conducted 
experiments  the amount  of  numerical results allowing their 
interpretation with statistical methods. Therefore, it was decided 
to use a more intuitive approach, which consisted in construction 
of a model based on the use of fuzzy logic, resulting  next in the 
construction of rules governing the relationships between input 
and output parameters of the process investigated. 
Output parameters are here the examined variants of heat 
treatment cycles determined by the values of variables used in the 
process of austenitising and austempering, summarised in Table 1. 

The mechanical properties of ADI determined after heat 
treatment are compiled in Table 2. Among these properties, as 
output parameters for the fuzzy model, the yield strength YS and 
elongation EL have been selected. 
As an additional input parameter, which in all the experiments has 
a constant value, the annealing time t = 60 minutes was adopted. 
Processing of these data was performed using MATLAB 
software, and a model of the structure shown in Figure 10 was 
obtained. 
For each variable, appropriate membership functions were 
arbitrarily adopted, where central points corresponded to the 
values of parameters considered. 

The runs of these functions for output variables, 
corresponding to different variants of the heat treatment, are 
shown in Figure 11, while Figure 12 illustrates the procedure for 
generating fuzzy rules defining the relationships between input 
and output parameters. 
As a result of automatic interpretation of the rules, implemented 
in  MATLAB system, visual representations of the occurring 
relationships were obtained, and they are presented in Figures 13, 
14, and 15, respectively.  Figure 13 illustrates a relationship 
between the yeild strength YS and heat treatment conditions, 
while Figure 14 shows a relationship between the same 
parameters and the elongation EL. Figure 15 shows the same 
relationships in a slightly different perspective. 
Attention deserves the fact that these visualisations cannot be 
used for drawing of conclusions of a quantitative nature (mainly 
due to the arbitrary choice of a membership function), but offer a 
general view on the nature of the existing relationships, and thus 
may serve as a guideline in seeking the most favourable (optimal) 
conditions for the implementation of the investigated heat 
treatment process. 
 










