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Abstract 
Austempered Ductile Iron (ADI) in resent past In the past, Austempered 

Ductile Iron (ADI) has developed itself with its wide range of tensile 

strengths ranging from 1600MPa to 850MPa and elongation ranging from 1 

to 10 percent as a flexible material from engineering applications. It has 

established itself as a versatile material from engineering applications with 

its wide range of tensile strengths ranging from 1600MPa to 850MPa and 

elongation ranging from 1 – 10%. As it belongs to a family of ductile cast 

iron which is not known for such high strengths and elongation combinations 

hence emerges as a sustainable engineering solution as a material for 

strategic applications. The current study demonstrates that ADI made from 

commercial grade ductile iron with a Mn content of up to 0.22 percent can be 

used as wear resistance Substance. Wear tests were conducted at loads of 

loads on Pin on disk Wear Friction Control system 20N and 60N For a fixed 

time interval. Two for better comparison, grades of ADI are produced, one in 

the range of lower and other in the range of higher bainite by austempering at 

temperatures of 320 C and 420C respectively. Before austempering 

treatment, the samples were austenitized at 900C for 60 minutes. In this 

paper attempt has been made to correlate the wear properties of ADI with 

wear load and austempering temperature. Final part of the research work 
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aims at studying the effect of austempering time on the wear characteristics 

of ADI.  

 

Keywords: Austempered Ductile Iron, Untransformed Austenite Volume, 

Relative Wear Resistance, wear, hardness 

 

1 Introduction 
  

 

Austempered ductile iron, commonly known as ADI, is a type of ductile 

iron which has undergone a special heart treatment process of austempering. 

In recent years, it has been emerged as a material of high interest because of 

its good combination of properties. This material has been utilized in a wide 

range of applications in automotive and other industrial components [1-2]. 

ADI is a most versatile, material for the designers; it offers design engineer 

an alternative to steel, iron and aluminum when high strength and low wear 

are required. It has the potential for up to 50% cost savings as well as an 

overall component weight reduction; it weighs -10% less than steel. As 

compared to standard grades of ductile iron it exhibits more than twice the 

strength for the same value of ductility, it is Stronger than aluminum per unit 

weight, as wear-resistant as steel and. If ADI is especially cost-effective 

when strength is required, fatigue strength is 50 percent higher. It has a high 

ratio of strength to weight, high toughness, good heat conductivity, good 

vibration damping and excellent wear resistance [3-4]. 

        In some For applications, 60 RC carburized and hardened 8620 steel  

has been replaced by ADI with 42-46 RC [5-6]. ADI is available in the 

regular grades of ASTM 897M and EN1564 [7-8]. The development of ADI 

involves heating the casting in the range of 815-9290C to the austenitizing 

temperature, keeping the component at the austenitizing temperature for a 

sufficient time to obtain homogeneous austenite, followed by rapidly 

quenching it to the austenitizing temperature in the range of 250-425
0
C, 

where it is held for a sufficient time. Subsequently, the iron is cooled in air or 

by water quenching. The austempering temperature & time are the primary 

factors controlling the final structure and thus, the harness and strength of 

ADI. Low austempering temperature of 260
0
C results in fine [9-10]. Th e 

high austempering temperature of 270
0
C results in coarser acicular structure, 

having high impact strength and good ductility. Thus it can be concluded that 

austempering temperature is most effective control parameter for producing 

ADI [11-12]. Figure 1 shows Microstructure of (a) Cast Ductile Iron (b) 

ADI. Figure 2 shows Microstructure of (a) Lower Bainite (b) Upper  

Bainite. 
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Figure 1 Microstructure of (a) Cast Ductile Iron (b) ADI  

 

 
Figure 2 Microstructure of (a) Lower Bainite (b) Upper  

Bainite 

 
2 Literature Review 
 

2.1 Austempered Ductile Iron – Development 
 

 ADI A relatively recent member of the family of ductile iron, he is. The 

properties of A.D.I. are accomplished by means of a special method of heat 

treatment. A period of heating and salt bath quenching at specific times and 

temperatures requires this sophisticated heat treatment [13-14]. The resulting 

material has a combination of excellent strength and strength, sometimes 

exceeding that of steel alloys [15-16]. 

 

2.2 Heat Treatment 
 

Austempering, the heat treatment used for producing ADI is being 

utilized for cast and wrought steels since 1930. It was first applied to ductile  
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iron in 1972 [17-18]. It is a hardening treatment in which austenite 

isothermally transforms to austenite. Bainite is softer and less brittle than 

martensite, helps objectively to reduce distortion and cracks in the castings. 

The heat treatment takes place in three steps [19]: 

 The ADI is produced by austenitization of ductile iron in the temperature 

range of 850
0
C to 950

0
C, and soaked for timer depending On the casting size 

and chemical composition (usually 1 hour/25 mm of section). Soaking is 

performed to saturate the carbon austenite, as well as the hardenability of the 

alloying elements [20-21].  

The casting is then quenched in a 2500C-4250C preserved salt, oil or 

lead bath. At this temperature, the casting is kept in the bath sufficiently long 

to allow the austenite to fully convert to bainite. The holding time is very 

important because it is based on the final structure. It depends on the 

quenching bath temperature, the size of the section and the chemical 

composition of the iron [22-23].  

From bath temperature to room temperature, air-cooling is then achieved. 

No tampering after austempering is performed. Schematic diagram for 

simple austempering heat treatment cycle is shown below [24-25]. 

 

2.3 Heat Treating Procedure 
 

 
Figure 3 Temperature Vs Time Plot 

STAGE – I 

 

 In the first step, austenite (γ) is converted into bainite ferrite (alpha) and 

high-carbon austenite, a reaction product known as ausferrite [26-27]:  

Austenite (γ) + High Carbon Austenite + Bainite ferrite (alp) (hc)  

Ferrite precipitates out at the temperature of austenation and develops into 

austenite around it. The rejection of carbon from rising ferrite plates into 

remaining austenite is caused by this. The carbon enrichment of austenite 

prevents ferrite growth and stabilizes austenite as well. If this is now, 
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then it is quenched the microstructure will consist of ferrite plates into a 

matrix of stabilized high carbon austenite [28-29]. Figure 3 shows 

Temperature Vs Time Plot 

 

STAGE – II 

 

It depends mainly on the moment of austempering. If the casting is held 

too long at the temperature of the austenite, then the high carbon austenite 

further decomposes into ferrite (alpha) and carbide [30-32].  

Ferrite(al) + carbide Strong Carbon Austenite + carbide  

Austenite will not be entirely enriched with carbon if time is too short, 

and some of it will shift to Martensite. These two instances contribute to 

embrittlement. This is called a window for processing. Figure 4 shows TTT 

Diagram of a Processing Sequence for Austempering. 

 

 

 
Figure 4 TTT Diagram of a Processing Sequence for Austempering 

 

2.4 Microstructure in ADI 
 

       During Temperature nucleation and acicular ferrite growth occur, 

followed by carbon rejection into the austenite. ADI is given its distinctive 

characteristics by the resulting microstructure, known as "Bainite". Figure 5 

shows Microstructure for ADI. 
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Figure 5 Microstructure for ADI  

 

2.5 Variations of Heat Treatment and Microstructure 
 
       Since a wide range of properties are possible in ADI by changing the 

heat treatment parameters. The homogenous properties of ADI are possible 

through close control of heat treatment parameters like austenitization 

temperature and time and austempering temperature and time. The 

austempering temperature & time are primary factors controlling the final 

structure and thus the hardness and strength of ADI 

 
2.5.1 Effect of Austempering Time 
 

      The stabilized austenite volume fraction (Xγ) is strongly dependent on 

austempering time; a typical variation of Xγ with increasing austempering 

time reaches a maximum and then decreases with further increase in time of 

austempering. The position of the maximum depends, among other factors, 

austenization and austempering temperature Tγ and TA respectively. 

Optimum properties are achieved with around 60-80% bainite ferrite and 20-

40 retained austenite in the microstructure. 

      On increasing the temperature carbon content of austenite increases, this 

carbon content is of great importance because the hardenability depends to a 

significant degree on the carbon content of matrix. Too low an 

austenitization time may cause the entire matrix to transform to austenite by 

the carbon distribution may not be homogenized.  

 

2.5.2 Effect of Austempering Temperature 
       

     Low austempering temperature of 260
0
C results in fine acicular dispersion 

of ferrite, and thus a high strength, wear resistant structure. The austempering  
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temperature of 370
0
C results in coarser acicular structure, having high impact 

strength and good ductility. As higher austempering temperature, upper 

bainitic ferrite needles form first close to graphite nodule and then in the 

intercellular areas during stage I transformation. This observation has been 

made for low manganese ductile iron, for various ductile iron with varying 

manganese content from 0.15 to 0.6 wt% and in nickel-molybdenum alloyed 

ductile iron. The centers of these austenite areas are converted to martensite 

at the highest austenitic temperature when cooled to room temperature. 

Bainitic ferrite nucleation is faster for the low bainite transformation at lower 

austempering temperature, resulting in a more acicular structure with finer 

needles distributed more evenly across the structure;  

Decreasing the temperature of austenitization affects the austenitized 

microstructure by: The length of bainitic ferrite needles, which correlates 

closely to the size of the parent austenite grain, is reduced and their 

distribution is increased in number and uniformly. Decreasing the fraction of 

retained austenite in length. Reducing the amount of structure that is often 

blocky. Reducing the quantity, particularly in the cores of blocky austenite 

and intercellular regions, when martensite is produced. 

 

2.6 Wear in ADI  
 

Wear is erosion from a solid surface by the action of another surface of 

the material or it can be defined as incremental damage resulting in material 

loss due to relative motion between the adjacent components. Unnecessary 

friction induces premature wear and this causes significant economic costs 

due to equipment failure, etc.  
 

 

2.7 Effects of Austempering Temperature  
 

Due to lower bainite formation with higher hardness and mechanical 

strength than the upper bainite, rise in ausferrite matrix fineness, and 

decrease in UAV, the decrease in austempering temperature contributes to an 

increase in RWR.  

The ADI microstructure like Cu-Ni-Mo for two temperatures of 315 °C 

and 370 °C is shown in Fig. 6 where the increase of the fineness of the matrix 

structure along with the decrease of austempering temperature is obviously 

apparent. For many austempering conditions, volume fraction of retained 

austenite and RWR are shown in Fig. 7. 
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Figure 6 SEM image of ADI treated at (a) 315°C (b) 370°C 

 

For samples tempered at 370 ° C, RWR for samples tempered at 315 ° C 

is higher than the same amount for samples tempered at 370 ° C due to finer 

microstructure at low temperature. On the other hand, due to the decrease in 

austempering temperature, due to lower carbon diffusion, the volume fraction 

of retained austenite will be reduced-shown in the figure 6.  

 
Figure 7 Volume Fraction of Retained Austenite and Relative Wear Resistance 

 

According to Fig. 8, for samples tempered at 315 °C, the RWR is greater 

than the same for samples tempered at 370 C due to a thinner microstructure 

at low temperature temperatures. In the other hand, due to the decrease in 

austernal temperature, due to lower carbon diffusion, the volume fraction of 

retained austenite would be decreased. 
 
2.8 Effects of Austempering Time ADI Wear Resistance 

 

At first, ADI Wear resistance is low and then increases, and it decreases 

after a limit again because UAV is higher in short austempering periods in 

bainitic structure. This UAV quantity does not find time for carbon 

enrichment in isothermal austenitic treatment, has no thermal stability, and is 

seen at ambient temperature as martensitic or martensitic-austenitic. The 

retained austenite (C) carbon content, on the other hand, is low, and apart 

from the retained martensite in the microstructure, it is possible to  
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convert the low carbon retained austenite to martensite in the surface layers of 

the sample during wear testing. The application of pressure in the wear 

atmosphere to the sample surface induces a state of instability for the retained 

austenite, with less carbon. Therefore, low RWR in short austempering 

periods is due to factors such as significant martensite quantity in the UAV 

area, higher UAV quantity, and retained austenite mechanical instability. The 

increase in austenite retention time leads to an increase in the amount of 

retained austenite and its biomass.  

Increasing the retained austenite provides the necessary hardworking 

material and its conversion to martensite, but increasing carbon resulting in 

austenite stability allows austenite hardworking more likely instead of 

austenite to martensite conversion. 

                    
Figure 8 Variations of RWR and the Retained Austenite 

 

Sliding wear performance in ADI as with other material require 

consideration of  the interplay between number of factors. 
 

 

2.9 Effect of Load on Wear Characteristic 
 

Compared to ADI, raising the load causes significant material loss from 

the cast ductile iron. There is no difference in the material extracted between 

the tempered ductile iron grades for the same applied load. The real wear 

rates indicate marked sensitivity to austempering temperature at low applied 

loads, a condition that is possibly related to the initial surface hardening after 

the austempering phase and the material reaction to plastic deformation and 

the effects of work hardening..  

 

3 Experimental Procedure 
 
3.1 Source of Material 
 

Ductile iron with varying percentage of following components was 

produced in a commercial foundry by using induction-melting furnace.  
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3.2 Material Composition 
 

Table 1 Composition of the Ductile Iron Used For the Development of ADI 
 

Material Carbon Silicon Manganese Magnesium Copper Iron 

  DI    3.48    2.02 < 0.22    0 .02      0.6 Rest 

 
 

3.3 Sample Preparation 
 

Four specimens of each set of ductile iron (total 8 specimens) of the size 

10x10x15 mm, as shown in Fig. 9 were machined from block castings, as 

shown. These samples were ground and polished. 

   

 

 

 

 

 

 
Figure 9 Dimensions (In Mm) of Sample Used For Wear Testing 

 

3.4 Sample Designation 
 
Table 2 List of Austenitization and Austempering Temperature, Time and Load for 

All the Samples. 

 

Sample 

no. 

Austempering 

temp.( ºC) 

Austempering 

time(minutes) 

Load 

(N) 

L60A3 320 30 60 

L60A9 320 90 60 

L60B3 420 30 60 

L60B9 420 90 60 

L20A3 320 30 20 

L20A9 320 90 20 

L20B3 420 30 20 

L20B9 420 90 20 

 

 
    

 

 

 

15 

10 

1



                                                                                                                  
 

 

 

 
Wear Performance of Austempered Ductile Iron under Different Loads and Heat 

Treatment Conditions 12083   

3.5 Heat Treatment 
 

  The heat treatment of ductile iron to develop ADI involves following 

processes: 

1. Austenitization 

2.  Austempering (Isothermal transformation) 

The details of these treatments are described below: 

 

3.5.1 Austenitization 
 

The sample of size 10x10x30 mm was heat treated in a muffle furnace. 

In order to achieve complete and homogeneous austenitization, the furnace 

was optimized before using for treatment. The alloyed samples were packed 

in a bed of cast iron chips and wood charcoal and soaked in the muffle 

furnace at austenitization temperature (Tγ) of 900
0
C for 60 min. 

 

3.5.2 Austempering 
 

After austenitization the samples at 900°C in  the muffle furnace for 60 

minutes, the samples were placed in a salt bath furnace where they were 

immediately quenched and soaked for different austempering time for 30 and 

90 minutes at two different austempering temperature (Tα) 320
0
Cand 420

0
C. 

For austempering a cylindrical steel pot of 10 litres capacity was used as a 

salt bath in a box type resistance furnace with the top door and well-insulated 

walls. The salts used in this process were potassium nitrate and sodium 

nitrate in equal quantity. The bath was continuously stirred. The bath 

temperature was controlled at ± 5
0
C. All the samples were quenched in water 

immediately after being austempered. 

 

3.6 Metallography 
 

For the microstructural analysis the samples were cleaned by emery/sand 

paper to remove the scaling and scratches. After removing all the scratches 

samples were then polished with the help of fine polishing machine. After 

that etching of the samples was done by using 5% Nital solution. The 

standard optical microscope is used for microstructure evaluation of all the 

heat treated samples. 

The optical image analyzer and scanning electron microscope (SEM) of 

Jeol make was used for taking the optical images. Microstructure study was 

done to see the variation in microstructure of samples according to 

austempering temperature and time. 
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3.7 Hardiness Testing 
 

The Hardness study was conducted on polished surface of specimens. 

Hardness testing was carried out on a vickers hardness testing machine. The 

load taken was 10 kgf for the time period of 5 seconds to see the variation in 

hardness values with changing austempering temperature and also with 

austempering time. For this testing, a diamond intends was press against the 

surface for dwelling time of 10 seconds and a given load. The test cycle is 

fully automatic and the exact load is applied by means of a lever and weights 

on a diamond penetrator. The load is automatically removed after a specific 

lapse of time. The target is indexed with the test piece and the indentation of 

the diamond is projected on the measuring device. The indentation diagonals 

can be determined using the projection screen micrometer screw. 
 

 

3.8 Wear Testing 
 

Wear Friction and monitoring machine (shown in Fig. 10) was used for 

the wear testing of the samples. The machine was pin-on-disk type. The 

Abrasion test was conducted on 120 meshes alumina abrasive disk in 

accordance with ASTM standard. Load of the pin against the disk is applied 

by weights on a pan hanging on a fine steel cable over a pulley and hooked to 

the arm. The following parameters were used to perform wear test: 

 
Table 3 Wear Testing Parameters 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The readings taken were used to compare wear loss of ADI with 

changing austempering temperature. The weight loss was calculated by 

subtracting the initial weight of each sample from its final weight. The units 

taken for weight loss were milligrams. The weight loss of each sample is 

compared with its wear loss to study the effect of austempering and 

austenitization parameters. 

 
 

Load (N) 20 60 

Disk Rotation  

(r.p.m.) 400 400 

Track radius 

(mm) 60 60 

Time (mins) 120 120 

Sliding 

Velocity(m/s) 2.180 1.570 

Sliding 

distance(m) 5500 5544 
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Figure 10 Pin on Disc machine (wear and friction monitor) 

 
 

Table 4 General Specification of the Wear Testing Machine 

 

Sliding Velocity Up to 12m/s 

Pin Size Ǿ 3 to 12mm 

Disc Size Ǿ 50 to 170mm 

Normal Load Up to 200N 

Wear 2mm 

Frictional Force 200N 

 

 

 

Table 1 provides composition of the Ductile Iron used For the 

Development of ADI. Table 2 provides list of Austenitization and 

Austempering Temperature, Time and Load for All the Samples. Table 3 

provides Wear Testing Parameters. Table 4 provides General Specification of 

the Wear Testing Machine. 

 

 

4 Results and Discussion 
 

After performing the wear operation on pin on disc machine and 

measuring the wear loss than the wear surface is analysed to study the wear 

tracks. Scanning electron microscope and optical image analyser is used. 
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Figure 11 Microstructure of ADI at Different Conditions 

 

The readings taken are used to calculate wear loss of ADI with changing 

austempering temperature. After measuring the wear loss wear surface is 

analyzed to study the wear tracks. The wear loss is measured in terms of 

weight loss obtained from intial and final. Figure 11 shows Microstructure of 

ADI at Different Conditions. Figure 12 shows Wear Loss V/S Austempering 

Temperature at Load 60N. Figure 13 shows Wear Loss V/S Austempering 

Temperature for Load 20N. 
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Figure 12 Wear Loss V/S Austempering Temperature at Load 60N 

 

 

 

 
 

Figure 13 Wear Loss V/S Austempering Temperature for Load 20N 

 

5 Conclusion 
 

In  this  work , austempering was done  at  320°C  and  420°C  for  the  

time  interval  of  30min  and  90 min  at  both  the  temperatures . Wear  

properties  were  measured  using a  pin on  disk  type  wear  and  friction  

monitor.  From the experimental procedure it can be concluded that  

 Increase in austempering temperature, leads to decrease in hardness. 

With increasing the austempering temperature (Tα) from 320°C to 

420°C, hardness values decreases from 35.7 to 26.7 HRC at 30 min of 

austempering time (tα) and from 30.9 to 23.5 HRC at 90 min of 

austempering time. 

 ADI developed at a given austempering temperature (Tα)   has high 

carbon austenite. This high carbon austenite undergoes stress induced 

martensitic transformation. The increase in hardness in wear samples is 

attributed to the strain induced deformation in high carbon austenite to 

martensite. 
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 Due to the presence of fine bainitic structure and lower volume of 

retained austenite at lower temperature of austempering the wear loss is 

low and due to increase in content of retained austenite at higher 

temperature of austempering wear loss increases.  

 An increase in load increases the normal reaction hence the friction 

which in turn increases the wear sample. So the wear volume at higher 

normal reaction is high.  
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