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Abstract— The surface finish of ductile cast iron is improved 

by the incorporation of an extra phase in the matrix, typically 

consist of carbides. The objective of the present work is to 

produce carbides in a ductile cast iron which is subsequently 

austempered, to obtain the carbidic austempered ductile iron 

(CADI). Six variants of CADI were produced by heating 

carbidic ductile iron (CDI) to a austenitization temperature of 

975ºC for the period of 1hr and quenching in salt bath at 

temperature 325ºC and at 250ºC  for a period of 1hr, 2hr and 

3hr. The surface grinding was done on six CADI samples 

with two different specification grinding wheels. The surface 

roughness was evaluated by testing with Mitutoyo Surftest 

SJ-210 in accordance with ISO 1997 standard. Heat treatment 

parameters affect the microstructure of the carbidic 

austempered ductile iron which can be characterized by 

optical microscope and SEM. 
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I. INTRODUCTION 

Austempered Ductile Iron (ADI) has been long recognized 

for its high tensile strength (over 1600MPa for grades 5 and 

1, according to the ASTM A-834-95), replaced forged steels 

in many applications. It is also well known ability of this 

material to perform very well under different wear 

mechanisms such as rolling contact fatigue, adhesion and 

abrasion [1], [2],[3]. ADI has proved to behave in a different 

manner under abrasive conditions, depending on the 

tribosystem (lower high stress abrasion), but always possible 

to obtain a good performance in wear if the heat treatment 

parameters are selected properly. A new type of DI, 

containing carbides immersed in the typical matrix of DI, 

called Carbidic DI or CDI has been developed. A new type of 

CDI, containing carbides immersed in the typical ausferritic 

matrix, called carbidic ADI or CADI has been recently 

introduced in the market. The available literature of CADI 

shows only application examples and data about the response 

to abrasive wear but not the surface finish of CADI. CADI is 

a ductile cast iron containing carbides, (that are induced either 

thermally or mechanically), that is subsequently austempered 

to produce an ausferritic matrix with an engineered amount 

of carbides. Methods of carbide introduction include: As-Cast 

Carbides: Internal (chemical or inverse) chill: Surface chill 

(limited depth, directional). Mechanically Introduced 

Carbides: Cast-in, crushed MxCy carbides; Cast-in 

engineered carbides (shapes).Welded: hard face weldment; 

weldment with MxCy grains. [4], [5]. The presence of 

carbides promotes an increase in the abrasion wear resistance 

[10]. The development of this material is possible; if heat 

treatment parameters, microstructure is controlled properly. 

The objective of this work is to produce six variants of CADI, 

studying their micro structural characteristics and evaluating 

the surface roughness. 

II. EXPERIMENTAL PROCEDURE  

A. Material and Sample Preparation: 

The details of the pattern used in the present experiment is 

shown in figure1.a.which was made from wooden with 

standard allowances with proper finishing, then by using the 

prepared wooden pattern a mold is prepared in the specified 

sand in the mold box. Then after removing the pattern from 

sand and drying the mold and removing the loose sand from 

mold, then the mold is finished and the mold is ready to pour 

the molten metal in it, thus the standard square casting of 

15x15x200mm long as in figure1.b.was produced in the green 

sand mold. Table1 gives the chemical composition of the 

carbidic ductile iron (as-cast). Six CADI samples obtained  by 

casting  undergoes  heat  treatment involving an austenitizing 

stage of temperature 975°C in a muffle furnace for Tg-1hr, 

followed by an austempering step in a salt bath at Ta-325°C 

and Ta-250°C during quenching time ta-1hr,2hr and 3hr. 

Thus obtained test bars were sliced in 10mm long to test 

sample for microstructural characterization and hardness 

measurement. The bars were sliced of about 15x15x60mm 

long with EDM wire cut for as-cast, as well as for CADI 

samples to conduct the surface roughness test, CDI samples 

used as reference material. Sample identification, depending 

on the composition and heat treatment is given in Table2. 

 

 
Fig. 1: a. Sample casting green sand mould 
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Fig. 1: b Sample Test Bars 

Alloying 

element 
% 

C 2.19 

Si 2.21 

Mn 0.58 

S 0.0048 

P 0.0179 

Cr 2.09 

Cu 0.60 

Ni 0.45 

Ti 0.013 

Mg 0.043 

Table 1: Chemical composition of As-cast CDI 

Sr. 

No. 
Process parameter 

Sample 

ID 

1 
Composition C2,Austempered at 

250°C for 1 Hr 
E1 

2 
Composition C2,Austempered at 

250°C for 2 Hr 
E2 

3 
Composition C2,Austempered at 

250°C for 3 Hr 
E3 

4 
Composition C2,Austempered at 

325°C for 1 Hr 
E4 

5 
Composition C2,Austempered at 

325°C for 2 Hr 
E5 

6 
Composition C2,Austempered at 

325°C for 3 Hr 
E6 

Table 2: Identification of Sample According to Process 

Parameter 

B. Chemical and Micro Structural Examination: 

The chemical composition of the alloys was measured by 

means of a spark emission optic spectrometer with a DV6 

excitation source. Metallographic sample preparation for 

optical microscopy examination was conducted by using 

standard cutting and polishing techniques, and etching with 

2% Nital. The magnification used to obtain data from a 

sufficiently large area was X20. Each reported value is the 

average of four measurements. 

C. SEM of Samples: 

Scanning Electron Microscope Jeol Jsm-6380A was used for 

scanning of samples at different magnification and photo 

graphs are presented in the result. 

D. Mechanical Tests: 

Rockwell hardness was measured at 150 kg load (HRC) on 

C-scale. A hardness profile was obtained for each alloy. In 

order to determine the hardness of the carbides and the matrix 

separately, micro indentation tests were carried out by using 

a Vickers indenter at a 200g load (HV200). And values of six 

samples are shown in results. 

E. Surface Grinding of Samples: 

The samples were sliced of about 15x15x60mm long with 

EDM wire cut for as-cast, as well as for CADI samples. Then 

the WMW MICROMAT SFW 200×600 surface grinding 

machine was used for surface grinding of samples. Surface 

grinding was carried by using two different specification 

grinding wheels on the same machine. Two faces of each 

sample were grind with 38A60J5VX06 grinding wheel and 

another two faces with 39G80L5VK grinding wheel.  

Sr. 

No. 

Grinding wheel 

specification 

Wheel 

ID 

1 38A60J5VX06 W1 

2 39G80L5VK W2 

Table 3: Designation of grinding wheel 

F.  Surface Roughness Test: 

The surface roughness of machined as-cast and CADI 

samples was measured by Mitutoyo made Surface Roughness 

Tester SJ-210 in accordance with ISO 1997.The profilometer 

has been set to a cut-off length of 0.25 mm, traverse speed of 

0.5 mm/s and 4mm traverse length. Five measurements of Ra 

were taken on each face. 

 
Fig. 2: Samples of CADI after surface grinding 

III. RESULT AND DISSCUSSIONS 

A. Micro Structural Characterization: 

Microstructure in Fig.3.b shows rare white portion is carbide 

traces along the grain matrix. While microstructure in Fig.3.c 

shows dark portion that is ausferrite. Microstructure Fig.3.d 

shows black spot in circle mark shows the graphite nodule. 

All the six microstructure shows carbide traces, ausferrite and 

graphite nodules. It is the indication of formation of CADI. 

 
Fig. 3: a. C2 975ºC-1hr 250ºC-1hr-200X 
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Fig. 3: b. C2 975ºC-1hr 250ºC-2hr-200X 

 
Fig. 3: c. C2 975ºC-1hr 250ºC-3hr-200X 

 
Fig. 3: d. C2 975ºC-1hr 325ºC-1hr-200X 

 
Fig. 3: e. C2 975ºC-1hr 325ºC-2hr-200X 

 
Fig. 3: f. C2 975ºC-1hr 325ºC-3hr-200X 

B. Scanning Electron Microscope: 

After austempering CDI samples, the matrix was ausferritic 

exhibiting the typical morphology i.e. reinforcement of 

carbide and ausferritic matrix [9] is found in the SEM 

microstructure. SEM of Fig.4.b shows more grey portion is 

carbides while grey portion in small pieces is austenite and 

dark line indicates ferrite i.e. ausferrite. Fig.4.a large amount 

of carbides are formed and dark spot in circle mark is graphite 

nodule. 

 
Fig. 4: a. C2 975ºC-1hr 250ºC-1hr-3000X 

 
Fig. 4: b. C2 975ºC-1hr 250ºC-2hr-3000X 

 
Fig. 4: c. C2 975ºC-1hr 250ºC-3hr-3000X 
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Fig. 4: d. C2 975ºC-1hr 325ºC-1hr-3000X 

 
Fig. 4: e. C2 975ºC-1hr 325ºC-2hr-3000X 

 
Fig. 4: f. C2 975ºC-1hr 325ºC-3hr-3000X 

C. Comparative Graph of Rockwell Hardness of Samples: 

Higher austempering temperature (325ºC) results in coarser 

ferrite and also higher amount of high carbon austenite, which 

in turn reduces the hardness of the specimen as well as lower 

austempering temperature (250ºC) results in finer ferrite and 

lower amount of high carbon austenite, which in turn raises 

the hardness of the specimen. Figure 5 shows the hardness 

values which are higher than as-cast. The bulk hardness 

(HRc) was determined as an average of five measurements. 

D. Micro Hardness of Samples: 

The Vickers micro hardness was determined as the average 

of six measurements in each alloy in a region of carbide and 

ausferrite. Carbides are randomly precipitated throughout the 

sample. Micro-hardness of Carbide phase is found around 

700HV200 to 985HV200 and for other than Carbide phase 

i.e. for ausferrite around 350HV200 to550HV200. 

 

 
Fig. 5: Comparative graph of BulkHardness 

E. Surface Roughness Measurement: 

The hardness change is very sensitive to austempering 

temperature variations. Low austempering temperature 

promotes the hardness. The structural features responsible for 

this are the fine distribution of acicular ferrite plates and low 

level of austenite. However, at higher austempering 

temperatures, the upper ausferrite structure contains more 

austenite, feathery ferrite and no carbides. These reduce the 

hardness and improve the ductility, toughness effectively 

[12]. Samples austempered at a higher temperature showed 

better surface finish, which is a result of the easier metal 

removal. Once the austempering temperature has been 

selected, the austempering time must be chosen to optimize 

properties through the formation of a stable structure of 

ausferrite. Especially at low temperatures and at short 

austempering times, there is insufficient diffusion of carbon 

to the austenite to stabilize it, and martensite may form during 

cooling to room temperature. The resultant microstructure 

would have a higher hardness but lower ductility and fracture 

toughness [13]. Hence samples showed poor surface finish, 

which is a result of the difficulty in metal removal. At high 

austempering temperatures and at longer austempering times, 

the austenite, which is present in the microstructure, further, 

decomposes to ferrite and fine carbides. This second stage of 

reaction severely depreciates the mechanical properties 

(ductility and fracture toughness) and machinability [13]. 

Hence samples showed poor surface finish, which is a result 

of the difficulty in metal removal. 

Table4 shows five measurements of Ra (micron) 

were taken on the face of the samples as-cast, E1, E2 and E3, 

E4, E5 and E6 grinded by grinding wheel W1. 

Sample 

ID 
Ra 1 Ra2 Ra3 Ra4 Ra5 

As-cast 0.595 0.604 0.597 0.598 0.600 

E1 0.587 0.585 0.581 0.582 0.578 

E2 0.574 0.568 0.571 0.572 0.565 

E3 0.549 0.551 0.547 0.546 0.543 

E4 0.494 0.489 0.488 0.485 0.492 

E5 0.517 0.520 0.515 0.518 0.516 

E6 0.528 0.534 0.526 0.532 0.536 

Table 4: Surface roughness values by using W1 
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Fig. 6: Shows comparative graph of Ra values using W1 

Table5 shows five measurements of Ra (micron) 

were taken on the face of the samples as-cast, E1, E2 and E3, 

E4, E5 and E6 grinded by grinding wheel W2. 

Sample 

ID 
Ra 1 Ra2 Ra3 Ra4 Ra5 

As-cast 0.386 0.389 0.381 0.379 0.385 

E1 0.354 0.359 0.353 0.366 0.364 

E2 0.289 0.296 0.301 0.295 0.299 

E3 0.262 0.264 0.256 0.259 0.261 

E4 0.131 0.142 0.136 0.138 0.140 

E5 0.172 0.170 0.165 0.162 0.164 

E6 0.202 0.198 0.206 0.204 0.200 

Table 5: Surface roughness values by using W2 

 
Fig.7: Shows comparative graph of Ra values using W2 

IV. CONCLUSION 

An attempt was made to study the effect of austempering 

temperature and time on surface finish of CADI material. For 

performance measure the surface grinding process was used 

for CADI.  

1) It can be concluded that the samples austempered at 

higher temperature had significantly higher surface 

finish (lower Ra).  

2) Increasing the austempering temperature to 325ºC 

improves the surface finish considerably. For E4 sample 

we got highest surface finish (lower Ra). 

3) At lower austempering temperature of 250ºC, the surface 

finish value increases with increase in austempering 

time. E3 has high surface finish among E1, E2 and E3. 

4) At higher austempering temperature of 325ºC, the 

surface finish value decreases with increase in 

austempering time. E4 has high surface finish among E4, 

E5 and E6. 

5) When the hardness of sample increases metal removal 

becomes harder. 

6) Surface finish and  hardness of CADI samples was found 

to be improved than as-cast sample. 

7) Grinding wheel W2 gave better surface finish than 

grinding wheel W1.  
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