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Abstract 
 

This paper investigates the effect of niobium addition at 0.5 wt% to the morphological behavior of austempered ductile iron. Austem-

pered ductile iron (ADI) and niobium alloyed austempered ductile iron was prepared by first austenitizing the samples at 900°C before 

austempering process was conducted in salt bath at 1 hour holding time. The samples were then cooled to room temperature. The micro-

structural observation and analysis in term of nodule count, nodularity percentage and graphite percentages were conducted using Olym-

pus B X 41M microscope with IMAPs 4.0 edition, scanning electron microscopy (SEM) analyzer using SMARTSEM software and ener-

gy-dispersive X-Ray (EDX) spectroscopy. It was found that addition of niobium resulting in formation of niobium carbide (NbC) and 

much finer retained austenite and acicular ferrite structure. However, the nodularity, nodule count and graphite area were reduced due to 

the presence of niobium carbide. 
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1. Introduction 

Austempered Ductile Iron (ADI) which was obtained through heat 

treatment of ductile iron possesses very good mechanical compris-

ing of enhance tensile strength, fatigue toughness, ductility and 

hardness properties and wear resistances that make it the right 

substitute for wrought steel [1-3]. The enhancement of ductile iron 

and austempered ductile iron in term of mechanical and wear 

properties could be achieved through addition of alloying elements 

such as silicon [4-5], aluminium [6], titanium [7] and also control-

ling of heat treatment parameters [8-10]. The addition of silicon 

had an effect of increasing the amount of small spheroids of 

graphite and refining the microstructure which resulted in im-

provement of mechanical properties such as yielding stress and 

impact toughness [4].  

According to past researchers, addition of aluminium in ductile 

iron up to 0.5 wt% profoundly increased the ultimate tensile 

strength but adding more than 0.5 wt% up to 2.0 wt % unfortu-

nately reduced the ultimate tensile strength of ductile iron and 

austempered ductile iron [6]. The effect of titanium ranging from 

0 to 1.47wt % in hypereutectic high chromium cast iron micro-

structure was investigated [7]. The primary M7C3 carbides refined 

gradually with the increment of titanium concentration, thus af-

fecting the properties of high chromium cast iron. This could con-

cluded that the addition of alloying element help strengthen and 

improve the properties of cast iron in both as cast and heat treated 

conditions. 

Past researcher had proven that the addition of niobium in between 

0.48-0.74 wt % had significantly improved the impact toughness 

and wear resistances of high chromium cast iron [11] while adding 

niobium at the rate of 0.1 to 0.4 wt% in grey cast iron resulted in 

improvement of both hardness and tensile properties [12]. Addi-

tion of niobium at 0.5 wt% in austempered ductile iron was also 

found to improve the tensile strength and elongation properties 

due to production of fine ferrite platelets and lower bainite struc-

tures [13]. Although the effect of niobium addition on the proper-

ties of cast iron had been extensively studied in the past, there are 

least study on the microstructural development of this material. 

Thus, this study focused on the effect on niobium on the morpho-

logical behaviour of austempered ductile iron. 

2. Research Works 

Ductile iron and niobium alloyed ductile iron were prepared 

through the conventional CO2 sand casting process.  Austem-

pering process start with austenitizing the samples at temperature 

of 900°C before conducting austempering process in salt bath at 1 

hour holding time. The samples were then cooled to room temper-

ature, as shown in Figure 1.  

Table 1 shows the chem-ical composition of ductile iron and nio-

bium alloyed ductile iron extracted from Spectro Maxx Spark 

emission machine. The microstructural observation and analysis in 

term of nodule count, nodularity percentage and graphite percent-

ages were conducted using Olympus B X 41M microscope with 

IMAPs 4.0 edition, Scanning electron microscopy (SEM) analyzer 

using SMARTSEM software and energy-dispersive X-Ray (EDX) 

spectroscopy. 
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Fig. 1: The schematic diagram of the austempering heat treatment. 

 
Table 1: Chemical composition of ductile iron and niobium alloyed duc-

tile iron 

Chemical 

composition 

Type of Samples 

Ductile Iron (DI) 
Nb alloyed ductile iron  

(0.5 Nb-DI) 

C  3.04-3.85 3.41-3.73 

Si 1.97-2.02 2.12-2.27 
Mn  0.383-0.480 0.348-0.380 

P  0.024-0.084 0.049-0.075 

S  0.071-0.085 0.049-0.075 
Cu  0.65-0.7 0.57-0.64 

Ni  0.414-0.456 0.481-0.500 

Cr  0.013-0.052 0.034-0.055 
Fe  Balance Balance  

3. Research findings  

3.1. Microstructure Analysis 

Figure 2 (a) and 2 (b) shows the microstructure and Scanning 

electron microscopy (SEM) observation of as cast niobium alloyed 

ductile iron (Nb-DI) which depicted presence of graphite sur-

rounded by pearlitic structure and niobium carbide (NbC). Niobi-

um carbide was found to be dispersed uniformly across the struc-

tures. The compositions and graph elements of sparked spectrum 

obtained through EDX analysis proven that the sparked polygonal 

form particle is niobium carbide (NbC) with  the highest atomic 

percentages of Nb (69.75%) and followed by C (16.06%), as 

shown in Figure 2  (c) and Figure 2 (d).  

Similarly, it found that the addition of niobium to different types 

of cast iron such as grey, malleable and white cast iron also 

formed niobium carbide (NbC) in their microstructure [15]. The 

presence of niobium carbide help improve the hardness and tensile 

strength of alloyed ductile iron by reducing the thickness of lamel-

lar pearlitic and also by strengthening the matrix of the alloys due 

to a hard-phase dispersion mechanism. 

 

 

 
(a) 

    
(b) 

 

 
(c) 

 

 
(d) 

Fig. 2: SEM result of 0.5 wt % Nb-DI at (a) lower magnification (b) higher 

magnification, and (c) composition and (d) peak of element of at sparked 

spectrum. 
 

Figure 3 shows the microstructure of austempered ductile iron 

sample which displaying presences of graphite, retained austenite 

and acicular ferrite. As the selection of austempering temperature 

was held to 350°C, the resultant microstructure was expected. The 

formation of retained austenite and acicular ferrite known as 

“ausferrite” give austempered ductile iron excellent combinations 

of higher strength and hardness [6]. Similar microstructures were 

also observed in the studies by past literatures [2-3] 

During austempering process, the austenite will first produced at 

ferrite grain boundaries and transformed into ferrite by mean of 

nucleation and growth processes. The nucleation will formed fer-

ritic matrix comprising of carbon-enriched austenite in thin lamel-

lar form before the austenite continues to nucleate at the grain 

boundaries of ferrite. As austenite becomes enriched and saturated 

with carbon, the carbon will hinder the growth of ferrite because 

the diffusion of carbon occurs before the formation of ferrite. The 

final resultant microstructure is combination dark region of nee-

dle-like structures which is acicular ferrite and white regions 

which is carbon-enriched austenite, known as “Ausferrite” struc-

ture [14]. 

 

Pearlitic 

structure 
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Fig. 3: (a) Microstructure and (b) SEM observation of ADI sample show-

ing G-graphite, A- retained austenite, AF - acicular ferrite. 

 

The microstructure of Nb-ADI which consisted of graphite nod-

ules surrounded by matrix of retained austenite and acicular ferrite 

with presence of niobium carbide was shown in Figure 4 (a) and  4 

(b).  In the microstructure, the presence of acicular ferrite and 

retained austenite is finer as compared to ADI samples due to the 

formation of niobium carbide. Addition of niobium in high chro-

mium cast iron also present similar findings as the microstructure 

also consist of hexagonal primary carbide, petal-like distributed 

eutectic carbide and dispersive secondary carbide. The white NbC 

particles in the form of polygon morphologies, were found in both 

inside the primary carbides and on the edge of the primary car-

bides, which reduced the size of acicular ferrite in the microstruc-

ture of the samples [11]. 

Previously, Niobium has been added with the purpose of refining 

the austenite grain size during the solidification process as the 

niobium carbide had the effect of retarding the austenite grain 

growth. Niobium carbides which was formed at high temperature 

act as the nuclei for the proeutectic austenite precipitation and also 

the eutectic colonies.in addition, addition of niobium could also 

increases the volume fraction of eutectic austenite because of the  

reduction of the amount of carbon precipitating as graphite during 

the eutectic solidification process[15]. 

 

 
(a) 

 
(b) 

Fig. 4: (a) Microstructure and (b) SEM observation of Nb-ADI sample 

showing G-graphite, A- retained austenite AF- acicular ferrite platelets. 

3.2. Graphite characteristics of ADI and Nb-ADI   

samples 

The properties of graphite in term of nodularity percentage, graph-

ite area and nodule count is depicted in Table 2. It was shown that 

addition of niobium to the austempered ductile iron had reduced 

the graphite nodularity up to 6 %, the graphite area to 15% and the 

nodule count to 10%. The addition of niobium which promoted 

niobium carbide was found to the main reason to this findings as it 

had the effect of reducing the cell size and blunt the graphite flake 

sizes [12].  

Other than the microstructure, the properties of austempered duc-

tile iron also depending on the characteristics of the graphite. A 

good quality base ductile iron must consist of nodularity of more 

than 85 %, a minimum nodule count of more than 120/mm2, and 

also consistent chemistry. High amount of nodule count is vital in 

reducing the segregation of the alloying elements and avoid the 

carbide formation as both could lead to delaying the start of the 

ausferrite transformation and decreasing the transformation rate 

[10]. However, based on the results of graphite characteristic, it 

could be said that Nb-ADI samples still exhibited the properties of 

good quality ductile iron as all the properties are within the re-

quired range. 

 
Table 2: Graphite characteristics of ADI and Nb-ADI samples 

Type of 
samples 

Form type Nodularity 
(%) 

Graphite 
area (%) 

Nodule 
count  

ADI IV 98 13 216 

Nb-ADI IV 92 11 194 

3.3. Failure surface analysis  

Figure 5 (a) shows the SEM fractograph of austempered ductile 

iron samples after tensile test. The SEM fractograph shows ductile 

fracture mode surrounding the graphite nodules in intergranular 

failure mode. However, addition of niobium had transformed the  

failure from ductile to ductile-brittle intergranular mode as less 

cleavage was observed in the SEM fractograph od niobium al-

loyed ductile iron, as shown in Figure 5 (b). 

It could also be observed that niobium addition had reduce the 

amount and nodularity of graphite as the graphite appear to be less 

visible in the SEM image. Similarly, addition of aluminum and 

titanium also exhibited the same effect on the graphite characteris-

tics of alloyed austempered ductile iron [6] and high chromium 

cast iron [7]. The addition of titanium promoted the formation of 

titanium carbide, similar to niobium carbide (NbC) and the for-

mation of TiC particles became larger and agglomerated with 

addition of weight percentage of titanium which largely affected 

the nodularity of the graphite.  
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Fig. 5: SEM Fractograph of the sample after tensile test for (a) ADI and (b) 

Nb-ADI 

4. Conclusion  

In this study, the influence of niobium addition on the microstruc-

ture of austempered ductile iron was investigated and the follow-

ing conclusion could be obtained: 

· The microstructure of austempered ductile iron consist of 

nodular graphite surrounded by retained austenite and acicu-

lar ferrite while the addition of niobium to austempered duc-

tile iron promoted the formation of Niobium carbide (NbC) 

to the microstructure. 

· Addition of niobium resulting in much finer retained austen-

ite and acicular ferrite structure but reduced the nodularity, 

nodule count and graphite area due to the presence of niobi-

um carbide. 
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