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Effect of nodule count and austempering heat 
treatment on segregation behavior of alloying 
elements in ductile cast iron
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A  lloying elements are frequently added into ductile 
iron for several purposes such as improvement 

of mechanical properties and/or austemperability. 
Segregation of alloying elements during eutectic 
solidification of the iron results in complexities in putting 
them into operation and deteriorates the mechanical 
properties [1]. With segregation of alloying elements 
at certain areas, the non-uniformity of elements cause 
the existence of several phase diagrams across the 
microstructure in which results in a variable phase 
transformation kinetics and consequently affects the heat 
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treatment process and hardenability of iron. Formation 
of martensite at intercellular boundaries in austempered 
ductile iron because of delaying the austempering 
transformation kinetics is majorly as a result of 
segregation of Mn and carbide forming elements in 
these regions [2,3]. 
  Segregation also results in waste in the content of 
alloying elements in the eutectic cells and subsequently 
weakens the mechanical properties of the iron in this 
manner [4-7].
  The aim of this present study is to determine the 
equilibrium partition ratios for Mn, Mo, Si, Ni and Cu 
in an alloyed ductile iron and to determine the effect of 
section size of the samples and their nodule counts on 
this ratio. The effect of austenitization parameters has 
also been investigated. Finally, the nodule counts' effects 
on mechanical properties have been determined.

1 Experimental procedure
Ductile iron was melted in a rotary furnace and then 
cast into Keel blocks. The sizes of the Keel block are 

DOI: 10.1007/s41230-016-6034-6



218

Vol.13 No. 3 May 2016
Overseas FoundryCHINA  FOUNDRY

presented in Table 1. FeSiMg alloy was used for spheroidisation 
and FeSi alloy for nucleation. Samples for microstructural 
analysis, impact and tensile tests were machined off from 
the bottom sections of the Keel blocks. A set of samples for 
microstructural analysis, were austenitizied at 870 °C for 
1, 4 and 6 hours, respectively, and then air cooled to room 
temperature. Impact and tensile specimens of medium and large 
thickness were austenitized for 1 hour at 870  °C in an electric 

Table 1: Dimensions of casting Keel blocks (mm)

Fig. 1:  Schematic of line scan micro-analyses 
between two graphite nodules

Dimensions of 
blocks I II III

A 13 25 75
B 40 54 125
C 50 75 100
D 100 150 185
E 175 175 175

salt bath furnace and subsequently austempered for times in 
the range of 1 to 1,440 min at 375 °C in a salt bath and then 
cooled to room temperature. Microstructural features were 
studied using Olympus PMG3TM optical and Cam Scan MV-
2300TM scanning electron microscope (SEM) operating at 30 
kV to determine the distribution of alloying elements in the 
microstructure. The technique adopted was to scan a line from 
the edge of a graphite nodule through the matrix and across 
a cell boundary in order to determine the concentration of 
elements throughout the matrix and in cell boundary areas (Fig. 
1). The results were recorded in the forms of graphs showing 
the variation of the elements' concentration in distance from the 
graphite nodule (Fig. 2). Partition ratios of alloying elements 

Fig 2:  Typical distribution of 
Cu, Mn, Mo, Ni and Si 
between two graphite 
nodules in the matrix



 219

Vol.13 No. 3 May 2016
Overseas Foundry CHINA  FOUNDRY

were calculated in both as cast and austenitized specimens with 
measuring the ratio of element concentration in first to freeze 
regions, regions around the graphite nodule, to the element 
concentration in last to freeze regions, eutectic cell boundaries. 
Impact and tensile tests were carried out on  austempered 
samples. 

2 Results and discussion
2.1  Microstructure
Nodule counts of 110, 185 and 260 mm-2 were obtained from the 
different thicknesses (13, 25, 75 mm)  of Keel blocks as a result 

Fig 3: As polished samples with different nodule counts 
obtained from different section sizes of 13, 25, 75 mm: (a) 
265 mm-2 , (b) 185 mm-2, (c) 110 mm-2

Fig 4: Microstructure of as cast ductile iron indicating carbides 
in eutectic cell boundaries 

Table 2: Microstructure characteristics of blocks

Section 
size

Nodule
 count

Nodule 
average 
diameter

μm

Ferrite

vol%

I 13 265 18 20

II 25 185 25 10

III 75 110 35 5

of various cooling rates in each section size. By increasing the 
thickness of blocks, the cooling rate decreases and consequently 
the nodule count of iron decreases (Fig. 3 and Table 2). The 
microstructure across the graphite nodules consists of a mixture 
of pearlite and ferrite. The pearlite volume and lamella spacing 
increases with respect to nodule count reduction. The narrow 
bright phase between the middle part of the pattern are carbides 
which were formed in eutectic cell boundaries (Fig. 4). 

(a)

(b)

(c)

2.2  Austempering reaction
The austempering reaction in ductile irons is now relatively 
well understood. It is a two stage reaction that differs from 
single stage reaction in steels. The first event in stage I is the 
formation of acicular ferrite from the austenite close to the 
graphite nodules in the eutectic cells and then progressively 
towards the intercellular boundaries.  The ferrite formation 
is accompanied by carbon diffusion which enriches the 
surrounding austenite. The austenite carbon content reaches 
1.8%-2.2%. This austenite is thermally and mechanically 
stable. Unreacted austenite is thermally unstable and 
transforms to martensite during cooling to room temperature. 
The desired austempered structure is consisting of stable 
austenite and acicular ferrite, a structure known as ausferrite. 
If the austempering time is extended further, stage II reaction 
occurs. The reacted stable austenite decomposes into ferrite 
and carbide. This transformation is detrimental to mechanical 
properties and should be avoided [10-13]. Figure 5 show typical 
micostructural changes during austempering in the present 
study. Figure 5(a) shows how acicular ferrite has started to form 

mm-2mm

Block
Number
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Fig 5:  Microstructure of samples austempered at 375 °C with 
different holding times: (a) 1, (b) 10, (c) 60 and (d) 1,440 
min

in areas surrounding the graphite nodules after austempering 
for 1 min at 375 °C. The remaining areas of the matrix show 
martensite which forms from the low carbon austenite. Figure 
5(b) shows that the stage I reaction is well underway after 10 
min. Figure 5(c) shows that the ausferrite formation is almost 
completed within the microstructure. The platelet structure of 
ausferrite is evident in the microstructure. Figure 5(d) shows 
that the platelet structure is no longer clearly defined after 1,440 
min as the result of the onset of stage II reaction.      

2.3 Micro-analyses
The graphs obtained from line scanning of a pattern between 
graphite nodules in sample Y1 (shown in Fig. 1), illustrate 
distribution of Si, Ni, Cu, Mn and Mo across two adjacent 
nodules (Fig. 2). The partition ratios of each element in each 
block are calculated and represented in Table 3. Each result is 
the average of 8 measurements to reduce the possible errors. 
According to the element distribution in graphs, Mn and Mo 
segregate positively at eutectic cell boundaries and the least 
concentration is observed in vicinity of graphite nodules. The 
partition ratios for Mn and Mo are less than unity (Table 3). 
These elements are rejected continuously from the solidification 
plane boundary to the liquid during eutectic solidification. 
Carbide forming elements segregate positively and they are 
located in the left side of Fe in the periodic table of the elements. 
These elements decrease the thermodynamic activation energy 
of carbon [8]. Ni, Cu and Si segregate negatively around the 
graphite nodules. The partition ratios of these elements are over 
unity (Table 3) [9]. Such graphite forming elements which have 
a tendency to remain in the first to solidified volume of liquid, 
are located in the right side of Fe in the periodic table. These 
elements increase the thermodynamic activation energy of 
carbon. According to the appearance of concentration peak for 
Mo in resultant SEM EDS graphs in the area which is related 
to the bright phase appeared within intercellular boundaries, 
and the knowledge of the intense carbide forming tendency of 
the Mo, it is presumed that the bright intercellular phases are 
carbide compounds of Mo (Fig. 4) [10-13].
   Comparison of element distribution graphs in various samples 
with different nodule counts and their segregation coefficients 
indicates that the partition ratio increases with increasing the 
section size and consequent reduction in nodule count. In 
addition, the fraction of Mo carbides increases. Several nodule 
counts are obtained as a result of different cooling rates at 
different parts of Keel blocks. By decreasing the nodule count 
at thicker sections, the cooling rate decreases and diffusion of 
elements in the solid could be taken into accoun. As a result, the 
accommodation of elements happens in the vicinity of graphite 
nodules for negatively segregated elements and in intercellular 
regions for positively segregated elements. This behavior 
reduces the partition ratio in the microstructure. The line scan 
micro-analyses and calculated partition ratios in the austenitized 
samples indicate that austenitization for 1 hour at 870 °C has 
not any significant effect on element distribution and resultant 
partition ratio (Table 4). This is the result of relatively high 

(a)

(b)

(c)

(d)

5 μm
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diffusion coefficients for substitutional elements in iron such 
as Mn and Ni. Longer austenitizing time is not recommended 
because of possible grain growth and adverse effect on 
mechanical properties [14].

2.4  Mechanical properties
The Charpy impact energy, elongation, ultimate tensile 
strength and yield strength variations of samples with 110 
and 185 graphite nodules mm-2 as a function of austempering 
time are illustrated in Fig. 6. In both samples, increasing the 
austempering time results in improvements of properties and 

Sample
Austenitizing 
Temperature

(°C)
Austenitizing time

(h)
k

Mn Si Ni Cu Mo

B - - 0.5 1.85 1.5 1.66 0.125

1 870 1 0.54 1.83 1.33 1.66 0.1

2 870 4 0.64 1.7 1.29 1.44 0.1

3 870 6 0.75 1.33 1.25 1.37 0.1

Table 4:  Partition ratiosof elements in austenitized samples

after reaching maximum value, deteriorations in properties 
begin to take place. This is as a result of variations in type and 
amount of microstructural constituents which take place during 
stage I and II austempering reaction. Quenching the samples 
from austenitization temperature to austempering temperature 
and holding in this temperature results in starting the first 
stage reaction of austempering reaction. As the transformation 
progresses, in the final microstructures, the amount of martensite 
decreases while the ausferrite content increases. Consequently, 
mechanical properties improve until the microstructure becomes 
fully ausferritic and this is the duration in which optimum 

Fig 6:  Variation of Charpy impact energy, elongation, ultimate tensile strength and yield strength as a 
function of austempering time (min)

Sample
 Nodule count k

Mn Si Ni Cu Mo
A 110 0.41 2.36 2.08 2.03 0.1
B 185 0.5 1.85 1.5 1.66 0.12
C 265 0.64 1.66 1.33 1.25 0.12

Table 3: Partition ratios of elements in samples with different nodule counts

mm-2
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values of mechanical properties could be obtained. Subsequent 
fall in the properties is the result of beginning of the stage II 
austempering reaction which includes formation of carbides 
from carbon enriched austenite that weakens the properties 
of the iron. The changes in properties in higher nodule count 
samples are faster. Attaining optimum properties in samples with 
185 graphite nodules mm-2 take place in about 45 minutes while 
it takes about 90 minutes for samples with 110 nodules mm-2. A 
higher degree of segregation, a lack of suitable ferrite nucleation 
sites (around graphite nodules), and long ferrite growth distances 
to encounter each other in a lower nodule count sample, make 
the transformation rate slower in comparison with a higher 
nodule count sample.
  The segregation of alloying elements in the intercellular 
regions causes the delay of austempering reaction in these 
regions. This is the main disadvantage of alloyed ductile iron 
during austempering of thicker sections [14,15].
  Samples with 110 nodules mm-2 have lower impact energies,  
elongation and strength values. This is because of more severe 
segregation and consequently increasing the amount, size and 
formation of intercellular carbides and accompanying micro 
cavities and increasing the formation of intercellular martensite. 
This results in ewer crack formations, lower propagation 
energies and diminished properties.

3  Conclusions
By studying the segregation behavior of alloying elements in 
ductile iron containing  3.45C, 0.25Mn, 0.25Mo, 2.45Si, 0.5Ni 
and 0.5Cu in wt.%, the following conclusions can be drawn:
  (1) By increasing the cast iron section size, the solidification 
rate decreases and consequently the amount of graphite nodules 
decreases. This affects the ferrite/pearlite ratio and increases 
pearlite lamella spacing. 
  (2) Ni, Cu and Si have negative and inverse segregation 
patterns and concentrate in the vicinity of graphite nodules 
while Mn and Mo segregate positively in intercellular regions. 
Segregation coefficients of Ni, Cu and Si are more than 
unity and for Mn and Mo it is less than unity. Segregation of 
Mo accompanied the formation of eutectic carbides within 
intercellular regions. By decreasing the nodule count, the 
partition ratio increases for all alloying elements studied and 
more carbide is observed in the microstructure.
  (3) Austenitizing treatment for custom temperatures and 
durations does not have a significant effect on the partition ratio. 
By increasing the nodule count, the mechanical properties of 
ADI improves. 
  (4)  Austempering reaction is faster in high nodule count 
samples and optimum mechanical properties are attained in a 
shorter austempering time.
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