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Abstract: Secondary graphitization annealing is often used to obtain 100% ferrite matrix in the production of ductile iron. The 

volume expansion of pearlite will occur during secondary graphitization annealing. So far, whether this expansion can affect the 

micro-shrinkage porosity between the austenite rings surrounding the graphite nodule during solidification has not attracted 

people's attention, while micro-shrinkage porosity is one of the primary factors affecting the impact toughness of ductile iron at 

ultra-low temperature. Aiming at the problem of whether the secondary graphitization of ductile iron affects the micro-shrinkage 

porosity, the secondary graphitization annealing of pearlitic ductile iron is carried out, and the effect of secondary graphitization 

expansion on micro-shrinkage porosity was studied. The metallographic microstructures and micro-shrinkage porosity are 

observed by Axiovert200MAT metallographic microscope and MLA250 (FEIQuanta) scanning electron microscope. The 

maximum length of micro-shrinkage porosity is measured by Nano Measurer 1.2 and the maximum area is measured by 

Photoshop software. The results show that the volume expansion rates of ductile iron and gray cast iron after secondary 

graphitization annealing are about 1.2% and 1.4%, respectively. After secondary graphitization annealing, the size and quantity 

of micro-shrinkage porosity of ductile iron decrease. It indicates that the expansion after secondary graphitization of cast iron 

will help to repaire micro-shrinkage porosity.  
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1. Introduction 

With the increasing use of ductile iron in wind power 

generation, rail transit, nuclear power, large ships and other 

fields, the requirements for the mechanical properties of 

ductile iron are higher and higher, especially the requirements 

for low-temperature impact toughness [1, 2]. Therefore, 

people have carried out in-depth research on low-temperature 

and high-toughness ductile iron. Their main work focuses on 

strengthening the morphology of graphite ball [3-8] and the 

alloying of nickel and silicon [9-14]. Some people also have 

carried out research into the effects of inclusion, phosphorus 

content and heat treatment process in ductile iron [15-18]. In 

this paper, the effect of micro-shrinkage porosity on the low 

temperature toughness of ferritic ductile iron was studied by 

changing the riser neck diameter. It is found that when the 

spheroidization rate of ferritic ductile iron is greater than 98% 

and the number of graphite balls is greater than 810/mm
2
, the 

micro-shrinkage porosity becomes the key factor affecting the 

ultra-low temperature impact toughness of ductile iron. When 

the length of micro-shrinkage porosity is less than 3.7µm, the 

impact energy of ferritic ductile iron can still reach more than 

12J.cm
-2

 at -70°C [19]. 

Secondary graphitization annealing is often used to obtain 

100% ferrite matrix in the production of ductile iron. The 

volume expansion of pearlite will occur during secondary 

graphitization annealing. So far, whether this expansion can 

affect the micro-shrinkage porosity between the austenite 

rings surrounding the graphite ball during solidification has 

not attracted people's attention, let alone the corresponding 

research results. Therefore, this paper mainly studies the effect 

of secondary graphitization annealing on micro-shrinkage 

porosity to provide a theoretical basis for the production of 
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ferritic ductile iron with high toughness in the ultra-low 

temperature. 

2. Experiment 

Using 500kg medium frequency induction furnace to melt 

the furnace burden that consists of pig iron and scrap steel, and 

the temperature from furnace of molten iron is 1510°C - 

1530°C. The pour-over spheroidizing treatment was carried 

out by using Fe-46Si-6Mg-1RE alloy as spheroidizing agent. 

The secondary inoculation treatment was carried out by using 

Silicon-Barium pregnant agent and the flow inoculation 

treatment was carried out by using Sulfur-Oxygen pregnant 

agent. The pouring temperature is 1380°C -1440°C. The 

chemical composition of the experimental raw materials and 

ductile iron is shown in Table 1. 

Table 1. Chemical composition of raw materials and cast iron for experiment (wt%). 

 C Si Mn P S RE Mg Ba Ti Ca Al O 

Pig iron 4.6 0.44 0.026 0.025 0.02    0.03    

Scrap steel 0.2 0.26 0.54 0.04 0.05        

Spheroidizing agent  44-48    0.85-1.15 5.55-6.15   0.8-1.2 ≤1.0  

Si-Ba inoculant  72-78      2.0-3.0  1.0-2.0 ≤1.5  

S-O inoculant  70-76   ≤1.0 1.5-2.0    0.75-1.25 0.75-1.25 ≤1.0 

Ductile iron 3.8 2.2 0.15 0.025 0.01 0.02 0.04  0.023    

Grey cast iron 3.8 2.2 0.15 0.025 0.01        

 

The Y-type samples are prepared using the method of sand 

mold casting and the size of it is shown in Figure 1. The 

samples for heat treatment are made by cutting the Y-type 

samples with the size 25mm×40mm×180mm. 

 

Figure 1. Schematic diagram of Y-type sample. 

The samples were heated in a box-type resistance furnace 

and normalized by holding at 880°C and 920°C to adjust the 

amount of pearlite in the microstructure. 

In order to avoid the influence of surface oxidation on the 

size of the sample, the secondary graphitization annealing of 

samples is carried out in a vacuum resistance furnace. The 

process is to keep the samples at 740°C for 6 hours to ensure 

the complete decomposition of pearlite. 

The metallographic samples were made by cutting samples 

after heat treatment and the samples were corroded with 4% 

nitric acid alcohol solution. The metallographic structure and 

micro-shrinkage porosity were observed by Axiovert200MAT 

metallographic microscope and MLA250 (FEIQuanta) 

scanning electron microscope. 

50 micro-shrinkage porosities were randomly selected in the 

center and edge of the samples. The maximum length and area of 

micro-shrinkage porosities were measured by Nano Measurer 1.2 

and Photoshop software respectively, and the value is 

characterized by the average value of the measurement results. 

3. Experimental Results and Analysis 

3.1. Metallographic Microstructure 

1) As-cast microstructure 

The as-cast structure of two kinds of cast iron used in the 

experiment in Table 1 is shown in Figure 2. The matrix of 

them is pearlite and ferrite. Ferrite is distributed around 

graphite, and the amount of it is slightly more than pearlite. 

Most of the graphite is A-type graphites and a small portion 

is block graphite. Due to the high content of carbon and 

silicon, there is a large amount of graphite in the 

microstructure, as shown in Figure 2(a). The spheroidization 

rate of graphite in ductile iron is greater than 90%, as shown 

in Figure 2(b). 

2) Normalized microstructure 

The microstructure of two kinds of cast iron after 

normalizing is shown in Figure 3. After holding at 880°C and 

920°C for 1 hour, there is still a part of ferrite in the 

microstructure, as shown in Figure 3(a) ~ (d). The lower the 

normalizing temperature is, the larger the amount of the 

pearlite is in the matrix is, that is shown in Table 2. 

The experimental cast iron contains about 2% silicon, 

which plays a role in promoting carbon precipitation during 

Austenite cooling. During normalizing, the higher the heating 

temperature is, the longer the time that heating temperature 

decreases to the pearlite transition temperature is. And the 

larger the amount of carbon precipitates is during this period, 

the smaller the amount of the pearlite is. Therefore, the higher 

the heating temperature is, the smaller the amount of pearlite 

in the matrix after normalizing is when the silicon content in 

cast iron is 2%. 

 



71 Shuying Chen et al.:  Effect of Secondary Graphitization Expansion on Micro-shrinkage Porosity of Ductile Iron  

 

 

Figure 2. As-cast structure: (a) grey cast iron; (b) ductile iron. 

 

Figure 3. Metallographic microstructures of cast iron after heat treatment: (a) (b) normalizing at 880°C; (c) (d) normalizing at 920°C; (e) (f) annealing at 

740°C. 
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3) Annealing microstructure after secondary graphitization 

The metallographic microstructures of vacuum annealing 

samples after holding at 740°C for 6 hours is shown in Figure 

3(e) ~ (f). After secondary graphitization annealing, all 

pearlite in the original matrix transformed into ferrite. It can 

be found that after secondary graphitization annealing, a part 

of point graphite appears in the microstructure by comparing 

Figure 3(a) ~ (f). 

When pearlite in cast iron decomposes, one part of the 

precipitated carbon is deposited on eutectic graphite that does 

not affect the shape of the original graphite due to the limited 

amount of precipitated carbon. The other part of the 

precipitated carbon tramsformed into the new graphite nuclei 

and grow away from eutectic graphite. Due to the small 

amount of carbon precipitated, point graphite is formed. 

3.2. Effect of Secondary Graphitization Annealing on 

Volume Change Rate 

The results of sample size and volume change after 

secondary graphitization annealing are shown in Table 2. 

Expansion appears in the two kinds of cast iron after 

secondary graphitization annealing. The different expansion 

rate of the same cast iron is due to the different amount of 

pearlite in the matrix microstructure. According to the 

measured results of pearlite quantity in the sample, the 

conversion results of sample expansion rate are shown in 

Table 4. The results shows that the expansion rate of the 

samples is basically similar when the amount of pearlite in the 

tissue is the same. 

The measured and converted results of expansion rate in 

Tables 2 and 4 show that the expansion rate of gray cast iron is 

greater than that of nodular cast iron after secondary 

graphitization annealing. When gray cast iron solidifies, flake 

graphite always grows earlier than austenite. Molten iron can 

get the feeding of expansion when it shrinks between eutectic 

groups. Therefore, it is not easy to produce micro-shrinkage 

porosity between eutectic groups. It is easy to form 

micro-shrinkage porosity between eutectic groups of nodular 

cast iron. The micro-shrinkage porosity in nodular cast iron 

counteracts part of the expansion that results in a slightly 

smaller expansion rate of the samples. 

3.3. Effect of Secondary Graphitization Annealing on 

Micro-shrinkage Porosity of Ductile Iron 

The scanning electron microscope photos of the 

metallographic sample of ductile iron are shown in Figure 4. It 

can be clearly seen that there is micro-shrinkage porosity on 

the ferrite matrix in the pictures that is shown by the arrow in 

Figure 4. It can be clearly seen that the sharp corner of this 

micro-shrinkage porosity is very sharp, and the radius of 

curvature of its tip is close to zero. 

The measurement results of the maximum length and area 

of micro-shrinkage porosity are shown in Table 3. The 

distribution of measurement results of the length and area of 

50 micro-shrinkage porosities is shown in Figure 5. 

Although the size distribution of micro-shrinkage porosity is 

disperse and the deviation of it is large, the number of 

micro-shrinkage porosity with large-size is small, so the 

average value the size can reflect the trend of 

micro-shrinkage porosity size. 

The length and area of micro-shrinkage porosity decreased 

after the secondary graphitization annealing of nodular cast 

iron. It was found that the change of micro-shrinkage porosity 

in the core of the sample was more obvious. The results show 

the secondary graphitization annealing is critical to reduce the 

micro-shrinkage porosity of ductile iron. 

Table 2. Measurement results of sample size change before and after secondary graphitization. 

Heat 

treatment 

process 

State 

Grey cast iron Ductile iron 

Sample size 

(mm) 

Volume VHT 

(mm3) 

Expansion 

rate δHT (%) 

Pearlite 

wHT (%) 

Sample size 

(mm) 

Volume VQT 

(mm3) 

Expansion 

rate δQT (%) 

Pearlite 

wQT (%) 

Normalizing at 

880°C 

annealing at 
740°C 

normalizing 

a 0.08
0.1250.12+

−  

11142.1 

1.41 94.9 

0.06
0.0450.14+

−  

19806.0 

1.11 89.4 

b 0.02
0.0214.90+

−  0.01
0.0119.91+

−  

c 0.02
0.0214.92+

−  0.02
0.0419.84+

−  

annealing 

a 0.06
0.025.032+

−  

11269.2 

0.11
0.0550.19+

−  

20025.8 b 0.03
0.0514.95+

−  0.09
0.0720.01+

−  

c 0.04
0.0614.98+

−  0.12
0.0619.94+

−  

normalizing at 

920°C 

annealing at 
740°C 

normalizing 

a 0.07
0.0440.24+

−  

8654.1 

1.00 68.9 

0.07
0.0550.35+

−  

19411.6 

0.81 72.6 

b 0.09
0.0514.67+

−  0.01
0.0319.63+

−  

c 0.04
0.0414.66+

−  0.02
0.0219.64+

−  

annealing 

a 0.06
0.0440.34+

−  

8740.8 

0.08
0.150.37+

−  

19567.9 b 0.03
0.0314.71+

−  0.02
0.0619.71+

−  

c 0.03
0.0114.73+

−  0.02
0.0219.71+

−  

Note: HT represents gray cast iron and QT represents ductile iron in the table. 
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Table 3. Measurement results of maximum length and area of micro-shrinkage porosity. 

cast state 
micro-shrinkage porosity size λmax (µm) micro-shrinkage porosity area S (µm2) 

2.95
1.573.84+

−  244.6
80.087.27+

−  

annealed state Sample center Sample edge Sample center Sample edge 

 1.63
1.152.37+

−  1.33
1.283.48+

−  127.5
49.259.65+

−  266.7
72.180.75+

−  

reduction rate (%) 38.3 9.4 31.7 7.5 

 

Figure 4. Micro-shrinkage porosity in ductile iron: (a) cast iron; (b) annealed state, the core of the sample; (c) annealed state, and edge of the sample. 

 

Figure 5. Length and area of distribution of micro-shrinkage porosity: (a) length; (b) area. 
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4. Discussion 

4.1. Estimation of Volume Change After Pearlite 

Decomposition 

4.1.1. Volume Change Caused by Graphite Precipitation 

When the silicon content in cast iron is 2.0%, about 0.65% 

of carbon changes into graphite after pearlite is transformed 

into ferrite. Pearlite density is 7.8g.cm
-3

, graphite cell is a = 

0.1421nm, c = 0.6708nm, as shown in Figure 6. It can be 

estimated that the volume expansion rate due to graphite 

precipitation is about 1.49%. 

4.1.2. Volume Change Caused by the Transformation of 

Cementite into Ferrite 

There are four triangular prisms in the cementite cell that 

are shown in Figure 7(a). Two iron atoms of the cementite cell 

belong to two triangular prisms, so there are three iron atoms 

and one carbon atom in the triangular prism. The four 

triangular prisms are arranged in a double-layer, reverse and 

staggered manner across adjacent cells [20]. 

The shape and size of the triangular prism shown in Figure 

7(a) are very close to which of the A0B0D0E0F0G0 triangular 

prism in Figure 7(b). Once the carbon atoms in the triangular 

prism shown in Figure 7(a) leave, it is easiest to form the 

triangular prism shown in Figure 7(b). After a cementite 

triangular prism is transformed into a ferrite triangular prism, 

the volume expansion rate is 4.09%. 

The arrangement of four triangular prisms across adjacent 

crystal cells will enlarge the spacing of iron atoms adjacent to 

the triangular prism. According to the specific size of the 

triangular prism shown in Figure 7(a), it can be estimated that 

it is enlarged by 0.011nm, 0.017nm and 0.098nm in three 

directions respectively. When the iron atoms in this part return 

to ferrite, the volume shrinkage is about 2.92%. 

In conclusion, the volume expansion rate after the 

transformation of cementite into ferrite is about 1.17%. 

4.1.3. Volume Expansion Rate After Pearlite Decomposition 

Cementite in pearlite accounts for 12%, so the volume 

expansion rate caused by cementite decomposition is 0.141%. 

The volume expansion rate caused by cementite 

decomposition is about 1.63%. 

 

Figure 6. Schematic diagram of graphite cell. 

 

Figure 7. Crystal structures of cementite and αFe: (a) triangular prism in cementite cell; (b) Triangular prism in αFe crystal cell. 

According to the quantity of pearlite in the matrix 

microstructure of nodular cast iron and the test results of 

sample expansion rate, the expansion rate produced by 

pearlite decomposition can be converted that is shown in 

Table 4. It can be determined from the results that the 

theoretical estimation is basically consistent with the 

experimental results that is shown in Table 4. 

The following reasons lead to the difference between 

theoretical estimation and experimental results. First, the 

assumption that the triangular prism in cementite cell changes 

into the triangular prism in ferrite and the triangular prism in 

cementite that causes the change of the spacing of surrounding 

iron atoms is different from the actual crystal structure of 

cementite. Second, the micro-shrinkage porosity in the sample 
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will consume part of the expansion. 

4.2. The Process of Reducing Micro Porosity by Secondary 

Graphitization Expansion 

According to the variation law of yield strength of 

Fe-0.06C-1.5Mn-13Cr ferritic stainless steel with temperature 

given by Lou [21], when the temperature is 740°C, the yield 

strength is about 30MPa. It is estimated that the yield strength 

of pure ferrite is less than 10MPa at 740°C without 

strengthening effect of Cr. Therefore, it can be determined that 

the ferrite of nodular cast iron matrix is easy to deform at 

740°C. 

Table 4. Volume expansion rate after secondary graphitization. 

Cast iron type Pearlite quantity (%) 
Experimental expansion rate (%) 

Estimated Expansion Rate (%) 
Samples pearlite 

Grey cast iron 
94.9 1.41 1.49 

1.63 
68.9 1.00 1.45 

Ductile iron 
89.4 1.11 1.24 

72.6 0.81 1.12 

 

An austenitic shell is formed around the graphite ball due to 

the lack of carbon in the molten iron around the graphite ball 

when nodular cast iron solidifies and the graphite ball grows to 

a certain extent. At the later stage of solidification, the molten 

iron between spherical austenite is not supplemented by 

molten iron during solidification, resulting in micro-shrinkage 

porosity, as shown in Figure 8(a). 

The expansion force generated by secondary graphitization 

of nodular cast iron forces the ferrite to undergo plastic 

deformation. Because there is no barrier in the 

micro-shrinkage porosity, the ferrite can fill micro-shrinkage 

porosity. If the micro-shrinkage porosity formed during 

solidification is small, the secondary graphitization expansion 

can completely eliminate it. For the micro-shrinkage porosity 

with larger size, the secondary graphitization expansion can 

also reduce it, as shown in Figure 8(b) ~ (c). 

 

Figure 8. Schematic diagram of process of filling micro-shrinkage porosity by 

ferrite. 

During secondary graphitization annealing, it is not easy for 

the ferrite near the edge of the sample to fill micro-shrinkage 

porosity during deformation that results in a small change in 

the size of micro-shrinkage porosity in the edge of the sample 

because the sample is not constrained by the outside world. It 

is easy for the ferrite fill micro-shrinkage porosity during 

deformation which significantly reduces the size of 

micro-shrinkage porosity in this area taht is shown in Table 3 

because the core area of the sample is subject to its own 

constraints. 

If the reduction in size and quantity of micro-shrinkage 

porosity after casting is defined as the self-repair ability of 

micro-shrinkage porosity of ferrite ductile iron, the 

greater the secondary graphitization expansion is, the 

stronger the self-repair ability is. So it is significant to 

obtain pearlite ductile iron before secondary 

graphitization annealing. 

Strengthening inoculation treatment and fining graphite 

balls are not only good for reducing the micro-shrinkage 

porosity formed during solidification of ductile iron, but also 

good for improving the self-repair ability of micro-shrinkage 

porosity of ferrite ductile iron. 

5. Conclusions 

The secondary graphitization annealing leads to the 

expansion of cast iron. The larger the amount of pearlite is, the 

greater the expansion is. The volume expansion rates of 

ductile iron and gray cast iron after secondary graphitization 

annealing are about 1.2% and 1.4% respectively. 

After secondary graphitization annealing, the size and 

quantity of micro-shrinkage porosity of ductile iron decrease. 

That is to say, the ferrite ductile iron has the ability to repaire 

micro-shrinkage porosity. 

The theoretical estimation results of expansion rate after 

secondary graphitization of cast iron are basically consistent 

with the experimental results. The research will provide a 

theoretical basis for the production of ferritic ductile iron with 

high toughness in the ultra-low temperature. 
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