
52

CHINA  FOUNDRY Vol.18 No.1 January 2021
Research & Development

Qing-yi Liu1, Xiao-fu Zhang2, Yu-cheng Sun1, Ai-long Jiang1, Ji-chao Li1, Hong-liang Zheng2, *Xue-lei Tian2  
1. State Key Laboratory of Engine Reliability, Weichai Power Co., Ltd., Weifang 261001, China
2. Key Laboratory for Liquid-Solid Structural Evolution and Processing of Materials, Ministry of Education, School of Materials Science and 
Engineering, Shandong University, Jinan 250061, China

1 Introduction
Cast iron can be classified into flake graphite, spheroidal 
graphite, malleable and vermicular graphite cast iron 
according to graphite morphology. Various graphite 
morphologies give cast iron different mechanical and 
thermal properties. Particular graphite morphology 
gives vermicular graphite cast iron (VGI) an excellent 
comprehensive performance compared with traditional 
gray cast iron [1-2]. VGI has become a promising material 
for new generation high power diesel engine castings 
such as cylinder blocks and heads, which can not only 
further improve the performance of engine, but also 
achieve the lightweight of engine [3-6]. 

The thermal conductivity is of significant importance, 
and affects the resistance to thermal fatigue and 
distortion [7], especially for cylinder blocks and heads with 
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nonhomogeneous temperature distributions in service. 
Many researchers [8-10] have focused on the effects of 
microstructure including graphite morphology, graphite 
amount and pearlite fraction on thermal conductivity 
of cast iron. Matsushita et al. [8] studied the influence 
of the nodularity on the thermal conductivity and 
corrected the traditional thermal conductivity model for 
ductile cast iron by changing the thickness of cuboid 
castings. Ma et al. [9] found that when the vermicularity 
(40%-90%) increased, the thermal conductivity of 
VGI increased, according to the numerical simulation 
by finite element software ANSYS. Wu et al. [10] 
found that the thermal conductivity of VGI decreased 
with increasing pearlite content (10%-80%) by finite 
element numerical simulation. These studies provide 
a reference for studying the quantitative effect of 
microstructure on thermal conductivity of VGI cylinder 
blocks and heads. Moreover, some studies have 
proved that it is feasible to predict microstructure and 
thermal conductivity of cast iron based on cooling 
rates. The cooling rate is the main factor that affects 
the microstructure and properties of cast iron under 
the same experimental conditions [11-12]. Xie et al. [13] 
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constructed the dynamic solidification curve for hypoeutectic 
gray cast iron by determining the exact positions of several 
critical points such as starting and ending points of eutectic 
solidification on the cooling curves. Characteristics of the 
microstructure were subjected to each critical point on the 
cooling curves. Consequently, cooling rates calculated by 
cooling curves can be used to predict characteristics of the 
microstructure. Daniel et al. [14] took cylindrical castings as 
the research object and studied the effect of solidification rate 
on the thermal conductivity of gray cast iron by changing 
the moulding material (metal, sand and insulation) and 
found that the optimal thermal transport properties could be 
obtained at medium cooling rates (sand mould). Therefore, 
the cooling rate, microstructure and thermal conductivity are 
interrelated. The cooling rate directly affects the evolution of 
microstructure which determines thermal conductivity.

The present work took a VGI cylinder block as the research 
object. The cooling rates at different positions in the cylinder block 
were calculated based on the cooling curves obtained by casting 
process numerical simulation software, MAGMA software [15]. 

Then, based on the quantitative analysis of metallography and the 
statistical analysis of experimental data, including vermicularity, 
pearlite fraction and thermal conductivity, the quantitative effects 
of the cooling rate on the microstructure and thermal conductivity 
of VGI cylinder block were investigated. Finally, the quantitative 
models based on cooling rate were established to predict the 
vermicularity, pearlite fraction and thermal conductivity for 
VGI cylinder block. The results are helpful for the design and 
optimization of casting process of VGI cylinder block.

2 Experimental methods
2.1 Materials
The cylinder block was produced on the HWS moulding line 
with green sand mould. The combination of wire feeding 
technology and on-line detection technology (OCC Gmbh, 
Germany) was used for liquid iron quality detection and control. 
Table 1 shows the chemical composition of the liquid iron 
analyzed by a carbon-sulfur analyzer and Spectro direct-reading 
spectrometer.

Table 1: Chemical composition of VGI cylinder block (wt.%)

C Si Mn P S Mg Cu Sn Mo Ni Fe

3.790 2.180 0.405 0.032 0.016 0.011 0.678 0.066 0.032 0.011 Bal.

2.2 Acquisition of cooling curve
The solidification process of the VGI cylinder block was 
simulated by MAGMA software, and 63 cooling curves were 
recorded at different positions on three sections of the cylinder 
block, which are the end section [Fig. 1(a, b)], quarter section 
[Fig. 1(c, d)] and central section [Fig. 1(e, f)]. This would 
ensure that the cooling rate range of the cylinder block was 
fully represented. Ten cooling curves were selected among 
the 63 curves based on that the eutectic cooling rates being 
at an equal interval. The 10 cooling curves were recorded at 
the positions of the red rectangles as shown in Fig. 1, and the 
cooling curves are shown in Fig. 2.

2.3 Metallography
The 10 VGI specimens were obtained at the positions 
corresponding to those of the 10 cooling curves. The 
microstructure of the VGI specimens was examined using 
the OM (LWD200-4XC). As position marks, nine grids were 
drawn with a needle on the surface of each specimen then the 
fields of view were easily located at the same position before 
and after etching. The area of each phase was obtained by 
counting the number of pixels in metallographic image. The 
unetched specimens were used to acquire the area of graphite 
and the vermicularity was calculated according to the Chinese 
Standard GB/T 26655-2011. Then, the specimens were etched 
with 4% nital for 5-7 s. The area of ferrite was also obtained 
by counting the number of pixels in metallographic image. The 
pearlite fraction was calculated by (SField - SGraphite - SFerrite) / (SField 

- SGraphite), where SGraphite, SFerrite and SField represent the area of 
graphite, ferrite phase and the field of view, respecitively.

2.4 Thermal conductivity testing 
The thermal diffusivity was measured using a laser flash 
apparatus (Netzsch LFA457, Germany). Then, the thermal 
conductivity was calculated according to λ = aρCp, where a 
is the measured thermal diffusivity, ρ is the bulk density and 
Cp is the specific heat [16]. The specimens with dimensions of 
Φ12.5 mm × 2 mm were cut using a linear cutting machine. The 
surface of every specimen was polished to ensure the reliability 
of thermal conductivity testing. The thermal conductivity of 
each specimen was the average value of three measurements at 
room temperature.

3 Results and discussion 
3.1 Calculation of cooling rate
As shown in Fig. 2, the change of cooling curves is complex 
and the entire cooling process cannot be expressed by the 
cooling rate at a single stage. In order to accurately describe the 
overall trend of each cooling curve, the eutectic and eutectoid 
cooling rates were calculated, respectively. Graphite is formed 
during the eutectic stage and the graphite morphology is directly 
related to the cooling rate at the eutectic stage [17-18]. The average 
cooling rate at eutectic stage was calculated by VEutectic = ΔT /(t2 

-t1) , where ΔT represents the equivalent temperature difference 
that can be calculated by ΔT = L/Cp, where L is latent heat and 
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Fig. 2: Cooling curves for 10 selected positions in 
cylinder block

Fig. 3: Determining t1 and t2 by using cooling curve

the mid point of the highest and lowest temperatures at the 
eutectic stage, as shown in Fig. 3. The time from t1 to t2 covers 
the undercooling, recalescence process and most of the eutectic 
platform, which can correspond well to the non-nucleation, 
nucleation and growth process of graphite. Pearlite and ferrite 

Cp is specific heat. Calculations are based on the premise that 
the heat released by the drop of ΔT is equal to that released 
by the latent heat at the eutectic stage. Points t1 and t2 are the 
intersections of the cooling curve and a horizontal line through 

Fig. 1:  Numerical simulation results of solidification at end section (a and b), quarter section (c and d), 
and central section (e and f) 
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Fig. 5:  Graphite morphologies in specimens at different positions in cylinder block, (a) to (f) show images for 
Specimens 10, 9, 8, 6, 3 and 1, respectively, sorting by cooling rate from fast to slow

are formed during the eutectoid stage, and there is a direct 
correlation between the pearlite fraction and cooling rate at the 
eutectoid stage. The eutectoid stage was calculated according to 
VEutectoid = (750-680)/(t4 - t3), where t3 and t4 represent the time 
taken to cool the melt to 750 °C and 680 °C, respectively. The 
temperature range of 750 °C to 680 °C covers the eutectoid 
temperature of all specimens.

Figure 4 shows the calculated cooling rates of the 10 
specimens at the eutectic and eutectoid stages. The ranges of 
eutectic and eutectoid cooling rates are from 0.56 °C·s-1 to 
8.91 °C·s-1 and 0.01 °C·s-1 to 0.17 °C·s-1, respectively. The 10 
specimens were selected among the 63 positions based on the 
eutectic cooling rates being at an equal interval. However, the 
distribution of the eutectoid cooling rate of specimens was 
not at equal intervals, and the order of eutectoid cooling rate 
was not consistent with that of eutectic cooling rate, such as 
in Specimens 5 and 10, where the eutectoid cooling rate of 
Specimen 5 is the fastest, but its eutectic cooling rate is slower 
than that of Specimen 10. In contrast, Specimen 10 has the 
fastest eutectic cooling rate, but a slower eutectoid cooling rate 

(1)
Vermicularity (%) = 54.71+13.33VEutectic-1.21V 2

Eutectic    
and R-square: 0.88

Fig. 4: Distribution of cooling rate at eutectic and 
eutectoid stages

than Specimen 5. After the mold filling, there is little difference 
in the temperature of each part of the sand mold. Therefore, the 
cooling rate at the eutectic stage of each position in the cylinder 
block is dependent on its thickness. During the solid cooling 
process, the cooling rate is affected not only by its own wall 
thickness, but also by the wall thickness of positions around 
it. This results that the positions with the same wall thickness  
show different eutectoid cooling rates and the order of eutectoid 
cooling rate is not consistent with that of eutectic cooling rate.

3.2 Quantitative metallographic analysis
The graphite morphologies in specimens at different positions in 
the cylinder block are shown in Fig. 5. It can be seen that with the 
eutectic cooling rate decreasing, the vermicular graphite gradually 
becomes slender. Meanwhile, the size of spheroidal graphite 
increases and the number of spheroidal graphite fluctuates. The 
vemicularity, total and average areas of all graphite particles of 
each specimen are shown in Fig. 6 and Fig. 7, respectively.

Vermicularity is the quantitative expression of a particular 
VGI graphite morphology, which has a major impact on the 
properties. It is important to establish a quantitative model 
between cooling rate and vermicularity. The curve in Fig. 6 was 
obtained by polynomial fitting, except for Specimen 1 whose 
eutectic cooling rate was much slower than that of the others, 
and Specimen 5 whose vermicularity (67%) was much lower 
than 80%. Equation (1) is the fitting formula corresponding 
to the red line in Fig. 6, which is applicable to the cooling 
rate range from 2 °C·s-1 to 9 °C·s-1: 

where VEutectic is the cooling rate at the eutectic stage. 
As shown in Fig. 6, the vermicularity of most specimens 

is between 80% and 93%. The higher vermicularity could be 
obtained when the eutectic cooling rate is in the range from 
4 °C·s-1 to 7 °C·s-1.
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Fig. 8: Optical micrographs of specimens etched with 4% nital: (a) to (f) show images for Specimens 1, 10, 7, 3, 
4 and 5, respectively, sorting by cooling rate from slow to fast

fPearlite = 69.51 + 270.8VEutectoid + 3.26e(-3)SGraphite 
               + 1058V 2

Eutectoid - 2.55e(-2)VEutectoid·SGraphite 
               -1.11e(-7) S2

Graphite               R-square: 0.76
(2)

Fig. 7: Effect of eutectic cooling rate on total area (a) and average area (b) of graphite particles

(a) (b)

Graphite content and size have an effect on the matrix 
structure and thermal conductivity of VGI. Therefore, it is 
necessary to research the effect of cooling rate on graphite 
content and size. As shown in Figs. 7(a) and (b), the total 
area of all graphite particles increases, and the average area 
of graphite particles decreases with the increase of eutectic 
cooling rate. Consequently, the change of graphite content and 
size should be considered when establishing the quantitative 
model of matrix structure and thermal conductivity.

The morphology of the matrix after etching with 4% nital is 
shown in Fig. 8. It can be seen that the matrix of these specimens 
is mainly composed of pearlite and there is little difference in 

the pearlite fraction. The pearlite fraction in each specimen is 
shown in Fig. 9. It is found that there is not an obvious monotonic 
relationship between the pearlite fraction and the eutectoid 
cooling rate. Therefore, the change of pearlite fraction cannot be 
well explained only by eutectoid cooling rate. However, it can be 
found in Fig. 9 that with the increase of the eutectoid cooling rate, 
the total area of all graphite particles changes in the completely 
opposite trend with the pearlite fraction. Consequently, the 
combination of total area of all graphite particles and the eutectoid 

Fig. 6: Effect of eutectic cooling rate on vermicularity

cooling rate could be applied to accurately estimate the pearlite 
fraction of cylinder block, as shown in Eq. (2), which was 
obtained by binary polynomial fitting:

where fPearlite is the pearlite fraction, VEutectoid is the cooling rate at 
eutectoid stage and SGraphite is the total area of all graphite particles.
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  λ=45.88+8.77e(-3)S Graphite -0.17fPearlite   and R-square: 0.90 (3)

Fig. 11: Influence of average area of graphite particles and 
pearlite fraction on thermal conductivity at room 
temperature

3.3 Thermal conductivity
The the rma l conduc t iv i t y a t r oom t empera tu re o f 
specimens at different positions in the cylinder block is 
shown in Fig. 10, except for Specimens 5, 7 and 9, as it is 
difficult to obtain the qualified samples at those positions 
due to the complex shape of the cylinder block. The 
range of thermal conductivity is from 34.951 W·m-1·K-1

to 38.904 W·m-1·K-1. Previous investigations on thermal 
conductivity of VGI have concluded that parameters, such 
as additions of carbon (3.19wt.%-6.67wt.%) and silicon 
(1.89wt.%-3.86wt.%), nodularity (0-30%), and fractions of 
ferrite (0-30%), generally have great influence on the thermal 
conductivity as they vary in a wide range [19]. However, for the 
same cylinder block, the range of these parameters is narrow. 
Therefore, some parameters with a wide range, such as average 
area of graphite particles, should also have an effect on 
thermal conductivity. Matlab software was used to analyze the 
correlation between thermal conductivity and microstructure 
characteristics, including vermicularity, average area of graphite 
particles, total area of all graphite particles, and pearlite fraction. 
It was found that among all parameters, there was the best 
correlation between the average area of graphite particles and 

thermal conductivity, and the correlation coefficient was 0.88. 
Consequently, the average area of graphite particles is the main 
factor affecting thermal conductivity. 

The specimens were reordered according to the thermal 
conductivity from low to high, and the relationship between the 
average area of graphite particles, pearlite fraction and thermal 
conductivity is shown in Fig. 11. In general, the thermal 
conductivity and the average area of graphite particles show 
the same changing trend. Among all specimens, the average 
area of graphite particles in Specimen 10 and Specimen 2 is 
smaller, but their thermal conductivity does not decrease due 
to the low pearlite fraction. Therefore, pearlite fraction is also 
a factor affecting thermal conductivity. By binary polynomial 
fitting, Eq. (3) was obtained: 

Fig. 10: Thermal conductivity of different specimens at 
room temperature

Fig. 9:  Effect of eutectoid cooling rate on pearlite fraction 
and corresponding relation between the pearlite 
fraction and total area of all graphite particles

It also indicates that generally the thermal conductivity at 
room temperature increases with an increase in the average 
area of graphite particles and a decrease in the pearlite 
fraction. Stereological characteristics of the graphite, such as 
the 3D connectivity, are essential for the thermal conductivity 
of VGI [20-21]. Three kinds of 2D connection forms between 
graphite particles, as shown in Fig. 12, can be seen in many 
specimens. It is considered that the increase of the average area 
of graphite particles, which represents the volume increase of 
each graphite, can raise the possibility of graphite contact. With 
the increase of connectivity, the thermal conductivity increases. 
After a great number of field observations, it was found that the 
third form [Fig. 12(f)] was more common in the specimen with 
higher thermal conductivity, which confirmed our conjecture.

As shown in Fig. 10, the thermal conductivity decreases with 
the increase of cooling rate at the eutectic stage. Consequently, the 
positions with slower eutectic cooling rates in the cylinder block 
have a higher thermal conductivity. The thermal conductivities 
at the hot spots are the highest herein, such as the position of 
Specimen 1: its thermal conductivity reaches 38.904 W·m-1·K-1. 

where λ is the thermal conductivity at room temperature and 
S Graphite is the average area of graphite particles.
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The thermal conductivities of the thin-wall positions close to 
the sand mould and far away from a hot spot are lower, such as 
the position of Specimen 6, which reaches 34.951 W·m-1·K-1. 
Moreover, compared with the positions with the lowest thermal 
conductivity, the thin-wall positions near or connected to hot 
spots show a higher thermal conductivity (about 36 W·m-1·K-1), 
such as the position of Specimen 8. 

In actual design and production, the cooling rate of each 
position in the cylinder block can be easily obtained by 
simulation. Meanwhile, the research results mentioned above 
show that the average area of graphite particles and pearlite 
fraction are closely related to eutectic cooling rate and 
eutectoid cooling rate, respectively. Therefore, a quantitative 
model for the thermal conductivity at room temperature based 
on the eutectic cooling rate and eutectoid cooling rate was 
obtained by binary polynomial fitting, as shown in Eq. (4): 

vermicularity, pearlite fraction, and thermal conductivity for 
VGI cylinder block castings for which vermicularity variation 
range is narrow (80%-93%). The quantitative models and main 
conclusions were summarized as follows:

(1) A polynomial fitting formula as a quantitative model 
was established to calculate vermicularity by eutectic cooling 
rate: Vermicularity (%) = 54.71 + 13.33VEutectic - 1.21V2

Eutectic. 
The vermicularity shows a parabolic trend with the increase of 
eutectic cooling rate within the range of (2-9) °C·s-1. A higher 
vermicularity can be obtained when the eutectic cooling rate 
is in the range from 4 °C·s-1 to 7 °C·s-1. Moreover, total area 
of all graphite particles increases and average area of graphite 
particles decreases with an increase in eutectic cooling rate 
during non-equilibrium solidification process.

(2) The pearlite fraction of the cylinder block is determined 
by the combined action of the total area of all graphite particles 
and eutectoid cooling rate. The quantitative model with these 
two parameters was established: 

fPearlite = 69.51 + 270.8VEutectoid + 3.26e(-3)SGraphite                
            + 1058V 2

Eutectoid - 2.55e(-2)VEutectoid·SGraphite 
        -1.11e(-7) S2

Graphite  

(3) The average area of graphite particles and the pearlite 
fraction are the main factors affecting the thermal conductivity 
of VGI cylinder block when the vermicularity is between 
80% to 93%. The combination of the eutectic cooling rate and 
eutectoid cooling rate could be applied to accurately estimate 
the thermal conductivity of VGI cylinder blocks. Two fitting 
formulas as the quantitative models are established to calculate 
thermal conductivity at room temperature based on the average 
area of graphite particles and pearlite fraction, and cooling 

Fig. 12: Three kinds of 2D connection forms between graphite particles

λ = 40.54 -1.45VEutectic - 72.19VEutectoid + 0.06V 2
Eutectic 

         + 17.69VEutectic ·VEutectoid

      and R-square: 0.93

(4)

The results indicate that a combination of the eutectic 
cooling rate and eutectoid cooling rate could be applied 
to accurately estimate the thermal conductivity (λ) of VGI 
cylinder blocks.

4 Conclusions
The quantitative effects of the cooling rate on the microstructure 
and thermal conductivity of VGI cylinder block were 
studied. Based on the statistical analysis of experimental 
data, quantitative models were established to predict the 
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rate, respectively:

   λ = 45.88 + 8.77e(-3)S Graphite - 0.17fPearlite

   λ = 40.54 - 1.45VEutectic - 72.19VEutectoid + 0.06V 2
Eutectic

                     + 17.69VEutectic · VEutectoid
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