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3D morphology characterization of graphite
and its effect on the thermal conductivity
of vermicular graphite iron

It is important to establish the quantitative effect of gra-
phite’s 3D morphology on the thermal conductivity of ver-
micular graphite iron. In the present study, X-ray tomogra-
phy is utilized to investigate the 3D morphology of
graphite in vermicular graphite iron with different vermicu-
larity. A 3D finite element model was built on the basis of
graphite’s 3D morphology and the equivalent thermal con-
ductivity of vermicular graphite iron can be calculated.
The results show that the volume of graphite clusters in
vermicular graphite iron is distributed according to y=a
(1 — e™7*)¢ exponential function. The higher the vermicular-
ity, the more obvious the polarization of graphite volume.
Compared with vermicularity, 3D connectivity of graphite
is a more appropriate characteristic parameter to investigate
the thermal conductivity of vermicular graphite iron from
the 3D morphology point of view.

Keywords: Vermicular graphite iron; Thermal conductiv-
ity; 3D connectivity; X-ray tomography

1. Introduction

The unique mechanical and physical properties of vermicular
graphite iron (VGI) have gained the material desirability and
increasing demand in both automotive and locomotive indus-
tries, for example the cylinder heads of diesel engines. Espe-
cially for high power density diesel engines, whether from
the viewpoint of the volume size, corrosion resistance and
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strength, or the friction coefficient of the engine, VGI is ob-
viously better than aluminum alloy [1-5]. The increase of
engine specific power brings about the working temperature
rise of the cylinder head, and then the mechanical properties
of VGI are also subject to higher requirements. However,
with the decreasing of the latent capacity of mechanical
properties, physical properties of cast iron, especially the
thermal conductivity, have received more and more attention
since the ability to transfer away heat enhances the resistance
to such factors as thermal fatigue and distortion [6—10].
There are many factors affecting the thermal conductiv-
ity and interacting with each other. Most materials scien-
tists think distribution and morphology of the graphite
phase play the key role on thermal transport since thermal
conductivity of graphite is significantly higher than that of
the matrix in cast irons [10—14]. Some other factors also af-
fect the thermal conductivity of cast iron, for example,
pearlite content, alloy composition, carbon content, 3D
connectivity of the graphite, and so on [15—17]. In current
research and industrial production to evaluate the properties
of cast iron relies mainly on the subjective comparison of
2D metallographic images. As the main characteristic of
graphite’s 3D morphology, although the complex 3D con-
nectivity of the graphite network in flake graphite iron and
VGl is believed to have an important effect on thermal con-
ductivity [16, 17], the related research and development are
not sufficient because its acquisition and quantitative char-
acterization are difficult, for example the traditional deep
etching method [18] or the serial sectioning method [19].
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Some progress has been made in recent years to address
these issues [20—28], such as the 3D characterization of
graphite morphology by destructive focused ion beam
(FIB) tomography [22—24] and X-ray tomography (XRT)
[26-28]. Pina et al. [16] used an idealized unit cell model
to represent the complex 3D microstructure of lamellar cast
iron and quantitatively analyzed the thermal, mechanical
and thermo-mechanical response of the unit cell by means
of the finite element (FE) method. However, the relation-
ship between 3D connectivity of the graphite phase and
thermal conductivity of cast iron is still only at the qualita-
tive stage.

Table 1. The nominal composition of the VGI samples.

In the present study, XRT is utilized to investigate 3D
morphology and connectivity of graphite in VGI with dif-
ferent vermicularity which was sand cast by the authors
Yang et al. [29, 30]. The probability distribution function
of graphite particle volume was then built to quantitatively
analyze the 3D morphology of graphite in VGI according
to XRT statistics. In addition, a 3D FE model was built on
the basis of graphite 3D morphology and the equivalent
thermal conductivity of VGI could be calculated. The quan-
titative effect of graphite’s connectivity on the thermal con-
ductivity is attempted to be analyzed according to different
FE model of VGI with different vermicularity. These stud-

Element C Si

Mn S P Fe

wt. % 3.7-3.8 2.0-2.1

<0.2 <0.06
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Fig. 1. The spatial structure and morphology of graphite in VGI with different vermicularity: (a) 60 %; (b) 70 %; (c) 80 %; (d) 90 %.
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Fig. 2. Size grading display of graphite according to D, in VGI with 80 % vermicularity: (a) Deg, > 200 pm; (b) 145 pm > Dy, > 200pm;
(¢) 100 pm > Dy > 145 pm; (d) 55 pm > Dy, > 100 pm; (d) 10 pm > Dy, > 55 pm; (d) 10 pm > Dy,
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ies can make it possible to predict thermal conductivity
changes of VGI with relatively high accuracy and provide
some constructive suggestions to improve the thermal con-
ductivity of cast iron.

2. Experimental procedure

The microstructure and properties of VGI lie between gray
cast iron and nodular graphite cast iron. Its chemical com-
position is similar to nodular graphite cast iron. Table 1
shows the nominal composition of VGI samples used in this
study. VGI samples with different vermicularity (60 %,
70%, 80% and 90 %) can be prepared by adjusting the
quantity of vermicular agent. Because the distribution of
graphite is not completely uniform, different sites of the
same sample will get different vermicularity. The calcula-
tion method of vermicularity is as follows. At ten different

0 142um =5 | S
LB B 200 pm

(a)

200 pm

(©)

locations of the same sample metallographic photographs,
the percentage of vermicular graphite area to all graphite
areas is counted. The final vermicularity is the proximal in-
teger obtained by averaging these ten percentages. Finally,
four specimens with different vermicularity were selected
for analysis and research.

Compared with 2D morphology, 3D morphology can re-
veal the microstructural characteristics of materials more
comprehensively. The 3D morphology of graphite phase in
VGI was investigated using a Xradia Versa XRM-500
XRT and reconstructed by Avizo image processing soft-
ware. The test sample’s size was ¢ 1.5 X5 mm and voxel
size of the present experimental setup was 1.1981 X
1.1981 x 1.1981 um>. A 450 x 450 x 700 voxels unit cell
was extracted from columnar sample to characterize the
3D morphology of graphite phase using Avizo software.

A 569 x 534 x 365 voxels unit cell was also extracted to
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Fig. 3. The spatial structure and morphology of the largest graphite cluster in VGI with different vermicularity: (a) 60 %; (b) 70 %; (c) 80 %; (d)

90 %.
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characterize the 3D morphology of graphite by the connec-
tivity. The connectivity is defined in this work as the relative
volume fraction of the largest particle of graphite with re-
spect to the total volume fraction of graphite in the analyzed
unit cell. A 3D FE model was then built in order to calculate
the equivalent thermal conductivity of VGI. The quantitative
relationship between 3D morphology of graphite and the
thermal conductivity of VGI was tentatively established.

3. Results and discussion

3.1. 3D morphology characterization of graphite in VGI
with different vermicularity

Figure 1 shows the spatial structure and morphology of gra-
phite in VGI with different vermicularity (60 %, 70 %, 80 %
and 90 % respectively). Different color rendering represents
size grades of isolated graphite clusters. With the increase
in vermicularity, the stubby graphite phase which is similar
to nodular graphite cast iron turns into a fine network. In
other words, the thickness of graphite is getting thinner
and thinner. The cross-sectional morphology of VGI with
90 % vermicularity exhibits roughly flake graphite features.
In the case of constant volume of graphite, the distribution
of graphite phase is more and more uniform in VGI to some
extent.

Take VGI with 80% vermicularity as an example, size
grading of graphite according to equivalent diameter Dy,
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Fig. 4. The probability statistical distribution of graphite cluster vol-
ume in VGI with different vermicularity.

is shown in Fig. 2. The D, of the largest graphite cluster
is about 212 pm. There are only 7 graphite clusters over
Deq, 100 pm and the number of the remaining graphite is
about more than 1000. Most of the smaller graphite is
spherical with different sizes. The large size graphite shows
clear coral like microstructure and is almost all truncated by
the boundary of the unit cell. In fact, the complete coral like
graphite individual particles, the isolated graphite in the so-
called eutectic grain formed during solidification process
[31], have not been found in the size range (~ ¢ 1.5X
5 mm) of the test samples so far. This result is similar to
the research of Chuang et al. [26] which points out that the
entire picture of each individual CG (compacted graphite)
is not revealed completely.

The 3D connectivity of graphite in VGI can be more
clearly demonstrated if the largest graphite cluster is sepa-
rately taken out to discuss in detail. The spatial structure
and morphology of the largest graphite cluster in VGI with
different vermicularity is shown in Fig. 3. The Dy, of the
largest graphite cluster is 142 pum, 199 pm, 212 pm and
326 pm corresponding to 60 %, 70 %, 80 % and 90 % vermi-
cularity respectively. With the increase in vermicularity,
the dimension of the largest graphite cluster is getting big-
ger. Especially for 90 % vermicularity, the largest graphite
cluster almost runs through the whole unit cell. The 3D con-
nectivity of graphite in VGI is characterized by the ratio of
the maximum graphite volume to the volume of all graphite
in the corresponding vermicularity VGI. Then the higher
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Fig. 5. Value of the constants in y = a(1 — ¢**)¢ exponential function
with the change in vermicularity.

Table 2. The top ten graphite cluster’s volume in different VGI samples (unit: X 10’um?).

volume No. 1 2 3 5 6 7 8 9 10
(x 107 um?)

Vermicularity
60 % 0.150 0.138 0.124 0.096 0.076 0.070 0.055 0.048 0.048 0.048
70 % 0411 0.283 0.194 0.176 0.173 0.141 0.138 0.105 0.076 0.075
80 % 0.497 0.487 0.334 0.164 0.163 0.151 0.060 0.051 0.038 0.029
90 % 1.817 0.036 0.019 0.017 0.017 0.015 0.014 0.013 0.012 0.012
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the vermicularity, the higher the 3D connectivity and the
smaller the cross-sectional area of graphite.

(b)

Fig. 6. The 3D FE mesh model of VGI with 60 % vermicularity: (a)
graphite; (b) matrix; (c) VGI including graphite and matrix.
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In order to further clarify the quantitative difference of
graphite morphological character between different VGI
samples, probability statistical distribution is also discussed
according to graphite cluster volume, as shown in Fig. 4.
The section marked by a box is magnified and shown in
the inset so as to distinguish four curves clearly. In addition,
the top ten graphite cluster volumes in different VGI sam-
ples is listed in Table 2. It can be seen that more than 95 %
of graphite clusters are less than 3 x 10° pm? in volume as
a whole. For 90 % vermicularity VGI, there are only two
graphite clusters whose volume is more than 3 x 10° um?.
Morever, the graphite volume in VGI is distributed accord-
ing toy = a(1 — e*)¢ exponential function and Fig. 5 shows
the values of the constants with the change in vermicularity.
The values of a and b are basically fixed and close to 1 and
0 respectively. The value of ¢ decreases from 0.8683 at
60 % vermicularity and then increases with the vermicular-
ity, and the lowest value of ¢ is at 80 % vermicularity. The
graphite volume distribution of 60 % vermicularity VGI is
obviously more uniform than that of 80 % and 90 % vermi-
cularity VGI. The higher the vermicularity, the more the
polarization of graphite volume.

3.2. The effect of 3D morphology of graphite
on the thermal conductivity of VGI
with different vermicularity

FE-simulations were carried out on the basis of 3D mor-
phology of VGI (shown in Fig. 1). Suppose the FE physical
model would only contain two phases, graphite and matrix.
The corresponding thermal conductivity is 130 W m™' K™!
[32] and 30 W m~! K~! respectively. The physical model
can be meshed in Avizo software. Take VGI with 60 % ver-
micularity as an example, the corresponding 3D FE mesh
model of graphite, matrix and VGI is shown in Fig. 6a, b
and c, respectively. The Thermal Solid Tet 10 node 87 ele-
ment is applied, and then the FE mesh of VGI is imported
into ANSYS software to simulate a steady heat transfer pro-
cess.

During the simulation process, fixed temperature and
convective heat transfer boundary condition are defined on
the two 534 x 365 voxels faces. The adiabatic boundary
condition is set up on the other faces of the model. The dis-
tribution of temperature and heat flux at a steady heat trans-
fer boundary condition can then be obtained from numeri-
cal simulation.

The equivalent isotropic thermal conductivity k. can be
derived according to Eq. (1) [33]. In Eq. (1), @ is heat flow,
A is area for heat conduction and d#/dx is temperature gradi-
ent, ag; is the area of the No.i element’s plane perpendicular
to the direction of heat transfer and ¢; the corresponding
heat flux. The objective of the following simulations is to
evaluate the thermal conductivity of VGI through the distri-
bution of temperature and heat flux.

m

Zqiai
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ke—A/%—ia,. & M
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Figure 7 shows the temperature and heat flux distribution of
VGI with 60% and 90% vermicularity at a steady heat
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Fig. 7. The temperature and heat flux distribution of VGI with 60 % and 90 % vermicularity at a steady heat transfer boundary condition: (a) tem-
perature distribution of VGI with 60 % vermicularity; (b) heat flux distribution of VGI with 60 % vermicularity; (c) temperature distribution of VGI
with 90 % vermicularity; (d) heat flux distribution of VGI with 90 % vermicularity.
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Fig. 8. The change in thermal conductivity and 3D connectivity with
vermicularity.
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transfer boundary condition. Generally the graphite phase
has a great impact on the thermal conductivity of cast iron.
There exist obvious non-even characteristics in the distribu-
tion of temperature and heat flux. Heat transfer is mainly
carried out by graphite since the thermal conductivity of
graphite is much higher than that of the matrix (Fig. 7b
and d), whereas the average heat flux in VGI with 90 % ver-
micularity is slightly larger than that in VGI with 60 % ver-
micularity. This difference should be mainly due to the 3D
morphology difference of graphite phase.

The equivalent thermal conductivity k. of VGI with differ-
ent vermicularity can be derived according to Eq. (1). The
calculated thermal conductivity is a little higher than the ex-
perimental value in most literature [6, 9, 34]. Besides the in-
accuracy of material properties, the influence of interface
on the thermal conductivity is one of main reasons [35]. The
change in thermal conductivity with vermicularity is shown
in Fig. 8. The thermal conductivity of VGI increases with
the increase in vermicularity. When the vermicularity is
80 %, the thermal conductivity reaches a maximum and then
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decreases. Coincidentally, the value of ¢ in the graphite vol-
ume distribution function y = a(1 — e )¢ is the lowest when
the vermicularity is 80 %. In addition, the relationship be-
tween the 3D connectivity and the vermicularity is also
shown in Fig. 8. As can be seen from the diagram, the vermi-
cularity and 3D connectivity are not completely linear, espe-
cially when the vermicularity is over 80 %, the connectivity
of the vermicular graphite will rise sharply. In other words,
there also exists an obvious inflection point in the change
process of 3D connectivity with vermicularity. But its
change trend is different from the thermal conductivity.

It can be seen from the above FE calculation results that
too high vermicularity or 3D connectivity would decrease
the thermal conductivity of VGI. Although high 3D connec-
tivity of graphite can provide a more continuous heat trans-
fer channel, the cross-sectional area of graphite is sharply
reduced at the same content of graphite. This reduces the
heat transfer efficiency of the graphite cluster. Therefore,
there exists a peak value of the thermal conductivity at
about 80 % vermicularity of VGI or 17 % 3D connectivity
of graphite phase.

4. Conclusion

In the present study, XRT was utilized to investigate the 3D
morphology and connectivity of graphite in VGI with dif-
ferent vermicularity. The probability distribution function
of a graphite cluster’s volume was then fitted to quantita-
tively analyze the 3D morphology of graphite in VGI ac-
cording to XRT statistics. On the basis of the graphite’s
3D morphology the equivalent thermal conductivity of

VGI can be quantitatively calculated by means of FE meth-

ods. Some conclusions can be drawn as follows:

1. The graphite phase is stubby when the vermicularity is
low, and changes into coral-like, and finally a fine net-
work with the increase in vermicularity. The dimension
of the largest graphite cluster in the unit cell increases.
For 90 % vermicularity the largest graphite cluster al-
most runs through the whole unit cell.

2. The graphite volume in VGI is distributed according to
y = a(1-e?*)¢ exponential function. The higher the ver-
micularity, the more obvious the polarization of gra-
phite volume.

3. The vermicularity and 3D connectivity are not comple-
tely linear, especially when the vermicularity is over
80 %, the connectivity of the vermicular graphite will
rise sharply. There exists an obvious inflection point in
the change process of 3D connectivity and thermal con-
ductivity with vermicularity. The 3D connectivity of
graphite can also be used to investigate the thermal con-
ductivity of VGI from the 3D morphology point of
view.
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