https://doi.org/10.1007/s41230-020-9112-8

RESSTRNAI CHINA FOUNDRY

Vol.17 No.2 March 2020

Thermal conductivity of cast iron - A review

Guang-hua Wang', *Yan-xiang Li"?

1. School of Materials Science and Engineering, Tsinghua University, Beijing 100084, China

2. Key Laboratory for Advanced Materials Processing Technology, Ministry of Education, Beijing 100084, China

*Yan-xiang Li

Male, born in 1962, Ph.D. Tenure
Professor in School of Materials
Science & Engineering, Tsinghua
University. He got his bachelor and
master degrees in Harbin Institute of
Technology in 1982 and 1985, and
Ph.D in Tsinghua University in 1989.
His research interests are mainly
focused on casting alloys (cast irons,
cast steels, and cast nonferrous
metals as aluminium), porous metals
(aluminium foams and lotus-type
metals); and solidification process,
especially directional solidification
of alloys. He has published over
two hundred papers in international
and domestic journals, and dozens
of conference reports. He is now
the Chairman of the WFO Ferrous
Metals Commission and a member
of the Foundry Institution of Chinese
Mechanical Engineering Society.

E-mail: yanxiang@tsinghua.edu.cn
Received: 2019-10-08
Accepted: 2019-11-20

Abstract: This paper gives a brief introduction to the four research methods for
the study on thermal conductivity of cast irons, including experimental measurement,
statistical analysis, effective medium theory and numerical simulation. Recent studies
on the thermal conductivity of various cast irons are reviewed through the influence of
alloying elements, structural constituents, and temperature. The addition of alloying
elements is the main reason that restricts the thermal conductivity of cast irons,
especially spheroidal graphite cast iron. The connectivity of graphite has a significant
effect on the thermal conductivity of flake and compacted graphite cast irons, semi-
quantitative and quantitative analysis of this factor is a key and difficult point in the
study of thermal conductivity of cast irons. The thermal conductivities of different types
of cast irons show varying degrees of dependence on temperature. This phenomenon
is the combination of graphite and matrix, rather than just depending on graphite
morphology. The study of the relationship between individual phase and temperature is
the focus of future research. These summaries and discussions may provide reference
and guidance for the future research and development of high thermal conductivity cast
irons.
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Cast irons are among the most widely used metallic materials due to their good mechanical
and physical properties, excellent casting ability and low cost. According to the survey
of Modern Casting !, as shown in Fig. 1, outputs of lamellar graphite cast iron (LGI) are
much higher than that of spheroidal graphite cast iron (SGI) though SGI has better mechanical
properties. One of the reasons is that LGI has wide applications at high temperatures due to
its superior thermal conductivity. That’s why the LGI and compacted graphite cast iron (CGI)
are widely applied in brake disc, engine block and cylinder head **'. The thermal conductivity
is an extremely important performance index for cast irons. The high thermal conductivity
can help to transfer heat rapidly and prevent thermo-mechanical fatigue, deformation and
hot cracking, thereby ensuring the applications of cast irons in more complex or harsher
conditions and improving the service life of products . Therefore, on the premise of basic
mechanical properties, the design and development of high thermal conductivity cast irons is
one of the key points in the research and development of cast irons.

Cast irons are multi-component alloys with regular elements of C and Si and some
commonly added alloying elements, such as Mn, Cu, Ni, Cr, W, Mo, V, Ti, Al, etc. The
microstructure of cast irons is complicated, usually composed of ferrite, pearlite, graphite,
and cementite. So, the thermal conductivity of cast irons is dependent on both the alloying
elements and structural constituents.

During solidification, the formation of cast iron microstructure, especially the graphite
morphology, is governed by the difference in thermal conductivity between graphite and
austenite in eutectic couple, and between different orientations of graphite crystals .
According to different graphite morphologies, cast irons where carbon precipitated in the
form of graphite (graphite cast irons) are mainly divided into LGI with lamellar graphite,
CGI with compacted graphite and SGI with spheroidal graphite. Generally, the thermal
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Fig. 1: Census of world casting production ™

conductivity of LGI is the highest, and that of SGI is the lowest.
With an intermediate form of graphite, CGI has a thermal
conductivity between that of LGI and SGI . The ranges of
thermal conductivity for the three types of cast irons are shown
in Table 1.

Table 1: Thermal conductivities of three types of
cast irons at 300 K

Type Thermal conductivity (W-m™"-K")

LGI 45-60
CGl 32-45
SGI 25-40

The thermal conductivity k is defined as
k=-gNT )

where g is the heat flux, V7 is the temperature gradient.

Heat energy is transmitted through various carriers, such as
electrons, phonons and photons. In metals, electrons carry the
majority of the heat, but the contribution of phonons cannot be
neglected, especially in iron-based alloys “"". The total thermal
conductivity of a metal is

k=k+k, )

where k, and k. are phonon and electron thermal conductivity,
respectively.

The thermal conductivity of cast irons is limited by various
scattering processes. Over 300 K, phonon scattering processes
of iron-based alloys mainly include phonon-phonon scattering,
phonon-impurity scattering and phonon-electron scattering. The
electron scattering processes mainly include electron-phonon
scattering and electron-impurity scattering. Therefore, the thermal
conductivity is determined by impurities, dislocations, grain
boundary defects and conducting electrons and phonons ™',
These scattering mechanisms of cast irons are mainly affected
by alloying elements, structural constituents and temperature.

At present, research methods on the thermal conductivity of
cast irons are mainly divided into experimental measurement,
statistical analysis, effective medium theory (EMT) and
numerical simulation. In the early days, experimental methods
were usually used to study the thermal conductivity of cast
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irons. Because there are many uncontrollable factors in
experiments, such as chemical composition, process parameters,
it is difficult to control a single variable, which leads to
dispersed experimental results. In recent years, some researchers
studied influencing factors on the thermal conductivity of

12151 and machine

cast irons by means of statistical analysis
training "'*. These methods require a large amount of data which
determines the accuracy of calculation results. Because graphite
cast irons can be regarded as composite materials composed of
the matrix and different types of graphites, the overall thermal
conductivity can be obtained from the thermal conductivity of
each constituent phase based on the EMT ""'*!. The accuracy
of this method only depends on the values of each constituent
phase, thus greatly reducing the time of experiments. However,
the position, size, orientation, and shape of reinforcing particles
need to be taken into account in the EMT " At present,
simplifications of various types of graphites can hardly reflect
true 3-D graphite morphologies in graphite cast irons '*** ',
With the development of numerical simulation, it is possible to
directly input real microstructures obtained from experiments
into the simulation software to obtain properties of macroscopic
materials ®. In recent years, some researchers have attempted
to simulate 2-D or 3-D structures of graphite cast irons obtained

by experiments ****!)

, S0 as to evaluate the thermal conductivity
of graphite cast irons. However, there are still unexpected
deviations between calculated results and experimental data.

In this paper, firstly, the four research methods for thermal
conductivity of cast irons were introduced. Then, recent studies
on the thermal conductivity of various cast irons are reviewed
from the aspects of alloying elements, structural constituents
and temperature. It is expected that these works can provide
reference and guidance for the future research and development

of high thermal conductivity cast irons.

1 Research methods

1.1 Experimental measurement

Methods for measuring the thermal conductivity of materials
are mainly divided into steady state methods and transient
methods. Steady state methods include calorimeter flow
method, hot plate method and longitudinal heat flow method,
etc . Their principle is to use heat source to heat the sample
and reach a thermal equilibrium state. Therefore, a stable
temperature field will be formed inside the sample. According
to the temperature gradient and the heat transfer rate per unit
area, the thermal conductivity of the material is obtained based
on Eq. (1) . The steady state method has advantages of clear
principle, accurate and direct acquisition of the absolute value
of thermal conductivity. But it is primitive, time-consuming and
high environment demanding (such as adiabatic condition of
measuring system, strict temperature control, shape and size of
sample) 1.

Transient methods include hotline method ', hot disk method
and flash method ®. For a transient method, the temperature
distribution in the sample varies with time, so a stable temperature
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field cannot be formed. The thermal diffusivity of the sample
can be determined by measuring the temperature change rate of
the sample surface, and the thermal conductivity of the sample
can be obtained indirectly *. The relationship between thermal
conductivity and thermal diffusivity satisfies

k=pac, 3)

where p is the density, a is the thermal diffusivity and c, is the
specific heat capacity.

Flash method is the most widely used transient method for
measuring thermal diffusivity of materials because of short
measuring period, wide temperature ranges and high accuracy.
For cast irons, the thermal conductivity was obtained by flash
method in most literatures ™'*'**. The thermal diffusivity can
be calculated by ™7

013882

tO.S

a “
where / is the specimen thickness and 7,5 is the time required to
reach half of temperature rise.

Because there are many uncontrollable factors in
experiments, such as chemical composition, process
parameters, it is difficult to control a single variable, which
leads to dispersed experimental data. There are many factors
affecting the thermal conductivity of cast irons. It is blindness
to develop high thermal conductivity cast irons by trial-and-
error method, which takes a long experimental period to obtain
expected results.

1.2 Statistical analysis

Statistical analysis is used to establish the relationship between
thermal conductivity and main parameters of cast irons based on a
large number of experimental data. Holmgren et al. " established
a linear regression model for the thermal conductivity of
pearlitic CGI and SGI based on nodularity N and cementite
fraction f,:

k=aNxbsfxcr %)

where a,= -5x10°T%+0.02717+35.449, b,= 9x10°7T-0.127, and
c/=4x107T7+0.00027-0.343, T is temperature (°C). Calculated
results are in good agreement with experimental data.

Subsequent experimental study shows that the contents of C
and Si also have a significant effect on the thermal conductivity
of cast irons ""*. For the pearlitic CGI and SGI, a modified
linear regression model was established by considering four
parameters: C content, Si content, nodularity N and cementite
fraction f,:

J=a+Cxb+Sixe HN¥dytf xe, (6)

Selin et al. " introduced ferrite fraction in the matrix, foo
and established a linear regression analysis equation for the
thermal conductivity of CGI based on 76 experimental data. The
calculated results are in good agreement with experimental results

[12]

of Holmgren et al. "? and Dawson *”. Jalava et al. ") made a

polynomial regression model for SGI based on temperature, Si

content and pearlite fraction in matrix:

k= 72.56+0.06721x,-21.67x,-0.2458x,-0.00016 L, >+
2.173x,+0.00414x,x,+0.054 1x,x,

0

where x,=temperature (°C), x,=silicon (%), x;=pearlite (%).
Estimated values from the model matched quite closely to
actual measured values.

Wang et al. "' established an adaptive neuro-fuzzy inference
system to link the thermal conductivity and related parameters
of LGI, consisting of graphite content, maximum graphite
length, primary dendrite percentage and hardness of the
matrix. This nonlinear machine training model provides a good
prediction on the basis of the experimental measurements; it is
more accurate than traditional linear regression models.

The parameters in these statistical analyses are usually
easy to obtain based on experimental data, and require
no assumptions such as the thermal conductivity of each
constituent phase. But, if the data set is too small or narrow,
the model will not be as general and useful ™.

1.3 Effective medium theory

In order to study the macroscopic properties of composites, it
is assumed that a single-phase medium, and its properties can
be equivalent to those of composites as a whole. This theory is
called the EMT. It was first proposed by Maxwell
the electric potential satisfying Laplace equation to calculate the

! based on

effective electrical resistivity of spherical particle composites.
Eucken P! developed Maxwell’s model to describe the thermal
conductivity of particle reinforced composites by analogizing
the electric potential field with the temperature field. The model
is shown in Fig. 2 ™. And the corresponding expression is

2k +k +2f(k k)

k = k 8
o 2k +kfikik) " ®

where k. is the effective thermal conductivity, £,, is the thermal
conductivity of matrix, k, is the thermal conductivity of
reinforcement phase, f'is the volume fraction of reinforcement
phase.

Fig. 2: lllustration of Maxwell’s modeling to the effective
thermal conductivity of a heterogeneous sphere
containing spherical particles *?

With the development of EMT, it can be used to calculate

the thermal conductivities of composites with higher volume

1331 B4 interfacial thermal

[34,36,37]

fraction ™, anisotropic distribution

[34,35]

resistance , and reinforcing phases of various shapes

Because graphite cast irons could be regarded as in-situ

87




CHINA FOUNDRY [

composite materials consisting of matrix and different types of
graphites, Helsing et al. """ established the thermal conductivity
of LGI and SGI based on mean field approximation. The
effective thermal conductivity of SGI, £, is

G e LS Y T
T 240k Jk 2t TS 2kgtk
The effective thermal conductivity of LGI, £, is L12)
| k -k, k -k k -k,
S IR ) L k) )+3fYkL2kL+kY (10)

where k,, is the effective thermal conductivity of matrix
(matrix can be ferrite or/and pearlite), &, is the thermal
conductivity of cementite, k, is the thermal conductivity
of graphite in-plane, k, is the thermal conductivity of

graphite cross-plane, f'is the volume fraction of graphite, f,

is the volume fraction of cementite, #= %[(1+8ka/kc)”z-l],
p 4
2p-1) - 2(1p?)
the aspect ratio.
The accuracy of EMT model depends not on the amount

2

L= + 35 cos” ' p (p<l), Ly;=1-2L,,, p is

of experimental data, but on the values of parameters and
simplification of the model. It can be flexibly applied
to cast irons with various graphite morphologies and
microstructures '*. Therefore, it has been widely used in recent

384084 However, interconnected structures with lamellar

years
and compacted graphite are not considered in these models, and
the results are independent of graphite size. It is not consistent
with the real situation.

Velichko et al. ®” calculated the upper and lower boundaries
for thermal conductivity of various types of cast irons based
on rule of mixture and Hashin-Shtrikma model, and compared
them with experimental data. Results showed that the thermal
conductivity of LGI and CGI mainly depended on the thermal
conductivity of graphite in-plane, while that of SGI mainly
depended on the thermal conductivity of matrix *”. Matsushita
“ calculated the thermal conductivity of CGI and SGI
based on various EMT models, and evaluated the prediction
accuracy of each model. Calculated results showed that the

et al. !

thermal conductivity could be estimated by using Helsing
model. The Maxwell’s model ”, Bruggeman’s model **! and
Hashin-Shtrikman model ™" were also applicable with the
thermal conductivity of graphite in-plane.

Although the EMT has been widely used in the calculation for
thermal conductivity of composite materials, there are still many
problems in the application of this theory to the study on thermal
conductivity of cast irons. The accuracy of a model calculation
depends on parameters, but there is no reliable values of matrix
and graphite thermal conductivity for cast irons with different
compositions. The 3-D morphologies of graphite are very
complex. For example, graphite in a eutectic cell of LGI and CGI
is interconnected. At present, no physical models reported can

reflect the actual morphologies of graphites in cast irons "****!1,

88

1.4 Numerical simulation

Numerical simulation can be used to shorten the material
development cycle effectively, but the application of this
technology in cast irons is not so mature because main intensive
studies of cast irons are much earlier than the emergence of
numerical simulation . Because cast iron is considered as a
structural material, simulations of cast irons in the past were
mainly focused on the microstructure formation “** during
solidification process and mechanical behavior **, those on
thermal conductivity are rarely reported.

Velichko et al. ®**! used focused ion beam (FIB) tomography to
analyze the 3-D morphologies of different types of graphites. Then,
3-D simulation on real tomographic data was carried out. The
results showed that graphite connectivity was one of the determining
factors for the thermal conductivity of cast irons *”. According
to metallographic pictures, Ma et al. ™ calculated the effective
thermal conductivity of CGI based on finite element method.
But the 2-D simulation results were far from the experimental
data. The author attributed to the interfacial thermal resistance (ITR)
between graphite and matrix, but the value of ITR in composites
is much higher than the author's hypothesis "**'"". Then, the 3-D
finite element model of CGI was established by X-ray computed
tomography. The simulation suggested that the connectivity of
graphite in CGI can improve its thermal conductivity . Yang et
al. " built a 2-D finite element model for thermal conductivity of
the metallographic microstructure of oxidized CGI. The simulation
results showed that with the increase of oxide layer thickness,
the heat transfer efficiency of graphite decreased, and that of the
matrix became gradually dominant.

The numerical simulation can be used to directly input real
microstructures obtained from experiments into the simulation
software to obtain thermal conductivities of cast irons, and deal
with complex 3-D graphite morphologies of cast irons. However,
the application of this technology to the thermal conductivity of
cast irons is not so mature yet, there are still unexpected deviations
between calculated results and experimental data 2",
Moreover, a large number of simulation examples are needed
to obtain the corresponding numerical solutions of different
parameter values. Therefore, this method is not very suitable for
the study of influencing factors compared with the EMT.

2 Effect of alloying elements

Because the thermal conductivity of graphite in-plane is much
higher than that of matrix, the thermal conductivity of cast irons
was increased by improving the graphite morphology in the past.
Corresponding research was mainly focused on the influence of
graphite parameters on the thermal conductivity of cast irons,
such as graphite morphology, graphite volume fraction and
graphite growth direction. The addition of alloying elements has
always been used to improve the mechanical properties of cast
irons. In fact, the relationship between mechanical properties and
thermal conductivity is often opposite "'***** *!. The addition
of alloying elements often reduces the thermal conductivity of
cast irons. One of the key reasons is that the addition of alloying
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elements reduces the thermal conductivity of matrix, which is
an important part of cast iron structural constituents, and then
reduces the thermal conductivity of cast iron ",

According to Williams et al. ®>*?, the thermal conductivity
of pure ferrite at 300 K was about 78.6 W-m™-K"'. With the
addition of alloying elements, the solid-soluble alloying
elements in the ferrite scattered phonons and electrons,
increasing the electrical resistivity and lattice thermal resistance
of alloyed ferrite, thus greatly reducing the thermal conductivity
of ferrite. Helsing et al. "**! proposed an equation to calculate the

k :(ﬁ + ﬁz_pfc_ Y[k ((Fe)+Y Ac ]! (11
“ LT LT n P trt
thermal conductivity of alloyed ferrite at 300 K:
where pg, and k, (Fe) are the electrical resistivity and phonon
thermal conductivity of pure ferrite, respectively. p,' and 4,

are contribution coefficients to electrical resistivity and lattice
thermal resistance for alloying element i, respectively. ¢; is the
atomic fraction of alloying element i, L is the Lorentz number
and L, is the Lorentz constant. T is temperature (K). The
parameters of some alloying elements are given in Table 2.

The deviations of lattice thermal resistance contribution
coefficients calculated from different literature are great due
to measurement errors. Based on the theory of metal heat
conduction, Eq. (11) was further revised "”:

1
k= +
“L61x107+1.36x10°Y p'c.
1

5.65%102+1.36x102Y,c T

(12)

where [ is the impurity scattering parameter, and the 7; values
of some alloying elements are listed in Table 2.

Table 2: Experimental values for coefficients p; and A, and calculated I values of some elements at 300 K ['* '@

Al Sn Si Cr
o/ [uQ-cm:(at. %)™ 6.4 10.0 7.0 4.6

Ax10°[m-K-W'(at.%)"] 7.0 - 8.0 0.1
I [m-K-W(at.%) ] 0.1 12.0 0.6 0

*The coefficient p;' of Cu is derived from Ref. [62].

The relationships between the thermal conductivity of
ferrite and some alloying elements calculated by Eq. (12)
are shown in Fig. 3. It can be seen that all alloying elements
significantly reduce the thermal conductivity of ferrite. Effects
of Si and Al on the thermal conductivity of ferrite are strong,
and the effect of W is weak. Effects of Mn, Cr and Mo are
similar and medium. However, with the addition of 3wt.%
Si, effect of W is stronger than that of Mn. This result shows
that the superposition of another element may change the
influence of an alloying element on the thermal conductivity
of ferrite """, Terada et al. ©”' systematically studied the thermal
conductivities of 22 groups of ferrous binary alloys. The
experimental results demonstrated that the addition of alloying
elements always reduced the thermal conductivity of ferrite.

80 & —— Fe-Si — Fe-W
—— Fe-Mn —— Fe-Al
70 —— Fe-Cr —— Fe-3Si-xMn

Fe-Mo Fe-3Si-xW

60 |
50 -
40 -
30 |-
LVl e ——

10 |

Thermal conductivity (W-m™-k™)

0
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Content of alloying element x (wt.%)

Fig. 3: Relationship between the thermal conductivity of
iron-based alloy and contents of alloying elements
at 300 K"

Mn Ni Mo w Co Cu

5.0 2.7 4.8 5.0 1.1 3.2*

10.0 4.0 13.0 40.0 - -
0 0 1.7 8.5 - 0

For graphite cast irons, alloying elements not only
dissolve in ferrite, but also have a significant effect on the
microstructure. For example, carbide-forming elements such as
V, Cr, Mo, W, Mn form low thermal conductivity carbides with
carbon ¥, Cu, Ni, and Sn will strongly promote the formation
of pearlite ®*. Al and Si promote the formation of ferrite and
graphite, but their solid solution greatly reduces the thermal
conductivity of ferrite ®**). The results of Rukadikar et al. ®
and Ding et al. "’ confirmed that the thermal conductivity of
LGI could be improved by adding Mo. One of the reasons is
that Mo element may increase the total length of flake graphite,
thus improving the thermal conductivity of gray cast iron ",
However, the experimental results of Xu et al. " show that
Mo will reduce the thermal conductivity of CGI.

In summary, almost all alloying elements reduce the thermal
conductivity of cast irons. One of the key reasons is that
solid-soluble alloying elements scatter phonons and electrons
of ferrite and therefore reduce the thermal conductivity. Of
course, the addition of alloying elements also has a significant
impact on the microstructure, such as the formation of
carbides, promotion of pearlite and graphite, and improvement
of graphite morphologies, thereby affecting the thermal
conductivities of cast irons.

3 Effect of structural constituents

The structure of graphite cast irons is mainly composed of
the matrix and graphite. The matrix includes ferrite, pearlite,
cementite and so on. Table 3 gives the values of thermal
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conductivity of each constituent of cast irons at 300 K. The
thermal conductivity of graphite is strongly anisotropic. The
thermal conductivity of graphite in-plane is much greater than
that of graphite cross-plane because of the large lattice spacing
and weak bonding force between basal planes. At 300 K, the
ideal thermal conductivity of graphite in-plane £, reaches 2,000
W-m™" K" but in fact, k, of different kinds of graphite has an
extraordinary wide span, as listed in Table 4. For the pyrolytic
graphite, the crystal structure is highly regular with few defects,
and the thermal conductivity can approach 2,000 W-m™-K™ in
theory 7. The polycrystalline graphite is aggregated from a
large number of grains with different orientations. It is scattered
by grain boundaries, defects and sample boundaries . So the
measured values are only 100—500 W-m™ K™ >,

Table 3: Thermal conductivities of structural constituents
of cast iron at 300 K

Structural
constituent

Thermal conductivity

(W-m™K")

Graphite in-plane 1,950 [64]
Graphite cross-plane 5.7 [64]
Pure ferrite 80 [56, 65, 66]
Alloyed ferrite 20-40 [8]
Cementite 8 [12, 18, 38]
Pearlite 17-36 [8,18]

Table 4: Thermal conductivities of graphites at 300 K

Cross-plane (W-m™-K")

Graphite In-plane (W-m™-K")

Acheson graphite * 165
AGOT graphite ® 220

Pyrolytic graphite 1,950

Calculated intrinsic value 1,910

Graphite of cast iron ° 293-419

Graphite of cast iron 500
Graphite of cast iron 800

119 [64]

138 [64, 67]

5.7 [40, 64, 67]
= [68]

84 8, 63]
10 [18, 20]
10 138]

 The thermal conductivity of Acheson and AGOT graphite in-plane is taken from that of graphite parallel to extrusion axis. The thermal conductivity of
Acheson and AGOT graphite cross-plane is taken from that of graphite vertical to extrusion axis. ® Measured temperature is between 273-373 K.

For cast irons, as graphite is crystallized from melt, its lattice
perfection is much better than that of ordinary polycrystalline
graphite. Therefore, it is considered that k, and k, are close to
1,950 W-m"K™" and 5.7 W-m™"-K", respectively. The thermal
conductivity of pure ferrite kg, is about 80 W-m™-K" P57 byt
that of alloyed ferrite in various cast irons calculated by Eq. (12)
is almost 20—40 W-m™-K™" according to the data in Ref. [8].
This indicates that effects of alloying elements on the thermal
conductivity of ferrite are significant. The thermal conductivity
of cementite £, is about 8 W-m" K" "% The effective thermal
conductivity of lamellar pearlite can be calculated according to
Helsing's formula '

b= g 57+ 84340 13
where kJ'= fk,+ [k, ky = (fi/kHf/k,)". The effective thermal
conductivity of pearlite calculated by Eq. (13) is 17-36 W-m™ K",

At present, the relationship between structural constituents
and thermal conductivity of cast irons was reported extensively.
The parameters related to the matrix mainly include pearlite
fraction ™'*'"* and carbide content "'*. The parameters related to
graphite include graphite morphology such as graphite length,

. . 8,16,18,20,38,40
aspect ratio and roundness coefficient ' !

[16]

, graphite

[2,8,12-14,69]

volume fraction ", nodularity or vermicularity ,

graphite growth direction . However, few studies have been

90

reported about the effect of graphite connectivity on the thermal
conductivity of cast irons.

Buning et al. "

considered that graphite in each eutectic cell
was connected with each other after polishing and corrosion
of cast iron specimens containing rough flake graphite layer
by layer. During 1970s—1980s, with the development of SEM
and its application in cast iron research, SEM was used to
observe deep etched specimens of cast irons, revealing the 3-D
morphological characteristics of different types of graphites.
Results verified that lamellar and compacted graphites are
interconnected in each eutectic cell ">, But the study about
the effect of graphite connectivity on the thermal conductivity
of cast irons is just a simple qualitative analysis. With the
development of X-ray computed tomography and numerical
simulation, semi-quantitative or quantitative analysis of
the relationship between graphite connectivity and thermal
conductivity of cast iron becomes possible.

The 3-D morphologies of flake and compacted graphites
are shown in Figs. 4 and 5. It is obvious that graphite is
interconnected in the reconstructed 3-D structure. Velichko et

al, 20761

visualized and studied complex graphite morphologies
and quantitatively characterized their geometry, shape and
connectivity. Corresponding 3-D numerical simulation

results proved that the connectivity of graphite was one of
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Fig. 4: (a) SEM image of flake graphite, deep etched; (b) Reconstructed 3-D structure of flake graphite based

on Focused lon Beam (FIB) tomography **!

Fig. 5: (a) SEM image of compacted graphite, deep etched; (b) Reconstructed 3-D structure of compacted

graphite based on Focused lon Beam (FIB) tomography

the determining factors for the thermal conductivity of cast

irons. Yang et al. ")

studied the solidification process and
microstructure evolution of eutectic gray cast iron by using
digital optical microscopy and high resolution X-ray diffraction
methods. The results showed that the connectivity of graphite
increased with the crystallization process, and the connectivity
of graphite was about 88.87% at the end of eutectic reaction.
Ma et al. ® constructed 2-D and 3-D finite element models of
CGI in the same way, and calculated the thermal conductivity
by using finite element software ANSYS. The simulation
showed that the thermal conductivity of CGI with 40%
vermicularity was 7.4% higher than that of 2-D model, which
indicated that the connectivity of graphite had a promoting
effect on the thermal conductivity of CGIL.

In this section, the thermal conductivities of each structural
constituent in cast irons at 300 K are given based on a large
number of data. Although there are many studies on the
relationships between structural constituents and thermal
conductivity of cast irons, the effect of graphite connectivity
on thermal conductivity has rarely been reported. Deep etch

[49]

and X-ray tomography show that flake graphite and compacted
graphite are interconnected in each eutectic cell, but the effect
of graphite connectivity on the thermal conductivity of cast iron
is still not clear.

4 Effect of temperature

A large number of previous works show that the thermal
conductivity of various cast irons also depends on
temperature ['>1238336L009707] " Rigyre 6 shows the typical
curves of thermal conductivity for various cast irons with
temperature .. It can be seen that the thermal conductivity of
LGI has the strongest dependence on temperature and decreases
monotonously with the increase of temperature, while the
thermal conductivities of CGI and SGI have relatively small
dependence on temperature. It increases first and then decreases
slightly with the increase of temperature. The peak value
temperature of CGI is usually between 200 and 300 °C, and
the peak value temperature of SGI is often higher, even there
is no peak value temperature in the temperature range of 300—
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Fig. 6: Relationship between thermal conductivities of
various cast irons and temperature ™

800 K . Although presently there are many reports about
the effect of temperature on the thermal conductivity of cast
irons, the explanation of this phenomenon is not clear. This

phenomenon is the result of combination action of matrix and
graphite. Therefore, the influence of temperature on the thermal
conductivity of cast iron depends on the relationship between
each constituent phase and temperature.

For the ferrite, the experimental results of Williams et al. >
and Terada et al. *”) showed that the thermal conductivity of
pure ferrite decreased monotonously with the increase of
temperature. With the addition of alloying elements, the thermal
conductivity of alloyed ferrite increased at first, then decreased,
at last increased monotonously. Similar phenomena also exists
in alloyed steels "*". The reason is that although the phonon
thermal conductivity decreases monotonously with the increase
of temperature, the relationship between electron thermal
resistance and temperature changes from monotonic decrease
to monotonic increase with the increase of contents of alloying
elements "', as shown in Fig. 7.
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Fig. 7: Schematic diagram of relationship between thermal conductivity of alloyed ferrite and temperature at
low (a), medium (b), and high (c) alloying content

Figure 8 shows the relationship between the thermal
conductivity of pyrolytic graphite and temperature Y. Tt can
be seen that the thermal conductivity of graphite both in-plane
and cross-plane decreases monotonously with the increase of
temperature during 300-800 K. Klemens *"** calculated the
phonon thermal conductivity of graphite in the basal plane of
single crystals at room and at elevated temperatures:

k=57300/T (14)

where T is temperature (K). According to solid physics, for
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phonon scattering, at 7> 6, the contribution to thermal

resistance W is given by "'’

W=AT/6, (15)

where 4 is a constant and calculated by the Liebfried-
Schlmann equation modified by Julian ", 6, is the Debye
temperature. When 7' > 6, the phonon thermal conductivity is
approximately inversely proportional to temperature. Therefore,
the relationship between the thermal conductivities of various
graphites in cast irons and temperature approximately satisfies

(b) 10
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1 1 1 1 1 1
300 400 500 600 700 800
Temperature (K)

Fig. 8: Thermal conductivity of pyrolytic graphite: (a) in-plane; (b) cross plane !
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inverse proportion.

Combining with Figs. 68, it can be seen that the relationship
between the thermal conductivities of CGI and SGI and
temperature is similar to that of high content alloyed ferrite,
while that of LGI is similar to graphite and pure ferrite. It is
suggested that the dependence of thermal conductivity of LGI
on temperature mainly depends on graphite and ferrite, while
that of CGI and SGI mainly depends on the content of alloying
elements in the matrix. The relationship between thermal
conductivity of various cast irons and temperature is the result
of the combination of matrix and graphite.

- )
5 Summaries

The research methods for the study on thermal conductivity
of cast iron are summarized. Recent studies on the thermal
conductivity of various cast irons are reviewed through the
influence of alloying elements, structural constituents and
temperature.

(1) In the early days, studies on the thermal conductivity of
cast iron always used experimental methods. But it is difficult to
control a single variable, which leads to dispersed experimental
data. Statistical analysis can determine the influencing factors
by solving the main parameters which affect the thermal
conductivity of cast irons based on the experimental data, but the
accuracy of the model depends on a large number of data. The
effective medium theory has been widely used in the calculation
for thermal conductivity of composite materials, but there are
still many problems in the application of this theory to the study
of thermal conductivity of cast irons such as the simplification of
complex 3-D graphite morphologies. Numerical simulation can
be used to deal with complex microstructure, but the application
of this technology to the thermal conductivity of cast iron is not
mature yet.

(2) Almost all alloying elements reduce the thermal
conductivity of cast irons. One of the key reasons is that solid-
soluble alloying elements scatter phonons and electrons of
ferrite, which reduces the thermal conductivity. The addition
of alloying elements also has a significant influence on the
microstructure, such as the formation of carbides, promotion
of pearlite and graphite, and improvement of graphite
morphologies, thereby affecting the thermal conductivity of
cast irons. The addition of alloying elements is the main reason
that restricts the thermal conductivity of cast irons, especially
spheroidal graphite cast iron.

(3) The connectivity of graphite has a significant effect on
the thermal conductivities of flake and compacted graphite
cast irons, but the corresponding research is not deep enough.
Therefore, semi-quantitative and quantitative analysis of
this factor is a key and difficult point in the study of thermal
conductivity of cast irons.

(4) The thermal conductivities of different types of cast irons
depend on temperature differently. The thermal conductivity
of flake graphite cast iron decreases monotonously with the
increase of temperature, just like that of graphite and pure

ferrite. That of compacted and spheroidal graphite cast irons
increases first and then decreases, just like that of alloyed
ferrite depending on the content of alloying elements. This
phenomenon is the combination of graphite and matrix, rather
than just depending on graphite morphology. The study of the
relationship between individual phase and temperature is the
focus of future research.
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