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On Thermal Conductivity of an In-Situ 
Metal Matrix Composite - Cast Iron 

J.K.Chen and S.F.Chen 
National Taipei University of Technology/ Inst. Materials Science and Engineering 

Taiwan, R.O.C. 

1. Introduction 

Cast iron is a typical in-situ metal matrix composite consisting of graphite, ferrite, and 
pearlite microstructures. It is well known that a great range of strength and ductility can be 
attained by controlling the shapes of graphite and alloy design in cast irons. With increasing 
applications of cast irons in high temperature environment, e.g. disc brakes, engine exhaust 
manifolds and cylinders, etc., thermal conduction properties of such materials are 
particularly important.  
Modelling of thermal conductivity for composite, however, is not an easy materials property 
to deal with especially for a heterogeneuos material such as cast iron. The cast irons 
represent a combination of graphite with different shapes, ferrite, and pearlite. Furthermore, 
alloying elements can affect their thermal conductvity in two aspects: the inherent thermal 
conductivity of various phases and the stability of different phases due to compositional 
changes (Helsing and Grimvall 1991). 
The current article treats cast iron as a metal matrix composite via application of effective-
medium theories. The effects of three factors upon thermal conductivity of cast irons are 
discussed including matrix phases, shapes of graphite, and alloying elements. These effects 
are concerned with the anisotropic properties and morphology of second phase particles in 
composites. For example, pearlite stands for lamellar composite structure, whereas nodular 
and flake graphite represents different shapes of second phase particles. It is thus the 
objective of this article to discuss the effects of different phases and their morphology on 
thermal conductivity of cast irons through both measurement and theoretical predictions.  
The study starts out with the review of theorems describing thermal conductivity of 
composites. Effective Medium Theory is of particular interest for applications in cast irons 
for its versatility in modeling different second phase particle morphology and lamellar 
structures. Both room temperature and high temperature thermal conductivity of cast irons 
and basic matrix structures are measured to compare with theoretically predicted values. 
Furthermore, nodular, compact, and flake graphite are formed by alloying and casting 
process controls.  
Thermal conductivities of cast irons range widely from 20 to 70 W/m/°C. It is found that 
the calculated thermal conductivity matches well with the measured values. The grey irons 
with flake graphite greatly increase thermal conductivity due to its anisotropy. Nodular 
irons then have lower thermal conductivity. Ferrite structure has nearly twice the thermal 
conductivity of lamellar pearlitic matrix. Alloying elements then have two-fold effects on 
thermal conductivity of cast irons, one on the intrinsic thermal conductivity of different 
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microstructures and the other on amount of constituent phases. It is observed that effects of 
alloying elements to thermal conductivity fall mainly on the amount of different phases 
formed rather than on phase compositions. The current work demonstrates an integrated 
path for thermal conductivity modelling in complex composite systems.  

2. Theory 

Concepts of effective medium theory or effective medium approximations were originated 
from the work by Maxwell-Garnett (1904) and Bruggeman (1935). Many extended formulas 
have since been developed with these bases (Choy, 1999). Such approximation was 
developed to describe the physical properties of heterogeneous bodies through combination 
of homogeneous isotropic phases. The combined composites thus give rise to an effective 
property corresponding to a homogeneous medium. As the development of effective 
medium theory was based upon the effects of polarization under influence of 
electromagnetic fields, the most common physical properties considered using effective 
medium theory are conductivity and dielectric constants among all. 
In Cheng and Vachon’s (1969) study, thermal conductivity of two and three phase solid 

heterogeneous mixtures were considered based upon Tsao’s (1961) model. Tsao’s model 

slices the composite bodies into parallel plates in perpendicular to heat transfer direction. 

Fractions of discontinuous phases in each plate attribute to the solutions of an effective 

quantity. The effective quantity such derived thus is inappropriate for describing the 

anisotropic phase such as graphite flakes in cast irons. 

The methodology developed by Helsing and Helte (1991) is of interest in current article 

which treats a continuous medium as an isotropic aggregate of anisotropic grains. The 

concept was based upon Schulgasser’s (1977) study on the conductivity of polycrystalline 

materials whereas each equiaxial crystals are aligned in varied orientation (Fig.1). Such 

model is especially advantageous in constructing ferritic and pearlitic matrix structures in 

cast irons. The anisotropic nature of graphite and pearlitic grains can thus be simulated. 

2.1 Thermal conductivity of matrix phase 
2.1.1 Thermal conductivity of ferritic matrix 
For a ferritic matrix of varied compositions, it is necessary to consider both its phonon and 
electronic thermal conductivity. The electronic thermal conductivity can be derived using 
Lorenze function, Le, relating the electronic thermal conductivity, Ke, and electrical 

resistivity,m, of pure iron by Wiedemann–Franz law: 

 1m
e,pure iron

e

K ( )
L T


  (1) 

For ferritic alloys, the effects of alloying alloying elements must also be added by 
considering the electrical resistivity of ith element (Williams, 1981): 

 ' 1m
e,ferrite i i

e o i

1
K ( C )

L T L T


    (2) 

where Lo is the Sommerfeld-Lorenz number of 2.44x10-8 W°C-2, '
iρ  is relative electrical 

resistivity of i-th alloying element in comparison with pure iron, Ci is the concentration of i-
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th element in molar fraction, and T is temperature. The Le term represents the changes of 

Lorenz function of pure iron with temperature and is assumed to be independent of alloying 

elements (Table 1.) Therefore, Eqn.(2) comprises of temperature-dependent part of electrical 

thermal conductivity for pure iron and the second term considering variations caused by 

alloying elements. 
 

 

Fig. 1. Schematics of polycrystals with anisotropic grains (from Schulgasser 1977) 

 

 27°C 100°C 200°C 300°C 

pm 

cm 
11.16 14.76 21.76 27.36 

Le x 108 

W°C-2 
2.03 2.09 2.22 2.31 

Table 1. Lorenz functions and resistivity of pure iron at different temperature (Williams, 
1981) 

The contribution of lattice vibration to thermal conductivity in ferrite, Kp,ferrite, is then 
expressed by 

 1
p,ferrite i i

p,pure iron i

1
K ( A C )

K
   (3) 

where Kp,pure iron is the phonon contribution of thermal conductivity in pure iron, and the 
second term in Eqn.(3) represents the phonon scattering (Ai) due to impurity atoms, i. 
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 Si Al Cr Mo 
'

i  

cm/at.% 
7 6.4 4.6 4.8 

103xAi 
m°C/W/at.% 

8 7 0.1 13 

Table 2. Coefficients 
'

i  and Ai (Helsing and Grimvall, 1991) for different alloying elements 

Therefore, the thermal conductivity of ferrite, Kferrite, is simply the combination of electrical 
and phonon contributions, 

 ferrite e,ferrite p,ferriteK =K +K  (4) 

2.1.2 Thermal conductivity of pearlitic matrix 
Pearlite structure is represented by ferrite and cementite in parallel lamellae. Apparently, 
such structure is anisotropic, while the aggregation of anisotropic grain should give rise to 
an effective thermal conductivity. Thermal conductivity of pearlite parallel to the lamellae  
can be written as 

 
3 3pearlite,// Fe C Fe C ferrite ferriteK =f  K +f  K  (5) 

and that of pearlite perpendicular to the lamellae is 

 
3 3

1
pearlite, Fe C Fe C ferrite ferriteK =(f  /K +f  /K )  (6) 

where fFe3C (=0.122) and fferrite (=0.878) are the volume fractions of Fe3C and ferrite, 

respectively. KFe3C is the thermal conductivity of cementite or 8 W/m/°C (Helsing and 

Grimvall, 1991). The effective isotropic thermal conductivity of pearlite, 
pearlite

effK , estimated 

by Effective medium approximation is thus given by (Helsing and Grimvall, 1991) 

 
pearlite

eff 2
pearlite,// pearlite,// pearlite,// pearlite,

1
K = [K K 8K K ]

4
   (7) 

The Kpearlite,// is calculated to be in the order of 58W/m/°C, whereas Kpearlite,┴ is only around 
35W/m/°C. The effective thermal conductivity of pearlite is thus in the order of 
45~50W/m/°C. 

2.1.3 Experimental and theoretical thermal conductivity of matrix 
Thermal conductivities of bulk matrix materials are measured using interstitial free steel 
(C<50ppm) and AISI 1080 (C=0.80wt%) steels to simulate ferrite and pearlite structure. Fig. 
2 shows the microstructures of these samples. 
Thermal conductivities of ferrite and pearlite materials are measured by hot disk method 
(Gustafsson, 1991) using two specimens with size of 50mm dia × 20mm t. The predicted 
values by combining Eqns. (1)~(7) are shown to bear good agreement with the measured 
values as shown in Fig. 3.  
It is observed that there is a great difference in thermal conductivity of ferritic and pearlitic 
matrices. This does not necessarily all arise from the contribution of cementite which 
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account for about 6.9W/m/°C of difference only. The main reduction of thermal 
conductivity is due to the stacking of ferrite and cementite. The conductivity in orientation 
perpendicular to the pearlitic lamellae, Kpearlite,┴ is only 60% of conductivity in orientation 
parallel to the pearlitic lamellae indicating that the lamellar structures stand for a regular 
and great barrier for both electron and phonon conduction. 
 

 

Fig. 2. Microstructures of (a) ferrite and (b) pearlite structures 

 

Fig. 3. Calculated (cal.) and measured (exp.) thermal conductivity of ferrite and pearlite 
structures. 

2.2 Effects of graphite types on thermal conductivity 
2.2.1 Thermal conductivities of cast irons with different graphite morphology 
Different types of graphite affect the mechanical properties of cast irons greatly. There are 
two extreme shapes of graphite, namely spherical and flake graphite. In the current study, 
besides the ductile irons (FCD) with spherical graphite and the conventional grey irons (FC) 
with flake graphite, cast irons with compact graphite (CGI) that fall in between the two 
extreme cases is also considered.  
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Fig. 4. OM microstructures of (a) nodular iron (FCD), (b) compact graphite iron (CGI), and 
(c) grey iron (FC) specimens 

The FC specimen is a JIS FC250 grade cast iron with carbon equivalence of 3.83. The FCD 
sample is prepared using a JIS FCD450 grade iron (CE%=4.51) spheroidized using 1.1wt% of 
spheroidizer for 40s prior casting. And the CGI sample is then prepared by the same 
FCD450 grade iron spheroidized using 0.5wt% spheroidizer for 60s to deteriorate the 
nodular graphite formation. 
From the microstructures shown in Fig. 4, it is apparent that the grey irons (Fig. 4c) with 

flake graphite give rise to highly anisotropic properties due to its characteristic planar 

shapes. The conductivity in orientations parallel to the flake surface is far higher than that in 

perpendicular direction. The effective thermal conductivity of grey iron is obtained by 

solving the following equation: 

 

eff eff effother matrix
cast iron matrix other cast iron graphite cast ironeff

cast iron o

graphite, matrix graphite,// matrix

eff eff eff
cast iron graphite, cast iron cast iron /

K K 1
K =K 3f K ( ) f K

32K K

K K K K
2

K p (K K ) K p



 


 



 


   eff
/ graphite,// cast iron(K K )

 
 

  

 (8) 

Here the shape factors in orientation parallel and perpendicular to graphite flakes, //p  and 

p , are written as  

 
1

2 1 2 12
//p (2 2 ) [(1 ) cos ( ) ]

           (9) 

 //p 1 2p    (10) 
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, respectively. The  parameter represents the thickness-length ratio of graphite and is 

assumed to be 0.05 for FC specimens. The thermal conductivities of graphite in direction 

parallel and perpendicular to flake surface, graphite,/ /K and graphite,K  , are taken to be 500 

and 10 W/m/°C, respectively (Helsing and Grimvall, 1991). 
For ductile cast irons with spherical graphite shape, thermal conductivity can be solved by 
the following: 

 

eff eff other matrix
ductile iron matrix other cast iron graphiteeff

cast iron o

graphite,// graphite,
matrixeff

graphite, ductile iron

K K
K =K 3f K ( ) f

2K K

2K K3
( )( K )

22 K /K )






 


 


  

 (11) 

where fother and Kother are the volume fraction and thermal conductivity of other 

microconstituents such as austenite or carbides, and  

 
1

graphite,// 2

graphite,

8K1
= (1 ) 1

2 K 

 
   
  

 (12) 

As for CGI specimens that have graphite morphology in between nodular and flake shape, 
an equation by combining Eqns. (8) and (11) linearly can be derived. Fractions of graphite 
with nodular shape and flake shape, fnodular graphite and fflake graphite, are taken into account by 
the following equation: 

 

eff eff effother matrix
ductile iron matrix other cast iron flake graphite cast ironeff

cast iron o

graphite, matrix graphite,// matrix

eff eff
cast iron graphite, cast iron cast i

K K 1
K =K 3f K ( ) f K

32K K

K K K K
2

K p (K K ) K



 


 



 


  eff eff
ron // graphite,// cast iron

graphite, graphite,//
nodular graphite matrixeff

graphite,// ductile iron

p (K K )

2K K3
f ( )( K )

22 K /K )



 
  

   
 


  

 (13) 

2.2.2 Calculated and measured thermal conductivity for cast irons with different 
graphite morphology 
Fig. 5. demonstrates the calculated and measured thermal conductivity for different cast 
irons in Fig. 4. The compact graphite and grey iron samples show good agreement between 
the calculated and experimental values at temperatures below 100°C but diverge at 
temperatures over 200°C. Further observations note that the measured thermal 
conductivities are consistently lower with increasing temperatures. This is due to that the 
temperature dependence of graphite conductivity is not considered. Therefore, an estimated 
-3000ppm/°C of temperature coefficient of thermal conductivity for graphite is employed in 
Fig. 6. The predicted thermal conductivities apparently improve consistency with the 
measured values when temperature dependence of graphite thermal conductivity is 
considered. 
It is also observed that the grey irons have the highest conductivity among all in comparison 

with nodular irons and compact graphite irons. The difference can be as large as 2~3 times. 
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This suggests that the anisotropic properties of grey irons improve their effective 

conductivity. It is attributed to the aligned graphite flake in random orientations to increase 

overall thermal conduction activities. Even though the compact graphite irons consist of 

graphite similar in shape with grey irons, their effective thermal conductivities are closer to 

those of nodular irons. 

 

Fig. 5. Calculated (cal.) and measured thermal conductivity of grey irons (FC), compact 
graphite irons (CGI), and nodular irons (FCD). 

 

 
 

Fig. 6. Thermal conductivities of grey irons considering temperature dependence in thermal 
conductivity of graphite (new cal.) in comparison with non-temperature dependence 
predicted values (cal.) and measured values. 
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2.3 Effects of alloying elements on thermal conductivity 
The alloying elements have two effects on thermal conductivity of cast irons. Different 
alloying elements can affect constituents of microstructures. Alloying elements such as Si 
and Cu are graphite stabilizer, while Cu also promotes pearlite formation (Figs.7a and 7b). 
On the other hand, Mo and Cr are carbide stabilizers. Therefore, different alloying elements 
induce different amount of graphite and matrix types (Fig. 7.) 
Fig.6. demonstrates a series of FC samples with 1 additional wt.% of Si, Cu, Cr, Mo, and Al. 
For example, in Fig. 7b, the grey iron with 1wt.% of Cu addition indeed promote the matrix 
to form pearlite while graphite flakes appear to be thinner and smaller in comparison with 
the iron with 1wt.% Si addition in Fig. 7a. 
For Cr and Mo added grey irons, the matrix apparently gives rise to many white areas 
which correspond to alloy carbides and would need to be taken into account in 
consideration of thermal conductivity. On the other hand, the 1wt.% aluminium added grey 
iron bear great amount of ferrite adjacent to the graphite. Alloying elements control the 
amount of different microconstituents formed and affect the thermal conductivities of 
alloyed grey irons.   
Meanwhile, the alloying elements can also affect the compositions of different 

microstructures, such as ferrite and carbides. It is observed that the morphology of graphite 

varies with elements added. These will affect the values estimated by Eqn.(2) and thus 

demonstrate the dependence of thermal conductivity on alloying elements. 

In considering the thermal conductivity of cast irons with alloying elements, quantitative 

metallography and SEM-EDS analyses are utilized to calculate the amount of different 

phases and to confirm the compositions of each microconstituent. Compositions of each 

constituent phase can thus be entered into the equations to estimate the thermal 

conductivity of each phase. 

Fig. 8 demonstrates the dependence of thermal conductivity with alloying elements. In Fig.6, 
the base thermal conductivity of FC grey iron is ~55W/m/°C at room temperature. This 
value is compared with those measured or predicted in alloyed irons in Fig. 8. It is observed 
that all alloying elements pose a reduction effect on thermal conductivity. This is attributed 
to the scattering of both electrons and phonons by the impurity atoms in grey irons.  
Among all alloying elements added, aluminum and copper has the least effects on reduction 
of thermal conductivity. In Table 2, it is noted that aluminum does not necessarily give a 
higher electrical resistivity and phonon scattering effects in comparison with other alloying 
elements. The lesser reduction effects on thermal conductivity are mostly likely from the 
microstructure factor. In particular, graphite stabilizer, such as copper and aluminum, can 
generate higher number of thinner graphite which compensates some negative effects of 
alloying elements upon thermal conductivity.  
The carbide formers, chromium and molybdenum, have two-fold effects on the thermal 
conductivity. They not only affect the overall thermal conductivity by carbide formation but 
also reduce the graphite formation. Chromium has a relatively smaller effect on phonon 
scattering (Table 2) and shows a little higher conductivity value than molybdenum alloyed 
irons. Molybdenum gives the highest phonon scattering effects among the alloying elements 
and gives rise to the lowest thermal conductivity in Fig. 8. 
In summary, reduction of thermal conductivity in cast irons is mostly attributed to the 

microstructures affected by the alloying elements. Amount of flake graphite, carbide, and 

ferrite can all contribute to the combined thermal conductivity. The composition in each 

phase, such as ferrite, affects less pronounced on the effective conductivity. 
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Fig. 7. Optical microstructures of (a) FC-1wt.%Si, (b) FC-1wt.%Cu, (c) FC-1wt.%Cr, (d) FC-
1wt.%Mo, and (e) FC-1 wt.%Al specimens. 
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(a)       (b) 

    
(c)     (d) 

 
(e) 

 
 

Fig. 8. Measured thermal conductivities of (a)FC-1 wt.%Si, (b)FC-1 wt.%Cu, (c)FC-1 wt.%Cr, 
(d)FC-1 wt.%Mo, and (e)FC-1 wt.%Al specimens and their predictions (cal.) 
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3. Conclusion 

Current study reports the effects of microstructures, alloying elements, and graphite 

morphology on thermal conductivity of cast irons through both experimental measurements 

and theoretical estimations. Good agreement can be found in between the measured and 

estimated values using effective medium approximations. Reasons for great differences of 

thermal conductivity among cast irons of different types can thus be discussed. The 

following conclusions are drawn from these discussions.  

1. Ferrite structure has as large as an order of magnitude of thermal conductivity higher 
than that of cementite. When the two structures are stacked in layers, the anisotropic 
properties cause the orientations in parallel and in perpendicular to the lamellae 
structure to have a 60% difference. This greatly affects the effective thermal 
conductivity of pearlite indicating that the interfaces between phases of great 
differences play an important role.  

2. Graphite phase is the microstructure that bears the highest conductivity among all 
microconstituents in cast irons. It also has an even greater anisotropic nature in 
comparison with pearlite structure. This causes a great effect on the effective thermal 
conductivity of different graphite morphology. More specifically, as high as 55 
W/m/°C is achieved in cast irons with flake graphite, whereas only 25W/m/°C of 
thermal conductivity is obtained by nodular irons. The anisotropic effect is obvious. 
Furthermore, cast irons with compact graphite or the graphite with shapes in between 
flake and spheroids are shown to have thermal conductivity (~35 W/m/°C) more 
similar to the nodular irons rather than grey irons, even though the compact graphite 
shape appears closer to the flake graphite.  

3. Effects of alloying elements on cast irons are also discussed by fixing the graphite as 

flake morphology. It is well known that the alloying elements pose both electron and 

phonon scattering effects in thermal conductivity. Meanwhile, there appears also great 

difference in the phase constituents due to alloying elements. Specifically, copper and 

aluminium additions promote graphite to form higher numbers of thinner graphite and 

reduce alloying reduction effects on thermal conductivity of cast irons. On the other 

hand, chromium and molybdenum additions cause the formation of carbides which not 

only increase thermal resistivity but also reduced graphite formation and therefore 

reduce thermal conductivity most severely among all alloying elements considered. It is 

thus concluded that the alloying elements affect thermal conductivity more by the 

amount  of constituent phases rather than by the compositions of each phase. 
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5. Appendix – list of symbols 

Ai: phonon scattering due to impurity atoms, i. 
Ci: concentration of i-th element in molar fraction 
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 : thickness-length ratio of graphite 
fFe3C and fferrite: volume fractions of Fe3C and ferrite in pearlite, respectively 
fother volume fraction of other microconstituents such as austenite or carbides 
fnodular graphite and fflake graphite: fractions of graphite with nodular shape and flake shape, 
respectively. 
Ke,pure iron: electron contribution in thermal conductivity of pure iron 
Ke, ferrite: electron contribution in thermal conductivity of ferrite 
Kp,ferrite: contribution of lattice vibration to thermal conductivity of ferrite 
Kferrite: thermal conductivity of ferrite 
KFe3C: thermal conductivity of cementite or 8 W/m/°C 

pearlite

eff
K : effective isotropic thermal conductivity of pearlite 

Kpearlite,// and Kpearlite,┴: thermal conductivity of pearlite in orientation parallel and 
perpendicular to the lamellae, respectively 

graphite,//K and 
graphite,K  : thermal conductivities of graphite in orientations parallel and 

perpendicular to the graphite surface, respectively 

m: electrical resistivity of pure iron 
Kother: thermal conductivity of other microconstituents such as austenite or carbides 

Le: Lorenze function relating Ke,pure iron and m.  

Lo: the Sommerfeld-Lorenz number of 2.44x10-8 W°C-2 
'
iρ : relative electrical resistivity of i-th alloying element in comparison with pure iron 

p// and p┴: shape factors in orientations parallel and perpendicular to graphite flakes, 
respectively 
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