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Abstract

A quantitative model is proposed to describe the thermal conductivity of alloyed pearlitic gray cast iron. The model is built
by combining the computational thermodynamics and effective medium theory. The volume fractions and concentrations
of precipitated phases in as-cast structure are estimated in consideration of partial and para-equilibrium. The conductivity
of alloyed ferrite is calculated, taking into account the electronic and vibrational contributions of alloying elements. The
model provides a good agreement with microstructure analysis and measured thermal conductivity. The influence of
common alloying elements was discussed from the viewpoint of precipitation of phases and scattering of alloying atoms.
This model can also be used as a numerical tool for designing the pearlitic gray cast irons with high thermal conductivity

and high tensile strength.

Keywords Thermal conductivity - Thermodynamic model - Gray cast iron - Alloying element

1 Introduction

Gray cast iron has been widely used in the manufacture of
structural components subjected to thermal cycling [1-4],
such as permanent molds, cylinder heads and brake disks.
Thermal stresses of these components caused by thermal
expansion and contraction during thermal cycling are
determined by the heat conducting capability. Thus, ther-
mal conductivity is an important property for gray cast
iron.

A great number of studies concerning the thermal con-
ductivity of gray cast iron have been carried out in practical
measurements [5—10]. It is clear that, at a certain temper-
ature, thermal conductivity of gray cast iron depends on the
composition and structural features, which mainly include
the morphology of graphite and the type of matrix. Since a
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homogeneous structure, including A-type graphite and
pearlitic matrix, is preferred in most applications due to its
optimum comprehensive mechanical and thermal proper-
ties and can be obtained by a reliable inoculation [11, 12],
how to study the influence of chemical composition is thus
the main question to be answered. There are also extensive
investigations on the effects of specific elements in
experiments [13]; however, these data can only provide
qualitative analysis due to the ambiguous experimental
procedure, indistinct graphite morphology and neglecting
of comprehensive effects of multiple elements.

In order to develop quantitative solutions, two typical
methods, i.e., the regression model and the average field
approach, have been developed to calculate the thermal
conductivity of cast iron. Based on the vast experiment
data, regression models can be built by the direct rule of
mixture without assumptions [8, 14]. The expressions of
those models usually include many parameters represent-
ing the influence of microstructure and composition. In
another model, which is developed by Helsing and Grim-
vall [15], gray cast iron is considered as a composite
consisting of pearlite, graphite and cementite. The contri-
bution of all phases to thermal conductivity is described by
the effective medium theory. However, both methods
mentioned above cannot be expediently utilized for the
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designing of gray cast iron. The downside of the regression
model is that its accuracy relies heavily on the amount of
data and the condition of experiment. If the data set is too
small or the experimental condition is too narrow, the
model will not be commonly applied. The average field
approximation is more flexible and can be applied to dif-
ferent microstructural features. However, it is time-con-
suming that the microstructural features should be
measured accurately for each composition. Moreover, it
also cannot completely reflect the effects of alloying ele-
ments since the model was built without discussing how
the microstructure relied on the composition.

The main objective of the present paper is to provide a
more comprehensive model to systematically study the
effects of alloying elements on the thermal conductivity of
pearlitic gray cast irons. On the basis of Thermo-Calc
software, the information on as-cast microstructure was
predicted by combining thermodynamics method with
micro-segregation models. The total thermal conductivity
was then calculated using an effective medium approxi-
mation. Calculations of the model were compared with the
experimental measurements. The influence of various ele-
ments on total thermal conductivity was also discussed
based on the calculation.

2 Numerical algorithms

In order to estimate the effects of alloying elements, the
model was built mainly based on two considerations: the
precipitation of phases due to compositional changing and
the inherent thermal conductivity of various phases. The
present model can thus be divided into two parts: compu-
tational thermodynamics and effective medium theory. The
morphology of graphite is assumed to be available since it
can be considered stable for a certain reliable inoculation
process. The microstructural information, including vol-
ume fractions and concentrations of precipitated phases,
was calculated in thermodynamic part by following the
transformation path for a given multi-component system.
On the basis of these results, the thermal conductivity of
alloyed ferrite is calculated at room temperature. Then, the
effective thermal conductivity of gray cast iron is solved by
effective medium theory. The schematic of numerical
schemes is shown in Fig. 1.

2.1 Computational thermodynamics

For a normal cooling rate in sand mold, it can be approx-
imated that the behavior of a solidifying system is con-
trolled by the thermodynamical properties and solute
diffusion in phases [16]. Additionally, with an effective
inoculation, the solidification process of gray cast iron can

be considered to consist of primary precipitation (for
hypoeutectic or hypereutectic irons), stable eutectic trans-
formation, decarburization of austenite and metastable eu-
tectoid [17].

In the present model, considering that the diffusion of C
is much faster than that of the other elements (Si, Mn, Mo,
etc.), partial equilibrium (PE) and para-equilibrium (PA)
models were used to simulate the solute diffusion for
solidification and solid-state transformation, respectively
[18, 19]. In PE model, it is assumed that C diffuses com-
pletely in both liquid and solid, while other elements just
diffuse in the liquid. In PA model, the chemical potential of
C among solid phases is considered equal, while the con-
dition on substitutional elements is calculated by the
summation of the product of the average chemical potential
and the average ubiquitous fraction (u-fraction) [19, 20].
Initial mole fraction (X?) of component i, total amount of
atoms (N = 1), start/stop temperature (Tgar/Tena) and
temperature step (AT) are defined as the initial conditions.
With the decreasing temperature, the phase equilibrium of
a given multi-component system is calculated at each
temperature step k. The information on each phase j = [1,
m), including its amount (*N/) and concentration (kXij ), is
then recalculated by the corresponding model. It should be
noted that, even though there is a solute distribution for
substitutional elements in solids due to neglecting their

diffusion completely, an average solid composition ’éQX{:#L

and mole fraction IEQN{#L are used before the recalculation
was performed (as shown in Fig. 1). The left subscript EQ
represents the corresponding value before recalculation,
while the right superscript L. means the liquid. This
approximation makes the calculation of thermal conduc-
tivity of ferrite feasible, and fortunately, it also makes the
calculation better agree with the measurements because of
the limited diffusion of substitutional elements in a real
alloy. Then, the PE or PA model is performed to simulate
the micro-segregation depending on whether the liquid has
been exhausted. The volume fractions (V/) of phases are
also estimated at each step. Main analytical equations of
these models are shown in Fig. 1.

2.2 Effective medium theory

The microstructural constituents, including pearlite (P),
A-type graphite (G) and eutectic cementite (E), are con-
cerned. Pearlite can also be considered as the composite of
ferrite (F) and eutectoid cementite (C).

2.2.1 Ferrite

The total thermal conductivity of ferrite can be considered
as the summation of lattice conduction and electron
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Fig. 1 Schematic of numerical schemes accounting for a combination of computational thermodynamics and effective medium approximation

conduction. Based on the previous work, the thermal
conductivity of alloyed ferrite (Ag) can be estimated by [15]

-1 -1
1 I
I = ( +ZA,-XF> +<%+mzpi)(f> :

Aq,Fe i
(1)

The first term on the right-hand side represents the con-
tribution of lattice conduction, where A,p. is the lattice

conductivity of pure ferrite, and the effect of elements is
approximated as the summation of product of

@ Springer

corresponding mole fraction (XI-F) and coefficients A;. The
second term expresses the electrical conduction, where T is
the temperature in Kelvin, pg. stands for the electrical
resistivity of pure ferrite, L, and Ly are the Lorenz number
for pure and alloyed ferrite respectively and can be treated
as constants at 300 K [L, =2.03 x 1078 (W QK™?),
Loy=244 x 1078 (W QK )], and p; is the relative
electrical resistivity coefficients. Table 1 lists the A; and p;
of alloying elements which are important for gray cast iron.
All of them are obtained depending on the experimental
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Table 1 Experimental values for coefficients A; and p; at 300 K
[21-25]

Coefficient Si Mn Cu Mo Ni Cr

A/mmKW lat%™) 81 22 91 130 41 02
p/(UQ cm at. %™ ") 66 45 32 48 25 37

measurements [21-25]. Corresponding data of pure bcc Fe
are given in Table 2.

2.2.2 Cementite and graphite

Holmgren [13] has summarized many known measured and
estimated thermal conductivity of Fe;C and graphite. The
values used in the calculation are given in Table 2.

Graphite is a strongly anisotropic phase because of its
hexagonal crystal lattice. The conductivity along the a-
direction is considerably higher than the one along c-di-
rection. It has been generally agreed that A-type graphite
grows in the a-direction and thickens in the c-direction. In
order to get the effective thermal conductivity, the lamellar
graphite was assumed as oblate spheroid with major axis
along x and y of lengths R and minor axis along z of
thickness ¢R. ¢ is defined as the shape factor of graphite
flake.

2.2.3 Pearlite

Pearlite can be considered as a separate anisotropic phase
with ideal morphology, consisting of parallel alternating
lamellae of ferrite and cementite. The thermal conductivity
along the lamellae (4 p) and perpendicular to the lamellae
(AL p) can be estimated by [15]:

)‘va = VC}»C + VF/IF (2)
dip = (VS ae+VE ), (3)

where VC and VF represent the volume fractions of
eutectoid cementite and ferrite, respectively; and Ac is the
thermal conductivity of cementite. Thus, for pearlite grains

Table 2 Thermal conductivity (1) and electrical resistivity (p) at
300 K [13, 15]

Phase MW m™'K™h p/(nQ cm)
Pure ferrite 78.5 10.0
Graphite (basal plane) 500.0 -
Graphite (prism plane) 10.0 -
Cementite 8.1 -

with random orientation, Eq. (4) [12] can be used to esti-
mate the effective thermal conductivity (/p) of pearlite.

1 5 . 1/2
Ap = 1 {/1”3 + ()LHJ) + 8/LHJDAL7P) ] . (4)

Finally, for a typical microstructure, consisting of
weakly anisotropic pearlite grains, isotropic cementite
phase and strongly anisotropic oblate spheroidal graphite,
the total thermal conductivity (1) of gray cast iron can be
solved by [15]

1 ALg— 2p Z(AHG_;“P)
Z=Ip+=VON * ’
Pt 3 A+ k; (;“LG — )u/) * 2+ ky (;“\|,G — /1/)
20 + Ac
(5)
ke=e(2=2) (1= &) P oos e - o] (6)
k. =1 — 2k, (7)

where 4, g and A g represent the thermal conductivity of
graphite along prism plane and basal plane, respectively;
and VO and VE are the volume fractions of graphite and
eutectic cementite.

3 Experiments

Six irons with different compositions were melted in a
500-kg medium-frequency induction furnace. High-quality
steel scrap and pig iron were used as the charge. Ferro-
molybdenum, ferromanganese, ferrosilicon and carburizer
were added as needed. After superheating to 1500 °C, the
liquid was transferred into a ladle with inoculant (3.4 wt.%
Zr-FeSi) on the bottom. For each sample, an EN-1564
Type II mold was poured. The compositions are given in
Table 3. Carbon equivalent (CE) is calculated by CE =
C + 1/3(Si + P).

Disk specimens with a diameter of 12.5 mm and a
thickness of 2.5 mm were cut and then were used to
determine the thermal diffusivity (o) and heat capacity (c,)

Table 3 Chemical composition of samples (wt.%)

Iron C Si Mn P S Mo Cu CE
SP-1 339 164 046 0.030 0.025 035 055 4.0
SP-2 358 120 051 0.029 0.026 024 054 4.0
SP-3 353 149 050 0.030 0.029 034 054 40
SP-4 354 164 050 0.026 0.027 044 053 4.1
SP-5 357 159 051 0.026 0.024 024 054 4.1
SP-6 367 141 051 0.028 0.029 034 055 42
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Schematic of graphite flakes
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Fig. 2 Schematic showing characteristics of graphite flake

at room temperature using a NETZSCH LFA 457 laser
flash apparatus. The density (d) was obtained by the
Archimedes principle. And 1 is calculated by:

A =ucyd. (8)

The same specimens were then prepared for metallo-
graphic examination. The shape and area fraction of gra-
phite were evaluated in an unetched condition by
quantitative metallography with the software ImageJ] Pro.
The information on matrix was revealed by color etching
technology. The color etchant was 50 g NaOH, and 4 g
picric acid was dissolved in 100 mL distilled water. The
etching procedure was carried out at 98 °C for 6 min. The
volume fraction of eutectic cementite was obtained by
counting point method.

The shape factor, ¢ is one of the most important
parameters for the prediction. Since the graphite flakes are
usually lathy with slight bend, the approach shown in
Fig. 2 was used to estimate the shape factor. The shape
factor is approximated by:

£=— 9)

where R and S are the length and area of the graphite flake,
respectively. Considering that most of the flakes cannot be
displayed completely in a random 2-D section, the longest
three flakes were selected and the average ¢ was calculated
in each field of view; the average value of ten fields was
taken as the final e.

4 Results and discussion
4.1 Microstructure and thermal conductivity

Typical metallographic pictures of sample SP-2 are shown
as examples in Fig. 3. Table 4 summarizes the information
on microstructure and measured thermal conductivity.
Each measurement was made on three different micro-
graphs, and the average value was taken to improve the
precision. It should be noted that only eutectic cementite is
measured and tabulated as the fraction of cementite.
Homogeneous structure, including fully pearlitic matrix
and A-type graphite, was found for all the samples. As the
result of analogous inoculation process, similar character-
istic was also found in the shape factor of graphite. Dif-
ferences mainly appear in the amount of graphite and
thermal conductivity. This could be expected since both of
them are determined by chemical composition. It can also
be found that the graphite fractions of SP-2 to SP-5 are
similar due to similar C content. And the difference in
thermal conductivity of them can be explained by the
addition of various alloying elements (Si and Mo).

~
A

Fig. 3 Examples of optical images on unetched (a) and etched (b) sample SP-2

@ Springer



Effects of alloying elements on thermal conductivity of pearlitic gray cast iron 1027
Table 4 Microstructural information and thermal conductivity (at room temperature) of samples
Iron Matrix type Graphite form VGM/1072 VEM¥/10~3 (W m~"K™h
Type Shape factor
SP-1 Fully pearlite A 0.019 + 0.004 89+3 9.6 £0.8 47.8
SP-2 Fully pearlite A 0.020 + 0.006 97+£5 9.0 £0.7 54.1
SP-3 Fully pearlite A 0.023 + 0.003 95+6 8.1+20 50.2
SP-4 Fully pearlite A 0.021 + 0.004 93+3 11.0 £ 2.0 514
SP-5 Fully pearlite A 0.022 + 0.002 9.6 £ 4 50+ 1.0 52.4
SP-6 Fully pearlite A 0.020 £ 0.003 105+ 3 56+ 1.0 55.7
VGM and VEM represent the measured volume fraction of graphite and eutectic cementite, respectively
0.14 Table 5 Calculated thermal conductivity of ferrite and pearlite
Measured  Calculated
o Eutectic cementite. [__] 27 Thermal SP-1 SP-2 SP-3 SP4 SP-5 SP-6
12 Graphite L AW conductivity
0.10 - Jpl(W m™ K™h 31.33 3237 30.77 3142 3585 3290
é Jp/(Wm™' K™h 26.65 27.41 2624 26.72 29.93 27.80
2 0.08
&
o
£ 0.06
S 60
0.04 o=
N
0.02 d
= 551 e
0.00 1 E e
SP-1 SP-2 SP-3 SP-4 SP-5 SP-6 3
g o ®
Fig. 4 Comparison of graphite and eutectic cementite fraction 2 50 | 5 @
between experiments and calculations (error bars are +1 standard 8 o
deviation) g A
. . . . S 45| :
The .s1.mu1at10ns were then performed using practical 3 ‘: A
'composmons and avefage sh.a.lpe factor ¢ = 0.02. C'ompar— 2 8 ‘Expesiments
ison between the predicted microstructure information and & / A Bertodo’s data
the measurements is shown in Fig. 4. Similar trends were 40 L= L L . L
40 45 50 53 60

found for predictions and experiments. In the presence of
alloying elements, the graphite fraction does not have a
strict linear relation with CE, and the calculations provide a
very good agreement with the measurements. It seems that
the calculation slightly overestimates the fraction of
eutectic cementite. This suggests that the practical trans-
formation during the end of solidification is more complex
than the thermodynamic approximation. It is indeed
expected since the micro-segregation and the accumulation
of exotic impurity could lead to the complex non-equilib-
rium transformations during the end of solidification. For-
tunately, such eutectic cementite is always in a low fraction
by an effective inoculation, and thus the effects on total
thermal conductivity are indeed slight.

Measured thermal conductivity/(W m™ K™)

Fig. 5 Comparison between thermal

conductivity

measured and predicted

The calculated thermal conductivities of ferrite and
pearlite are given in Table 5. Comparing with pure ferrite,
it is clear that alloy addition significantly decreases the
thermal conductivity of ferrite. The total calculated thermal
conductivities are compared with experimental values
measured in this work (as shown in Fig. 5). With the
intention of expanding the comparison of the present model
and practical measurements, comparisons between the
measured data reported by Bertodo [26] and corresponding

@ Springer
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Table 6 Experimental data measured by Bertodo [26] and corresponding calculated information

Composition Matrix type Graphite form Measured 2/(W m~' K™ Calculated '/(W m™"' K™
Type &
Plain (grade 17)* Fully pearlite A 0.032 47.6 47.64
Plain (grade 20)* Fully pearlite A 0.040 45.5 46.42
0.5 wt.% Mo Pearlite, < 5% ferrite A 0.032 44.6 44.67
0.5 wt.% Mo 1.0 wt.% Cu Pearlite, < 5% ferrite A 0.032 44.6 44.13
0.4 wt.% Mo 1.3 wt.% Ni Pearlite, < 5% ferrite A 0.032 44.2 4421
2.2 wt.% Cu Fully pearlite A 0.040 43.5 44.72
1.0 wt.% Ni 0.3 wt.% Cr Pearlite, < 1% ferrite A 0.032 435 44.15
1.5 wt.% Cu 1.5 wt.% Ni Fully pearlite A 0.032 43.0 44.89
0.4 wt.% Cr Pearlite, < 1% ferrite A 0.032 44.6 45.94
0.4 wt.% Mo 0.4 wt.% Cr Pearlite, < 5% ferrite A 0.040 44.6 44.77

4Composition of grade 17 and 20 is similar: 3.00-3.15 wt.% C, 1.67-1.75 wt.% Si and 0.6-0.8 wt.% Mn. And the mean values were taken to the

calculation

"¢ was measured on the basis of ASTM A-247, since the graphite size was provided in the manner of ASTM classification by Bertodo

calculations are also provided in Fig. 5. Bertodo’s mea-
surements, including microstructural information and
measured thermal conductivity, and corresponding results
calculated by the present model are given in Table 6.
Higher CE and longer graphite size make the thermal
conductivities in the present work higher than Bertodo’s
data. However, as shown in Fig. 5, it is also clear that
alloying elements play an important role in determining the
thermal conductivity of gray cast iron, since carbon
equivalents and shape factors are similar in either present
experiments or Bertodo’s results. Good agreement between
the measured values and those calculated by the model is
shown in Fig. 5. The small differences observed can be
mainly explained by the simplifications in the measurement
of shape factor and neglecting of the influence of MnS and
additional intermetallic phases. More accurate value of the
thermal properties of various microconstituents can also
improve the precision of calculation. Within an accept-
able error, the present model can be confirmed as a rea-
sonable method to predict the thermal conductivity of
pearlitic gray cast iron.

4.2 Influence of alloying elements on thermal
conductivity

On the basis of the model explained above, the influence of
alloying elements is discussed in this section. Since alloy
additions affect the thermal conductivity of gray iron,
mainly through solid solution with iron or promoting car-
bide formation [6], all the calculations were carried out
under the assumption of the same shape factor (¢ = 0.02).

@ Springer

Figure 6 illustrates the influence of alloying element i in
the ternary system Fe-3.5 wt.% C-i. The situation of high
Mo content is neglected since it may generate overmuch
molybdenum carbides, whose thermal properties are
unknown. For precipitated phases, the addition of Si, Mn,
Cu or Ni increases the fraction of graphite in varying
degrees and causes no precipitation of eutectic cementite.
On the contrary, Mo decreases the fraction of graphite and
promotes the precipitation of eutectic cementite. For the
conduction of pearlite, all the additions of elements result
in the reduction in thermal conductivity. This was indeed
expected due to the existence of scattering of alloying
atoms. Difference mainly appears at the extent of reduc-
tion. It can be found in Fig. 6b that the increasing Si
content significantly decreases the thermal conductivity of
pearlite, while the effect of Mo is the slightest. The curves
of Mn, Cu and Ni lie within the Si and Mo curves. These
can be explained by the difference of relative coefficients,
molar mass and concentration between various elements.
Finally, as shown in Fig. 6¢, the addition of alloying ele-
ments, especially Si, reduces the total thermal conductivity,
even though some of them improve the graphite fraction. It
also suggests that Mo and Mn have the least impact on the
thermal conductivity of pearlitic gray cast iron.

Considering that alloy strengthening also plays an
important role in the resistance to thermal stress, the pre-
sent model can be considered as a precise solution to obtain
an optimal strength and thermal conductivity. For example,
since it has been reported that there is a correlation
between Mo content and tensile strength [27, 28], the
calculation shown in Fig. 7 can be used to choose a suit-
able composition for various required properties.
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Fig. 6 Computational results showing influence of alloying elements i in Fe—C-i system on graphite fraction (a), thermal conductivity of pearlite

(b) and total thermal conductivity (c)

5 Conclusions

1. A quantitative model was built to calculate the effects
of alloying elements on the thermal conductivity of 3.
pearlitic gray cast iron. The microstructural informa-
tion, including the fractions and concentrations of
phases, was predicted by computational thermody-
namics combining with micro-segregation. Depending
on these results, the thermal conductivity was then
estimated by the effective medium theory.

2. The calculation results were compared with experi-
mental measurements, including graphite fraction,

eutectic cementite fraction and thermal conductivity
at room temperature. There is a good agreement
between predictions and experimental data.

On the basis of calculation, the influence of Si, Mn,
Mo, Cu and Ni on the structural constituents and
thermal conductivity in a ternary system was discussed
in detail. To various degrees, the addition of alloying
elements always causes the reduction in thermal
conductivity. However, combined with relative
strengthening effects, the present model can also be
used as the fundament for designing gray cast iron with
high strength and high thermal conductivity.
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Fig. 7 Calculations showing relationship between thermal conduc-
tivity and Mo content for various compositions
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