
645Journal of  Wuhan University of  Technology-Mater. Sci. Ed.  www.jwutms.net  June 2023

Tailoring Carbon Distribution in α/γ Phase of Ductile 
Iron and Its Effects on Thermal Conductivity
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Abstract: The effects of carbon distribution on the microstructure and thermal conductivity of ductile 
iron were investigated in the present study. The microstructure of as-cast and quenched ductile iron were 
characterized by OM and SEM. Results showed that the microstructure of as-cast ductile iron was composed 
of spheroidal graphite, ferrite with the volume of 80%, and a small amount of pearlite, and quenched ductile 
iron was composed of spheroidal graphite, coarse/fine acicular martensite (αM phase) and high-carbon retained 
austenite (γ phase). The volume fraction of retained austensite and its carbon content for direct quenched 
ductile iron and tepmered ductile iron were quantitatively analysed by XRD. Results revealed that carbon atoms 
diffused from αM phase to γ phase during tempering at low temperatures, which resulted in carbon content in 
retained γ phase increasing from 1.2 wt% for the direct quenched sample to about 1.9 wt% for the tempered 
samples. Consequently, the lattice distortion was significantly reduced and gave rise to an increase of thermal 
conductivity for ductile iron.
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1 Introduction

The mechanical properties improvement of duc-
tile iron[1] has attracted researchers’ attention because 
the spheroidal graphite reduces stress concentration and 
gives rise to an acceptable ductility[2]. The heat treat-
ment of steels was commonly applied to improve the 
mechanical properties of ductile iron[3]. For example, 
isothermal treatment at a temperature above Ms was 
conducted on ductile iron, which gave rise to an ausfer-
rite microstructure and a good mechanical property[4]. 
The previous investigations of steels and ductile iron 
indicated that carbon distribution is a critical factor to 
determine mechanical properties[5,6]. For example, par-
titioning treatment promoted carbon atoms diffusion 
from α phase to γ phase of austempered ductile iron 
(ADI) and resulted in a significant enhancement of 

ductility[7]; a microstructure with martensite and car-
bon-rich retained austenite obtained via quenching and 
partitioning (Q&P) treatment in ductile iron exhibited a 
tensile strength of 1 450 MPa and elongation of 2.2%[8].

It should be noted that the major merit of ductile 
iron compared with forged steels is its good self-lubri-
cating property because of the existence of graphite[9]. 
Therefore, ductile iron is a preferred candidate to re-
place forged steels in the field of transmission parts 
such as automotive crankshafts, bearings, gears[10,11]. 
Additionally, large amount of heat produced during 
service would result in a rapid increase of temperature 
to 300-700 ℃ on the tribosurface and cause softness[12], 
which is an important reason for the failure of transmis-
sion parts, especially under high speed and high load 
service conditions. Therefore, high thermal conductiv-
ity accelerating the diffusion of heat generated during 
service can slow down the increase of temperature and 
eventually enhance service life of transmission parts. 

The thermal conductivity of ductile iron is com-
monly higher than that of steel because of the existence 
of graphite[13]. Additionally, the matrix of ductile iron 
plays an important role in thermal conductivity[14]. Gen-
erally, thermal conductivity consists of electron thermal 
conductivity and phonon thermal conductivity[15] and 
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it is determined by thermal resistance, which contains 
phonon thermal resistance including phonon-phonon, 
phonon-defect, phonon-electron scattering, and elec-
tron thermal resistance including electron-defect, and 
electron-phonon scattering[13]. It is known that carbon 
atoms in Fe matrix has an obvious influence on the 
distortion degree of Fe lattice[16], which directly affects 
the scattering degree of phonon and electron and then 
causes the variation of thermal conductivity. Hence, 
tailoring carbon distribution might be an effective 
method to enhance the thermal conductivity of ductile 
iron. Though the previous investigations improved the 
mechanical properties of ductile iron by tailoring car-
bon distribution[7,17], the thermal conductivity was sel-
dom been studied. Therefore, the present study mainly 
focused on the correlationship between the thermal 
conductivity and carbon distribution of ductile iron. 
The carbon distribution of ductile iron was tailored by 
quenching and tempering heat treatment and its effects 
on thermal conductivity were investigated. 

2 Experimental 

The material used in this work was a cylindrical 
ductile iron casting with a diameter of 180 mm, which 
was fabricated by horizontal continuous casting. The 
detailed casting process could be referred to the previ-
ous literature[18]. The chemical composition of as-cast 
ductile iron used in this study was given in Table 1.

Due to different cooling rates during solidifica-
tion, the count of nodular graphite is different along 
radial direction. In order to eliminate the influence of 
spheroidal graphite on the thermal conductivity of duc-
tile iron, all the samples used in the present study with 
a size of 10 mm × 20 mm × 70 mm were cut from the 
outside of the cylindrical profile.

The as-cast samples were firstly heated to 900 

℃ and kept for 2 h, and then quenched into oil. After 
that, the quenched samples were tempered at 250, 300 
and 350 ℃ in a salt bath consisting of 50% NaNO3 and 
50% NaNO2 for 10 min and 40 min, respectively, and 
finally air-cooled to room temperature. The heat treat-
ment process was shown in Fig.1. 

Microstructures of the samples were character-
ized by OLYMPUS GX71 optical microscope (OM) 
and JSM-6700F scanning electron microscopy (SEM) 
with an accelerating voltage of 30 kV. The as-cast and 
heat-treated samples for OM and SEM were machined 
and polished, and then etched by 4% nital solution. The 
nodular graphite count of ductile iron was calculated 
using the software of Image J. XRD was conducted 
on an XRD-7000 diffractometer with a scanning angle 
from 35° to 90° and the scanning speed was 4°/ min. 
The (200) and (211) diffraction peaks of α phase and 
(200) and (220) diffraction peaks of γ phase were se-
lected to calculate the volume fraction. The volume 
fraction of retained austenite was calculated using the 
following equation[19]:

V
G I Iγ

α γ

=
+

1
1 ( / )                        (1)

where Vγ represents the volume fraction of retained 
austenite (wt%); Iα and Iγ represent the integral strength 
of diffraction peak of ferrite/martensite and austenite, 
respectively; G is the ratio of intensity-related factors 
corresponding to each diffraction plane of austenite and 
ferrite/martensite. According to the previous literature, 
the G values of the diffraction peaks corresponding to 
Iα(200)/Iγ(200), Iα(200)/Iγ(220), Iα(211)/Iγ(200), Iα(211)/
Iγ(220) are 2.5, 1.38, 1.19, 0.6, respectively[20].

In order to calculate the carbon content in retained 
austenite, the (200)γ diffraction peak of retained austen-
ite corresponding to the diffraction angle from 48° to 
52° was scanned with the scanning speed of 0.2 °/min. 
The carbon content in retained austenite was calculated 
using Eq.(2)[21].

aγ= 0.354 8 + 0.004 4Cγ                     (2)

where aγ is the lattice constant of retained austenite (nm) 
which was calculated based on the (200)γ diffraction 
peaks of retained austenite and Cγ represents the carbon 
content of austenite (wt%).

The disk-shaped samples with the size of Φ 
12.7×1.5 mm were cut from the heat-treated samples 
in order to measure its thermal diffusivity. The thermal 
diffusivity was measured at 20, 100, 150, 200, 250 and 
300 ℃ using a Netzsch 447 apparatus via laser flash 

Table 1  Chemical compositions of the ductile iron

C Si Mn S P Mg RE Fe

3.55-3.85 2.34-2.86 <0.6 <0.025 <0.08 0.02-0.04 0.03-0.05 Bal.

Fig.1  Scheme of heat treatments
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method. The samples were tested three times at each 
temperature and then the average value was taken. 
Thermal conductivity λ was calculated by thermal dif-
fusivity using the following equation[13]:

λ=D·Cp·ρ                               (3)

where λ is the thermal conductivity (W·m-1·k-1) and D 
is the thermal diffusivity  coefficient (m2·s-1). Cp is the 
specific heat (J·kg-1·k-1) and ρ is the density (kg·m-3). 
The constant pressure heat capacity Cp is a parameter 
insensitive to impurities and structure, hence the value 
measured by a Netzsch DSC 404 C Pegasus differential 
scanning is used[22]. The density of the samples at room 
temperature were obtained by Archimedes method. The 
density were calculated by the following equation with 
temperature rising[23]:

ρ
ρ
αγ = +
RT

1 3 ∆T
                        (4)

where α is the coefficient of thermal expansion, and 
here α=14.5×10-6 was used[22]. ρRT is the density of the 
samples at room temperature and ΔT is the temperature 
difference between T and 20 ℃.

3 Results 

3.1 Microstructure
Fig.2 shows the SEM images of the as-cast sam-

ple. It can be seen that the cast ductile iron was consist-
ed of nodular graphite, ferrite and pearlite, in which the 
nodular graphite was uniformly distributed around the 
matrix. The count of nodular graphite was estimated to 
be about 300 mm2. Ferrite with the volume fraction of 
80% distributed around the nodular graphite (Fig.2(a)), 
which was a typical microstructure of as-cast ductile 
iron[24].

Fig.3 shows OM images of ductile iron after heat 
treatment. All the samples were composed of acicular 
martensite with a dark contrast and retained austenite 
with white contrast. The acicular martensite included 
fine acicular martensite and coarse acicular martensite, 

in which fine acicular martensite mainly distributed in 
the vicinity of spheroidal graphite. Additionally, all the 
samples showed a similar amount of martensite and re-
tained austenite except the sample tempered at 250 ℃ 
for 10 min. 

Fig.4 shows the SEM images of the heat-treat-
ed samples. The coarse acicular martensite with an 
average thickness of 1.29±0.04 μm and fine acicular 
martensite with an average thickness of 0.26±0.08 μm 
could be clearly observed. No obvious difference in 
the size of martensite was detected for the tempered 
samples. The coarsely lenticular martensite with a ridge 
in the middle was observed for the quenched and tem-
pered samples (Fig.4(b)). The volume fraction of coarse 
martensite was about 30% and the fine acicular marten-
site was about 40%. The retained austenite exhibited 
two different morphologies: blocky austenite and filmy 
austenite distributing between fine acicular martensite 
(Fig.4(c)). The amounts of fine acicular martensite and 
filmy austenite increased with the increase of temper-
ing temperature and time, while the amount of blocky 
austenite was reduced. It is commonly accepted that 

Fig.2 SEM images of the as-cast ductile iron with (a) low and (b) 
high magnification

Fig.3 Optical images of the (a) quenched and (b-g) tempered 
samples at (b) 250 ℃; (d) 300 ℃; (f) 350 ℃ for 10 min and 
at (c) 250 ℃, (e) 300 ℃, (g) 350 ℃ for 40 min
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the blocky austenite contained less carbon atoms com-
pared with the filmy austenite[25]. Therefore, the blocky 
austenite was more unstable, which might transform to 
bainite during tempering and resulted in the reduction 
of blocky austenite. It should be noted that no carbides 
were detected for all the samples, indicating that the 
supersaturated carbon in the martensite did not form 
carbides during tempering.

Fig.5 shows the XRD patterns of the samples. 
The diffraction peaks of α and γ phases were observed, 
indicating that all the samples after heat treatment were 
composed of α and γ phases, which was consistent with 
the results observed by OM and SEM. The retained 
austenite peak of the tempered sample at 250 ℃ for 10 
min was weaker compared with other samples. It was 
inferred that the retained austenite might be unstable 
after tempering at 250 ℃ for 10 min and transformed 
to other phases during cooling to room temperature, 
which would be discussed in the following. 

The volume fraction of retained austenite after 
tempering is shown in Fig.6. The volume of retained 
austenite in the tempered samples was similar except 

that tempered at 250 ℃ for 10 min. The volume frac-
tion of retained austenite for sample tempered at 250 ℃ 
for 10 min was about 15.4%, while the value for other 
tempered samples was about 21.0%. 

In order to further investigate carbon atoms dif-
fusion during tempering process, the (200)γ peaks of 
XRD patterns were measured with a small step size，
which was presented in Fig.7. It could be clearly seen 
that the (200)γ peaks of the tempered samples shift-
ed towards a small angle compared with that of the 
quenched sample, indicating that carbon atoms diffused 
from martensite to retained austenite during tempering 
and led to the supersaturated carbon atoms concen-
tration in retained austenite. However, the deviation 
degree was different for samples tempered at different 
conditions. The samples tempered at 300 and 350 ℃ 

Fig.4 SEM images of the (a)quenched sample and (b-g) samples 
tempered at (b) 250 ℃, (d) 300 ℃, (f) 350 ℃ for 10 min and 
at (c) 250 ℃, (e) 300 ℃, (g) 350 ℃ for 40 min

Fig.5  XRD patterns of the samples tempered for (a) 10 min and (b) 
40 min

Fig.6 The variation of volume fraction of retained austenite with 
tempering temperature
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exhibited a similar (200)γ diffraction angle, indicating 
that the carbon diffusion from supersaturated α phase 
to retained γ phase almost reached an equilibrium state 
when tempered at temperature higher than 300 ℃. 

According to the XRD results, the carbon content 
in retained austenite is calculated (Fig.8). The carbon 
content in retained austenite increased from 1.23% 
for quenched sample to 1.81% for sample tempered at 
350 ℃ for 10 min, indicating carbon atoms diffusion 
from martensite to retained austenite. In addition, the 
carbon content in retained austenite was increased with 
increasing tempering time. The value was increased 
from 1.77% for sample tempered at 300 ℃ for 10 min 
to 1.83% for that for 40 min. The tempered sample at 
250 ℃ for 10 min contained the lowest carbon content 
in retained austenite. 
3.2 Thermal conductivity

Fig.9 shows the variation of thermal conductivity 
with temperature. The thermal conductivity increased 
with the increase of temperature from 20 to 300 ℃. 
The thermal conductivity of the quenched sample was 
the lowest at the temperature lower than 150 ℃. Tem-
pering effectively improved the thermal conductivity of 
ductile iron under low temperature (<150 ℃). The ther-
mal conductivity of the samples tempered at 300 and 
350 ℃ were similar. However, the tempered samples 

at 250 ℃ exhibited a lower thermal conductivity com-
pared with other tempered samples. With the increase 
of temperature, when the temperature is higher than 
200 ℃, the thermal conductivity of the quenched sam-
ple was higher than that of the sample tempered at 250 
℃. Interestingly, all the samples exhibited a similar 
thermal conductivity at 300 ℃ except for the sample 
tempered at 250 ℃ for 10 min. 

4 Discussion

The effects of carbon distribution on the micro-
structure and thermal conductivity of ductile iron were 
studied. Tempering treatment promoted carbon atoms 
to diffuse from supersaturated αM phase to γ phase, 
which resulted in the microstructure change and then 
affected the thermal conductivity. The microstructure 
evolution and mechanisms of thermal conductivity are 
discussed as follows.
4.1 Microstructure evolution during temper-

ing treatment
The matrix microstructure of quenched ductile 

iron was composed of acicular martensite and retained 

Fig.7  The (200)γ peaks of XRD patterns of the samples tempered for (a) 10 min and (b) 40 min

Fig.8 The variation of carbon content in retained austenite with 
tempering temperature

Fig.9 The variation of thermal conductivity of ductile iron with 
temperature



650 Vol.38 No.3 LIU Chen et al: Tailoring Carbon Distribution in a/g Phase of Ductile Iron and...

austenite. During tempering treatment, carbon atoms 
diffused from supersaturated αM phase to γ phase be-
cause of the difference of chemical potential of carbon 
atoms in αM and γ phase, resulting in the increase of 
carbon concentration of retained austenite but did not 
result in the formation of carbide due to existence of 
high silicon[26]. Consequently, αM phase and carbon-su-
persaturated γ phase were obtained. 

It should be noted that carbon diffusion varied 
when tempering at different temperatures. The diffu-
sion rate of carbon atoms increased with the increase 
of tempering temperature. Therefore, more carbon 
content was detected in the retained austenite of the 
samples tempered at higher temperature (Fig.8). When 
the tempering temperature was higher than 300 ℃, the 
carbon diffusion reached equilibrium state even for a 
short time. Therefore, the samples tempered at 300 and 
350 ℃ had a similar carbon content in retained austen-
ite. However, for the samples tempered at 250 ℃, the 
diffusion velocity of carbon atom was not fast enough 
to reach equilibrium state when tempering for a short 
time, which resulted in a smaller carbon content in re-
tained austenite. However, prolonging tempering time 
gave more time for diffusion of carbon, which led to 
an increase of carbon content in retained austenite for 
sample tempered at 250 ℃ for 40 min. 

Additionally, the carbon content in austenite di-
rectly determined the stability of retained austenite[25]. 
The increase of carbon content could stabilize the re-
tained austenite. Consequently, the samples tempered at 
high temperature with high carbon content in retained 
austenite exhibited a stable microstructure and the re-
tained austenite was remained. However, for the sample 
tempered at 250 ℃ for 10 min, low carbon content in 
retained austenite resulted in the phase transformation 
during cooling to temperature and led to an obvious de-
crease of retained austenite (Fig.6).
4.2 Thermal conductivity analysis

The ductile iron in the present study exhibited ob-
vious difference in thermal conductivity under different 
states. The factor affecting thermal conductivity is ther-
mal resistance containing phonon thermal resistance 
and electron thermal resistance[13]. The point defects 
in the crystal increased was high at high temperature, 
which would increase the probability of collision be-
tween phonons and phonons as well as electrons and 
electrons[27] and would deteriorated the thermal conduc-
tivity. However, high temperature increased the heat 
capacity and velocity of phonons and electrons, which 
was beneficial for the increase of thermal conductivi-

ty[28]. The final change of the thermal conductivity with 
temperature relied on the superposition of the two cas-
es and the latter situation prevailed in the temperature 
range of 20-300 ℃ for ductile iron[29]. Consequently, 
the thermal conductivity increased with the increase of 
temperature (Fig.9).

It is known that carbon atoms mainly exist in the 
octahedral lattice gaps of iron atoms. α-Fe is body-cen-
tered cubic structure and its octahedral gap radius is 
only 0.067 Å. γ-Fe has a face-centered cubic structure 
and its octahedral gap radius is 0.146 Å. Hence, the lat-
tice distortion caused by carbon atoms in γ phase was 
much smaller than that in α phase. Large lattice dis-
tortions would increase the scattering of phonons and 
electrons, resulting in the decrease of thermal conduc-
tivity[15]. Consequently, tempering treatment effectively 
increased the thermal conductivity because more car-
bon atoms existed in γ phase for the tempered samples. 
In addition, with the increase of tempering temperature 
from 250 to 300 ℃, the diffusion of carbon atoms from 
α phase to γ phase is faster in the samples, then the 
diffusion of carbon atoms becomes slower and finally 
tends to equilibrium at the sample tempered at 350 ℃ 
(Fig.7), which leads to lower thermal conductivity at 
250 ℃ for 10 min and 40 min, then a larger increase 
in thermal conductivity for the samples tempered at 
300 ℃. And the thermal conductivity finally tends to 
be close when the samples tempered at 300 and 350 ℃ 
(Fig.9).

It should be noted that the increase of thermal 
conductivity for the tempered samples compared with 
the quenched sample was reduced with the increase 
of temperature (Fig.9). The coefficient of thermal ex-
pansion of the material increased with the increase of 
temperature[30]. Therefore, the distance between Fe at-
oms became larger at high temperature, which caused 
the decrease of the lattice distortion induced by the 
interstitial carbon atoms. As a result, the distribution of 
carbon atoms in αM or γ phase has a negligible effect on 
thermal conductivity at high temperature. It could be 
seen that all the samples at 300 ℃ exhibited a similar 
thermal conductivity.  

In addition, when the measured temperature was 
higher than 200 ℃, the thermal conductivity of the 
quenched sample was higher than that of the sample 
tempered at 250 ℃, which might be closely related to 
the content of retained austenite. When the measured 
temperature was low, carbon distribution played a lead-
ing role in the effect of thermal conductivity. However, 
when the measured temperature was higher than 200 ℃, 
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the unstable retained austenite in the sample tempered 
at 250 ℃ would be transformed into martensite, which 
lead to the thermal conductivity of the sample tempered 
at 250 ℃ to be lower than that of the quenched sample 
and the specific change mechanism of thermal conduc-
tivity needs to be further studied.

5 Conclusions

a) The microstructure of ductile iron after quench-
ing and tempering treatment is composed of coarse 
acicular martensite, fine acicular martensite and re-
tained austenite. 

b) The diffusion of carbon atoms from martensite 
to retained austenite occurred during tempering treat-
ment due to the existence of high silicon in ductile iron. 

c) The thermal conductivity of ductile iron at low 
temperature increases with the increase of tempering 
temperature, which is mainly related to the distribution 
of carbon atoms. 

d) The thermal conductivity differed little at high 
temperature because the lattice distortion caused by the 
solutionized carbon atoms in αM and γ phase has no ob-
vious difference. 
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