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The thermal conductivity of compacted graphite cast iron (CGI) after creep test (temperature
ranging from 350 °C to 550 °C; stress ranging from 40 to 150 MPa) was measured at different
testing temperatures (200 °C to 550 °C) in an argon atmosphere. The thermal conductivity
increased slightly when the creep temperature increased from 350 °C to 500 °C under 150 MPa
and then decreased dramatically when the creep temperature surpassed 500 °C. When the creep
temperature was 550 °C, the thermal conductivity initially decreased slightly, and then decreased
dramatically when the stress surpassed 100 MPa. Crack propagation was the main cause of the
decrease in the thermal conductivity, which was related to interphase debonding between the
graphite and matrix, and grain boundary sliding. Interphase debonding was related to the creep
temperature and stress. Compared to the creep stress, the creep temperature played an
important role in the interphase debonding between the graphite and matrix.
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I. INTRODUCTION

COMPACTED graphite cast iron (CGI) has excellent
tensile strength and heat-transferring properties.!""
Because of the outstanding mechanical and physical
properties, CGI is suitable for complex-shaped compo-
nents™# and has gradually become an essential manu-
facturing material for advanced engine combustor parts,
such as the cylinder head."™® With an increase in the
power density in engine combustors, the cylinder head
endures a high temperature, which requires high-tem-
perature strength and thermal conductivity for thermal
fatigue during service.”

Recently, numerous studies have evaluated the
mechanical properties and thermal conductivity of cast
iron as a material for diesel heads. Selin'* and Qiul'*
investigated the tensile property of CGI at elevated
temperatures. They showed that the tensile strength
initially decreases slowly and then rapidly with an
increase in temperature. Microcracks easily initiate at
the graphite/matrix interface and then propagate along
the graphite, which results in failure. Because of its
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brittleness, graphite often contains natural microcracks
in the microstructure, negatively affecting the mechan-
ical properties. However, graphite provides an outstand-
ing heat conduction path because of its excellent thermal
conductivity. The thermal conductivity of graphite
depends on its growth direction, sizes, and shape.
Holmgren et al'¥ estimated the relationship between
the graphite growth direction and thermal conductivity
of cast iron. They stated that the thermal conductivity of
flake graphite is better than that of vermicular graphite
followed by nodular graphite, because heat diffuses
faster in the a-axis direction of graphite than in the ¢
axis. Hecht er al!' also showed that the thermal
diffusivity of cast iron increases with the size of A type
flake graphite. In addition, Ma e al.l"® and Liu et /'
analyzed the effect of the graphite 3D structure on the
thermal conductivity. Ma stated that the thermal
conductivity of CGI increases with the vermicularity
by an FE model. Liu determined that interconnected
graphite in the 3D structure improves the heat conduc-
tion of the cast iron when the graphite is less spheroidal.

Moreover, the casting processes and alloying element
level can also affect the thermal conductivity. Holmgren
et al" showed linear relationships between the thermal
conductivity and carbon content, carbon equivalent,
and fraction of pearlite transformed from the former
primary solidified austenite. The best thermal conduc-
tion property corresponds to a medium cooling rate.
Maluf er al" demonstrated that molybdenum can
improve the heat resistance of cast iron, while decreasing
the thermal conductivity. Conversely, copper, an excel-
lent heat conductive element, improves heat conduction.
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Selin ez al'? determined that the thermal conductivity
of CGI decreases with the silicon content when the
carbon equivalent is constant.

A cylinder head operates at a high temperature with
accompanying loads, which affects the material’s ther-
mal conductivity. However, numerous studies present
the effect of the casting processes, alloying elements,
and morphologies of the graphite on the thermal
conductivity of cast iron. The thermal conductivity
variation at an elevated temperature coupled with
loads has rarely been systematically analyzed. There-
fore, the variation mechanism of the thermal conduc-
tivity changing with the temperature and loads should
be evaluated.

II. EXPERIMENTAL PROCEDURE

The chemical composition of experimental CGI is
listed in Table I. Pig iron and 45 steel were melted in a
GGW-0.01 medium-frequency induction furnace. The
molten iron treated by homemade inoculant (75FeSi)
and vermiculizer (RE-75-Mg-Ca), respectively, was
poured into a sand mold at 1480 °C and produced a
wedge-shaped block, as shown in Figure 1. The tensile
property of the CGI at different temperatures is shown
in Figure 2. The tensile strength of the CGI decreased
from 495 to 326 MPa when the temperature increased
from room temperature to 450 °C.

The microstructure of the as-cast CGI was observed
by an optical microscope, as shown in Figure 3. The
main phases of CGI are pearlite, ferrite, and vermicular
graphite surrounded by few ferrites. The creep speci-
mens were cut out in “ab,” labeled as in Figure 1, and
the diagram of the sample is shown in Figure 4. A creep
test was carried out in the RDL100 device and creep
temperature was adjusted by the SHIMADEN FP93
instrument. Three N-type thermocouples were bound in
the gage regions of the sample. To maintain a parallel
position of the specimen to the load direction, an initial
load (less than 10 pct of the creep load) was applied
during heating. The creep temperature was held for 60
minutes when it reached the target values (350 °C, 450
°C, 500 °C, and 550 °C). Subsequently, different creep
stresses were applied on the sample (40, 100, 110, 130,
and 150 MPa). The creep temperatures and loads were
obtained from previous research.*"

The thermal conductivity testing sample was cut by
the electric discharge machine vertical to the stress
direction from the gage position of the specimen, as
shown in Figure 5. The sample was polished, and the
surfaces were covered with a graphite layer, which
increased the laser absorption. Then, the thermal
conductivity test was carried out in an argon atmo-
sphere. The thermal conductivity testing temperature
ranged from 200 °C to 500 °C.

Thermal conductivity of the CGI can be calculated by
Eq [1][12,21]:

A =apCp. 1]
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Here, / is the thermal conductivity; o is the coefficient
of thermal diffusion; « is measured by the Netzsch LFA
457 laser thermal conductivity meter. This process can
be described by Eq. [2], where p is the density of the
material; C,, is the specific heat of the test sample and
can be calculated according to Eq. [3].

2
o= Cl—, [2]
fo.5
CPR . mRATR
Cp=—R "RZ-R 3
P mpATp [ ]

where / is thickness of specimen; C is a constant value,
0.1388; 1.5 is the time for a 50 pct, temperature increase
in the testing sample; Cpgr is the specific heat of the
reference sample; m, and mg are the quality of the
testing sample and referential sample, respectively; ATp
and ATg are the temperature increase of the testing
sample and referential sample.

The density of the sample at room temperature was
measured by the Mettler Toledo balance. Generally, the
density of the material changes with the temperature, as
in Eq. [4]:

B p
p(T) Y [4]

where AT is the temperature increase and f is the linear
coefficient of thermal expansion, 14.5 x 107¢ K.
Because of the slight variation in the density, the density
of the sample was considered a constant value in this
study.

A metallographic specimen was cut from the sample
after the creep test by the electric discharge machine
along the direction of the creep stresses, polished by SiC
abrasive paper (240x, 600x, 1000x, 1500x, 2000x),
and then etched by 4 pct Nital solution. The metallo-
graphic specimen was observed by scanning electron
microscopy (SEM, Tescan VEGA-II XMU). Energy
dispersive spectroscopy (EDS) was also used to analyze
the distribution of the elements during observation. The
creep temperature is different from the thermal conduc-
tivity testing temperature in this study. The former is the
creep test temperature. When the creep test is complete,
the thermal conductivity test in performed at different
testing temperatures (from 200 °C to 550 °C).

III. RESULTS
A. Thermal Conductivity of CGI

1. Thermal conductivity vs creep temperature

The thermal conductivity vs the creep temperature
under 150 MPa at different thermal conductivity testing
temperatures is shown in Figure 6. The thermal con-
ductivity of CGI decreases with the testing temperature.
As the testing temperature increases, the thermal con-
ductivity decreases by approximately 6 to 10 pct. In
addition, the variation tendency of the thermal
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Table I. Chemical Composition of Experimental CGI (Mass Fraction, Percent)

Element C Si Mn Cu Mo Sn P S Fe
Percentage 3.9 1.8 0.2 0.55 0.2 0.03 < 0.06 0.02-0.03 bal.
55mm “
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Fig. 1—Schematic diagram of wedge-shaped block of CGI.
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Fig. 2—Tensile property of CGI at different temperatures.

Fig. 3—As-cast microstructure of CGI.
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Fig. 4—Schematic diagram of creep test sample.
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Fig. 5—Schematic diagram of thermal conductivity test sample.
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Fig. 6—Thermal conductivity of CGI vs the creep temperature under
150 MPa.

conductivity with the creep temperature presents two
stages. First, the thermal conductivity slightly increases
with the creep temperature, from approximately 350 °C
to 500 °C. Then, the thermal conductivity dramatically
decreases when the creep temperature increases to 550
°C.

2. Thermal conductivity vs creep stress

The thermal conductivity vs the creep stress of CGI at
550 °C is shown in Figure 7. The variation tendency of
the thermal conductivity with the creep stress presents
two stages. First, the thermal conductivity slightly
decreases when the creep stress increases from 40 to
100 MPa and then greatly fluctuates and descends
dramatically when the creep stress surpasses 100 MPa,

VOLUME 50A, AUGUST 2019—3699



46 Thermal conductivity testing temperature

| —=—200C
' —e—350C

£ 44r : —a—400C

£ | —v—450C

= ! —<4—500C

® sl |

b |

Z |

k5]

= - -

S 40 ¥

§ )

— 1

g I

S sef :

= |
1

36 |
1
1 1 1 1 1 1 1 1 1 1 1 1
40 60 80 100 120 140 160

Creep Stress/ MPa

Fig. 7—Thermal conductivity of CGI vs the creep stress at 550 °C.

Table II. Creep Test Results at Different Temperatures

Dwell Time/h

Load/MPa  350°C  450°C 500 °C 550 °C

40 — — — 100

100 — — — 100

110 — — — 75 (fracture)
130 — — — 22 (fracture)
150 100 100 100 9.5 (fracture)

which may be related to the microstructure damages
caused by the large stress.

B. Evolution of the Microstructure and Damage

1. Pearlite decomposition

The creep testing results are listed in Table II. The
specimen was maintained for 100 hours without failure
from 350 °C to 500 °C under 150 MPa. However, it
fractured quickly at 550 °C, demonstrating that the CGI
strength decreases. The microstructure of the CGI after
the creep test at 40 MPa and 550 °C for 100 hours is
shown in Figure 8. Most of the graphite is vermicular
graphite (VG). The remainder is nodular graphite (NG).
The pearlite transforms to carbon and ferrite at high
temperature, and its laminar structure fades gradually,
as shown in the yellow circle in Figure 8(a). Eventually,
the pearlite morphology is short and small. In addition,
the morphologies of the pearlite vary based on the
positions. For example, the pearlite near the grain
boundary contains a granular shape, especially near the
VG/pearlite phase boundary; however, a lamellar struc-
ture forms in the interior pearlite grain, as shown in
Figure 8(b), because the decomposition rate near the
vermicular graphite is faster than that in the interior
grain. As the vermicular graphite has a larger specific
surface area than that of nodular graphite, carbon can
diffuse to the adjacent graphite easily when its solubility
in ferrite is saturated.
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2. Microstructure damage evolution

Various morphologies of graphite debonding after the
creep test are observed by SEM, as shown in Figure 9.
There are two types of graphite debonding observed in
the microstructure. The specimen is broken and inter-
facial debonding occurs at the interface between the
graphite and matrix, as shown in Figure 9(a), when the
stress surpasses the ultimate tensile strength (495 MPa)
at room temperature. Interphase debonding becomes
more evident after the creep test at 450 °C for 100 h
under 150 MPa, which could be related to the different
mechanical properties and mismatched deformation
between the graphite and matrix, as shown in
Figure 9(b). At 40 MPa and 500 °C for 100 hours,
interphase debonding becomes evident between the
interface of the nodular graphite and matrix, as shown
in Figure 9(c), although there is a lower stress concen-
tration in the tip of nodular graphite compared to that
of vermicular graphite. Thus, the creep temperature
plays an important role in interphase debonding com-
pared to the creep stress. This phenomenon is similar to
our previous study.”? Interphase debonding also occurs
without any external loads at a high temperature, owing
to the thermal stress difference at the interface between
the graphite and matrix caused by the different thermal
properties. In addition, interlamellar debonding within
the graphite laminar structure is observed, as shown in
Figure 9(d), particularly in the oxidation parts, which
may be related to the graphite bond force decline caused
by oxidization. Thus, the main damage generated in the
microstructure of CGI is graphite debonding between
the matrixes.

IV. ANALYSIS AND DISCUSSION

A. Graphite Debonding

According to the study by Rukadikar,¥ graphite is
the best heat conduction path followed by ferrite and
pearlite in the microstructure of CGI (the thermal
conductivities of graphite, ferrite, and pearlite are
130 W/(m*K), 80 W/(m*K), and 50 W/(m*K), respec-
tively). However, there are two models of graphite
debonding: (I) interphase debonding and (II) inter-lam-
inar debonding, as concluded in Section III-A, which
decreases the efficiency of heat conduction.

Interphase debonding is widespread owing to the
deformation mismatch between graphite and the matrix.
Normally, interphase debonding occurs with the help of
the tensile stress. When the load is equal to the tensile
strength, the specimen is fractured. Because ductile than
pearlite, obvious deformation occurs in ferrite, as shown
in Figure 9(a). Therefore, interphase debonding between
graphite and ferrite is greater than that between graphite
and pearlite, as shown in Figure 9(b). In addition,
interphase debonding can also occur between the
different phases at high temperature because of the
different thermal and physical properties. This result is
shown in our previous research.””) Under the combina-
tion effect of the tensile stress and high temperature,
interphase debonding occurs easily and obviously. The
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Fig. 8—Miicrostructure of CGI at 550 °C for 100 h under 40 MPa: (a) pearlite decomposing and (b) pearlite presents lamellar in the interior

pearlite grain and granular near the VG.

Fig. 9—Graphite debonding: (a) fractured microstructure at room temperature (up to the tensile strength); (b) 450 °C, 150 MPa for 100 h; (¢)
500 °C, 40 MPa for 100 h; and (d) internal VG oxidation at 450 °C and 150 MPa for 100 h.

creep temperature plays a more important role than the
creep stress because interphase debonding occurs more
easily at a higher temperature even under a lower stress,
as shown in Figures 9(b) and (¢).

In addition, interlamellar debonding will occur during
the creep test. There are obvious microcracks in
graphite, especially in the oxidation zones, as shown in
Figure 9(d). The oxidized cracks will decrease the heat
conduction efficiency. Normally, oxygen atoms can

METALLURGICAL AND MATERIALS TRANSACTIONS A

diffuse in the microstructure through vermicular gra-
phite because of its 3D connectivity, and graphite can
easily oxidize at a high temperature. If the connectivity
is greater, the graphite net channel will flourish. How-
ever, the oxygen atoms can also diffuse in the graphite
channel quickly and cause graphite oxidation. There-
fore, the higher 3D connectivity cannot result in a
favorable thermal conductivity at a high temperature
because of graphite oxidation. The relationship between
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Fig. 10—Crack propagation hinders heat diffusion: (a) crack propagation through ferrite originated from the graphite debonding tip and (b)

intergranular crack between ferrite and pearlite.

Graphite
debonding

itergranulag

Fig. 11—Thermal conductivity mechanism of CGI during the creep test: (a) graphite debonding occurs under stress at high temperature; (b)
pearlite decomposing and graphite debonding is obvious and (c) cracks propagate in ferrite and connect with graphite debonding, meanwhile,

intergranular crack occurs in the boundary.

oxidation and the cracks in graphite requires further
research.

B. Thermal Conductivity Affected by Microstructure
Evolution and Damage

As shown in Figure 6, there are two stages in the curve
of the thermal conductivity values vs the creep tempera-
ture: (I) a slight increase from 350 °C to 500 °C and (II) a
dramatic decrease from 500 °C to 550 °C. This change is
related to the microstructure evolution and damage.

When the creep temperature increases from 350 °C to
500 °C, the thermal conductivity increases slightly,
which is related to the pearlite decomposition at a high
temperature. Cementite in the pearlite will transform to
ferrite and carbon. The latter can diffuse to the adjacent
graphite and cause a rough surface.** The connectivity
and vermicularity are nearly constant. Therefore, the
contribution to the thermal conductivity increase caused
by the carbon atoms diffusing into the graphite can be
neglected, and the improvement of the heat conduction
is owing to the increasing content of ferrite. During the
creep test, pearlite decomposition occurs with graphite
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debonding. The former promotes thermal conductivity,
while the latter hinders it. The thermal conductivity
increases slightly because pearlite decomposition is prior
to graphite debonding when the creep temperature
increases to 500 °C.

When the creep temperature increases to 550 °C, the
thermal conductivity of CGI decreases dramatically,
which is related to the microstructure damage. The
microcrack will initiate easily at the tip of interphase
debonding, and then it will propagate through the ferrite
preferentially. According to the study by Zhang,!'”! the
threshold of the fatigue crack growth of pearlite is
higher than that of ferrite; therefore, the crack can
expand in ferrite easily. Microcracks in ferrite will
connect adjacent interphase debonding. Microcracks
will grow and run through the specimen by the action of
the bridge connection, as shown in Figure 10(a). The
cracks in the grain boundary can also decrease the
thermal conductivity. According to the study by Qiu,!'*!
the strength of the CGI change with the temperature
presents two stages. When the temperature is lower than
450 °C, dislocation movement inhibition is the main
deformation mechanism. Because of strain hardening,
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dynamic strain aging (DSA effect), and precipitation
strengthening, the strength of the CGI will decrease
gradually. However, when the temperature surpasses
450 °C, ferrite boundary sliding becomes active, which
causes intergranular cracks and widespread holes in the
grain boundary. Our previous research also showed this
damage model,”” as shown in Figure 10(b). Therefore,
the cracks propagating through ferrite originate from
the graphite debonding tip, and the intergranular cracks
decrease the thermal conductivity.

In addition, the thermal conductivity decreases with
an increase of the creep stress, as shown in Figure 7.
This is because less damage is generated under lower
stress, and the specimen is sustained for a long time at a
high temperature, which induces more pearlite decom-
position. Therefore, the thermal conductivity of CGI
decreases with the increment of the loads at 550 °C.

C. Mechanism of the Thermal Conductivity of CGI
During the Creep Test

Ghodrat!"! pointed out that TMF (thermal mechan-
ical fatigue) life of CGI mainly depends on crack
propagation instead of crack initiation. Since internal
graphite particles act as natural notches, interphase
debonding initiates immediately at the tip of graphite
when fatigue loops start. Our research also demonstrates
this result, as shown in Figure 9. Therefore, it can be
concluded that the interface between graphite and
matrix will be debonding firstly at creep initial stage.
Because of low creep temperature (450 °C), pearlite
decomposition is not obvious. When creep temperature
rises to 500 °C, pearlite decomposition becomes severe
and interphase debonding is obvious. When the effect of
pearlite decomposition on thermal conductivity sur-
passes that of interphase debonding, thermal conduc-
tivity of CGI increases slightly. When creep temperature
increases further (550 °C), microstructure damage
becomes serious. On the one hand, cracks will propagate
through ferrite originated from interphase debonding
tip. On the other hand, intergranular cracks will be
widespread in the ferrite boundary because of active
grain boundary sliding. Both can hamper heat conduc-
tion. Hence, thermal conductivity of CGI decreases
dramatically.

The variation in the thermal conductivity is affected
by the creep temperature and stress. The process of the
thermal conductivity of the CGI influenced by the creep
temperatures and loads can be explained in three steps,
as described in Figure 10. First, graphite debonding
occurs easily at a high temperature, as shown in
Figure 11(a), which spreads heat through the matrix
mainly consisting of pearlite. Because of the minimal
pearlite decomposition, the thermal conductivity
decreases. As the pearlite decomposes gradually with
an increase of the creep temperature, the thermal
conductivity increases slightly, as described in
Figure 11(b). However, when the crack preferentially
propagates through ferrite and connects with
graphite/matrix debonding, the heat conduction path
is broken. Meanwhile, the intergranular crack in the
grain boundary affected by the boundary sliding will
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also decrease the thermal conductivity. Finally, the
thermal conductivity decreases, as shown in
Figure 11(c).

V. CONCLUSIONS

(1) The thermal conductivity of the CGI increased
gradually at first, and then decreased with the
creep temperature under 150 MPa. At 550 °C, the
thermal conductivity decreased gradually at first,
and then decreased dramatically when the creep
stress surpassed 100 MPa, which was related to
the internal damage evolution.

(2) Two types of graphite debonding were observed
in the microstructure: (I) interphase debonding,
which occurred at the interface between the
graphite and matrix and (II) inter-laminar gra-
phite debonding within its laminar structure. Both
can decrease the thermal conductivity. Compared
to the stress, the creep temperature presented a
dominate role in the interphase debonding
between the graphite and matrix.

(3) Crack propagation through the ferrite preferen-
tially originated from the interphase debonding
tip and intergranular crack in the ferrite boundary
because of the boundary sliding that could hinder
heat conduction and decrease the thermal con-
ductivity. This caused the thermal conductivity to
decrease during the creep test.
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