metals

Article

Effect of Graphite Morphology on the Thermomechanical
Performance of Compacted Graphite Iron

Minghua Cao, Konstantinos P. Baxevanakis *

check for
updates

Citation: Cao, M.; Baxevanakis, K.P,;
Silberschmidt, V.V. Effect of Graphite
Morphology on the
Thermomechanical Performance of
Compacted Graphite Iron. Metals
2023, 13,473. https://doi.org/
10.3390/met13030473

Academic Editors: Tilmann Beck and

Joao Pedro Oliveira

Received: 30 December 2022
Revised: 12 February 2023
Accepted: 21 February 2023
Published: 24 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Vadim V. Silberschmidt

Wolfson School of Mechanical, Electrical and Manufacturing Engineering, Loughborough University,
Loughborough LE11 3TU, UK
* Correspondence: k.baxevanakis@lboro.ac.uk; Tel.: +44-(0)-1509-227030

Abstract: Compacted graphite iron (CGI) has gained significant attention in automotive industry ap-
plications thanks to its superior thermomechanical properties and competitive price. Its main fracture
mechanism at the microscale—interfacial damage and debonding between graphite inclusions and a
metallic matrix—can happen under high-temperature service conditions as a result of a mismatch in
the coefficients of thermal expansion between the two phases of CGIL. Macroscopic fracture in cast iron
components can be initiated by interfacial damage at the microscale under thermomechanical load.
This phenomenon was investigated in various composites but still lacks information for CGI, with its
complex morphology of graphite inclusions. This research focuses on the effect of this morphology
on the thermomechanical performance of CGI under high temperatures. A set of three-dimensional
finite-element models was created, with a unit cell containing a single graphite inclusion embedded
in a cubic domain of the metallic matrix. Elastoplastic behaviour was assumed for both phases in
numerical simulations. The effect of graphite morphology on the thermomechanical performance
of CGI was investigated for pure thermal loading, focusing on a high-temperature response of its
constituents. The results can provide a deeper understanding of the correlation between graphite
morphology and CGI fracture mechanisms under high temperatures.

Keywords: compacted graphite iron; thermal expansion; high temperature; finite-element
analysis; microstructure

1. Introduction

Accounting for 70% of the total metal production, cast irons are widely used in
the automotive industry [1]. Since its first observation in 1948 [2] as a type of cast iron,
compacted graphite iron (CGI) was used in numerous industrial applications, including
in internal combustion engines (cylinder heads, blocks, brake drums [3], and exhaust
manifolds [4]), machinery, and pipes. CGI has a strong potential in the automotive industry,
especially diesel engines [5], benefiting from its toughness, thermal-fatigue durability [6],
heat resistance [7], and competitive price.

Cast iron is commonly considered as a typical in situ metal matrix composite [8],
with a microstructure comprising a metallic matrix and graphite inclusions. The matrix is
composed of one or a mixture of phases, including pearlite and ferrite [6]. Graphite inclu-
sions are classified as spherical (nodular), flake, and vermicular based on their circularity
(Figure 1). The classification of cast irons is based on the morphology of graphite particles
in iron. In contrast to many other types of cast irons, the complex microstructure of CGI
includes all three types of graphite inclusions that affect its performance [9]. Grey cast
iron with a simple microstructure of only flake graphite particles is the most commonly
used material in diesel engines [1]; however, the application of CGI provides opportunities
for power increase and weight reduction, while [3] contributing to highly powerful next-
generation diesel engines [10]. In engine applications, CGI faces high-temperature and
-pressure working conditions. Under such harsh working environments, the generation
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of damage can cause failure of the component, resulting in safety problems and economic
losses [11].
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Figure 1. Microstructure of CGI.

Based on experimental observations, graphite-matrix debonding (decohesion) is con-
sidered the main damage mechanism of cast irons [12,13]. Graphite particles with their
brittle and soft response were observed to fracture or debond from the metallic matrix
at low levels of stress [14,15], causing plastic deformation to them [12]. This interfacial
(graphite-matrix) debonding mechanism can initiate microcracks in the deformed metallic
matrix, which possibly coalesce and result in main cracks and macrocracks [12]. Under
cyclic mechanical loads, fatigue cracks can be initiated by interfacial debonding [16].

Thermal load is another important factor affecting the interfacial debonding phe-
nomenon. Many parts in diesel engines are manufactured with cast irons, where the inner
wall of the combustion chamber can reach temperature levels of 400 °C to 600 °C [17].
In these high-temperature service conditions, different magnitudes of the coefficients of
thermal expansion of the graphite inclusions and the metallic matrix can cause the onset of
interfacial debonding even without mechanical loads. The propagation and interaction of
microcracks in the metallic matrix can result in the formation of their networks and further
main cracks in CGI under thermal loadings [13]. When exposed to a high-temperature
environment, CGI softens and can boost the interfacial debonding at lower levels of stress
compared to room temperature. Occurrence of interfacial debonding was reported at stress
levels below 50 MPa at 723 K (450 °C) [18]. On the contrary, interfacial debonding was
observed at a stress level above 495 MPa at room temperature [19]. At the macroscale,
the strength of CGI rapidly decreases at temperatures above 573 K (300 °C) [20]. During
the cooling process of spherical graphite iron from the casting to the room temperature,
increased thermal residual stresses were also caused by the mismatch of thermal expan-
sion [21]. Compressive stress is generated normally at the graphite-matrix interface, with
perfect bonding between the two phases [21]. Residual stresses were measured in white
and grey cast irons after the cooling-down stage in thermal experiments [22]. There were
several attempts to research the mechanism of thermal expansion in metals, focusing on
white and grey cast irons [22], Invar [23], and copper-based amorphous alloys [24], as well
as in ceramic-metal composites [25], but not enough information is available about CGI.
Additionally, it was found that under multiple thermal cycles, the performance of cast iron
was significantly influenced by longer-term thermal exposure [26]. This effect of the cyclic
thermal history will be considered in a separate study but is not presented in this work.

Further, the mechanical properties and the damage mechanism of cast iron are in-
fluenced by its microstructure, including the size, morphology, and distribution of the
graphite phase [14,27-29]. For composites, the toughness and stiffness change with the
increasing aspect ratio and volume fraction of the filler [30]. Compared to polymer-based
composites, the reinforcement in cast irons—graphite—is softer and weaker than the matrix.
The initiation of cracks occurs easier when graphite inclusions with larger sizes and higher
content are present [13]. The elastic modulus of various cast irons is closely related to the
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shape of graphite inclusions [31-33]. The morphology of graphite and matrix features
are also important for the tensile and yield strength [31,34], as well as thermal conduc-
tivity [35] and fatigue performance of cast irons. Generally, the yield stress and tensile
strength decrease under increasing environmental temperatures [36]. With longer graphite
inclusions, the fatigue life of cast irons becomes shorter [31]. Still, further research is re-
quired to investigate the correlation between macroscopic thermomechanical properties
and microstructural parameters.

With the development of technology and science, cast irons have received much
attention thanks to their extensive applications in industry. In 1863, microscopy offered
opportunities for engineering researchers to explore and reveal the surface microstructure
of cast irons at the microscopic scale [37]. The first macroscopic model proposing a method
to predict failure in grey cast iron was presented in 1976 [38]. In recent studies, the
main methodology of numerical simulations on the thermomechanical performance in
cast irons includes phenomenological and micromechanical modelling schemes. In the
phenomenological case, to describe the macroscopic behaviour of the material, the fracture
mechanism and microstructural features are implemented by modifying the hardening
parameters and yield surface [38-42]. In micromechanical approaches, the prediction of the
effect of its microstructure on the mechanical response is based on the direct introduction of
microstructure parameters into simulations [4,43]. Generally, the constituents in numerical
simulations are assumed to be elastoplastic [44] or anisotropic [45].

In summary, the interfacial debonding mechanism in CGI was primarily studied
under mechanical loads. Accordingly, the thermal analysis in cast iron was mainly fo-
cused on spherical graphite iron [21]. There is insufficient research into the mechanism
of thermal damage in CGI under pure thermal loading at the microscale [46]. Under
high-temperature conditions, CGI is vulnerable due to the mismatch of thermal expansion
between graphite inclusions and its metallic matrix. Further research on thermal interfacial
debonding in CGI is still required, which should account for its complex microstructure.
This work investigates the effect of CGI microstructure on thermomechanical performance
under pure thermal loading by developing a series of three-dimensional numerical models.
The input parameters of the models were obtained from mechanical tests and statistical
characterisation of the CGI microstructure.

2. Microstructural Characterisation of CGI

A specimen of CGI (EN-GJV-450) was prepared through processes of cutting, grinding,
and polishing. Statistical characterisation of the microstructure of CGI was implemented
using a set of 20 scanning electron microscopy (SEM) images captured with an FEGSEM
Jeol 7100 (Jeol Ltd., Tokyo, Japan). The analysis was performed with Image]J software (1.52u,
Image]J, National Institutes of Health, Bethesda, MD, USA) and included the process of
scale setting, threshold adjustment, and shape outline adjustment of graphite inclusions
(Figure 2). The microstructural features were approximated as ellipses. The characterisation
provided geometrical parameters such as area, perimeter, circularity, volume fraction, and
lengths of the major and minor axes of graphite inclusions.

Using the 2D micrographs, the following assumptions regarding the geometry of both
graphite inclusions and the metallic matrix in 3D numerical models were made:

e  Spherical (nodular) graphite in 2D was modelled as a sphere in 3D.

e  Vermicular graphite inclusions in 2D were simulated as oblate spheroids in 3D.

e  Flake graphite inclusions in 2D were considered as plates, becoming cuboid with
increasing width and height in 3D.

e  The length of the major axis in vermicular graphite and the length of flake graphite
were assumed equal to the diameter of a spherical graphite.

e  The rectangular matrix domain in 2D corresponded to a cuboid with equal length and
width in 3D.



Metals 2023, 13, 473

40f16

CGI SEM
images

(a)

Results of
microstructure
characterisation

Threshold Outline shape
adjustment "| adjustment

i i

y

v

Scale setting

Figure 2. Processes of statistical analysis of CGI micrographs.

The simulation methodology relied on representative volume elements (RVEs) that
can represent a constituent at the macroscale with a unit cell at the microscale [29]. A
set of 3D unit cells was developed in this study, in which a single graphite inclusion was
embedded on the surface of the cuboid metallic matrix domain (Figure 4). This approach
was selected based on the possibility to observe surface processes in opaque specimens.

3. Thermal Experiments
To study the effect of a thermal loading regime on the expansion of CGI, a specimen
was prepared with its top surface polished at the 1 um level (Figure 3a).

(b)

Figure 3. Thermal experiments of CGI: (a) CGI specimen, (b) micrograph of CGI, (c) height profile
before thermal load, and (d) height profile after thermal load (images (b,d) are for graphite particle 4).

The CGI specimen was scanned with an Alicona surface measurement system to
obtain the height profile of the microstructure before its exposure to heating. Then, the
specimen was heated in a furnace from room temperature to 500 °C with a heating rate
of 4 °C/min and cooled down to room temperature with a cooling rate of 10 °C/min.
The visual analysis demonstrated that the specimen’s oxidation was negligible due to the
relatively short duration of the experiment. After the heating cycle, the specimen’s profile
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was again measured. Eight graphite inclusions were selected in the microstructure, and
every graphite particle was scanned with an Alicona InfiniteFocus G5+ (Bruker Alicona,
Graz, Austria). Their microstructure was measured in terms of the height along path MN
(direction from the matrix to the graphite particle) (Figure 3b) before and after the thermal
load for comparison.

The height difference between the matrix and the graphite particle for all thermal
experiments is summarised in Table 1. The values of height difference are in the range of
0.065-0.212 um due to the mismatch in coefficients of thermal expansion. These experimen-
tal results were later compared with numerical simulations.

Table 1. Summary of the height profile of CGI in thermal experiments.

Graphite Height Difference before Height Difference after Change of Height
Particle No. Thermal Load (um) Thermal Load (um) Difference (um)
1 0.598 0.720 0.122
2 0.603 0.813 0.210
3 0.327 0.539 0.212
4 0.288 0.485 0.197
5 0.382 0.447 0.065
6 0.365 0.502 0.137
7 0.117 0.252 0.135
8 1.769 1.962 0.193

4. Numerical Models
4.1. Geometry

Based on the assumptions for the microstructure characterisation of CGI, the geometry
of the nodular graphite was obtained by the following calculations.

The dimensional parameters of spherical graphite inclusions follow the expressions:

2

A= n(?) , @)

S =L, @)

Vi = g (©)]

The 3D parameters of numerical models were calculated as follows:

v, = §n<§>3 @

V=13, )

Vi = %. 6)

According to Equations (1)-(6), the 3D parameters of the metallic matrix domain were
obtained as follows:

Lyp =

@)

®)

L3p =
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The aspect ratio (Ag) of the vermicular graphite inclusion was calculated with the
following equations:

L. .
Ap=1-", ©)
minor
Lmajor =D. (10)

The numerical models were developed as a unit cell of the metallic matrix domain
containing a spherical, a vermicular, or a flake graphite inclusion on the top surface, with
the evolution of the microstructure considered for the free material surface. In these
models, the two phases—the graphite particles and the matrix—were considered to have
perfect bonding (the interfacial processes and their effect are studied separately and will be
published elsewhere). For comparability with the thermal experiments, the cross-sectional
surfaces of graphite particles were embedded on the surface of the matrix cube (Figure 4).
The dimensional parameters of the created FEA models were determined based on the
range of nodular graphite diameters measured by SEM images. The diameters of spherical
graphite particles varied between 0.29 and 42.53 um; thus, 15 um was selected for numerical
simulations. For vermicular graphite inclusions, 15 um was considered the length of the
major axis. The aspect ratios of graphite in the statistical results were between 1 and 5,
corresponding to the minor axis lengths of 15 pm and 3 pum; therefore, 8 pm was used as the
minor axis length in vermicular graphite particles. Specifically, the graphite was embedded
on the matrix surface in two different directions: minor axis (Model B) and major axis
(Model C) along the Z direction in Figure 4. For flake graphite, the width and height were
varied (Table 2) to investigate the effect of the aspect ratio and volume fraction on the
obtained results (Model E). In all models, 15 um was selected to be the diameter (D) of the
spherical graphite particle, the length of the major axis (Ly4jor) of vermicular graphite, and
the length (L) of all flake graphite particles. According to the 2D statistical analysis, the
dimensions of the cubic matrix in 3D were calculated between 25.74 and 32.23 um; thus,
30 um was selected in this work for consistency. The external dimensions of the matrix
domain were set as 30 pm x 30 pm X 15 pm. The typical dimension of the finite element
was 0.5 um.

.- Free top surface

.- Side surface

-
s

Bottom surface

Figure 4. Geometry and dimensions of numerical unit cells: (a) Model A, (b) Model B, (c) Model C,
and (d) Model E.
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Table 2. Summary of numerical models.
. Type of Graphite ‘ Boundary
Model Notation Inclusion Lyinor (Lm) W (um) H (um) Conditions

Al . . FFBCs

A A2 Spherical Spherical 15 PBCs
B1 FFBC

B B2 Ver_H4 Vermicular 8 - - PBCSS
C1 FFBC

C Co Ver_H7.5 Vermicular 8 B ) PBCss
D1 FFBCs

D D2 W2H4 Flake 2 4 PBCs
El FFBCs

E B2 W4H4 Flake 4 4 PBCs
F1 FFBCs

F 2 W8H4 Flake 8 4 PBCs
Gl FFBCs
a2 WS8HS Flake 8 8 PBCs
H1 FFBCs

H H2 W8H12 Flake 8 12 PBCs

4.2. Constitutive Behaviour

Due to their soft and brittle behaviour, graphite particles were assumed to display a
limited plastic performance in previous numerical models [47-49]. Since the inter-particle
distances in CGI are smaller than the model’s dimensions, the metallic matrix domain had
the effective properties of CGI as used—together with those of graphite inclusions—in our
previous 2D study [46,50]. A typical experimental stress—strain curve of CGI (Figure 5) was
used in this work. The J2 flow theory was considered to describe the mechanical behaviour
of both the graphite inclusions and the metallic matrix [51].

450
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— 5 /

1 25
200 4 2
15

g 10F
100 5|/

Stress (MPa)

Stress (MPa)

150

Sames Elastic
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ok
50 0.000 0.002 0.004 0.006  0.008
1 Strain

0 T T T T T
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Figure 5. Experimental stress—strain diagram of CGI used in simulations (insert presents mechanical
properties for graphite domain).

A damage model was employed to capture the graphite phase’s response beyond the
elastic region. Damage was initiated when a plastic strain-based criterion was fulfilled
and, afterwards, the stiffness of the material gradually degraded to 0. The integral ductile
damage criterion follows the equation [52]:

dé”)
wp = / _ % _q (11)
_pl

-pl
ep 1, 8D)
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where wp is the state variable increasing monotonically. At each increment, the wp incre-
ment is given by:

Awp = ———=—— >0, (12)

-pl -pl
where EPDZ (77,87)) is the plastic strain at the onset of damage and EPD is the plastic strain

rate. Stress triaxiality (7) is the main parameter in this damage criterion, determined as:

14
1 q

where g is the von Mises equivalent stress and p is the pressure.

After initiation, the damage was assumed to evolve linearly with deformation. A
finite element was deleted when the damage value exceeded a set threshold value at all
integration points in the given element.

4.3. Boundary and Loading Conditions

Depending on the type of the component and its fixture in any system, two types of
boundary conditions may be considered as upper and lower bounds in the case of thermal
loading. If there is no possibility of the material to expand under pure thermal loading
because of constraints, fully fixed boundary conditions (FFBCs) should be used. On the
other hand, if material expansion is not constrained, periodic boundary conditions (PBCs)
along the faces of the material domain seem the best way to model it. In real-life situations,
characterised by different extents of constraints, the material behaviour can be anywhere
between these two bounds.

The PBCs are extensively used in numerical models to simulate the mesoscopic and
microscopic behaviours of the constituents with RVEs [53]. These BCs permit simulations
of deformation in RVE models, where a small domain can represent the corresponding
infinitely large system, allowing the distortion of boundary surfaces [54]. In a model with
PBCs, a pair of two points (x and x + d) with distance d on the two corresponding boundary
surfaces should follow the condition:

u(x+d) =u(x)+e, (14)

t(x+d) = —t(x), (15)

where u is the displacement at x and t is the traction, respectively, and ¢ is the parameter of
the average infinitesimal strain over the volume [55]. In this study, when the side surfaces
of models were under PBCs, the bottom surfaces were free at the XY plane for expansion.
FFBCs were used to constrain all six degrees of freedom for all nodes along the side and
bottom boundary surfaces in each model. PBCs and FFBCs were applied for comparison
on the side surfaces in numerical models. Pure thermal loading with linear evolution of
20 °C =500 °C —20 °C was applied to all the models. A full set of the developed models
with their boundary conditions is presented in Table 2.

5. Results of Numerical Simulations
5.1. Height Profile of Graphite and Matrix in Numerical Simulations

The height profile of the graphite inclusion and the matrix under FFBCs was measured
along Path AB (see Figure 4a) from the centre of the graphite particle to the matrix surface
(Figure 6). FFBCs limited the thermal expansion of graphite (0 um to 7.5 um of path AB)
and the metallic matrix (7.5 um to 15 pm of path AB) in the XY plane. Before the thermal
loading, the height of both phases was 0 pm. Under thermal loading, the reaction force
from the metallic matrix with the higher CTE caused compressive stresses in the inclusion,
resulting in a larger magnitude of the out-of-plane displacement U3 in the graphite phase
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(up to 0.42 um) compared to that in the matrix. The displacement U3 of the graphite in
Models D1 to H1 at 500 °C was larger than that at 20 °C due to the shrinkage of the two
constituents during the cooling-down process. For Models D1, E1, and F1, the displacement
U3 of graphite decreased with the increasing width of flake graphite inclusions when its
height (4 um) was kept constant, both at 500 °C and 20 °C. Due to the lower coefficient
of thermal expansion of graphite, a larger volume of graphite (and smaller of the matrix)
led to a higher displacement U3 in Model D1. For Models F1, G1, and H1 with the same
width (8 um), the displacement U3 of graphite increased as the height of the particles
became larger.

Graphite Matrix Graphite Matrix
(a) (b)
0.5
—=— Model D1 —=#— Model D1
—o— Model E1 0.20 1”000" —e— Model E1
19000, —a— Model F1 ‘g‘ —a— Model F1
R e M T ~v— Model G1 e o ~v— Model G1
. ~—#¢ Model H1 = * ~—# Model H1
\0ARAAL ST * 0153 ¥ vm'm ‘
V-
BTt seeedlly £
(‘Z’_ AAAAAAALLL, “*L‘b 7 :0:; im mn
Sald= 0.10
) - Il!; )
0.2+ t;—x;*; g
‘xXxx ’
23
o014 Yi\ 0.05
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Path AB (um) Path AB (um)

Figure 6. Height profile of flake graphite (see Table 2) and matrix under FFBCs at different tempera-
tures: (a) 500 °C after heating and (b) 20 °C after cooling.

On the contrary, the thermal expansion of graphite was smaller than that of the matrix
under PBCs since they allowed unconstrained expansion of the model. For Models D2 to
F2 (Figure 7) with the same inclusion height of 4 pm, there was a clear difference in the
displacement profile for the two domains as the inclusion’s width increased from 2 to 8§ um.
The same mechanism occurred in Models F2, G2, and H2 with a width of 8 um: as the
volume of graphite became larger with the increasing height from 4 to 12 pm, the thermal
expansion was reduced, since the volume of the matrix was decreased. The displacement
U3 of both constituents decreased from 500 °C to 20 °C due to a shrinkage phenomenon.

Graphite Matrix Graphite Matrix

(a) (b)

0.10

0.00 4

0.08
-0.01

0.06

odl

B o« E 002 ¢ |
5 Al I
2  geececee 00':}/‘ ] = I
) [ ™ i
S AKX D I
0.04 A Adasaih 0.03 |
-0.03 A v \J
3 v v
vy —=— Model D2 w7 | —=— Model D2
0.02 AN —®— Model E2 (s aaA o —e— Model E2
v o —4— Model F2 0.04 1 . ** —4— Model F2
tvvvyY - —v— Model G2 sooeeee? —v— Model G2
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Figure 7. Height profile of flake graphite (see Table 2) and matrix under PBCs at different tempera-

tures: (a) 500 °C after heating and (b) 20 °C after cooling.
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The results of the height difference between the matrix and the graphite phase in the
thermal experiments were in the range of 0.065 pm to 0.212 um (Table 1). This range is
between the respective results obtained in numerical simulations under FFBCs and PBCs.

5.2. Temperature of Damage Initiation

The next part of the study deals with the effect of dimensions of vermicular and
spherical graphite particles since they play an important part in the thermomechanical
behaviour of CGL

The temperature excursion corresponding to damage initiation in graphite was as-
sessed for both PBCs and FFBCs, and a magnitude normalised with the range of applied
thermal load was used for comparability (Figure 8). For spherical graphite (Model A),
damage initiated at a lower temperature level under PBCs than FFBCs as less compressive
stresses were developed in the former case. On the other hand, in Models D to H, corre-
sponding to flake particles, damage started earlier for both BCs, when either the particle
width or height increased. In Models B and C of vermicular graphite cases, PBCs did not
affect the damage initiation, but under FFBCs a much earlier onset of damage was noted
for Model C. This was attributed to the larger aspect ratio of the particle in Model C, which
made the role of the contact surface between graphite and the matrix more prominent.
Thus, the higher levels of the volume and aspect ratio of graphite and the increased contact
surface between the two phases caused damage at a lower temperature.

0.40

—e— PBCs
c o —=— FFBCs
-% 0.35 ya
3 / °
P /
Eow- \ o
£ \/ 1
8 025 oo
1S [ 5 \
2
B 0.20 AN
)
©
5 0.15 4 L |
b4
0.10 T T T T T T
A B c D E F G H
Model
LYJ L ) )
Y Y
@} D —
Spherical  Vermicular Flake

Figure 8. Normalised temperature excursion of damage initiation under PBCs and FFBCs.

5.3. Damage Profile in Graphite at the Interface

The damage profile in graphite at the interface between the two phases under FFBCs at
different temperatures is summarised in Figure 9. For the flake graphite cases (Models D1
to H1), damage appeared due to the mismatch of thermal expansion between the graphite
and matrix phases and was consistent with the trend of displacement U3 in Figure 6. For
a constant width of 8 pm, damage grew as the height of graphite increased from 4 to
12 pm (Models F1, G1, and H1). Higher levels of damage appeared at the edge of the
contact interface at points C and D (Figure 4d), assuming the perfect bonding between the
two constituents. The maximum damage of graphite was at the edge of the connection
between the contact interface and the top surface between the two phases (point C). Damage
accumulated during the cooling-down process under FFBCs. For the larger volume of
graphite (Model H1), damage equal to 1 (i.e., debonding) was reported close to point C and
propagated along the path CD during the cooling-down process.
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Figure 9. Damage profile in flake graphite (see Table 2) at the interface along path CD (Figure 4d)
under FFBCs at different temperatures: (a) 500 °C after heating and (b) 20 °C after cooling.

Accordingly, the damage profile in graphite at the interface between the two con-
stituents for flake models under PBCs is shown in Figure 10. As in FFBCs, the maximum
damage was at point C and along the edge of the connection between the free top surface
and the graphite-matrix interface due to the mismatch of thermal expansion. Due to fewer
constraints to expansion, the maximum damage for PBCs was equal to 0.6 (Model H2),
significantly lower than the corresponding case for FFBCs (equal to 1). The comparison of
damage evolution between D2, E2, F2 and F2, G2, H2 showed the same trend with the ther-
mal expansion about the displacement U3 (Figure 7). Higher levels of damage in the model
with a larger volume of graphite inclusion were driven by higher compressive stresses from
the metallic matrix. Additionally, damage accumulated during the cooling-down process
under PBCs.

(b)
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Figure 10. Damage profile in flake graphite (see Table 2) at the interface along path CD (Figure 4d)
under PBCs at different temperatures: (a) 500 °C after heating and (b) 20 °C after cooling.

Further, the damage profile in graphite at the interface under FFBCs was measured
along the path EF (see Figure 4d) at different temperatures (Figure 11). Similar to previous
results, damage became more significant in graphite particles of a larger volume (Models
F1, G1, and H1) and accumulated during cooling from 500 °C to 20 °C. In the flake graphite
cases with shapes of plate (Model D) or cuboid (Model H), damage along the path EF
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(a)

was smaller than the path CD, since the compressive stresses were normal to the contact
interface. Damage was not observed along path EF in models under PBCs due to the fewer
kinematical constraints and less developed compression (Figure 12).

(b)

10 —=— Model D1 10 —=— Model D1
0.9 —e— Model E1 0.9 —e— Model E1
—A— Model F1 —4— Model F1
087 —v— Model G1 087 —v— Model G1
0.7 4 4 Model H1 0.74 S PP ‘t Model H1
- 3
® 061 © 061 . .
o) (o) * vV V¥
o © 4 v ad W ¥
€ 0.5+ £ 0.5 . * -7 R
® [ v Y ¢
0 0.4 Qs #7 N
P, Y A A A s
0.3 4 oo *-9 03] F & o o o —
’ P v~v Vv VYV VvV vy * . T e m——— R O
024 %7 M A 02/
M —t— -,
0157 4\\T 014
00 T T T T T 1 0 0 T T T T 1
0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 0.4 0.6 08 1.0
Normalised path EF Normalised path EF
Figure 11. Damage profile in flake graphite (see Table 2) at the interface along path EF (Figure 4d)
under FFBCs at different temperatures: (a) 500 °C after heating and (b) 20 °C after cooling.
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Figure 12. Damage profile in flake graphite at the interface under PBCs (Model D2 in Table 2) at
different temperatures: (a) 500 °C after heating and (b) 20 °C after cooling.

5.4. Stress Distribution in Graphite and Matrix

The distribution of von Mises stress was analysed along path AB in models with
spherical and vermicular graphite particles under FFBCs (Figure 13). Under pure thermal
loading, both the graphite and matrix phases were restricted from expanding by the fully
fixed boundaries, and compressive stresses were developed due to these constraints. Since
the shape of graphite inclusions was spherical (Model A1) or close to spherical (Models B1
and C1), the stress state of graphite was effectively hydrostatic, and the effective stresses
vanished. Indeed, the graphite was at stress levels of less than 50 MPa. In contrast, the
von Mises stresses were between 500 MPa and 600 MPa in the matrix and increased as the
aspect ratio of graphite became higher.

The distribution of von Mises stress under PBCs along path AB is presented in
Figure 14. Under PBCs, there was no restriction for thermal expansion, and thus there were
no excessive thermal stresses developed in the unit cell (note the difference in the scales
of the axis of coordinates in Figures 13 and 14). Model C2 recorded the highest von Mises
stress just above 140 MPa at 500 °C, which was reduced to about 130 MPa at 20 °C.
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Figure 13. Distribution of von Mises stress along path AB under FFBCs in nodular and vermicular
graphite (see Table 2) at different temperatures: (a) 500 °C after heating and (b) 20 °C after cooling.
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Figure 14. Distribution of von Mises stress along path AB under PBCs in nodular and vermicular
graphite (see Table 2) at different temperatures: (a) 500 °C after heating and (b) 20 °C after cooling.

6. Conclusions

In this research, the mechanism of thermal expansion in micro-structured CGI was
investigated. CGI, in contrast to many other cast irons, contains three major types of
inclusion that were studied in this manuscript. A set of three-dimensional numerical
models was developed employing the concept of RVE. The morphology of a graphite
inclusion embedded in a cuboid domain of the metallic matrix with perfect bonding was
considered. Elastoplastic constitutive behaviour was assumed in both phases. Pure thermal
loading of 20 —500 —20 °C was applied in the unit cell under FFBCs and PBCs.

The thermal expansion of graphite and the matrix was significantly affected by the
volume and shape of graphite. As the volume and the aspect ratio of graphite and the con-
tact surface between the two phases became larger, damage initiated at lower temperatures.
Generally, damage occurred easier and at higher levels under FFBCs than in PBCs as high
compressive stress emerged in the matrix in that case.

For FFBCs, the level of generated thermal stresses was higher due to the mismatch
in coefficients of thermal expansion and the material being more constrained than in
PBCs. Due to constraints in expansion, damage accumulation was low. In contrast, when
the material was free to expand, stress levels were lower and less plastic deformation
was noted.
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Finally, the obtained numerical values for the surface displacement profile correlated
well with experimental measurements performed in a CGI specimen subjected to the same
heating cycle.
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Nomenclature

A area of graphite in 2D

AR aspect ratio of vermicular graphite
CTE coefficient of thermal expansion

D diameter of spherical graphite
FFBC  fully fixed boundary condition

L length of flake graphite

Lrp length of square matrix in 2D

Lsp length of cubic matrix in 3D

Lygjor ~ major axis of vermicular graphite
Lyinor ~ minor axis of vermicular graphite
PBC periodic boundary condition

p pressure
q von Mises equivalent stress
S area of square matrix (2D)
\% volume of cubic matrix in 3D
Ve volume fraction of graphite
Ve volume of spherical graphite in 3D
-pl . .
€p plastic strain rate
Erg plastic strain at onset of damage
n stress triaxiality
wp state variable
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