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Abstract—For decades, researchers have been concerned about the formability of manufactured wrought cast
iron, with brittleness being a major issue in these alloys. To address this, the ferrite phase has been identified
as a suitable matrix for cast iron deformation due to its ability to provide satisfactory ductility and avoid brittle
limitations. In this study, machined parts of ductile cast iron were subjected to an annealing process at
approximately 900°C for 1 h before undergoing hot plastic deformation with varying degrees of reduction.
The deformation was carried out using a cylinder-covered hot compression (CCC or CCHC) technique. The
primary objective of this study is to gain a microscopic understanding of hot plastically deformed ductile cast
iron and propose a mathematically formulated flow strain that takes into account the contributions of the
microstructure’s constituent phases. This analysis aims to provide a comprehensive characterization of
deformed graphite within the microstructure. Optical microscopy (OM) and scanning electron microscopy
(SEM) were employed to obtain results for the characterization. The findings revealed that as the reduction
increased, spheroidal graphite tended to transform into a lamellar structure, resulting in diverse properties.
Additionally, a microhardness test was conducted to assess the variation in mechanical properties throughout
each deformation step.
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INTRODUCTION

Metal forming is an essential method employed in
the manufacturing of wrought products for various
industries [ 1—4]. Ductile Cast Iron (DCI or DI), also
known as Nodular Cast Iron, Globular Graphite Iron,
or Spheroidal Graphite Iron (SGI), has experienced
substantial industrial production, surpassing 28 mil-
lion tons worldwide in recent years. However, the
COVID-19 pandemic led to a decline in global pro-
duction to 23.5 million tons in 2020 [5, 6].

Forming processes play a crucial role in the fabri-
cation of cast iron, and further investigations are
needed to understand the pathways of plastic defor-
mation. Despite its widespread use, cast iron exhibits
low ductility, necessitating efforts to enhance its form-
ability [7—10]. Rehder and Perry proposed that hot
compression could be a suitable method for forming
cast iron due to its inherent rigidity [11]. Hot or warm
working within the austenite or multiphase stable
regions has been suggested to improve the workability
of cast iron [12]. Subsequent studies have focused on

hot compression of the alloy at high temperatures and
moderate strain rates, where recrystallization occurs
simultaneously with deformation, leading to substan-
tial work hardening [13—15]. Various severe plastic
deformation techniques have been employed in both
industrial and academic research [16].

The microstructural evolution of deformed sphe-
roidal graphite cast iron has been investigated by Faisal
et al., examining the parameters that influence it [17].
Shi et al. studied the anisotropy of tensile strength in
ductile iron resulting from the presence of graphite [7].
Hervas and her colleagues proposed a relationship
between experimentally measured nodule strain and
numerical simulation at different stress-strain stages
[18]. In another work, Hervas suggested a relationship
for estimating void fraction based on the modified
Gurson model, considering the contrasting flowabil-
ity of graphite and the matrix [19]. Zhao Xin et al.
attempted to describe processing maps for hot com-
pression of ductile iron, suggesting a temperature range
of 900—1000°C and a strain rate of 0.1—1 s~! as suitable
conditions for dynamic recrystallization [20]. This
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Table 1. Chemical composition of DCI and steel cylinder

Alloy, wt % C Si Mn Ni Al Cr Mo P S Mg Fe
Ductile iron 3.74 2.17 0.23 0.01 0.03 — 0.01 | 0.005 | 0.05 Bal.
Steel cylinder (CK45) 0.46 | <0.40 0.65 |<0.40 - <0.40 | <0.10 — — — Bal.

thermo-mechanical process above the recrystallization
temperature avoids work hardening, thereby increasing
the material’s capacity for plastic deformation.

Qi et al. proposed an engineering plastic strain rate
of 0.7 within the temperature range of 700—900°C as
an appropriate thermomechanical process for hot
compression of ductile iron without failure [21].
Within these temperature ranges, the transformation
of pearlite into austenite or ferrite, as well as grain
boundary migration and dislocation movement, occur
more efficiently during the compression process,
resulting in a higher strain peak. Zhao et al. developed
the CCC process to investigate the graphite morphol-
ogy in hot-compressed ductile iron, revealing that the
shape of the graphite changes from spherical to lamel-
lar with increasing amounts of hot deformation [22].
However, further comprehensive studies are required
to establish this as a well-founded research work.
Another study on hot-compressed gray iron using the
CCC process demonstrated that after hot deforma-
tion, graphite flakes with random orientation tended
to align parallel to each other, forming a sandwich
structure [23]. In this context, Wei et al. showed that
the hardness and tensile strength of gray iron, when
deformed using the CCC process, improved due to the
extension of graphite flakes perpendicular to the com-
pression direction and a reduction in the angle
between the graphite flake tip and the compression
direction. Cracks typically initiate at the graphite-
matrix interface in cast iron. Therefore, reducing the
measured angle leads to a reduction in stress concen-
tration, resulting in increased tensile strength of the
deformed samples [24]. Previous studies have empha-
sized the significant influence of graphite morphology
on the material properties of cast iron [10, 25]. While
there have been some research efforts focusing on the
characterization of severe plastic deformation in cast
iron, a more comprehensive investigation is needed to
assess the microstructural changes in processed work-
pieces. This paper employs the CCC method (Cylin-
der-Covered Compression) to explore and understand
the process of deforming ductile iron, aiming to pro-
vide a pathway for a thorough understanding of pro-
ducing deformed cast iron components that remain
free from cracks [3].

2. EXPERIMENTAL
2.1. Melting and Sample Preparation

In this research, experimental ductile iron with a
specific chemical composition (as shown in Table 1)
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was produced using an induction furnace, following
the guidelines of ASTM E351 [26]. The melt was pre-
pared based on ASTM A536 [27] for SG40 cast iron,
and FeSiMg alloy was introduced into the molten
metal at a temperature of 1500°C to facilitate the for-
mation of spherical graphite using the sandwich pro-
cess. The casting process was carried out using sand
molds, resulting in the production of ten bulk speci-
mens with dimensions of 400 x 250 X 100 mm?.

Metallic cylinders were machined from CK45 car-
bon steel to serve as covers for the specimens. These
covers had an inner diameter of 12.5 mm, an outer
diameter of 15 mm, and a height of 12 mm. The nom-
inal composition of the steel cover casing is also pro-
vided in Table 1. To prepare the cast iron bodies for
testing, cylindrical samples with a diameter of
12.5 mm and a height of 12 mm were machined from
the as-cast bulk specimens.

Two sets of testing samples were prepared for the
CCC (Cylinder-Covered Compression) and Non-
CCC (Reference) experiments. Each set consisted of
two batches, with a total of 72 testing samples per
batch, ensuring sufficient samples for mechanical test-
ing and characterization analysis.

2.2. Heat Treatment

The properties of ductile iron are influenced by
factors such as composition, alloying elements, micro-
structure, graphite morphology, cooling rate, and heat
treatment [28, 29]. To achieve a desirable microstruc-
ture with improved ductility, ferritizing annealing was
performed on the covered workpieces. The annealing
process was conducted in a furnace with an electrical
power of 54 KW. The workpieces were heated to 900°C
and held at this temperature for 1 hour. Subsequently,
they were slowly cooled to 700°C at a cooling rate of
110°C/h and maintained at this temperature for 1 h.
The cooling process continued by reducing the tem-
perature to 340°C at a cooling rate of 55°C/h. Finally,
the samples were cooled in air.

2.3. Thermomechanical Process

The thermomechanical process was carried out
according to the parameters specified in Table 2 and
illustrated in Fig. 1. After each step, the samples were
heated to the optimal austenite temperature of 900°C
within the suggested austenitizing range of 870—
900°C [30]. They were held at this temperature for
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5 minutes, followed by applying hot compression
using a Gleeble 3500 machine.

To prepare the deformed work-pieces for the
multi-stage CCC process, the surfaces were thor-
oughly cleaned to remove mill scale, oxides, loose
parts, and any other discontinuities. After each pass of
the thermomechanical process, the work-pieces were
re-machined and re-grinded to ensure a smooth and
uniform surface.

The compression process was conducted using a
new cylinder as a cover casing for the cylinder-covered
work-pieces. For non-covered work-pieces, they were
adjusted and stacked on top of each other to maintain
the role of the steel cylinder. As the process advanced,
more deformed samples were added within the
enclosed cylinder, as depicted schematically in Fig. 1.
The deformation process continued until a 92%
reduction was achieved for the covered work-pieces
and a 33% reduction for the non-covered ones.

2.4. Samples Preparation

After each compression pass, specimens were pre-
pared for characterization following the standard
guidelines of ASTM E3 (Standard Guide for Prepara-
tion of Metallographic Specimens) [31]. The process
involved grinding the specimens using abrasive sand-
paper with varying grit sizes ranging from 80 to 1200.
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Table 2. Thermomechanical process

) Compressing rate, s~': 0.01
Reduction, %

33-50-66-83-92

Temperature, °C: 900

Cooling environment: air

Subsequently, polishing was performed using a Bue-
hler wheel polishing machine and an oxide slurry sus-
pension containing Al,O; particles of 0.3 and 0.05 pm
diameters. The mounted samples were then etched
with Nital 2% solution for 2 s to enhance the micro-
structure visibility.

2.5. Microstructural Examination

Microstructural examination was conducted on
the axially sectioned specimens, representing the
compression load direction. An Optical Microscope
(Olympus BX60MFS5) equipped with a digital camera
(JVC 10215670) and a Scanning Electron Microscope
(SEM: LEO 1450VP) were utilized for microstructural
analysis. Clemex Image Analyzer Software was
employed for the evaluation and characterization of
microstructural phases. The distribution and size of
graphite were determined following the ASTM A247
(Standard Test Method for Evaluating the Micro-
structure of Graphite in Iron Castings) [32].
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Fig. 1. Demonstration of the deformation procedure schematically.
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2.6. Mechanical Testing (Hardness Test)

Mechanical testing, specifically hardness testing,
was performed on the as-polished samples. Micro-
hardness evaluation of the Ferrite phase was con-
ducted under a load of 100 gf, while the Vickers hard-
ness test was performed on all contributing phases
using a Vickers hardness machine with a load of
150 kg. Five measurements were taken for each sample
to obtain an average value. The hardness tests were
carried out according to ASTM E92 (Standard Test
Methods for Vickers Hardness and Knoop Hardness
of Metallic Materials) [33] and ASTM E384 (Stan-
dard Test Method for Micro-indentation Hardness of
Materials) [34], respectively.

3. RESULTS AND DISCUSSION
3.1. Macroscopic Evaluation

During the hot compression process, the first pass
was successfully carried out on both the covered and
non-covered workpieces. However, satisfactory press-
ing of the non-covered samples in the second pass was
challenging, and it was unsuccessful in the third pass
due to increasing surface irregularities. These surface
irregularities hindered the attainment of a uniform
final structure. The non-covered specimens lost their
standard shape and exhibited crushed sections, partic-
ularly at the edges, due to slipping of the parts during
the process. The inhomogeneous deformation caused
by different stress concentrations resulted in an uneven
depression in the samples. Previous researchers have
also highlighted the importance of using cylinders as
holders for hot compression of ductile iron to main-
tain uniform shape and integrity [35, 36]. While the
steel cylinder does not directly affect the formability of
cast iron due to its higher workability, its indirect pos-
itive role in maintaining the shape of ductile iron
during hot compression is significant. Other
researchers have also emphasized the positive role of
the steel cylinder as a holder [37, 38]. Consequently,
the non-covered samples were excluded from further
investigation.

On the other hand, samples with cylinder covers
were successfully hot-compressed up to a height
reduction of 1 mm, which is a remarkable achievement
in improving the formability of such a brittle material.
The use of smaller sample dimensions ensured a
smoother strain distribution along the testing material.
Cast iron can be considered as a particulate metal
matrix composite (PMMC), where graphite and the
surrounding matrix exhibit different elastic and plastic
behavior [39].

3.2. Microscopic Evaluation

The main focus of this study is the microstructural
analysis of graphite in ductile cast iron to understand
its behavior under compression loading. Certainly, the
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microstructural examination was performed on speci-
mens obtained from sectioned samples oriented paral-
lel to the direction of applied compressive stress. The
microstructures of covered specimens at each com-
pression pass are shown in Fig. 2. It can be observed
that the specimens exhibit a wide distribution of
spherical graphite, which is transformed into lamellar
graphite as the reduction steps progress. Spheroidiza-
tion (nodularity) was also detected at 87%, with an
average nodule diameter of 12 um. The nodularity
measurement method will be explained in subsequent
paragraphs. Figure 2a represents the microstructure of
the as-cast sample, where the dominant phases are
bull’s eye graphite, ferrite, carbide, and ledeborite
embedded in a pearlitic matrix. After annealing, many
carbides were dissolved, resulting in a high ductile fer-
ritic matrix with scattered graphite, as shown in
Fig. 2b. It should be noted that iron carbide (cemen-
tite) was not observed after annealing due to dissolu-
tion, and the dominant phase of ferrite was evident.

According to the analysis using Clemex software, a
decrease in grain size was observed from an average of
62 um in the 33% hot-deformed section to 9 um in the
92% hot-deformed section. The values mentioned in
this article are the average of at least 5 different mea-
surements for hardness test and ten separate measure-
ments of microstructural components. This trend,
along with the nucleation of ferrite grains around the
graphite phase, provides strong evidence of dynamic
recrystallization during the hot processes.

The results of the study indicate that the spherical
graphite in ductile cast iron loses its typical shape
during the hot compression process. In Fig. 2b, it can
be observed that the spheroids transform into a shape
resembling Cleopatra’s eye (Ensi’s eye) in the 33%
compressed sample, and as the process progresses,
they further elongate along a perpendicular direction
to the compressing load.

The analysis of the graphite phase volume fraction
per unit volume using Clemex software is presented in
Table 3. The results demonstrate a significant increase
in the volume fraction of graphite with the progression
of deformation processes. This enhanced graphite vol-
ume fraction can be attributed to two factors. Firstly,
secondary graphite formation occurs due to carbide
dissolution, ferrite formation, and higher mass diffu-
sion in the hot working regime, leading to carbon
accumulation. Secondly, protruding graphite in com-
pression may result from the differential flow behavior
of graphite and the matrix [40, 41]. In the former case,
annealing causes carbon precipitation from pearlite
onto existing graphite or contributes to the formation
of additional small graphite particles, while leaving
behind a ferritic matrix.

The microstructural analysis of cast iron has been
extensively studied over the years, with the introduc-
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Fig. 2. Optical microscopic image of covered samples polished and etched using Nital 2% (a) as cast without deformation,
(b) 33% deformation, (c) 50% deformation, (d) 66% deformation, (e) 83% deformation and (f) 92% deformation (a: red star—graphite,
blue star—ferrite, yellow star—carbide, purple star—ledeburite, orange star—Pearlite; b—f: black—graphite, white—ferrite).

tion of shape factors as descriptors for graphite mor-
phology. Different shape factors have been adopted in
the characterization of graphite in cast iron samples,
including aspect ratio, circularity, compactness, sphe-
ricity, or nodularity [42, 43]. The specific shape fac-
tors that receive more attention may vary depending
on the type of cast iron being investigated. Further
detailed definitions of these shape factors can be
found in [42]. Figure 3 provides a schematic illustra-
tion of these terms along with the corresponding
defining equations for deformed nodular graphite.

However, each paper’s aspect ratio term has a con-
troversial definition and needs to discriminate appro-
priately. So, it is worth nothing to adopt a different
aspect ratio value, per the most popular references
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[7,43, 44]. In this method, the aspect ratio factor

should be considered 3 = D, where D, is the minor

1
axis, and D, is the central axis of a particle in each level
of shape from spheroid to elongated ellipsoid or flake.
Using this factor and describing the requirement for an
image analyzer at ASTM E2567 [45], a particle could

Table 3. Volume fraction and aspect ratio of graphite in each
pass of deformation

D, % 0 33 50 66 83 92

VFg | 10.16 | 18.57 | 18.91 | 20.58 | 22.97 | 27.50
0.923 | 0.468 | 0.113 | 0.091 | 0.063 | 0.040

Bmcan
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Fig. 3. Shape factors as descriptors to describe graphite morphology in a deformed spheroidal graphite, related equation and
parameters. (Perimeter rubber is red). * Inscription: (b) Aspect Ratio: b/a, (c) Circularity = diameter circular/length, (d) sphe-

ricity = 4n*Area/(Perimeter)**2, (e) Compactness = 4n*Area/(Convex Perimeter)**2.

be considered a nodule if'its aspect ratio is more signif-
icant than 0.5. In this contribution, the nodularity fac-
tor can be introduced as follow:

Nodularity%
_ Number of nodular graphite particles

%.
Number of graphite particles

The nodularity factor was determined to be 87% in
this study, based on the calculation involving 600 nod-
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Fig. 4. Mean 3 (red triangle) and volume fraction of graph-
ite (black square) in different amounts of deformation.
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ular graphite particles per square millimeter. It’s worth
noting that a non-destructive ultrasonic test has been
developed to determine nodularity in cast iron, which
is believed to have a significant impact on the mechan-
ical properties of cast iron [46, 47].

The aspect ratio () was also utilized to describe the
changes in graphite shape during the deformation of
ductile cast iron. The J parameter represents the suc-
cess or failure in achieving the sphericity of graphite in
cast iron, with a value of 1 indicating perfect spheroi-
dal graphite. Using the Clemex software, the average
B parameters were calculated and presented in Table 3
and Fig. 4. The measurement for fractured graphite
considered the cumulative length of each part of the
pre-united graphite.

Table 3 and Fig. 4 provide further confirmation of
the formation of a lamellar structure and the collapse
of nodular graphite during successive hot deformation
processes. In other words, the morphology of graphite
in ductile iron transformed from a spheroidal shape to
a customized form resembling gray iron. This trend
aligns with an approximately continuous increase in
the volume fraction of graphite. At the 92% deforma-
tion stage, a significant decrease in the B factor is
observed. Figure 2e illustrates that crushed graphite
leads to a failure in achieving a uniform shape, result-
ing in the separation of graphite into distinct forms.

These findings contribute to our understanding of
the microstructural changes occurring in ductile cast
iron during the compression process and highlight the
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influence of deformation on graphite morphology and
volume fraction.

In cast iron, which can be considered a particulate
metal matrix composite (PMMC), the graphite phase
and the surrounding metal matrix exhibit different elastic
and plastic behaviors [39]. In this issue, the overall
deformation of bulk material can be estimated as:

=hoh
Tk
where /1, and /4, are the bulk specimen heights before
and after deformation, respectively [39]. To estimate
the overall deformation of the bulk material, Eq. (1) is
used. Similarly, previous researchers [44] have
attempted to express the engineering strain for a
graphite particle using a similar approach. However,
the specific equation or expression for the engineering
strain of a graphite particle is not provided in the given
information.

(1)

€

o o=k

h
where £, is the average diameter of graphite particle
before compression test and 4; indicates the average
diameter of graphite particle after compression. The
measured values were obtained from a longitudinal
cross-section analysis of the direction of applied
stress. The exact property for metallic matrix can be
formulated for vertical cross-section measurement as
follow:

()

(3)

where 4, is the average initial metal matrix separation
between two discrete graphite particles and /45 is the
same value after applying compression.

Similarly, the total (proportional) reduction of the

bulk material (e,) in parallel with compressive stress
may be written as:

(M + hy) — (hy + hs).

= 4
‘ It 4)
Re-arranging:
z(}’z_hs)+(h4_}ls)= % L _©n
! h+hy h+h h+h
heooh
— eg em
1+ 4k
h hy

Now, it is reasonable to define an inclusion distri-
bution factor (F) as:

h
F == (6)
hy
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Deformation ratio (K) also can be introduced as:

(7)

By substituting the defined terms in (5), the re-
arranged equation can be obtained as below:

®)

é

_(K+F)
= €,
1+ F

It is worth mentioning that a good estimation for an
average value of graphite particles and their interval
space can be taken from microscopic analysis of 50
different graphite and the related space.

If one calculates the aspect ratio of graphite parti-
cle, it may be capable of rewriting Eq. (2) differently as
follows:

2/3
e, =1-p>", )]
where 7 is addressing term for inclusion. Thus, after
simplifying, the ratio of the inclusion deformation to
the metal matrix deformation is:

_ F(i-p")
K_e,(1+F)—(1—B”3)' 1

The information provided suggests the calculation
of the deformation ratio, denoted as K, which rep-
resents the ratio of the inclusion deformation to the
metal matrix deformation. This ratio depends on fac-
tors such as the size and distribution of graphite parti-
cles (represented by the shape factor in accordance to
Fig. 3, which was calculated as 8.25 in this study), the
total reduction (et), and the final aspect ratio of the
graphite particles.

The deformation ratio, K, serves as an indicator of
the relative bulk deformation, taking into account the
different behaviors of graphite particles and the sur-
rounding metallic matrix. The results presented in
Fig. 5 demonstrate the calculated deformation ratios
and support the findings of previous researchers, who
have observed that the strain in graphite nodules is
generally higher than that in the matrix. This observa-
tion holds true up to an 83% reduction in the current
study, after which the integrity between the particles
and matrix begins to deteriorate.

The significant increase in the deformation ratio
observed at a 50% reduction is attributed to the pres-
ervation of binding between graphite nodules and the
matrix, which tends to decrease as micro-voids form
and coalesce. These findings contribute to the under-
standing of the mechanical behavior of the composite
material and the deformation characteristics of the
graphite inclusions.
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Fig. 5. The relationship between engineering strain of
graphite (red triangle), engineering strain of metal matrix
(blue circle) also K factor (black square) with different
amounts of deformation.

Neglecting shear deformation, other researchers
[18, 48] tried to calculate the true longitudinal strain of
graphite particle, which is expressed as follows:

g = 2.

(11)

In (11) and subsequent sections, the diameter of
the pristine, unaltered graphite is denoted as “d”,
while the minor and major axes of the elliptically
deformed graphite are respectively referred to as “a”
and “b”. The initial volume and final volume of
graphite particles can be considered equal if there is no
notable damage to graphite particles. This fact is so
significant when someone wants to study the initial
steps of the CCC compression test, where no graphite
collapse is evident yet, and a good binding between the
graphite particle and the metallic matrix remains if the
initial graphite particle is considered as a spheroid and
the deformed one as an ellipsoid. So, from volume
constancy:

V, =V, (12)
3 2
in(c_l) :‘_‘Hé(g) , (13)
3 \2) 3 20
having:
d =a’b. (14)

Knowing the aspect ratio of graphite particle and
the nature of compression, which leads to putting
compress strain in height and stretching in the rest of
the directions, it is applicable to relate calculated
graphite true strain in three dimensions as below:

15)
a

(16)

PHYSICS OF METALS AND METALLOGRAPHY

However, one may relate true strain in X and Y
directions by introducing o like:

g, = OE,. A7)

Assuming no change in graphite volume at the ini-
tial steps of deformation, and considering the 1—3 to
address strain in x, y and z directions, one may express
it as:

g+e,+e,=¢ +(1+a)e; =0, (18)
giving:

€ = —Lel.

(19)

As a result, total effective plastic strain as a true
strain can be taken by the following formula:

€ (mean) = \E(elz +e+€)

(20)

4(a2+0c+1)

3(o” +200+ 1) 1=/ (@)

the aspect ratio of any graphite particle can be associ-
ated with the imposed equivalent plastic strain on that
particle as below:

In(B) = ln(g) = ln(s) - ln(g) =€ —€

(21)
_2+to,_ _ 2+0
4o f(o)(1+ a)e(mean).
Therefore, it can be seen that:
e (mean) = L UF Dy @y o (o)), (22)
2+

The study by Hervas et al. [18] proposed that the
major axis of the ellipsoid representing the graphite
particle is identical in both the X and Y directions.
Another study by Bahadori-Fallah et al. [48] stated
that o can be considered as 0 for plane strain mode and
1 for axisymmetric strain mode. In the current study,
the axisymmetric strain mode was adopted, leading to
a calculated g(ov) value of 0.667.

However, despite the detailed approach in the pre-
vious equation, it is important to note that certain pro-
cess factors can introduce errors in the estimated val-
ues during compression tests. These factors include
the presence of a dead zone, friction between the test-
ing machine and the sample, non-uniform deforma-
tion or heating processes, variations in sample volume
and geometry, applied strain rate, amount of strain,
and reduction.

SEM (Scanning Electron Microscopy) micro-
graphs were obtained and presented in Fig. 6 to pro-
vide additional characterization of the graphite. These
images reveal the formation of cavities on the surface
of the samples when subjected to high levels of defor-
mation. According to Eshelby’s theory, the presence
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Fig. 6. (a) SEM micrographs of graphite in the cast and annealed sample, (b) the sample with 33% reduction, (c&d) the sample
with 83% reduction S.E. mode & B.S. mode respectively, and (e) the sample with 92% reduction (S.E. mode).

(@)

(b)

Fig. 7. Schematic of GND density at graphite-matrix interface (a) Preliminary graphite nodule, (b) Deformed graphite-nodule
(Gray = graphite, black down to up indicators = GND in graphite, red up to down indicators = GND in matrix, white = matrix).

of dispersed particles and phases within the matrix can
result in different ductility characteristics compared to
the parent matrix. Consequently, strain incompatibil-
ity is expected to arise between these phases. To com-
pensate for this incompatibility, geometrically neces-
sary dislocations (GND) are generated at the graph-
ite-matrix interface. However, in cases where the
interface is weak and unable to accommodate volume
changes, the strain is relieved by creating cavities. Thus,
Eshelby proposed that the dislocation density and the
number of cavities in multiphase materials are signifi-
cantly higher compared to single-phase materials.

In accordance with Eshelby’s theory, in regions
experiencing high strain, the dislocation density tends
to decrease due to recovery and recrystallization pro-
cesses, which compete with the introduction of geo-
metrically necessary dislocations (GNDs) [49—51].
While there have been some experimental and model-
ing studies attempting to explain the response of
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graphite to mechanical loading, there has been a lack
of comprehensive research from a microstructural
perspective [52—54].

The current study supports Eshelby’s viewpoint, as
recrystallized grains are observed in the microstruc-
ture. A schematic illustration demonstrating the for-
mation of GND clusters, their coalescence, and the
subsequent formation of voids is presented in Fig. 7.
This phenomenon is an inevitable consequence of the
heterogeneous response to mechanical loading
between the graphite particles and the matrix. How-
ever, in the final stages of deformation, particularly at
high levels of intensity.

The current study supports Eshelby’s viewpoint, as
recrystallized grains are observed in the microstruc-
ture. A schematic illustration demonstrating the for-
mation of GND clusters, their coalescence, and the
subsequent formation of voids is presented in Fig. 7.
This phenomenon is an inevitable consequence of the
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Table 4. Hardness and micro-hardness results

Reduction 0 [33 |50 |66 |83 |92
in cross-section (%)

Mean micro-hardness |264 | 130 [134 |141 |145 |[168
of ferrite (100 gf)

Average hardness 282 | 141 |147 [149 [156 |157
(HV-150 kg)

heterogeneous response to mechanical loading

between the graphite particles and the matrix. How-
ever, in the final stages of deformation, particularly at
high levels of intensity, cavity formation becomes
prominent, as depicted in Figs. 6¢c—6e for reductions
of 83 and 92%, respectively. This suggests that the rate
of defect creation (such as dislocations and vacancies)
exceeds the rate of defect reduction during recovery
and recrystallization processes [49—51].

Indeed, certain researchers have considered soft
graphite nodules in ductile iron as voids within the
material, which are susceptible to damage primarily
through a micro-mechanism known as crack nucle-
ation and continuum propagation, induced by defor-
mation and stress concentration [35, 36, 55, 56]. In
this context, void or cavity formation occurs when the
motion of dislocations is not adequately accommo-
dated at the interfaces between the graphite particles
and the matrix. The stress concentration at these
interfaces can lead to localized deformation and the
initiation of cracks, resulting in the formation of voids
within the material. The density of nucleated GNDs at
the graphite-matrix interface is proportional to the
strain gradient as follows [57, 58]:

p(GND) x o — de/dz. (23)

The relationship between true strain (€) and the
GND density can be described by Eq. (20), where ¢
represents the true strain at each stage of the thermo-
mechanical process, and z denotes the distance from
the graphite-matrix interface. As the true strain
increases, the GND density tends to increase as well.
This phenomenon results in structural discontinuity
and weakening of the bulk material, as observed in the
sample with a 92% reduction in Fig. 6e. This indicates
the breakdown of the graphite layers and the loss of
proper connection between the matrix and the graph-
ite. It is possible that during the production of micro-
scopic samples, the graphite may become disengaged
from the matrix. The different responses of graphite
and the metal matrix to applied deformation can lead
to stress concentration in certain regions, causing the
flow of graphite branches and debonding at the graph-
ite-matrix interface. Consequently, this can lead to the
breakdown of the bulk cast iron structure.
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3.3. Hardness Evaluation

Table 4 presents the hardness variation as a func-
tion of the hot deformation percentage.

The hardness results presented in Table 4 indicate
the hardness according to Fig. 2. It is evident that the
hardness of the material is greater in the pre-deforma-
tion stage of as-cast sample compared to the first pass
of deformation. This can be attributed to the presence
of coarse surrounding phases such as carbide or pearl-
ite, which contribute to the higher hardness.

However, after annealing heat treatment, a softer
phase like ferrite is encountered, and its micro-hard-
ness increases with an increasing amount of compres-
sion. This increase in ferrite hardness could be
attributed to factors such as incomplete recrystalliza-
tion or the overcoming of introduced dislocations.
Work-hardening and the disappearance of atomic
arranging defects through recrystallization may also
contribute to the increased hardness of the ferrite
phase.

Despite the decrease in hardness caused by the for-
mation of ferrite and the dissolution of carbides com-
pared to the as-cast sample, there is a consistent rising
trend in the hardness measurements as the deforma-
tion progresses. This suggests that other factors, such
as grain refinement, strain-induced microstructural
changes, are influencing the material’s hardness
during the thermomechanical process. Another note-
worthy factor of interest pertains to carbon diffusion
within atomistic defect regions, such as the Cottrell
atmosphere. This phenomenon can lead to the con-
striction of dislocation mobility pathways, conse-
quently bolstering the matrix’s mechanical strength.

Towards the final stage of deformation, a slight
change in hardness is observed due to the breakdown
of the graphite phase and its further lateral distribu-
tion. The non-covered sample in the as-cast condition
exhibited a micro-hardness of 258 Vickers for ferrite
and an overall hardness of 280 Vickers. After 33%
compression, the non-covered sample showed a
micro-hardness of 132 Vickers for ferrite and an over-
all hardness of 143 Vickers.

4. CONCLUSIONS

In conclusion, this research successfully applied a
thermomechanical process to ductile cast iron (DCI
or DI) using the Cylinder Covered hot Compression
(CCC) method at 900°C and 0.01S-1, followed by
cooling in ambient air. The following key findings
were obtained:

(1) The thermomechanical process led to an
increase in the volume fraction of the graphite phase,
despite a decrease in its mean aspect ratio. This
resulted in a morphological change of graphite from
spheroidal to lamellar.

(2) Through hot plastic deformation of the as-cast
samples, a significant decrease in the grain size of the
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ductile cast iron was observed. The grain size reduced
from 62 pm in the 33% deformed section to 9 um in
the 92% deformed section.

(3) The use of a Cylinder in the hot forming tech-
nique was found to play an indirect role in maintaining
the bulk integrity of the material. However, it was
observed that reductions greater than 66% are not rec-
ommended as ductile cast iron tends to lose structural
integrity between the matrix and graphite phases. This
was confirmed through SEM micrographs, where the
92% reduction resulted in shattered graphite and a
weak structure.

(4) The strain and shape factor equations indicated
that graphite nodules experienced higher strain com-
pared to the metallic matrix, especially in the initial
stages of deformation. This disparity should be taken
into account during the design of deformation pro-
cesses.

(5) A consistent increasing trend in hardness was
observed as the deformation progressed. This may be
attributed to factors such as incomplete recrystalliza-
tion, the introduction of dislocation colonies, and
work-hardening. However, in the final stages, the
hardness showed a slight change due to the breakdown
and disassembly of graphite particles.

Overall, this study provides valuable insights into
the thermomechanical processing of ductile cast iron,
including the evolution of graphite morphology, grain
refinement, structural integrity considerations, and
hardness changes. These findings contribute to a bet-
ter understanding of the material’s behavior and can
inform future optimization of thermomechanical pro-
cesses for ductile cast iron applications.
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