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In the current research the role of sample’s thickness and subsequent imposed cooling rate differences has
been investigated for gray cast iron in conjunction with revealing the effect of change in austempering
temperature. Rectangular and wedge-shaped specimens were cut from casted bulk and subjected to an
austenitizing temperature of 900 °C. In the case of the rectangular samples, austempering temperatures of
380, 400, and 420 °C were employed, while the wedge-shaped specimens underwent at a constant tem-
perature of 400 °C. The wedge-shaped specimens were employed to investigate variations in section size.
Distinct graphite flake morphologies (A-D) emerged, contingent on section size and cooling rate.
Microstructural characterization encompassed optical microscopy (OM), scanning electron microscopy
(SEM), and scanning tunneling microscopy (STM). To assess the impact of heat treatment on mechanical
properties, hardness tests and Charpy impact tests were executed. It was observed that austempering
increased toughness while resulting in decreased hardness values with higher austempering temperatures.
The correlation between the simulated model and experimental data affirmed the pivotal role of thickness in

, Meisam Mostafapour, N. Kheirkhahan, E. Edalati, E. Solbi, A. Babakhani, and A.R. Kiani-Rashid

augmenting hardness.
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1. Introduction

Gray cast iron (GCI or GI), also recognized as flake or
lamellar graphite cast iron, is an industrial predominant branch
of cast iron alloys; the typical microstructure includes flake
graphite in a matrix of pearlite and ferrite. This type of cast iron
could be classified as the Fe-C-Si alloy family containing a tiny
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amount of alloy elements. GCI has produced annually about 50
million tones worldwide (Ref 1, 2).

Among all other types of cast iron, flaky shape of graphite in
GCI creates vast potential application for use it in such
industrial utilizations in valves, flanges, pipe fittings, or
machine tool bases due to its outstanding damping properties.
It also displays a suitable wear resistance property combined
with good machinability and excellent castability for fabrica-
tion of complex shapes (Ref 3-6).

Cooling rate and carbon equivalent are two leading indica-
tors in predicting favor formation of GCI or white iron where
lower cooling rate or higher carbon equivalent promotes the
final microstructure of GCI (Ref 3, 7).

Jabbari Behnam et al. concluded that the cooling rate
significantly affects primary dendrite arm spacing (PDAS),
secondary dendrite arm spacing (SDAS), ferrite—cementite
layer thickness, and subsequently, hardness (Ref 8). Recently,
Lei Ji et al. explored the effect of cooling rate in stepped
specimens and concluded the PDAS and SDAS refining by
higher cooling rate in thinner stairs (Ref 9). Shahla and Haque
emphasized that microstructure characteristic changes signifi-
cantly by different solidification rates due to high and low heat
flow through the mold (Ref 10).

Based on ASTM-A247, there are five different distributions
for flaky graphite in GCI which are further classified by their
size (Ref 11). However, several studies have been done to
correlate two factors of solidification time and cooling rate with
the mechanical properties of GCI (Ref 12, 13). According to
previous studies, one may assume that different section size
leads to different cooling rate (Ref 5, 11, 12). The cooling rate
can immensely affect the morphology and shape of formed
flaky graphite in GCI and subsequently causes various
properties such as increase in the hardness (Ref 14-16) and
also get higher tensile and bending properties (Ref 10) in
accelerated cooling rates. Graphite inhabits different mechan-



ical properties for the whole system governed by distribution,
size, morphology, and amount of graphite phase (Ref 8).
Similar to study conducted by Kiani-Rahid et al., Sahu et al.
also showed that the thin to thick section size of staircase
sample could lead to smaller and larger graphite flake sizes,
respectively. Actually, with a sharp undercooling, improper
dissipation of graphite can happen beside elements segregation.
So, the inhomogeneity seems to be an inevitable phenomenon
in a thinner section due to their relatively high cooling rate.
This issue established a contradictory trend for hardness
measurement where higher hardness can be expected in thin
sections and lower hardness would be waited for thick sections
(Ref 14, 15).

The austempering procedure orchestrates a transformative
sequence wherein ferrite plates (o) initiate and propagate within
the primary austenite grain (yo), demarcated by slender strata of
high carbon austenite (YHC). As the reaction advances, the
carbon diffusion process progressively encounters hindrances,
culminating in the cessation of ferrite plate expansion. The
residual austenite assumes stability through heightened carbon
content, thereby enabling controlled cooling to ambient tem-
perature sans martensitic transformation. This controlled treat-
ment engenders a distinctive microstructural composition
marked by stable austenite and acicular ferrite phases, com-
monly referred to as ausferrite. The austempering process
usually includes austenitizing at the temperature range of 840-
900 °C for 1 h or more according to the structure and thickness
of the as-cast piece and then conducting the austempering
process at the temperature range of 230-450 °C. By increasing
holding time in austempering process, high carbon austenite
undergoes bainite transformation through formation of ferrite
and precipitation of cementite particles; this bainitic structure
causes desirable wear resistance, fracture toughness, vibration,
and sound damping (Ref 17-19).

Considering bainite transformation as a global phenomenon
for austempered gray iron (AGI) and austempered ductile iron
(ADI), it can be categorized into two distinct stages with two
different products entitled lath-like lower bainite and feather-
like upper bainite. Proceeding in this stage enables further
transformation of carbon-enriched austenite to bainite and
epsilon carbides by holding at relatively high austempering
temperatures. Meanwhile, the bainitic ferrite which is the
product of austempering heat treatment in the early stages and
relatively high austempering temperatures inherited the mor-
phology so close to upper bainite. It can be formed just before
completion of whole process of bainitic transformation. Here-
after, the upper bainite in this text means the shape of bainitic
ferrite (Ref 2). For AD], it is accepted that upper bainite forms
with the successive and isothermal formation of bainite
subunits at temperatures above 330 °C (Ref 20). At higher
austempering temperatures, the first transformation product
comes from microstructural evolution consisting of bainite
platelets having high carbon austenite between them (Ref 17).
The high percentage of carbon is rejected in the austenite by
nucleation and growth of low carbon bainite ferrite (Ref 15).
However, the metastable, high-carbon austenite will transform
to ferrite and carbide in the final stage of transformation by
prolonging austempering times (Ref 19). Upper bainite-shaped
bainitic ferrite was studied in the present study, and due to the
higher formation temperature in the upper bainite stage
compared with the lower bainite stage, carbon rejection from
bainitic ferrite to austenite happens more rapidly. Carbon-
enriched austenite in this level exhibits lower martensite start

temperature, and its thermal stability increased enormously.
With initially interrupting at austempering temperature, it is
anticipated to have some martensite in cooled samples, which
may be due to incomplete bainite transformation (Ref 21). In
the case of containing high silicon in the range of 1-2wt.% or
aluminum addition in the nominal composition of cast iron,
carbide precipitation is highly prevented during the process of
upper bainite-shaped bainitic ferrite formation. Eventually, the
final microstructure mainly consists of retained austenite,
graphite, bainitic ferrite, and probable martensite, which can
be transformed from austenite upon cooling from a relatively
high austempering temperature (Ref 2, 3, 21-26). Austempered
gray cast iron (AGI) is a strategically designed composite
material characterized by its remarkable wear resistance and
commendable mechanical properties, prominently highlighted
by elevated tensile and fatigue strength, coupled with favorable
ductility and impact resistance attributes (Ref 23-28).

Seikh et al. introduced a copper-containing austempered
gray iron (AGI) with a lower corrosion rate. They indicated a
specific microstructure consisting of austenite and bainitic
ferrite called ausferrite that could enhance the corrosion
resistance of AGI (Ref 28). Balachandran et al. emphasized
the magnificent wear resistance of AGI compared with other
heat treatment processes (Ref 29). In a recent study, Wang et al.
suggested a laser hardening treatment on AGI samples to reveal
desirable high wear resistance (Ref 30). In another study, Sarkar
and Sutradhar also showed that tribological properties of a
copper enriched GCI can improve by austempering process
(Ref 31). But the effect of thickness variation on AGI is worth
to study in more detail.

It is accepted that mechanical properties of austempered cast
iron strongly correlated with austempering time and tempera-
ture, which affect microstructure morphology, the amount of
carbon in the austenite phase, and volume fraction of retained
austenite (Ref 31). Studies accentuated the effect of austem-
pering temperature in the mechanical properties and
microstructural characterization of ADI (Ref 32, 33). AGI also
needs to get more attention in academic society mainly due to
the maximum production of GCI compared with its counter-
parts (Ref 1). It is well accepted that the AGI and conventional
GI mostly use as a base material for desired significant wear or
damping properties (Ref 8, 9, 17-19), but fatigue strength is
another aspect which is directly related to the microstructural
characteristic of cast iron. While there are enormous number of
papers about fatigue behavior of ductile cast iron (Ref 34-36), it
seems that the role of microstructure and bainitic products in
fatigue strength is worth to work also in the future research.

Despite many reliable and deep published articles about the
role of austempering in the impact energy enhancement of
austempered ductile iron (ADI) (Ref 36-42), such investigation
is rare for AGI (Ref 43). It has already been proven that
increased austenitizing temperature effects on the saturation of
austenite by diffusion of carbon from the neighboring graphite
and promotes lower bainite formation through austempering
heat treatment (Ref 3). Likewise, Gundlach studied the role of
Mn on mechanical properties of cast iron (Ref 25); meanwhile,
Blackmore and his colleague believe that carbide former
elements such as Mn and Mo segregate during solidification.
They claim that Mn and Mo can concentrate on eutectic cell
boundaries, decreasing elongation and toughness in as-cast
pieces. Evidence shows that the growth of bainitic ferrite and
subsequent bainite without carbide makes the austenite carbon-
filled (Ref 44). The inter-dendritic carbide can form where Mo
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content is higher than 0.5 wt.%, known as a brittle constituent
(Ref 3).

Ni element as an austenite stabilizer can diminish carbon
diffusion into austenite and promote feathered like upper
bainite in bainitic ferrite formation (Ref 14). Some authors
confirmed the effect of Ni on enhancing the hardness and
toughness of cast iron by actuating solution strengthening effect
via carbon atoms (Ref 45, 46). So, chemical composition,
austenitizing temperature—time, austempering temperature—
time, and critical temperatures should be carefully selected if
the upper bainite formation is intended as a target (Ref 47).

To the best of our knowledge, contrary to the large amount
of published research on ADI, reliable research studies on AGI
require more consideration. So, the aim of this research is to
investigate the effect of section size variation on simulated as
cast and AGI by introducing related equations for heat flow
during solidification. The applied characterization techniques in
the current study can shed light for more artistic imaging of the
bainitic ferrite microconstituent for future researchers with
reasonable phase tracing. A detailed description also demon-
strated to reveal the effect of increasing austempering temper-
ature with equal holding time and the related trade-off between
microstructural characteristics and the mechanical properties of
GCI. So, besides the study of microstructure evolution, a deep
microscopy characterization was also utilized using STM
microscopy, which is supposed to improve the general under-
standing of the morphology appearance of the bainite as a
complementary characterization technique in the cast iron field.

2. Materials and Methods

In the present study, two types of samples were fabricated as
follows:

1-  Wedge-shaped samples with dimensions of
127*25.4*%44.4 millimeters. (The vertex angle was chosen
32 degrees as per ASTM A367 (Ref 48)).

2- Rectangular cubic-shaped samples with dimensions of
90*30*25 millimeters.

Three molds were fabricated for each wedge-shaped and
rectangular cubic-shaped sample using the carbon dioxide
method and sodium silicate glue. A 1400 °C melt with
chemical composition as shown in Table 1 was provided using
an induction furnace and then was cast by pouring into the
united sand mold without inoculation. The chemical composi-
tion of melt is the outcome of spectroscopy test on final samples
(sample are available upon request). The CE calculated using
both conventional (Ref 3) and more accurate one, considering
the role of wider elements (Ref 7).

Table 1 Chemical composition of the alloys in this study

Sample Chemical composition, wt.%
Fe (Bal.) C Si Ni Mo Mn S P CE
W-A 32 24 1 1037 0.04 0.04 4.01([3]

4.07 [7]
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After cooling down to the environment temperature, the
casting samples were detached from the molds. Then the gates
were separated from them.

According to a method of the chill test described in ASTM
A367 (Ref 48), there are three different regions in the as-cast
sample affected by cooling rate:

1-  GCI region (Region 1).
2- Probable mottled cast iron region (Region 2).
3- Probable white cast iron region (Region 3).

The mentioned regions are illustrated as a schematic in
Fig. 1. Three points are also indicated in this figure as A, B, and
C, further explained in the next section.

Figure 2 illustrates TTT and CCT curves calculated by
JMatPro. The formation of bainite in conjunction of austenite
and martensite can be guaranteed even in 1 h of holding time
but not complete at designed time. So, according to (Ref 2, 3)
and due to relatively high austempering temperature, the upper
bainitic shape bainitic ferrite is expected to form through the
heat treatment process in this paper.

Wedge-shaped workpieces were austenitized in a resistance
furnace at 900 °C for 60 min, followed by quenching in a
molten salt bath (Sodium nitrate) as an austempering media
with temperature of 400 °C and 60 min as holding time. To just
investigate the effect of section size on wedge-shaped samples
of GCI, the additional section containing probable mottled and
white cast iron was discarded as per Fig. 1.

To examine the effect of austempering temperature, the
optimum holding time according to the literature was selected
as 60 min (Ref 49). Then, provided rectangular cubic samples
were austenitized in the resistance furnace at the temperature of
900 °C maintained for 60mins and subsequent heat treatment
cycles were accomplished on them as follows:

R-A, R-B, and R-C were quenched in a molten salt bath
with three different austempering temperatures of 380, 400, and
420 °C, respectively, and were held for 60 min. Finally, all
samples were cooled in the air.

In order to reveal the role of cooling rate stemmed from
section size on microstructural and mechanical characteristics

\ /. T

\
Gray iron ~———

Probable
mottled iron

White iron

Fig. 1 Schematic figure of wedge-shaped GCI according to ASTM
A367



(a)

Fig. 2 (a) TTT & (b) CCT curves of tested cast iron

of austempered wedge-shaped samples, microstructural char-
acterization and hardness tests were accomplished on prepared
metallography specimens based on ASTM E3 (Standard Guide
for Preparation of Metallographic Specimens) (Ref 50). Micro-
scopic examinations were done using an optical microscope,
scanning electron microscope (SEM: LEO1450VP), and scan-
ning tunneling microscope (STM: NAMA-STM SS2).
Microstructure image processing software (MIP) was applied
to measure the fraction of contributed phases.

Metallography specimens were ground using emery paper
with grit size range from 60 to 1200. An as-polished specimen
was selected for STM imaging which will be explained in Sect.
3.1. Preparing metallography samples was followed by
mechanical polishing using Buehler wheel polishing machine
with Al,O3 as a slurry suspension with particle dimensions of
0.3 and 0.05 um. Provided specimens were then mounted and
prepared for microscopically analysis by etching at 2% Nital
etchant for 3 s.

The unnotched Charpy impact test was utilized for deter-
mination of the impact toughness of rectangular cubic samples
by finishing austempering heat treatment. The experimental
tests were conducted at room temperature. Workpieces were
provided with standard dimensions of 10¥10*55 mm according
to ASTM A327 (Ref 51) and trimmed from the middle of
samples far enough from mold-contact cooling sides. Related
standard is the suggested procedure method for austempered
cast irons in previous papers (Ref 52). In addition to
microstructural analysis, Vickers hardness test was accom-
plished a Vickers Engineering Group-Vickers hardness tester
equipment at the 50-kg load on the as-polished austempered
specimens to investigate the influence of austempering tem-
perature on mechanical properties of AGI. Meanwhile, heat
flow methodology of simulated as-cast samples can be found as
supplementary material of this article (Ref 53-56).

3. Results and Discussion

3.1 Microstructure Results

The microstructural study was accomplished in A, B, and C
points of austempered and trimmed wedge-shaped specimen in
x =25 mm also for the cross-sectional cut in the central area of

cCcT
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Ms |
M50%

- » ~ W » w
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R-A, R-B, and R-C samples. Figure 3 indicates the microstruc-
ture of wedge-shaped samples in three different regions as
delineated in the schematic image of Fig. 1. Unetched images
were provided from trimmed wedge-shaped samples to depict
graphite distribution along with the specimen. As shown in
Fig. 3(b) and (c), different thicknesses in specified points of
wedge-shaped samples resulted in different kinds of lamellar
graphite morphology. The A point contributes to a lower
cooling rate mainly due to thick section and A type of randomly
oriented graphite distributed in the microstructure according to
entitled graphite classes in ASTM A247 (Ref 11). In the B
point, the distribution of graphite flakes is affected by relatively
thinner section size compared to the A point. Subsequently,
there is a lower material amount during solidification or heat
treatment to do convection or conduction, respectively. So, B-
type graphite is the predominant morphology for this area of
GCI region. At the area near the smaller side of the trimmed
wedge-shaped sample named C, a combination of D and E
graphite types spread over the microstructure of the GCI region,
which is related to higher cooling mode due to thin section size.
Sundaram believed that both D and E graphite types have inter-
dendritic segregation by solidification and are typical types of
graphite distribution in hypo-eutectic cast iron (Ref 57).
Despite in mechanically induced graphite flakes in ductile cast
iron (Ref 58), graphite formation tendency and its related
morphology in thermally fabricated graphite flakes of GCI are
controlled by chemical composition, inoculation, undercooling,
and cooling rate (Ref 59, 60). High silicon and relatively high
Ni amount in the chemical composition of investigated GCI
promote graphitization. It may be the reason for not illustrating
evidence for mottled regions in the selected C point as a thin
section in the trimmed wedge-shaped sample.

It should be noted that austenitizing can induce dissolution
of carbides and also carbon diffusion in high saturated
austenite. The subsequent holding time in austempering
temperature also affects the carbon diffusion from bainitic
ferrite to the austenitic matrix. The reasons mentioned above
may motivate the nucleation of secondary graphite or changing
graphite distribution in the GCI sample. With this fact in mind,
graphitization is expected supposedly. Despite that, with the
same dimensional sample parameters during austempering heat
treatment, no substantial difference was observed for all
investigated points along with the wedge-shaped sample.

Journal of Materials Engineering and Performance
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Fig. 3 (a-c) Optical microscopy of unetched specimens of wedge-shaped sample in A, B, and C points, respectively

However, regardless of precaution in cutting sample only in the
GClI region, it is a suitable response for not revealing white iron
or mottled iron in selected skinny section size.

To precisely study the microstructure of the wedge-shaped
sample, prepared metallography specimens were conducted to
Nital 2% as an etchant for 3 s. The results are shown in Fig. 4; it
is worth mentioning that the processing instruction was
according to color etching explained in detail in the Kovac
et al. paper (Ref 2). The microstructure consists of graphite,
martensite, and bainitic ferrite in a matrix of retained austenite,
the resulting microstructure entitled ausferrite. The resulting
bainite bainitic ferrite microstructure was categorized as
feathery-shaped bainitic ferrite, which was achieved by the
relatively high austempering temperature of 400 °C. As
observed by increasing section size, the amount of bainitic
ferrite microconstituent increases. Meantime, the sheaf in
feather shape tends to become stronger and wider. One may
consider the relatively high amount of Ni as a reason. Ni
element as an austenite stabilizer promotes austenite stability in
the matrix. Ni element effects on CCT diagram and pushes it
downward, so it may be reasonable to conclude that approx-
imately high Ni in composition leads to coarsening the feather-
shaped bainitic ferrite (Ref 14).

From a microstructural viewpoint, it can be grasped that the
martensite microstructure in a thin section of C is coarse and
extensive which can be seen as a brown bundle, resulting from
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the high cooling rate due to the low amount of neighboring
bulk material and more close chilling sides. A metallography
procedure consists of 3 s of immersing in Picral etchant also
recruited to reveal the carbide in the microstructure. There was
no evidence of carbides in A and B points, thanks to their high
enough section size. But by characterization of the C point
located in the thin section of the wedge-shaped sample, it seems
that the carbide phase was visible mainly in grain boundaries,
as shown in Fig. 5(b). Carbide formation consumes the carbon
content and makes the austenite to be unstable and more prone
to martensite transformation. Observed carbide phase embed-
ded in the retained austenite matrix, which had a hardness value
of about 612-882 Vickers and SEM-EDX delineates Mn
enriched them. The formation of this phase can be explained
by the gathering of carbide stabilizing elements as Mo and Mn
in intergranular areas. It is further affected by possibility of
having some carbides in the thinner sections with higher
cooling rate and higher Ni solution as discussed before. It is
accepted reason with the helping of calculation in Scheil
solidification feature as indicated in Fig. 5(a). As can be seen,
the first product of molten cast iron in the cooling down process
forms as austenite at around 1206 °C and proceeds by predicted
MnS stability at the temperature of 1196 °C, which can be
considered as a reason for element segregation in advance. The
Scheil curve prediction shows graphite formation at the
temperature of 1167 °C. It was detected that deviation from



Fig. 4 (a-c) Optical microscopy of etched specimens of wedge-shaped sample. A, B, and C points, respectively, which is according to Fig. 1.
The magnification of all samples is in 10 um (color indication: black: graphite, yellow: bainitic ferrite, red: martensite, blue: austenite)
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Fig. 5 (a) Forecasting out of equilibrium tendency using Thermo-Calc for current GCI, (b) optical microscopy of Picral etched specimen of
wedge-shaped sample in C point (color Indication: black: graphite, yellow: bainitic ferrite, red: martensite, blue: austenite, green: carbide)
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the equilibrium state is supposed for cast iron’s current
chemical composition, which is a micro-segregation actuator.

In a similar characterization technique for rectangular cubic
samples, which were austempered at various temperatures, the
contribution of phases was calculated using Image Analyzer
Software of Clemex and is indicated in Table 2 as an average of
three different measurements. The microstructures of etched
samples in Nital 2% remained for 3 s are also indicated in
Fig. 6. It can be seen that the dominant type of graphite in all
three sections is A-type embedded in a matrix of retained
austenite with a mixture of bainitic ferrite and martensite as
surrounding phases.

An increment in the amount of both bainitic ferrite and
retained austenite by subjecting to higher austempering tem-
perature can be concluded as indicated in Table 2. Sarkar et al.
also confirmed the attainability of high austenite fraction in the
relatively high austenitizing temperature around 900 °C as a
first heating treatment (Ref 31). Meanwhile, the martensite
fraction reduced abruptly. Increasing austempering temperature
can motivate rapid carbon diffusion in the austenitic matrix and
thermally stabilize it at room temperature by avoiding marten-
site transformation in cooling to some extent. In the same way,
a higher austempering temperature can induce feather liked
bainitic ferrite formation more easily and accentuate its feature
shape tendency. It can also cause higher driving force for
carbon diffusion, so as much as high austempering temperature
as low as martensite fraction is anticipated. Lawrynowicz
asserted that in austempered cast iron due to inhomogeneous
microstructure in comparison with austempered steel (high
carbon content graphite + bainite + ferrite + austenite + ...),
other products like martensite are also supposed to form just
before necessary time for bainite completion and during the
bainite formation (Ref 61). Carbide formation in higher cooling
rate of thinner sections can also depleted more carbon from
austenite and cause higher fraction of martensite as it can be
seen in Fig. 5(b). Other researchers also accentuate that
extremely segregated elements in cast iron due to presence of
graphite and other phases cause it more vulnerable to marten-
site transformation in cooling form austempering temperature
to room temperature, especially in last solidified regions of cast
iron melt, e.g., cell boundaries which contain less stable austen-
ite with lower carbon content (Ref 62, 63). Figure 7(a)
delineates SEM micrographs for B point of wedge-shaped
sample. Figure 7(b) also illustrates the counterpart image for R-
A rectangular cubic-shaped GCI with embedded martensite in
austenite. It is also evident that bainitic ferrite morphology can
be detected clearly by its feather shape.

STM (scanning tunneling microscopy) is characterization
process for topological detection by high enough lateral and
vertical resolution of about 1 A. However, despite some
published articles helping STM imaging in steels (Ref 14,

64), this kind of microscopy has been neglected up to this time
to be recruited in ferrous alloys and cast irons characterization.
In a very first research using scanning tunneling microscopy
for steel material, Yang et al. and Fang et al. studied bainite
formation using that. They stipulated that bainite morphology
can be distinguished by tent-shaped surface relief (Ref 64).
Plate-like transformation products are constructed through two
different surfaces relying on the invariant plane strain (IPS) or
tent-like. The former is related to the shear transformation of
martensite with intact habit plane, while later is the undulation
characteristic bainite transformation associated with diffusion.
Topography results in AFM (atomic force microscopy) and
STM (scanning tunneling microscopy) characterization indi-
cated that bainite could be recognized by tent-shaped surface
relief and some undulations. But this surface relief is not
capable to plastically deform adjacent austenite, hence topo-
graphically is visible (Ref 65). Reducing the number of
contributed phases is an essential task to avoid any misunder-
standing of STM images’ interpretation. So, the R-C sample
was chosen due to the high amount of retained austenite and
carbide-free upper bainite shape of bainitic ferrite microcon-
stituent. It is accepted that bainite nucleation happened in two
neighboring phases of austenite or graphite (Ref 3). Neverthe-
less, the topological characteristics of graphite are too sharp and
easy for detection. So, the R-C sample with enough high
austempering temperature was selected for the topological
study of bainitic ferrite because of a meager amount of
unfavored phases regardless of mature feathers like bainitic
ferrite, austenite, and inevitable phase of flaky graphite.

Unlike controversial debates on bainite formation, whether
it is a military and displacive transformation or diffusional (Ref
3, 65). The authors adopt a displacive mechanism for bainite
formation continued by carbide precipitation in upper bainite in
typical chemical composition.

In the current study, carbide-free bainitic ferrite is supposed
to form through a displacive method, regardless of relatively
enough high austempering temperature where yield strength of
austenite is diminished (Ref 65). However, the STM image of
as-polished sample can be further topologically explained by
strain accommodation but not plastically deformation in
austenite during bainite formation. It may be due to the likely
weaker effect of bainite compared to martensitic transforma-
tion. Strain accommodation is initialized by sub-unit and
further sub-unit development of lower bainite or feature sheaf
coarsening of upper bainite, which causes dislocation accumu-
lation in austenite. The early-stage formation of bainitic ferrite
also follows the same. Despite bainitic ferrite illustration using
STM image in the previously published work by some of the
current authors (Ref 14), the reason behind the topological
feature of bainitic ferrite needs more elaboration. To the best of
the author’s knowledge, it is the first time to characterize the
bainitic ferrite microconstituent in cast iron helping scanning

Table 2 Fraction of contributed phases in rectangular cubic samples austempered at 380, 400, and 420 °C and related

standard deviation (SD)

Sample Retained austenite, SD Bainitic ferrite, SD Martensite, SD Flaky graphite, SD
R-A 17.62/0.5 43.26/1.2 15.40/0.1 23.72/0.07
R-B 19.35/1.4 46.20/2.3 12.15/0.08 22.3/0.07

R-C 20.72/0.7 52.5/0.5 4.26/0.9 22.52/0.1
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Fig. 6 Optical microscopy of 2% Nital etched specimens of rectangular cubic samples. (a) R-A with 380 °C, (b) R-B with 400 °C, (c) R-C
with 420 °C as austempering temperatures
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Fig. 7 SEM images of (a) B point in wedge-shaped sample, (b) R-A sample (color indication: black: graphite, yellow: bainitic ferrite, red:
martensite, blue: austenite)

tunneling microscopy (STM) with reasonable interpretation these two phases in R-C as polished specimen and microstruc-
based on following the former suggestions around topological ture result and related topography illustrated in Fig. 8(a) and (b)
features of bainitic ferrite adjacent to austenite (Ref 64), care after denoising.

approaching pattern accomplished to coincide imaging from
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Fig. 8 (a-b) STM image of R-C sample austempered at 420 °C and related topography, respectively

Table 3 The result of the Charpy impact test and related
standard deviation (SD)

Sample Fracture energy, J/SD
R-A (380 °C) 3/0.5

R-B (400 °C) 4.5/1

R-C (420 °C) 51

3.2 Result of Impact Test

Table 3 shows the impact test results for rectangular cubic
samples as a mean of four values for each austempering
temperatures. To decrease the number of brittle properties as
much as possible, the selected upper bainite region would be
more efficient for investigation around impact test. Testing
objects had a dimension of 55*%10*10 mm, as described in
ASTM A327 (Ref 66) for the unnotched Charpy impact test.
Macroscopic examination of sample fracture surface confirms
the brittle fracture of all samples. As shown in Table 3, a rough
increase in impact toughness can be obtained by rising
austempering temperature. Assuming the brittle nature of
GCI, one may consider the Charpy impact toughness improve-
ment as a result of higher fraction of bainitic ferrite and
austenite phases in higher austempering temperature. It should
be also noted that higher amount of austenite amidst the
presence of graphite flakes of almost equal amount can cause
highly dislocated bainite and devastation of impact toughness.
But authors believe that lower fraction of martensite beside the
higher amount of bainitic ferrite can cause the higher Charpy
impact toughness by increasing austempering temperature.

3.3 Result of Hardness Test

An average for a minimum of three hardness indications was
reported for each specimen. By this method, a general trend for
hardness evolution in bulk material contains different micro-
constituent can be achieved. As can be seen, the higher
austempering temperatures and lower cooling rates can bring
the microstructure which is less hard. Table 4 illustrates
hardness measurement in three points of austempered wedge-
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measurement for

hardness
austempered wedge-shape and rectangular cubic samples
and related standard deviation (SD)

Table 4 Experimental

Sample Hardness (HV50), SD
Wedge-shaped A Point 262/3.3
Wedge-shaped B Point 271/2.4
Wedge-shaped C Point 285/0.6
R-A 277/2.3
R-B 258/1.9
R-C 235/4.5

shaped specimens as already specified in Fig. 1. The table also
consists of hardness measurements from the center point of
rectangle samples with various austempering temperatures in
the cross-sectional cut.

Figure 10(a) indicates hardness values for simulated wedge-
shaped sample in entire bulk and Figure 10(b) the cross-
sectional cuts in x = 0, 25, and 63.5 mms (corner to the middle
of sample) according to main parameters listed in Table 2 and
Sect. 2.2. The figure also highlighted hardness variation along
with the specified points by color intensity map. The surface
section in x = 0 shows more substantial hardness characteristics
and more rigid by hardness due to three different solid-chilling
sides. By moving through the depth of the bulk sample causes a
decreasing change in the hardness values, which is mainly
dependent on distance to chilling sides and the amount of
surrounded material to contribute to heat transfer. On the other
hand, the melt just beneath of feeder can improve the heating of
melt in y-axis of x = 63.5 mm. But the increasing trend in y-
axis can be found by comparison between hardness color map
in x = 63.5, 25, and 0 mms. Contact with higher amount of
high-temperature melt is another reason for lower hardness of
bulk material so close to feeder.

A comparative study was done for the Brinell hardness test
for the wedge-shaped sample in the simulated as-cast model
and the converted hardness results of Table 4 for the actual
austempered condition of related samples. The results indicated
in Fig. 10 are the hardness evolution during the z-direction,



which reports experimental hardness evaluation according to
mentioned three z-points based on Fig. 1 and the same value for
the z dimension of simulated condition at three different x
values. A conversion table of ASTM E140 (Ref 66) was
utilized to bring out Brinell hardness for all samples. Previous
researchers confirmed the influence of high cooling rate in
decreasing dendrite arm spacing (DAS) and secondary dendrite
arm spacing (SDAS), which induce an increase in hardness
value (Ref 8, 9). As shown in Fig. 9 and 10, there is a
fluctuation in hardness measurement at the intervals from the
vertex of simulated as-cast wedge-shaped samples to their basal
planes. The maximum hardness relates to the apex, mainly
containing a complex phase of carbides belonging to the
probable white iron region. Along with the simulated sample,
the minimum hardness measured at the A point, where the thick
section size avoided a very high cooling rate caused to a
smooth A-type graphite distribution as elaborated in previous
sections. A significant increase in hardness value by austem-
pering can be recognized from Table 4 and Fig. 10 but with
fluctuation through wedge-shaped samples, which more vali-
dates the simulation trend. Figure 10 also confirms the result of
past authors where they explored that austempering can
increase hardness compared to the as-cast situation (Ref 38).
The main reason for hardness variation through z direction
could be the supporting role of bulk material in controlling the
rate of chilling during solidification. It varies also in x direction
where the samples use the benefit of chilling wall in cross-
sectional cut of x = 0 mm in comparison with other sections.
Based on results of Table 4 for rectangular cubic samples of R-
A, R-B, and R-C, it can be concluded that the hardness amount
decreased significantly by increasing austempering tempera-
ture. One reason could be increasing the austenite phase
fraction and bainitic ferrite microconstituent fraction with
improvement in the specific feather shape of upper bainite liked
bainitic ferrite by subjecting samples to higher austempering
temperatures. There is no doubt in the role of dislocation
densities, material defects, and detachment affinity of graphite
and matrix on elastic and plastic behavior of gray cast iron.
However, as indicated in Table 3, higher austempering
temperature in a constant time can cause lesser number of
rigid phases like martensite and more austenite and bainitic
ferrite fractions. It is more evident for R-C sample where the
low amount of martensite can be form in comparison with other
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oy
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constituents. This issue is already explained in Sect. 3.1 and
would be the main reason for supposed higher Charpy impact
toughness form 380-420 C austempering temperature.

4. Conclusions

This study focused on an examination of low-alloyed gray
cast iron (GCI) containing nickel (Ni) and molybdenum (Mo)
elements, investigating the impact of bainite heat treatment at
different austempering temperatures on microstructural features
and mechanical properties. Rectangular cubic and wedge-
shaped samples were utilized, showcasing varying section sizes
to elucidate their influence on microstructure.

The findings of this research have yielded several critical
insights:

The transition in graphite morphology from Type A to a
combination of Types D and E with decreasing section size is
attributed to intensified cooling rates in thinner sections.
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Fig. 10 Comparison hardness in simulated as-cast and austempered
wedge-shaped samples. (S: simulation and E: experimental) all x and
z dimensions are mm (% 2)
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Fig. 9 Hardness map for simulated wedge-shaped sample in as-cast condition, (a) bulk sample and (b) cross-sectional cut in x = 0, 25, and

63.5 mms
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Higher cooling rates in thinner sections result in increased
martensite phases and precipitated carbides, contributing sig-
nificantly to augmented hardness.

Scanning tunneling microscopy analysis revealed a distinc-
tive tent-like topology in the bainitic ferrite microstructure,
providing insights into the deformation characteristics of
austenite during the transformation.

Elevated austempering temperatures affected the upper
bainite shape bainitic ferrite, resulting in coarsening of the
microstructure and influencing impact energy absorption and
hardness values.

The austempering process proved effective in enhancing
hardness compared to the as-cast state, attributable to the
complex contribution of various phases.

These findings hold paramount importance for both
researchers and industrial practitioners, guiding future endeav-
ors in the design of heat treatments for GCI to attain desired
mechanical properties. The optimization of microstructure
through refined heat treatment processes can significantly
enhance the performance and reliability of GCI components,
further warranting continued exploration and advancement in
this domain.
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