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Abstract: The influence of the austempering temperatures on the microstructure and mechanical
properties of austempered ductile cast iron (ADI) was investigated. ADI is nodular graphite cast
iron, which owing to higher strength and elongation, exceeds mechanical properties of conventional
spheroidal graphite cast iron. Such a combination of properties is achieved by the heat treatment
through austenitization, followed by austempering at different temperatures. The austenitization
conditions were the same for all the samples: temperature 890 °C, duration 30 min, and quenching in
a salt bath. The main focus of this research was on the influence of the austempering temperatures
(270 °C, 300 °C, and 330 °C) on the microstructure evolution, elongation, toughness, and fatigue
resistance of ADI modified by certain amounts of Ni, Cu, and Mo. The Vickers and Rockwell
hardness decreased from 535.7 to 405.3 HV /1 (55.7 to 44.5 HRC) as the austempering temperature
increased. Optical images showed the formation of graphite nodules and a matrix composed of
ausferrite; the presence of these phases was confirmed by an XRD diffraction pattern. A fracture
surface analysis revealed several types of the mechanisms: cleavage ductile, transgranular, and
ductile dimple fracture. The stress-controlled mechanical fatigue experiments revealed that a 330 °C
austempering temperature ensures the highest fatigue life of ADL

Keywords: austempering; fatigue; ausferrite; nodular graphite; austenitization; fracture

1. Introduction

Austempered ductile cast iron (ADI) is a heat-treatable engineering material due
to a good compatibility of high strength, fluidity, toughness, and ductility, as well as
machinability, wear and fatigue resistance (the last three more suitable for steels), along
with excellent design flexibility [1] and low cost that result in it appearing as a significant
material in industry nowadays [2]. The outstanding properties of ADI are related with
the formation of a unique combination of ausferrite and high carbon austenite, where
transformation of the latter is evoked by the austempering treatment [3]. The formed
structure differs from that of austempered steel, where the microstructure is composed
of ferrite and carbides. With such a structure, the cast iron is able to reach very high
tensile strength (over 1600 MPa) and very good toughness (over 100 J/cm?), combined
with excellent fatigue resistance [4]. Products can be cast from ADI, which reduces the
cost of the production and the product itself compared with the manufacturing cost of
standard steel grades. From a machinability point of view, this material possesses a high
work hardening coefficient alongside a low thermal conductivity [5]. These properties
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can be explained by a higher number of sliding planes in the austenite, which assures
better conditions for being deformed. As a result, a higher hardness and strength can
be achieved during the deformation, owing to the transformation of retained austenite
into martensite. Moreover, high fluidity of ADI eliminates unnecessary hammering and
assembling operations, thereby saving on the cost and weight of the final product.

From the abovementioned, it can be concluded that ADI can substitute for forged
and cast steels in various application areas where self-lubrication characteristics and high
mechanical properties are preferable. These areas cover the manufacturing of camshafts,
crankshafts, piston rings, and heavy engineering applications, as well as rails [6]. Other
applications utilize the good tensile strength and toughness of AD]I, alongside its high wear
resistance to severe abrasion and erosion [4]. However, the wear resistance increases with
a decrease of austempering temperatures, due to the formation of an oxide film and a high
carbon martensitic structure [7]. For such applications, controlling the microstructure of
ADI should also be considered, owing to the adaptability of its various wear systems to
either abrasion, adhesion, or to contact or tribo-fatigue.

To achieve all the unique properties of cast iron, a two-stage heat treatment is necessary:
austenitization at 815-950 °C and austempering at 230—400 °C for various durations, with
a subsequent air cooling to room temperature. The result of the first stage—martensite—
and carbide from the second stage, has a negative effect on the ductility and toughness.
Thus, the optimum combination of ductility and toughness is achieved during the period
between the end of the first and the onset of the second stage. This period is referred to
as the “process window”. A smaller window results in some martensite, while a larger
window results in a bainitic iron with an already progressed embrittlement reaction [8,9].
If there is no process window, the iron will have less ductility. That is why for commercial
ADI grades, a wider process window is preferable.

Conventional and two-step austempering processes have been compared with regard
to the microstructure evolution and wear resistance [10]. A single-step process was utilized
at four different temperatures (270, 300, 330, and 360 °C) for 120 min, with subsequent
cooling to room temperature, while a two-step austempered batch was quenched at 260 °C
in a salt bath for 5 min with a subsequent austempering at the four abovementioned
temperatures. It was observed that the two-step process ensures the formation of a refined
structure, even hardness, tensile properties, and a slightly improved impact toughness,
although no effect on the corrosion resistance was noted.

It was also found that a higher volume fraction of high carbon stabilised austenite is
formed at a lower austempering temperature (250 °C), which reduces the cutting forces
required for the machining of ADI [3]. A research study [11] concentrated on the mechanical
properties of low alloyed ADI that was austenized at 826 °C, and then austempered at
385, 360, 315, and 287 °C. Due to an increase of the proeutectoid ferrite content, the yield
and the ultimate tensile strength were gradually reduced while the fracture toughness
decreased with the lower austempering temperature. Thus, it is obvious that the phases,
their distribution, and the volume fraction all play a significant role in the mechanical
properties of ductile cast iron.

The results showed [12] that the fracture toughness of ADI alloyed with copper and
copper nickel is lower than that of unalloyed ADI at the same hardness values. This
indicates that the addition of alloying elements does not improve the fracture toughness in
ADIL. The fracture toughness of two alloyed ADIs at four different temperatures was also
studied [13], where it was found that the fracture toughness was only a function of the
volume fraction of ferrite and the retained austenite. The fracture toughness reached its
maximum when the content of the retained austenite in the matrix was 30 vol.%.

Although the material shows some wear resistance, the wear rate decreases when
the matrix hardness increases [14]. Furthermore, the high load wear resistance of ADI is
not yet sufficient and cannot be achieved using conventional ADI processing. To reach
the necessary wear and corrosion resistance, a carbidic austempered ductile iron (CADI)
was composed. Three different processes were proposed to reach the formation of car-
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bides in CADI: adding Nb, Mo, V, Cr, etc. [15-17]; controlling the cooling rate [18]; and
reducing the Si content. However, even achieving such a composition is not enough to
gain a good impact toughness; therefore, an innovative heat treatment process involving
close-to-melting temperature followed by an austempering treatment was analyzed and
reported [19]. Pre-treatment at 1100 °C for 10 min was followed by air cooling to the
ambient temperature, then austempering at 880 °C for 120 min with salt bath quenching,
and finally austempering at 300 °C for 120 min. The result was a 120% higher impact
toughness than that of the traditional CADI treatment [19].

Rolling contact fatigue (RCF) damage is the most popular failure type in almost all
mechanical systems where contacting components are subjected to a cyclic load [20]. The
influence of the duration of the austempering on the RCF resistance was estimated using
a twin-disk rolling configuration rig. It was found that the hardness of ADI decreased
when the duration of process was increased (the amount of ausferrite increased, becoming
coarser), while at the same time a lower duration resulted in a higher hardness and
longer fatigue life [21]. In addition, the influence of the surface finish—either manual or
automatic—on the RCF resistance and surface properties was analyzed. The main findings
were reported as: polishing by grinding results in both a smoothened surface and an
increased fatigue life [22]. Laser spot hardening was also considered as one method of
surface treatments, as a measure to reduce the scuffing and rolling contact fatigue of Cu-Ni
ADI [23]. However, it was discovered that a higher volume of formed martensite (higher
hardness) and residual compressive stresses were among the results of laser hardening.

As the mechanical properties of ADI depend on the peculiarities of the heat treat-
ment [24]: the austenitization temperature, duration of quenching in the salt bath, and on
the proper selection of austempering temperatures that do not eliminate the right alloying
process, it was decided to analyze the effects of three sets of heat treatment processes on
the mechanical properties of ADI alloyed with higher amounts of Cu, Ni, and Mo.

To determine the performance of any ductile iron, the quality index (QI) including the
tensile strength and the elongation was introduced [25], but as ADI is used for railways
and other moving components, the QI was modified by a wear resistance unit [7]. The
authors [7] proved that the QI changes with an increase of the austempering temperature:
the higher the QI, the better the strength and wear properties of the ADI. Since this study
showed that a lower austempering temperature was enough to reach required properties,
this results in almost 8% of energy savings when compared with high austempering
temperature. This leads to less energy consumption, less gas emission, and promotes the
concept of green manufacturing.

The main aim of the present study was to analyze the influence of the austempering
temperatures on the microstructure formation and mechanical properties of ADL

2. Materials and Methods

The chemical composition of austempered ductile cast iron analyzed in this work was
modified by accurately chosen amounts (wt.%) of Mo 0.5, Ni 0.6, and Cu 1.2, according
to the Material Standard MKC 77.080.10, 77.040 [26] High Fatigue Resistance Ductile Cast
Iron with Nodular Shaped Graphite (in Russian). The chemical composition alongside to
mechanical characteristics of ADI is presented in Table 1.

Table 1. Chemical composition in wt.% and characteristic mechanical properties of austempered
ductile cast iron (adapted from [27] Technologija, 2019).

Element C Si Mn Cr Mo Ni Cu Mg Ti Fe
wt.% 3.6 2.7 0.3 0.04 0.5 0.6 12 0.05 0.1 Bal.
Tensile strength, MPa Plasticity limit, MPa Elongation, % Modulus of elasticity, GPa
1115-1435 841-971 0.7-3.0 142-152
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These elements (Mo, Ni, Cu) can enlarge the so-called “process window” [8,11]—the
time interval between the very end of the first stage of austenitization (y — a + ygc, HC—
high carbon austenite) and the beginning of second stage reaction (ygc — « + carbide),
which shows the allowable austempering duration for the processing of this ductile iron
required to reach the optimum mechanical properties [9,11].

The metallographic samples were examined using optical microscope Olympus
BX51TF (Absolute Citron Electronic, Medan, Indonesia) equipped with an QImaging
GO0-21 camera, while the image analysis was performed with QCapture Pro software. The
SEM analysis was conducted on the ZEISS EVO MA10 (Carl Zeiss Microscopy, NY, USA)
in the secondary electron mode at a 20 kV accelerating voltage. An X-ray energy dispersive
spectrometer (EDS, Bruker Nano GmbH, Berlin, Germany) Bruker Quantax with Xflash
6/10 and Esprit software was used for the investigation of the element distribution.

In order to evaluate the influence of the austempering temperature on the mechanical
properties of ADI, three sets of samples were prepared out of 10 samples in each set
according to the following schedule: (1) austenitization at 890 °C for 30 min; (2) quenching
in a salt bath (potassium nitrate, sodium nitrate, sodium nitrite) for 5 s; (3) austempering
at the three different temperatures 270 °C, 300 °C, and 330 °C for a constant duration of
40 min; and (4) air quenching (Figure 1). During this stage of the treatment, a salt bath was
used to minimize the surface oxidation and decarburization effect [28].

Quenching in
salt bath, 5s

Austenization at
890°C, 30 min

Temperature
!
|
|
|
|
I
I
o

Air quenching

Time

Figure 1. Schematic diagram of ductile cast iron aus-treatment cycle used in the present study
(adapted from [27] Technologija, 2019).

The Vickers hardness of the longitudinal sections was measured by using a Mitutoyo
Hardness Testing Machine HM-200 (Mitutoyo Corporation, Kawasaki shi, Japan) under
the load of 9.807 N.

Rockwell hardness tests were done with the Universal hardness tester Verzus 750CCD
(INNOVATEST Europe BV, Maastricht, The Netherlands)).

Hardness and fatigue tests were accomplished at room temperature for each of the
austempering conditions. Five samples were tested from each set, and just the average
values were reported.

The nodularity was assessed visually via a Nikon Measuring Microscope using the
data processing software E-MAX Version 7.01 (7.01, Nikon Metrology GmbH, Diisseldorf,
Germany).

The X-ray diffraction was performed with a conventional DRON diffractometer
(Bourevestnik, Inc., St. Peterburg, Russia) in a Bragg-Brentano configuration. A CuKu
wavelength radiation (tube voltage of 30 kV and a current of 20 mA) filtered with a sec-
ondary beam flat pyrolytic graphite crystal monochromator was used. Data was collected
over the angular range 26 = 20-90° with a step of 0.02° and a counting time of 2 s/step.
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The equipment was calibrated by the corundum a-Al,O3 (99.9%) standard. The XRD data
of samples was analyzed with the EVA software and PDF4 database.

Test machine SI-O3 M and fatigue test samples were used to give a comparative
analysis on the rotating bending fatigue [29]. Samples for tests were ground and polished
to reach surface roughness of R, 0.4. Stress concentration factor for notched fatigue samples
was 1. In order to find out the lifetime of the samples, rotational bending conditions were
created and set according to the following series of stress amplitude, o, (in MPa): 800, 700.
600, 500, 400, 300, and 243. Principle scheme of experiment setup is depicted in Figure 2.

Figure 2. Principal scheme of cantilever-type rotating bending fatigue test experimental setup (rotation speed w = 3000 rpm,
a bending load range Q 800, 700, 600, 500, 400, 300 and 243 N).

This revealed (Figure 3) what kinds of stresses and signs may act at the extreme
cross-sectional points of a rotating sample until it breaks. According to the experimental
setup, the theoretical changes in the normal ¢11 and shear o5 stresses acting at the critical
points A, B, C, and D depend upon an angle of revolutions ¢ = wt. If the experimental
stress amplitude is 0, = const, then the distribution of the stresses 011 and oy, is a function
of the angle wt that may be generally written in the form: 0 =0 (w, t) = 011 and T = T(w, t)
= 012. The changes in the theoretical stresses ¢1; and 1, are shown in Figure 3.

The fatigue limit o_; is related to the lowest level of stress amplitude ¢, in this case
0a = 243 MPa. At this level, the experimental fatigue graph starts bending and the cyclic
behavior of the material shifts to the right with a bigger number of cycles N > 10°. Also,
when o, < 0_1, the lifetime acquires a scattering of the number of cycles and has statistical
character, which depends on how quickly damages accumulate at the micro scale.

An experimental cyclic fatigue program was realized for different stress amplitudes
0a that change every 100 MPa. Thereafter, the amplitude was gradually reduced until
the fatigue area of the curve became close to horizontal. At this stress level, stresses are
0a = 0_1 =243 MPa, and this corresponds to the external shear Q =119.2 N.

The set-up of the test points A, B, C, and D (Figure 3a) was performed according to
the critical change in the stress value and its sign (Table 2).

Table 2. Extreme values of normal 011 and shear oy stresses at the Points A, B, C, and D caused by
cyclic stress amplitude ¢, MPa.

g 800 700 600 500 400 300 243
A +800 +700 +600 +500 +400 +300 +243
o1 C —-800 —700 —600 -500 —400 -300 —243
B,D 0 0 0 0 0 0 0
A C 0 0 0 0 0 0 0

B,D 13.333 11.667 10.0 8.333 6.667 5.0 4.05
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The points were located inside the material close to the cylindrical surface to guarantee
the stress extremes; while in the volumetric representative elements (RVE), it is shown
what kind of stress they were subjected to: 011 and o15.

In Figure 3b,c, the normal stress 017 and shear stress 0y, respectively, are shown
varying in the range of 0-180 degrees based on the product of the angular velocity w and
the time t, in accordance with the cyclic stress amplitude ¢, indicating the seven-test series.

2 Point A On
Sample : o
cross-section, i S (MPa) 'A .B (.: 1? A:
d=10mm | 800 ; : ' :
' o | e s :
v 600 e | . g
, 400 i i E oy
Point C : E E |
A 200 i E E :
o ' i E i
/7 . ! ' ;
! ! 360
-200 4 i
Shear 0 Points B and D ; E
' -400 ; ;
Point ou Oz Gkl H ; E
A >0 0 -600 ; ;
B 0 >0 G“T ; :
C <0 0 -800 E —8-0,=800 MPa —®—5,=700 MPa —®-0.=600 MPa
D 0 >0 2 : 0:=500 MPa —®-5,=400 MPa —®-G,=300 MPa
}. 1000 ' —@-0,=243 MPa
1 3
(a) (b)
o2 (MPa
i, ~® 0800 MPa —8—;=700 MPa —®-—0;=600 MPa i2( )
(MPa) 0:=500 MPa —®— ;=400 MPa —@— ;=300 MPa .14 o;=800MPa
—@—5,=243 MPa
B C D A B  [®FF-=-
14 1 . 1 : 1
I
]
12 |
]
1
10 .
[ /A R A\ R 7 A T A SRR e -
1
8 :
[ /. ol .| T TR /. s AN SN SR P pp—
1
6 : .
: Fatigue area |
4 | (0.1=243 MPa) \:
| |
2 i
]
]
0 -800 -600 -400 -200 O 200 400 600 800
11 (MPa)
(c) (d)

Figure 3. Theoretical representation of angle of revolutions wt versus normal stress ¢1; and shear stress ¢q5: (a) points A, B,
C, D are presented at different locations as small volumetric elements where normal stresses 011 and ¢, reach their extreme
values, (b,c) points A, B, C, D are presented at different locations as small volumetric elements where stresses 017 and o1
reach their extreme values, (d) graphical dependencies of stresses 011 and 015, respectively, versus wt for varying stress
amplitudes o, d, complex distribution of stresses 011 and ¢, according to their location and stress amplitude o,.
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Figure 3d represents a quantitative comparison when the normal stress 11 matches the
shear stress 7; the points A, B, C, and D are located in various areas of the graph because of
the stress sign differences: point A if 17 > 0, point C if 17 <0, and points Band D if 015 > 0
(grey area), while the dashed frame shows the area of the fatigue limit c_; =243 MPa.

Figure 3d combines the normal 017 and shear o, stresses depicted in graphs 3b and
3¢, respectively, where the horizontal dashed line indicates the change in stress amplitude
in the range 800-243 MPa. In the white areas (Points A and C), the symmetry of the cyclic
loading 7¢ = 0 min/0max = —1 is clearly visible when the modules of the extreme ¢1; values
are equal | 011 | max = 1011 | min. The normal stress amplitude o, estimates both extremes
of normal stresses, that is, 04 = (Cmax — Omin)/2. The latter expression shows that Point
A is affected by the positive normal stresses 011 = 0'max > 0, while Point C represents the
negative ones 011 = O in < 0. For the experimental investigation of durability, the normal
stress amplitude is always positive ¢, > 0. In Figure 3d, normal stress ¢7; is presented on
the x-axis. Points B and D are shown in the grey area, which means they are affected by
shear stresses 01, that also vary in accordance with stress amplitude ¢,. Their variation
is shown in the y-axis and their exact values are presented in Table 2. At points A, B, C,
and D, the normal 01 and shear o, stresses reached their extreme values as presented in
Table 2.

3. Results and Discussion
3.1. Experimental Setup

EDS analysis performed on the ductile cast iron modified with Ni, Cu, and Mo
revealed a considerable amount of those elements (Figure 4).

x 0.001 cps/eV.

700

600
N
500 flo
IV Ni
Bcu
C Mg Mo Mn Ni
4007 Tk s Fe cu Mo
300
200
5| B T ST R, ¥ U S ————
2 4 6 8 10 12 14 16 18 20
kev
@) (b)
Spectrum: ADI + Ni, Cu, Mo
Element Series unn. C norm. C Atom. C Error (3 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]
Ooxygen K-series 3.73 3.73 5.72 2.36
Silicon K-series 2.17 2.17 1.20 d.3%9
Manganese K-series 0.48 0.48 .08 0.1z
Magnesium K-series 0.12 0.12 0.12 0.12
Copper K-series 1.14 1.14 0.87 0.69
Nickel K-series .53 .53 0.25 0.18
Molybdenum L-series 0.48 0.48 0.20 0.17
Nitrogen K-series 2.13 2.14 3.74 2.19
(©)

Figure 4. EDS analysis of modified ductile cast iron: (a) the place from which the elemental analysis was taken, (b) EDS
spectrum resulting from analysis of inclusion presented in (a), (c) the results of elemental analysis of the material under the test.
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It was followed by a heat treatment process, which prepared the samples for the further
micro examination that included: hardness tests, microstructure analyses, nodularity, and
XRD analyses. Rotating bending fatigue analysis was chosen to evaluate fatigue behaviour
with input data: rotation speed of 3000 rpm and a bending load range Q from 800 to 243 N.
These values are determined to obtain a constant stress amplitude during every cycle. After
the fatigue tests, the fracture surfaces were analyzed.

The three alloying elements Mo, Ni, and Cu were chosen in order to avoid an austenite-
to-pearlite transformation upon cooling to the austempering treatment temperature, and
to alter the kinetics of the austenite decomposition during the austempering to obtain
ausferrite [9,30]. Firstly, these elements affect the nodularity, the nodule count of graphite,
and the solidification behaviour, and later influence the abovementioned solid-to-solid
phase transformation. The first alloying element, Mo, stabilizes ferrite and directly increases
the hardenability due to having a strong affinity to carbon, while the austenite-stabilizing
elements Ni and Cu have a low affinity towards carbon. Such a combination of alloying
elements and their specific ratio [27,31] was expected to achieve the expected mechanical
properties after austempering.

3.2. Microstructure Analysis

Cast ductile iron (Figure 5a) has a typical bull’s eye structure, which is formed largely
of pearlitic matrix and a higher or lower density of graphite nodules (nodule count), as
well as ferrite surrounding the graphite [11,30].

Acicular Ferrite =———s__ 4}
“~ N PEs

0

Réﬁaihéd Austenite.

\“J

Figure 5. The optical microstructures of ADI: (a) as-cast ductile cast iron structure, austempered at different temperatures
(b) 270 °C, (c) 300 °C, and (d) 330 °C.
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Such a distribution of structural phases causes work hardening and affects the machin-
ability, while at the same time the absence of pro-eutectoid ferrite causes a low ductility.
The presence of a higher amount of the ferrite stabilizing element Mo (0.4-0.6 wt.%) causes
lower graphite nodule count, which adversely influences the segregation and size of the
carbides [30].

The nodularity of the graphite inclusions calculated using the image analyzer soft-
ware was 85% [7]; moreover, it was noted that the nodularity was almost constant at all
austempering temperatures. During the austempering process of the cast samples, in the
region where the two phases ferrite and austenite coexist, the pearlitic matrix transforms
to austenite and a certain amount of ferrite, which is still influenced by the austenitizing
temperature.

The austenite, gathered at the grain boundaries of the ferrite, starts to grow through
the ferrite grains. The result of such growth is the formation of a ferritic matrix layered with
carbon-enriched austenite. Further nucleation of the austenite at the grain boundaries of the
primary ferrite leads to the enrichment and saturation of the austenite with carbon, while
the later diffusion of carbon becomes complicated due to the end of the ferrite grain growth.

At the lower temperature (270 °C), the microstructure of the samples (Figure 5b)
consisted mainly of a matrix of ausferrite, which is acicular ferrite and carbon-enriched
austenite, retained austenite, and graphite nodules. During the isothermal heat treatment
process, tiny acicular ferrite nucleates formed around the nodules under the effect of
high potential energy [25], with the further growth of the ferrite platelets leading to the
formation of the carbon-enriched austenite.

The ferritic-pearlitic matrix (Figure 5a) under the effect of austempering, was altered
to a mixture of acicular ferrite and retained austenite. Appreciable amounts of Ni, Mo, and
Cu presented in the ADI, segregated around the graphite nodules, therefore, some ferrite
could be observed in the surrounding areas of the graphite nodules [11]. This was an effect
of the austempering process.

On increasing the austempering temperature to 300 °C or to 330 °C (Figure 5c,d,
respectively), more ausferrite was formed, and its feathery needles became coarser [2]. This
was detected even in the two-step austempering process [10]. Since the austempering tem-
peratures were low, the austempering process will have a greater degree of supercooling,
resulting in a larger nucleation driving force of the ferrite. A higher temperature of austem-
pering results in a higher quantity of coarse ausferrite, while at the same time the Lever
rule dictates that the volume of ausferrite decreases with an increased process temperature.

During the austempering treatment, bainitic ferrite replaces austenite, which is indis-
tinguishable from the ferrite. This happens because there is an excess carbon distribution
in the retained austenite, which stabilizes without any risk of transforming into martensite
while cooling to the room temperature. No martensite was observed in the microstructures,
indicating a proper selection of the austempering schedule. It was also expected to have a
finer structure with the lower austempering temperature [31].

The composed phases in the samples were quantified by XRD diffraction pattern
(Figure 6). The X-ray reflected microscopic analysis, showing the formation of a predomi-
nantly ausferrite structure. The planes of a face-centered cubic lattice (fcc) v (111), 7y (200),
and 7y (220), were identified in all samples with slightly different intensities. The formation
of a body-centered phase (bcc) was presented by the existence of « (110), « (200), and
« (211) planes [4,14]. The peaks of fcc and bec were located close to each other, which
indicates the formation of acicular ferrite in carbon-enriched austenite (ausferrite). The
lower austempering temperature of 270 °C showed a higher intensity of the (111) plane,
basically owing to the formation of high carbon-retained austenite. This can be attributed
to the decrease in the nucleation potential of ferrite lamellar, due to the decrease in the
cooling rate during quenching [32].
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Figure 6. XRD patterns of ADI samples heat treated at 270 °C, 300 °C, and 330 °C showing predomi-
nant phases.

3.3. Mechanical Properties

The Vickers hardness values HV /1 were registered on the longitudinal sections of the
samples. The values of hardness are indicated in Figure 7. The austempering tempera-
ture affected the material hardness: the maximum values were achieved when the lowest
austempering temperature of 270 °C was utilized. This could be explained by optimum
content of ausferrite. As the austempering temperatures increased, the content of the re-
tained austenite increased, but the amount of acicular ferrite gradually decreased. Both the
retained austenite and the ferrite coarsening resulted in a decrease of the hardness [10,32],
while the volume fraction of high-carbon austenite increased gradually as did the carbon
content [33] because a part of the carbide dissolved into the matrix.

800 70
HV/1 HRC
700 65
600 60
500 55
400 50
300 -445] 45
200 40
100 35
0 30

270°C 300°C 330°C
mm HV/|  ——g=—HRC

Figure 7. Vickers HV /1 and Rockwell HRC hardness of ADI samples treated at different temperatures.

Experiments of cantilever-type rotating bending (Figure 2) were performed on the
samples treated at different austempering temperatures, to find out the fatigue life of ADL
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It can be seen in Figure 8 that the endurance limit is the same (243 MPa) for all the
specimens treated at different austempering temperatures. At the loading levels below the
defined endurance limit (horizontal red dashed line), the samples of austempered cast iron
withstood more than 108 cycles. The purple arrows indicate that, after the loading cycles of
108, the austempered cast iron samples did not have fractures.

Igo,
(MPa) 1 © (270°C), m,=3.9
?88 : ® (300 °C), m,=4.3
600 ¢ (330°C), m;=5.01
(1) Fatigue curve (270 °C)
500 (2) Fatigue curve (300 °C)
400 (3) Fatigue curve (330 °C)
300
200 bk
100 S SR S 1 WA AR
103 10 105 106 107 Igh

Figure 8. Mechanical rotating bending fatigue of ADI treated at different austempering temperatures
270 °C, 300 °C, and 330 °C.

At higher loading levels (above the horizontal red dashed line), all the samples of
cast iron had very similar fatigue life tendencies. At lower loading levels, the samples
(Figure 8, Curve 3) of cast iron tempered at 330 °C had a better fatigue life compared to the
samples treated at 270 °C and 300 °C (Figure 8, Curve 1 and Curve 2, respectively). The
stress-controlled fatigue experiments enable us to conclude that the specimens of cast iron
austempered at 330 °C had the highest fatigue life. The abscissa of the inflection point of
the fatigue curve NG, for the cast iron had NG, = 6.4 x 10° cycles at the austempering
temperature of 270 °C (Curve 1), Ny = 1.1 x 106 at 300 °C (Curve 2), and Ngg = 2.0 x 10°
at 330 °C (Curve 3). Also, the fatigue curve slope parameter m, was defined as mq = 3.9
for 270 °C (Curve 1), ms = 4.3 for 300 °C (Curve 2), and ms = 5.01 for 330 °C (Curve 3).

The fatigue curve slope parameter 1, can be expressed as:

Mg = cot a, (1)

where « is the inclination angle (Figure 8). The slope parameter of the fatigue curve
describes the rate of the fatigue resistance change on the number of cycles until the instant
limiting state is reached.

3.4. Fractography

The fatigue fracture surfaces (Figure 9) revealed the graphite nodules distribution
(Figure 10), the size of the nodules, and the graphite density (nodule count) characteristic
for each austempering temperature.
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Figure 9. The fatigue fracture surfaces of ADI samples austempered at different temperatures: (a) 270 °C, (b) 300 °C, (c) and

330 °C, showing dimples, cleavage planes, micro-cracks, and graphite nodules.

Generally, graphite nodules play a vital role in fatigue crack initiation and propagation.
Graphite nodules can be equated to either rigid spheres not bonded to the matrix, which act
as voids, or crack arresters, which minimize the stress intensity at the crack tip or even crack
closure effect risers [34]. The evolution of damaging micromechanisms in ductile cast irons
strongly depends on the matrix microstructure and the morphology of graphite nodules.
The role of graphite nodules is not limited to a matrix-graphite debonding mechanism,
followed by voids nucleation and growth, but could be also affected by so called onion-like
mechanism, which is induced by graphite external shell coming from the reduced carbon
solubility in 7 phase during cooling [35].

The loss of graphite outer shell around the graphite nodule itself, in which the shell
de-bonds from the nodule core, could be analyzed as a major failure mechanism [36]. The
fracture surfaces of the samples were analyzed in order to determine the fracture mecha-
nism at different austempering temperatures. The graphite nodules act as discontinuities
in the structure. When the load is applied, the area surrounding the graphite undergoes a
plastic deformation, causing a decohesion at the nodule/surrounding interface. That is
why at first, micro-cracks form in this interface (Figure 9). These micro-cracks act as con-
centrators of stresses, leading to the growth and propagation of cracks in the surrounding
areas adjacent to the nodules.

The austempered samples mainly consisted of ausferrite and retained austenite, while
the presented carbide particles acted as a barrier to the slipping, causing stress concentra-
tions during loading. This facilitated the propagation of cracks [37]. The samples showed
cleavage ductile fractures throughout the surfaces (Figure 9a—c), which indicates the brittle
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nature of the fracture [38]. This can be characterized by the formation of relatively large
cavity size compared with the nodule sizes. It appears that the stress-induced marten-
sitic transformation assisted in the growth of brittle cracks and subsequently lowered
the fracture toughness. The samples from all austempering temperatures revealed both
transgranular and ductile dimple fracture. However, it was observed that, due to the
plastic deformation, the clearance between the nodules and cavities was larger when
austempering temperature was 300 °C and 330 °C.

@ ) ) - G

(©)

Figure 10. The distribution of graphite nodules in ADI austempered at different temperatures: (a) 270 °C, (b) 300 °C, (c)

and 330 °C.

A distinct feature observed in the fracture surface was a quasi-cleavage fracture with
some fine dimple areas. The fracture surfaces of the ADI were compared with those of
conventional ductile iron and [39], as a result, tighter clearances between the nodules and
cavities were revealed. It was reported that a large amount of high carbon austenite is not
preferable to reach necessary mechanical properties and fracture toughness [38]. Instead,
in order to have higher mechanical properties and fracture toughness, the austenite should
be in a specific arrangement: in between the needles of bainite and ferrite.

4. Conclusions

Austempered ductile cast iron, modified with wt.% Mo 0.5, Ni 0.6, and Cu 1.2 and
austempered at the different temperatures 270 °C, 300 °C, and 330 °C showed satisfactory
mechanical properties. This was owing to the accurately chosen amount of the alloying
elements and a composed microstructure, which mainly consisted of acicular ferrite and
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austenite. The Vickers (HV /1) and Rockwell (HRC) hardness values gradually reduced
with an increase of the austempering temperature from 644.1 to 441.5 HV/1 and from 55.7
to 44.5 HRC. This was caused by the increase of the ausferrite concentration. Therefore, it
was confirmed that the morphology of acicular ferrite, the carbon content in austenite, as
well as the volume fraction of stable austenite, strongly depends on two parameters in the
austempering process: temperature and time. As a result, the final mechanical properties
of ADI can be effectively controlled by these parameters. Fine ausferrite is formed by using
a 270 °C austempering temperature, while the structure tends to coarsen when 300 °C and
330 °C temperatures are used with the same duration of the process.

Several types of damage mechanisms were observed after evaluating surface frac-
tures: cleavage ductile, transgranular, and ductile dimple fractures. The stress-controlled
mechanical fatigue experiments revealed that a 330 °C austempering temperature ensures
the highest fatigue life of austempered ductile cast iron.
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