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Structure Homogeneity and Thermal Stability
of Austempered Ductile Iron

M. GORNY, L. GONDEK, E. TYRALA, G. ANGELLA, and M. KAWALEC

Solid-state transformation during heat treatment is of great practical importance because it
significantly affects the final structure, properties, and thermal stability of cast components. The
present study highlights the issue of structure formation and its effect on the thermal stability of
high-quality cast iron, namely, austempered ductile iron (ADI). In this study, experiments were
carried out for castings with a 25-mm-walled thickness and under variable heat treatment
conditions, i.e., austenitization and austempering within ranges of 850 °C to 925 °C and 250 °C
to 380 °C, respectively. The X-ray diffraction (XRD) investigations were carried out within a
range of — 260 °C to + 450 °C to study the structure parameters related to the XRD tests,
which provided information related to the phase participation, lattice parameters, and stresses
in the microstructure as well as with an expansion of the crystal lattice. The results also provide
insight into the role of the structure and its homogeneity on the thermal stability of ADI cast
iron. The present work also aims to develop strategies to suppress the formation of
blocky-shaped austenite in the ADI structure to maintain a homogeneous microstructure and
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high thermal stability.
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I. INTRODUCTION

AUSTEMPERED ductile iron (ADI) is a modern
casting alloy with very good mechanical and functional
properties. Due to its production cost, weight saving,
and favorable strength indices related to its density, it
can be successfully used for the production of modern
and light cast comPonents for operation within a wide
temperature range.!"# From the viewpoint of material
selection, ADI 1is, therefore, the most cost-effective
solution in many applications, including automotive
and light/heavy trucks, construction, railroads, agricul-
ture, and mining equipment.>”’ ADI belongs to the
group of high-quality ductile iron that is subjected to
heat treatment, i.e., austenitization and austempering.
The process of shaping the structure and properties of
ADI cast iron has been known from the world literature
for several decades. This applies to issues related to the
numerical simulation,® ' kinetics of the austenitizing
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The structural homogeneity and thermal stability
affect the behavior of the material when subjected to
static and dynamic loads within a wide temperature
range (from extremely low to very high values). The
structure of ADI cast iron can be in a metastable state,
which can eventually contribute to a decrease in safety
indicators and an increase in the risk of damage to the
cast components during operation. As for other mate-
rials, the property variation of ADI at temperatures
from cryogenic to elevated is influenced by its chemical
composition and initial microstructure, which are, in
turn, controlled by the manufacturing route and post-
manufacturing treatment (e.g., heat treatment). In the
literature,® > one can find information regarding the
thermal stability behavior of ADI from a practical point
of view. In general, it can be said that, in terms of
mechanical properties, its ductility and impact strength
decrease significantly and the ausferrite is converted to a
bainite-type structure when ADI is held at elevated
temperatures for long periods of time. On the other
hand, supercooling ADI cast iron to negative temper-
ature values can transform the austenite into martensite.
The stability of ausferrite is limited by the carbon
diffusion and iron carbide nucleation, which depend on
the chemical composition and heat treatment procedure.
As reported in Reference 36, alloying elements, such as

VOLUME 52A, JUNE 20212227


http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-021-06214-8&amp;domain=pdf

Ni-Cu-Mo, conferred a high thermal stability to the
ausferrite microstructure; the high-carbon austenite
began to decompose at higher temperatures as com-
pared to unalloyed iron. Once the austenite is fully
saturated during the austempering stage, the carbon
must precipitate out of the high-carbon austenite in
order to allow additional ferrite to form. Thus, the rate
of microstructure decomposition can be reduced by
decreasing the carbon diffusion (e.g., by increasing the
carbon concentration in the austenite) or by increasing
the activation energy for the nucleation of the iron
carbides. The microstructure of ADIs is usually carbide
free; this is the result of the high silicon level, which
retards the precipitation of the cementite from the
austenite. This also results in the low solid solubility in
the cementite crystal structure. Also, because carbon is
trapped at those twins and dislocations in the vicinity of
the ferrite-austenite interface during the austempering
process (as reported in References 29 and 30), this
prevents the decarburization of the supersaturated
ferrite platelets and, therefore, alters the carbide precip-
itation sequence during low-temperature bainite forma-
tion and even during its tempering processes.*! 3%

The aforementioned literature data related to struc-
ture homogeneity and thermal stability mainly refer to
ADI cast iron that is heat treated at different austem-
pering conditions and tested within a range of up to 500
°C, while there are limited data related to the ADI cast
iron behavior both attained at different austenitization
temperatures and when subjected to subzero working
temperatures. In addition to this, there is a lack of data
linking the parameters of the crystal lattices that are
determined on the basis of X-ray diffraction (XRD)
studies with the structural homogeneity and thermal
stability of ADI. The present research aims to enrich the
knowledge of the behavior of ADI cast iron within a
temperature range of — 260 °C to + 450 °C in terms of
structural changes and those parameters that are related
to XRD tests, which provide information that is related
to the phase participation, lattice parameters, and
stresses in the microstructure as well as with an
expansion of the crystal lattice. The test results also
consider the variable conditions of heat treatment that
indicate its key role in shaping the homogeneity and
thermal stability of ADI cast iron.

II. EXPERIMENTAL

The experimental melts were prepared in a 15-kg-ca-
pacity crucible using an electrical induction furnace of
an intermediate frequency. The furnace charge consisted
of Sorelmetal (high-purity pig iron: 4.46 pct C, 0.132 pct
Si, 0.01 pct Mn, 0.006 pct S, 0.02 pct P), technically pure
silica, Fe-Mn, steel scrap, copper, and nickel. After
being melted at 1490 °C, the liquid metal was held for 2
minutes followed by spheroidization and inoculation
operations using a bell method. An Fe-Si-Mg (6 pct Mg)
foundry alloy was used for spheroidization, while
Foundrysil (73 to 78 pct Si, 0.75 to 1.25 pct Ca, 0.75
to 1.25 pct Ba, 0.75 to 1.25 pct Al, bal Fe) was used for
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inoculation purposes. The cast iron was poured at 1400
°C into Y-block ingots (25 mm) following the ASTM A
536-84(2019)el standard.

The heat treatments for the ADI production consisted
of the following: (a) austenitizing in a silite furnace at
temperatures of 850 °C, 875 °C, and 925 °C for 2 hours;
(b) austempering in a salt bath of NaNO,-KNOj; at 250
°C, 310 °C, and 380 °C for 4.5, 3, and 1 hours,
respectively; and (c) air cooling to room temperature.

The chemical composition tests of the experimental
ductile irons were carried out using a SPECTRAMAXx
emission spectrometer with spark excitation.

The XRD studies were made by means of an
Empyrean PANalytical powder diffractometer employ-
ing Bragg-Brentano geometry. The incident beam
configuration was as follows: Cu Long Fine Focus
X-ray tube (operating at 40 kV and 40 mA, K, line 4 =
1.54051 A), Ni filter for Ky extraction, 0.04 rad Soller
collimator, divergence slit (1/4 deg), and antiscatter slit
(1/2 deg). The diffracted beam configuration for the
X’Celerator RTMS detector was antiscatter slit (3.9
mm), Soller collimator (0.017 rad), and curved graphite
monochromator. The range of the 260 angles was set to
20 to 100 deg with step size of 0.033 deg and acquisition
time 50 seconds per step for low- and high-temperature
measurements. The positions and profiles of the
observed lines were calibrated using an LaBg standard
sample. For the low-temperature studies (15 to 300 K),
an Oxford Instruments PheniX closed-cycle helium
refrigerator was used. The displacement of the sample
position due to the thermal expansion of the setup was
automatically corrected thanks to calibration measure-
ments involving high-purity W (99.9999 pct) powder.
On the other hand, the high-temperature studies were
performed using an Anton Paar HTK 1200N chamber.
The measurements were made under an Ar (99.9999 pct)
flow. The thermal sample displacements were corrected
automatically. For nonambient studies, the measuring
procedure was as follows: the temperature step was 10
°C with a ramp of 1 °C/min; then, a stabilization time of
10 minutes was applied. Each pattern was collected for
20 minutes. All of the collected diffraction patterns were
refined with FullProf software based on the Rietveld
method.¥ In addition, a JEOL* JSM-5500LV scanning

*JEOL is a trademark of JEOL, Tokyo.

electron microscope (SEM) was used for the metallo-
graphic examinations.

III. RESULTS AND DISCUSSION
A. Chemical Composition and XRD Analysis

The results of the chemical composition of the
experimental ADI castings are shown in Table I.

The analyzed ADIs contain copper and nickel, which
are usually used in ADI cast iron to attain a pearlitic
matrix of the base iron and increase the hardenability
during the austempering process. The copper content
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Table I. Chemical Composition of ADI Castings

Element C Si Mn P S Ni Cu

Wt Pct 346 237 029 0.02 001 1.10 0.84

does not exceed the recommended level in order to
prevent the formation of highly dispersed Mg,Cul®*”' and
pure copper precipitates.*! In addition to this, the Cu
increases the fraction of the austenite in the ADI
microstructure and suggresses the carbide formation in
the lower ausferrite.*”*"! Copper and nickel also
increase the maximum wall thickness that can be
successfully austempered during heat treatment. These
elements segregate close to the graphite regions; their
distribution practically remains unchanged even after
long heat treatment. The manganese was kept below the
content that is recommended in the literature (i.e.,
0.3).!) Manganese can be both a beneficial and harmful
element. In castings with wall thicknesses >20 mm,
manganese segregates toward the cell boundaries; this
contributes to a decrease in the machinability as well as
structure inhomogeneities. On the other hand, man-
ganese promotes the formation of pearlite under as-cast
conditions; it also strongly increases the hardenability
and retards the austempering reaction.")

The chemical composition of the ADI used in this
work ensures the attainment of high-strength ADI cast
iron with a lower ausferrite as well as ADI cast iron with
an upper ausferrite with excellent dynamic properties
(e.g., high impact strength).

The collected XRD patterns are presented in
Figures 1(a) through (c). The standard Rietveld analysis
was used to calculate the structural parameters and
weight fractions of the observed ADI’s constituting
phases. The correlation between the ferrite/austenite
content and the austenitizing and austempering temper-
atures is shown in Figure 1(d). The observed reflections
are denoted using Miller indices for the high-carbon
austenite (y-Fe) and ferrite (a-Fe). Additionally, the 002
reflection of graphite was observed.

From Figure 1(d), it follows that the high-carbon
austenite increases as the austempering temperature
increases (irrespective of the austenitizing conditions).
The highest ferrite fraction and lowest austenite fraction
were obtained at the lowest austenitizing (850 °C) and
austempering (250 °C) temperatures (which amounted
to 86.5 and 13.5 pct, respectively). In turn, the smallest
ferrite fraction and largest austenite fraction were
obtained at the highest austenitizing (925 °C) and
austempering (380 °C) temperatures (which amounted
to 47.9 and 52.1 pct, respectively). From Figure 1(d), it
can be seen that the austenitization and austempering
temperatures have a great impact on the final propor-
tion of the metal matrix components. The lattice
parameters of the austenite and ferrite determined by
XRD are presented in Figure 2.

In ADIs, the best combination of plasticity and
toughness, which are the most desirable properties
required in applications worldwide (such as in automo-
tive parts, construction, agriculture, and railroad
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components), is attained when the austenite fraction
and lattice parameter resulting from the carbon content
in the austenite are at their maximum levels. As shown
in Figure 2, this coincides with the second segment of
the isothermal transformation period (recognized as the
“optimum isothermal transformation period”) and is
also strongly dependent on the first segment (i.e., the
austenitizing stage). This XRD study showed that the
austenite lattice parameter increases with rising austem-
pering temperatures, reaching its maximum value at a
temperature of 310 °C. An austempering temperature at
380 °C did not cause the lattice parameter of the
austenite to grow. It is well known that the carbon
content is directly proportional to the lattice parameter
of the austenite, which results from the following
relationship!**:

ay = 0.3555 + 0.0045Cy —0.00019Si [1]

where ay is the austenite lattice parameter (nanometers)
and Cy is the carbon content in the austenite (wt pct),
and Si is the silicon content (Wt pct).

The XRD tests also show that increasing the austen-
itizing temperature to a level of 925 °C reduces the
austenite lattice parameter in the ADI cast iron, i.e., in
accordance with Eq. [1]’s final carbon content in the
austenite. This effect is related to the formation of
unfavorable blocky austenite regions, the presence of
which is characteristic of high austenitizing tempera-
tures. Generally, it can be concluded that the lattice
parameters of the austenite and ferrite are closely related
to the carbon content and the phase fraction in the
microstructure, which are a function of the austenitiza-
tion and austempering temperatures as well as the
isothermal annealing time for a given chemical compo-
sition of ADI cast iron. The microstructure of ADIs is
composed of graphite nodules, bainitic ferrite plates™*

**The use of the term ““bainitic ferrite” emphasizes the fact that it is
saturated with carbon (in contrast to the ferrite that is found in cast
iron and cast steel, where the carbon content is negligibly low).

that are slightly enriched in carbon (with a high density
of dislocations), and high-carbon austenite. During the
austempering transformation, only a small fraction of
the carbon is conserved in the ferrite; the rest remains in
the austenite (which can contain up to 2 pct).

Figure 2 also gives us insight into the lattice param-
eter of the ferrite. In the case of the lowest applied
austempering temperature (i.e., 250 °C), the diffusion
process is at its slowest, which leads to the low values of
the lattice parameters of the bainitic ferrite. The low
fraction of the austenite formed in ADI cast iron at this
austempering temperature as well as the slow diffusion
processes makes it difficult to transport the carbon from
the bainitic ferrite to the austenite, which results in a low
lattice parameter of the austenite (Figure 2(a)). When an
austenitization temperature of 850 °C and an austem-
pering temperature of 310 °C were used, the highest
lattice parameter was obtained. This effect can be
explained by the faster carbon diffusion as compared
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Fig. 1—(a) through (¢) XRD patterns of ADI attained under different heat treatment conditions. (d) Bainitic ferrite and high-carbon austenite
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to the isothermal transformation conditions at 250 °C as
well as the nearly double austenite fraction (fy = 22.4
pct). For the heat treatment conditions (i.e., austenitiz-
ing temperatures of 875 °C and 925 °C and an
austempering temperature of 310 °C), the value of the
lattice parameter of the ferrite decreased. This should be
equated with a much greater austenite fraction in the
microstructure, which proved that the accelerated diffu-
sive carbon transport occurred at a greater extent. Due
to the similar ferrite and austenite fractions, their lattice
parameters are also similar. For the highest values of the
austenitization (925 °C) and austempering (380 °C)
temperatures, the ferrite lattice parameter increased as
compared to the value obtained for an austempering
temperature of 310 °C. This is the effect of its high
heterogeneity and the presence of martensite in the ADI
cast iron microstructure (which is located in large blocky
areas (Figure 5)). The negative effect of such an inho-
mogeneous structure is the low lattice parameter of the
austenite as compared to the value obtained at an
austempering temperature of 310 °C.

The lattice strain caused by the phase transformation
as a function of the austenitization and austempering
temperatures is illustrated in Figure 3. In general, the
lattice strain is defined as the degree of the atoms’
departures from their nominal positions within the
crystal unit cell. Usually, this can be considered to be the
ratio of dL to L, where L is the lattice parameter and dL
is the change due to the defects. The discussed lattice
strain is related to the static defects of the crystal, such
as vacancies, interstitial and Frenkel defects, disloca-
tions, grain boundaries, and stacking faults. These
defects may originate from a number of factors such
as undergoing stresses resulting in plastic deformations
or the thermal history of the alloy (e.g., the cooling rate
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Fig. 3—Influence of austenitization and austempering temperatures
on the lattice strain in ferrite.
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from the liquid metal, annealing temperature, and time).
In XRD, the lattice strain broadens the reflections,
which can be analyzed in terms of the Williamson—Hall
method.[*? The lattice strain in ferrite is proportional to
the austenitizing temperature and inversely proportional
to the austempering temperature; this can be represented
by a plane with adjusted R*> = 0.982. The lattice strain
in ferrite is mainly caused by interstitial carbon. The
highest value of lattice strain was obtained for the
highest applied austenitization temperature (925 °C) and
the lowest austempering temperature (250 °C). This
behavior can be explained by the interaction of super-
saturated carbon content in the ferrite and austenite and
also by the presence of the blocky austenite in which
martensite can be formed. In the austenitization process,
the role of carbon is very important. An increase in the
austenitizing temperature (7)) causes the carbon content
in the austenite to increase before the austempering
process according to equation.!'.

C, = T,/420—0.17(pet Si)—0.95 2]

A higher austenitizing temperature will lead to a
higher carbon concentration in the austenite before the
austempering process. As will be shown later, this does
not mean that the final carbon content in the austenite
will be higher after the austempering process (Figure 7).
This, in turn, slows the nucleation and growth process of
the ferrite platelets. Increasing the austenitizing temper-
ature decreases the driving forces for the austempering
reaction and increases the austempering time needed to
obtain high-carbon austenite (Figure 4(a)). The nucle-
ation process of the ferrite platelets affects the final
fraction, the morphology of the high-carbon austenite,
and the lattice strain. A higher austenitization temper-
ature decreases the number of ferrite plates and will lead
to a greater heterogeneity of the metallic matrix by
creating a higher fraction of the blocky type of
high-carbon austenite and the greater thermodynamic
instability of the blocky austenite that can undergo
partial transformation into martensite (as will be shown
later).

The driving force for the austempering reaction also
depends on the austempering temperature. Decreasing
the austempering temperature (for a given austenitizing
temperature) increases the driving forces for the austem-
pering reaction (Figure 4(b)).

This leads to a higher ferrite fraction and a higher
number of ferrite plates (with smaller thicknesses). The
ferrite plates created during the austempering process are
in a carbon-supersaturated state in the ADI (as reported
in Reference 45). The degree of the saturation of the
bainitic ferrite with carbon (and, thus, its lattice strain)
increases with increases in the degree of supercooling
relative to the austenitizing temperature, i.e., with
decreases in the austempering temperature (Figure 3).

B. Microstructure Evolution

Figure 5 shows micrographs of the microstructures
exhibited in the ADI samples.
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Fig. 5—SEM microstructure of tested ADI cast iron as a function of austenitization (T,) and austempering (Tpi) temperatures.
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An analysis of the ADI microstructure shows that the
heat treatment (i.e., the austenitizing and austempering
temperatures) has a meaningful influence on the final
ADI microstructure. From Figure 5, it follows that an
increase in the austenitizing temperature reduces the
number of ferrite plates and increases their thickness in
all cases for a given austempering temperature. From
Reference 46, it follows that a smaller number of ferrite
plates results in the formation of the so-called “‘blocky”
high-carbon austenite, which is not involved in the
austempering transformation. This phenomenon is
clearly visible, especially at an austempering tempera-
ture of 380 °C. The high austenitization temperature
may lead to the local inhomogeneity of the ausferrite,
which manifests itself as the occurrence of martensite in
these arecas. A high austempering temperature is used
when the aim is to obtain high dynamic properties (i.e.,
high impact strength and plasticity). The presence of
martensite (estimated at a level of 5 pct) in the sample
that was austenitized at 925 °C is the result of a
too-short austempering time. In the other cases, marten-
site was not detected in the microstructure of the ADI
cast iron. It is worth emphasizing that, in the cases of
lowering the austempering temperature to a level of 310
°C and even further (to 250 °C), the fraction of the
blocky austenite significantly decreases to trace levels
(Figure 5). In the case of the lower ausferrite obtained at
a low austempering temperature (250 °C), the highest
ferrite fraction and the greatest number of ferrite plates
were obtained, which resulted in the highest homogene-
ity of the microstructure without visible areas containing
the blocky austenite. As the austempering and austen-
itization temperatures change, the bainitic ferrite mor-
phology also changes. At higher austempering
temperatures, the thicknesses of these plates are larger
and the distances between them are greater. Moreover,
in the microstructure of the sample that was austenitized
at a temperature of 925 °C and austempered at a
temperature of 310 °C, it can be noticed that the ferrite
plates are arranged in the form of packages. The
homogeneity of the ausferritic matrix is visible regard-
less of the austenitizing temperature (in contrast to the
upper ausferrite obtained at 380 °C).

C. Thermal Stability

The issue of thermal stability is of great practical
importance, as it significantly affects the conditions in
which cast components made of high-quality ADI cast
iron can be used. As part of this study, the changes in
the parameters resulting from the XRD tests were
analyzed, which provide information related to the
phase participation, lattice parameters, stresses in the
microstructure, and deformation of the crystal lattice.
Figure 6 shows the XRD patterns as a function of
temperature for ADI attained under two different heat
treatment conditions.

In Figure 6, the XRD patterns collected for the
investigated specimens are presented. The high- and
low-temperature patterns were joined together into one
plot, while substantially different measuring conditions
(sample environments) resulted in some discontinuities.
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Nonetheless, presenting data in this way makes it much
easier for a head-to-head comparison.

At first, the intensities of the y-phase reflections
(roughly at 43.5 and 50.5 deg of 26) decrease for both
samples below room temperature. However, for the 850/
380 sample (Figure 6(a)), the decrease takes place below
— 130 °C, while for 925/380, a similar process takes
place just below — 30 °C (Figure 6(b)). The aforemen-
tioned decrease can be easily tracked by inspecting the
200 reflection of the y phase at 50.5 deg of 26. Moreover,
the drop of the intensity of the 200 reflection is much
higher in the 925/380 sample. These observations will be
reflected in the results of the Rietveld analysis of the
collected data.

For higher temperatures (namely, within a range of 25
°C to 200 °C), no significant changes can be noticed.
Above this range, the reflections of the y phase deteri-
orate. For the 850/380 sample, the intensity of the 200
reflection at 50.5 deg of 26 diminishes above 275 °C (to
dissolve completely at 435 °C). For the other discussed
sample (925/380), a similar scenario was observed. The
respective temperatures are lower: The start of the
y-phase deterioration can be noticed at 220 °C, while the
dissolving occurs at 425 °C.

The data attained on the basis of the Rietveld method
enabled an analysis of the thermal stability of ADI cast
iron samples subjected to annealing or cooling in terms
of changes in the lattice parameters, phase changes,
dimensional expansion, and generated stresses in the
crystal lattice. The results of the lattice parameters of the
ADI cast iron samples obtained at different austenitizing
temperatures are shown in Figure 7.

The range in which the ADI cast iron samples were
tested covers extremely negative temperature values (i.e.,
— 260 °C) and positive values (up to 450 °C). During
heating at around a temperature of 230 °C, the ADI
obtained for the higher austenitization temperature (i.e.,
925 °C) shows an increase in the ferrite fraction
(Figure 8), a decrease in the lattice parameter of the
ferrite, and sample shrinkage that is related to the
precipitation of independently nucleating cementite
M;C. This effect is not visible in the ADI cast iron that
was obtained at a lower austenitization temperature
(i.e., 850 °C). Therefore, it can be concluded that this is
related to the tempering of the martensite present in the
blocky austenite regions (as shown in Figure 5).

The effect of the tempering on the ausferrite structures
is much less pronounced than for the martensite, the
main reason being that the ferrite plates are less
supersaturated in carbon. Martensite tempering involves
the release of ADI carbides (Fe,4C) in the cast iron
structure ranging from about 230 °C to 425 °C; as a
result of this, the carbon content of the martensite
decreases. At the same time, the diffusive transformation
of the high-carbon austenite into a bainitic structure
takes place. Within this temperature range, a mixture of
high-carbon austenite, ferrite (slightly supersaturated
with carbon), and ¢ carbides formed. As the carbides are
released from the martensite, the tetragonal degree of its
lattice structure c¢/a decreases. At the same time,
Figure 7 shows that the lattice parameter of the austen-
ite increases, which is related to the increase in its carbon
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Fig. 6—XRD patterns as a function of temperature of ADI attained under two different heat treatment conditions: () 850/380 and (b) 925/380
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Fig. 7—Lattice parameters as a function of the temperatures of 850/
380 and 925/380 samples.

content. These processes cause a significant increase in
the stresses of the austenite and ferrite crystal lattices
(Figure 9) above 300 °C.
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A further increase in temperature causes a rapid
reduction in the stresses of the ferrite lattice with the
constantly increasing stresses of the austenite lattice
until it decomposes into ferrite and cementite. The XRD
patterns shown in Figure 6 are also reflected in Figure 7.
In the case of the ADI sample austenitized at 850 °C, a
proportional and continuous increase in the lattice
parameters of the austenite and ferrite as a function of
temperature is observed due to the lack of martensite in
the structure, with no sudden changes in the proportion
of the phases, i.e., the ferrite and high-carbon austenite
(Figure 8(a)) and lattice stresses (Figure 9(a)). This
proves that the ADI (850/380) cast iron is more
stable than the ADI (925/380) cast iron. It should be
emphasized that the decomposition of the high-carbon
austenite itself occurs at a higher temperature (i.e., 435
°C for the 850/380 sample), whereas the temperature for
this is 425 °C for the 925/380 sample.

Additionally, it is worth noting that, within the entire
tested temperature range, the value of the austenite
lattice parameter in the ADI (850/380) cast iron is higher
than in the ADI (925/380) cast iron. This means that the
higher austenitizing temperature that leads to a higher
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Fig. 8—Reaction of austenite and ferrite as a function of
temperature: (a) 850/380 sample and (b) 925/380 sample.

carbon concentration in the austenite before the austem-
pering process does not mean that the final value of the
lattice parameter or the resulting carbon content in the
austenite after the austempering process will be greater.

The range of negative temperature values undoubt-
edly plays an important role in the analysis of the
possibility of using ADI cast components at variable
temperatures. The key to this stability of the structure
and properties is the homogeneity of the structure, the
proportion of the phases, and the carbon content of the
high-carbon austenite. Figure 7 shows that the higher
austenitization temperature (925 °C) adversely affects
the durability and homogeneity of the structure during
the heating and cooling of ADI cast iron. As during the
heating and cooling of the ADI cast iron sample
austenitized at a temperature of 850 °C, a proportional
and continuous decrease in the austenite and ferrite
lattice parameters as a function of temperature is
observed—no sudden changes in the phase fraction or
lattice stresses. The case of the higher austenitization
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Fig. 9—Strain in austenite ferrite as a function of temperature: (a)
850/380 sample and (b) 925/380 sample.

temperature (925 °C) of the ADI cast iron caused a
relatively fast decay of the unstable (blocky) austenite
into the martensite starting from subcooling below — 20
°C. Subcooling to a temperature of — 20 °C or lower
causes the spatially centered cubic structure to trans-
form into a spatially centered tetragonal structure. The
regular structure of the ferrite is unable to dissolve the
carbon content; therefore, the carbon is precipitated in a
tetragonally deformed martensite lattice. As a result, the
unstable blocky austenite is converted almost entirely to
martensite. This is accompanied by a sharp decrease in
the lattice parameters of the austenite and ferrite, a
decrease in the austenite fraction, a decrease in the
expansion of both the austenite and ferrite (Figure 10),
and a sudden increase in austenite stresses. The preced-
ing effect of uncontrolled changes in the structure and
volume causes the high thermal instability of heat-
treated ADI cast iron components, which leads to lower
safety indicators and an increased risk of damage during
operation.
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IV. CONCLUSIONS

The present study allows us to draw the following
conclusions.

1. The process of obtaining a homogeneous structure
that is free of austenite blocky areas strongly
depends on the parameters of the heat treatment
(especially the austenitizing temperature). This has
a significant effect on the lattice parameters and
fractions of the austenite and ferrite as well as on
the strain induced in these phases of ADI cast iron.

2. A higher austenitizing temperature, which leads to a
higher carbon concentration in the austenite before
the austempering process, does not mean that the
final austenite carbon content will be higher after
the austempering process. It was shown that the
lattice parameter of the austenite in the ADI cast
iron obtained at the lower austenitizing temperature
(850/380) has higher values (and, therefore, a higher
carbon content) as compared to the ADI cast iron
obtained at the higher austenitizing temperature
(925/380).

3. The lattice strain in the ferrite is proportional to the
austenitizing temperature and inversely propor-
tional to the austempering temperature and can be
represented by the following plane:

z =120 +ax+ by 3]

where z0 = 1.2, a = — 0.0095, and b = 0.0037,
with a high correlation coefficient (R = 0.99).

4. In the case of the lower ausferrite obtained at a low
austempering temperature (250 °C), the highest
ferrite fraction and the greatest number of ferrite
plates were obtained, which resulted in the highest
homogeneity of the microstructure without visible
areas that contained blocky austenite.

5. The analysis of the thermal stability of ADI cast
iron that included extremely low temperature values
(i.e., — 260 °C) and positive values (up to 450 °C)
showed that, in the case of the ADI sample
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austenitized at 850 °C, a proportional and contin-
uous increase in the lattice parameters of the
austenite and ferrite occur as a function of temper-
ature due to the lack of martensite in the structure.
No sudden changes in the phase fraction
(Figure 8(a)) or lattice stresses (Figure 9(a))
occurred.

6. The heating of ADI that contains martensite causes
a tempering effect that consists of the precipitation
of &(Fe, 4C) carbides in the ADI structure within a
temperature range of about 230 °C to 425 °C. At the
same time, the diffusive transformation of the
high-carbon austenite into a bainitic structure takes
place. The effect of tempering the ausferrite struc-
ture is much less pronounced than for the marten-
site. The main reason for this is that the ferrite
plates are less supersaturated in carbon as com-
pared to the martensite.

7. During the cooling of ADI cast iron (austenitized at
850 °C) within a range of negative temperature
values (down to — 260 °C), a proportional and
continuous decrease in the austenite and ferrite
lattice parameters as a function of temperature is
observed. In addition to this, no sudden changes in
the phase fraction or lattice stresses were detected.
In the case of the ADI cast iron obtained at a higher
austenitizing temperature (925 °C), cooling to
negative temperatures resulted in the relatively fast
decomposition of the unstable (blocky) austenite
into martensite starting from subcooling below
— 20 °C. The effect of the uncontrolled changes in
the structure and volume caused the high thermal
instability of the heat-treated ADI cast iron com-
ponents, which can lead to a reduction in safety
indicators and an increase in the risk of damage
during operation.
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