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Abstract

The influence of austempering temperature and salt bath agitation on microstructure
and mechanical properties of austempered ductile iron was studied. The as-cast specimens of
ductile iron were subjected to heat treatments consisting of austenitisation at 900°C for 1 h
followed by austempering at temperatures ranging from 230 to 450°C in a salt bath with and
without agitation. The volume fraction of retained austenite increases with increasing austem-
pering temperature to about 395°C and decreases at higher austempering temperatures. The
austempering at lower temperatures leads to the formation of finer microstructures. The ag-
itation of the salt bath leads to the formation of the higher volume fraction of ausferrite
at the expense of the retained austenite compared to that of the specimens prepared with-
out salt bath agitation. Vickers hardness decreases with increasing austempering temperature
and increasing volume fraction of the retained austenite. Room temperature impact energy
increases with increasing austempering temperature to about 395°C and then decreases at
higher temperatures. The impact energy increases with increasing volume fraction of the
retained austenite. The proposed mathematical models are of industrial importance for pre-
diction of Vickers hardness, impact energy and volume fraction of the retained austenite as
functions of austempering temperature and agitation or no agitation of the salt bath.
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1. Introduction
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Influence of austempering temperature and salt bath agitation

Over the last years, the market has been fac-
ing huge demand for tough, durable and economi-
cally viable materials. Ductile cast iron represents one
of such interesting materials for applications in dif-
ferent sectors including military, construction, earth-
moving, trucks, automotive, railway and agricultural
[1]. For example, some of the most used automo-
tive components are gears, crankshafts, connecting
rods, camshafts, timing gear supports, engine mounts,
transmissions, suspension components and tow hooks.
Isothermal heat treatments of ductile cast iron lead

to the formation of completely new phase in austem-
pered ductile iron (ADI) known as ausferrite. The
ADI has a unique microstructure and significantly
better mechanical properties (hardness, toughness,
and strength) than those of as-cast ductile iron [2-
4]. The microstructure of ADI is a mixture of fine
acicular ferrite and stable, high carbon enriched re-
tained austenite called ausferrite [3, 4]. Compared
with pearlitic, ferritic or martensitic microstructures,
the tensile strength of the ausferrite is nearly dou-
bled at a given ductility level [4-10]. Austempered ma-
trix provides better tensile strength and ductility ra-
tio than any other types of ductile cast irons. Various
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Table 1. Chemical composition of ductile iron (wt.%)

Label C Si Mn

P S Cu Mg

NK40-KF 3.63 2.52 0.20

0.04 0.008 0.04 0.047

combinations of mechanical properties resulting from
ausferritic microstructure of ADI can be obtained by
a combination of heat treatment parameters and al-
loying elements [11].

Heat treatments of ADI consist of austenitisation
of ductile iron, quenching in an austempering medium,
holding on austempering temperature and cooling to
room temperature [12-18]. Several authors [3, 4, 19]
have reported that ADI undergoes phase transforma-
tion processes consisting of two stages. During the
first stage, austenite () decomposes into bainitic fer-
rite (o) and carbon-enriched retained austenite (V).
During the second stage, the carbon-enriched retained
austenite further decomposes into ferrite («) and car-
bides. This decomposition occurs if the ductile iron
is held for a too long time at austempering tempera-
ture [3]. Optimal mechanical properties of ADI are
achieved upon the completion of the first stage of
transformation because the occurrence of carbides in
the microstructure makes the material brittle [20, 21].

The austempering transformation can be done in
lead bath, but its melting point of 327 °C narrows tem-
perature range of austempering heat treatment. Ex-
ceptionally, oil bath can also be used but with high
caution [22]. Salt baths are the most often used for
austempering heat treatment. They are also used for
tempering, annealing, austenitisation, quenching, etc.
The most commonly used salt baths are composed of
NaNOj3; and KNOj3. Operating temperature range of
these salt baths is between 160 and 550 °C and depends
on the chemical composition of heat-treated materials.
Molten salts are completely dissolved in cations and
anions, which are thermally very stable. Some molten
salts can even dissolve metals [23, 24].

This paper aims to study the influence of austem-
pering temperature and salt bath agitation on mi-
crostructure and mechanical properties of austem-
pered ductile cast iron. Planning of experiments con-
cerning input parameters is carried out. Austempering
temperatures and agitation or no agitation of the salt
bath are used as the input parameters for calculation
of an optimal number of experiments.

2. Experimental procedure

Figure 1 shows as-received ductile iron with a
chemical composition given in Table 1. The duc-
tile iron was prepared by sand casting in the form
of Y-block, as shown in Fig. la. For this study,
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Fig. 1. As-cast Y-block of ductile iron (a) and schematic
representation of Y-block dimensions (b).

only bottom part of the block with dimensions of
50 x 230 x 30mm? (part I) was cut from the as-
received block, as seen in Fig. 1b. The bottom part of
the block was cut into smaller pieces which were used
for machining of Charpy V-notch specimens with di-
mensions shown in Fig. 2. The Charpy specimens were
subjected to heat treatments consisting of austeni-
tisation and austempering. The austenitisation was
carried out at a temperature of 900°C for 1h. Af-
ter the austenitisation stage, the specimens were di-
rectly transferred into a salt bath consisting of 50 %
NaNO3z and 50 % KNO3 and austempered at tempe-
ratures ranging from 230 to 450°C for 1h. The heat
treatments were finalised by air cooling of the speci-
mens to room temperature.
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Table 2. Experiment plan

Sample label Experimental number

Austempering temperature (°C)

Salt bath agitation

13 1 230 With
3 2 230 With
11 3 395 Without
17 4 307 With
12 5 258 Without
1 6 394 With
15 7 230 Without
14 8 450 Without
16 9 450 With
4 10 230 Without
5 11 450 With
6 12 307 Without
8 13 352 With
7 14 307 With
2 15 450 Without
10 16 423 With
9 17 368 Without
A g |z measured by image analysis software Imaged.
— Ao EAES Vickers hardness HV10 was measured at an ap-
N plied load of 98 N using universal hardness machine
i \' according to ISO standard 6507-1:2005. Average hard-
<i> 25 7 ness values were calculated from five different mea-

Al 1000 |, surements.

— Fracture impact energy was measured using heat-
treated V-notch specimens and standardised Charpy
pendulum with an impact energy of 300 J. Measure-

—— ments were carried out at room temperature according
. 2?'5—';05 to ISO standard 148-1:2009.
56 7™

Fig. 2. Standardised Charpy V-notch specimen dimen-
sions.

Planning of experiments concerning input param-
eters was performed by Design FExpert software. The
cubic model was selected for Response Surface Method
(RSM) study type with D-optimal initial design. The
austempering temperatures ranging from 230 to 450°C
and agitation or no agitation of the salt bath were used
as the input parameters for calculation of an optimal
number of experiments. The applied cubic model re-
sulted in 17 experiments which data are necessary to
reliably predict mechanical properties in relation to
input parameters, as seen in Table 2.

The specimens for microstructural analysis were
ground on abrasive papers of different grain sizes and
mechanically polished on aluminium oxide suspen-
sion. The final step of the metallographic prepara-
tion included etching with Nital (a mixture of alcohol
and 3 % nitric acid). The microstructure observations
were carried by a light microscope. Volume fractions
of phases in as-cast and heat-treated specimens were

3. Results and discussion
3.1. As-cast microstructure

Figure 3 shows the typical as-cast microstructure
of the ductile iron specimens before heat treatments.
The as-cast microstructure consists of 52 vol.% of duc-
tile ferrite (a), 21 vol.% of graphite nodules (g), and
27vol.% of pearlite (P).

The ductile iron is not a single material but
part of a group of materials which can be pro-
duced with a wide range of properties through con-
trol of their microstructure resulting from stable and
metastable phase transformations. During cooling ce-
mentite forms first until all magnesium in the ductile
iron is consumed. Under the influence of silicon, ce-
mentite decomposes, and carbon forms graphite nod-
ules which are responsible for the quality of ductile
iron. Nodularity of ductile iron is defined by a propor-
tion of volume fraction of spherical graphite particles
to the total volume fraction of graphite. The produc-
tion aims to obtain ductile iron with as much nodular-
ity as possible, usually above 90 % [25, 26]. The high
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Fig. 3. The as-cast microstructure of ductile iron speci-
mens.

silicon content of the ductile iron suppresses the for-
mation of carbides normally associated with bainitic
reactions, allowing carbon rejected by the formation
of ferrite to enrich the carbon content of the retained
austenite.

Mechanical properties of ductile iron such as fa-
tigue strength and ultimate tensile strength severely
decrease with increasing amount of non-nodular gra-
phite particles while nodularity has only a small ef-
fect on yield strength. Thin graphite leaves with sharp
edges lead to a decrease of ultimate tensile strength.
Lower nodularity decreases elastic modulus, fracture
impact energy, electric resistance and increases vibra-
tion damping and heat conductivity of ductile iron
[26].

3.2. Effect of heat treatments
on microstructure

Figure 4 shows microstructures of ductile iron spec-
imens after austempering with the salt bath agitation.
Figure 5 shows microstructures after austempering at
different temperatures without the salt bath agita-
tion. From Figs. 4 and 5, it is clear that the typical
ausferrite microstructure is formed. The microstruc-
ture consists of graphite nodules (g) and a mixture
of ausferrite (a + ync) and ferrite (). The ausferrite
is formed from the austenite enriched with carbon.

Fig. 4. ADI microstructures after austempering with salt bath agitation at temperatures of (a) 230°C, (b) 307°C, (c)
352°C, and (d) 423°C.
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Fig. 5. ADI microstructures after austempering without salt bath agitation at temperatures of (a) 258°C, (b) 368°C, (c)
395°C, and (d) 450°C.

During the austenitisation process, the enrichment of
the austenite by carbon is achieved by the diffusion
of carbon from ferrite or carbides. In ferritic ductile
irons, there is only a small amount of carbon in ferrite
so austenite cannot be enriched enough to form aus-
ferrite during austempering heat treatments. Ductile
irons with pearlitic microstructure can be subjected
to austempering because pearlite contains eutectoid
cementite from which carbon can diffuse into austen-
ite during austenitisation and create ausferrite during
consecutive austempering. It should be noted that the
graphite nodules are thermodynamically stable in the
microstructure of the ductile iron up to about 1500°C
and cannot contribute to the enrichment of austenite
by carbon during austenitisation.

Figure 6 shows the dependence of volume fraction
of retained austenite on austempering temperature.
The volume fraction of the retained austenite increases
with increasing austempering temperature to about
395°C and then decreases at higher temperatures. The
agitation of the salt bath leads to a decrease of the
volume fraction of the retained austenite. The low vol-
ume fraction of the retained austenite at lower tempe-
ratures is connected with lower carbon diffusion rate

* With bath agitation
4 Without bath agitation

Volume fraction of retained
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Austempering temperature (°C)

Fig. 6. Dependence of volume fraction of retained austenite
on austempering temperature. The austempering with and
without salt bath agitation is indicated in the figure.

which leads to an increase of ferrite formation. The
excess of carbon trapped inside ferrite promotes pre-
cipitation of different carbides, mainly silicon carbides
which form at the same time as ausferrite [1]. Conse-
quently, the volume fraction of the retained austenite
decreases by decomposition to ferrite and carbides at
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Fig. 7. Dependence of Vickers hardness HV10 on austem-
pering temperature. The austempering with and without
salt bath agitation is indicated in the figure.

higher temperatures or when the austempering times
are longer [26]. The RSM analysis of experimentally
measured volume fraction of the retained austenite
V. for the specimens austempered with the salt bath
agitation yields an equation in the form:

Voo =31.258 —0.1227, +2.253 x 107472, (1)

where T3, is the austempering temperature. The corre-
lation coefficient of this fit is 72 = 0.886. The volume
fraction V., for the specimens prepared without the
salt bath agitation can be expressed in the form:

Vi =32.477—0.1887,+2.532x 107*77.  (2)
The correlation coefficient of this fit is 72 = 0.9445.

3.3. Effect of heat treatments on mechanical
properties

The measured mechanical properties are analysed
statistically. The statistical analysis is carried out by
ANOVA which is the part of Design Expert software.
Figure 7 shows that the Vickers hardness HV10 de-
creases with increasing austempering temperature for
both types of specimens prepared with and without
agitation of the salt bath. It is clear that the agitation
of the salt bath leads to significantly higher hardness
values compared to those of the specimens prepared
without agitation. The agitation of the salt bath leads
to an improved heat dissipation which is connected
with an increase of cooling rate during the austem-
pering [27]. Higher hardness values measured at lower
austempering temperatures can be related to low car-
bon diffusion rate which promotes the formation of a
higher amount of ferrite [28]. The precipitation of dif-
ferent types of carbides such as silicon carbides can
be identified in the studied alloy during the decom-
position of the austenite at lower temperatures. Us-
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Fig. 8. Dependence of Vickers hardness HV10 on the vol-
ume fraction of retained austenite. The austempering with
and without salt bath agitation is indicated in the figure.
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Fig. 9. Dependence of impact energy on austempering tem-
perature. The austempering with and without salt bath
agitation is indicated in the figure.

ing RSM analysis, the Vickers hardness HV10 for the
specimens prepared with the salt bath agitation can
be described in the form:

HV10 = 975.482 — 3.283T}, + 3.589 x 107372, (3)

The correlation coefficient of this fit is 72 = 0.9936.

For the specimens prepared without the salt bath
agitation, the RSM analysis results in the equation in
the form:

HV10 = 862.245 — 3.05T}, + 3.589 x 107372,  (4)

The correlation coefficient of this fit is 72 = 0.9728.
The measured hardness values can also be related to
the volume fraction of the retained austenite, as seen
in Fig. 8. The hardness decreases continuously with
increasing volume fraction of the retained austenite.
Figure 9 shows the dependence of measured impact
energy on austempering temperature. The impact en-
ergy follows qualitatively evolution of the volume frac-
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Fig. 10. Dependence of impact energy on the volume frac-
tion of retained austenite. The austempering with and
without salt bath agitation is indicated in the figure.

tion of the retained austenite with the austempering
temperature. The impact energy increases with in-
creasing austempering temperature to about 395°C
and then decreases at higher temperatures. For the
specimens prepared with the salt bath agitation, the
RSM analysis of experimentally measured values of
impact energy KV leads to an equation in the form:

KV = 174.104 — 1.487T, + 5.107 x 107372
—5.527 x 107072, (5)

The correlation coefficient of this fit is 2 = 0.8761.
Using the RSM analysis, the KV for the specimens
prepared without the salt bath agitation can be de-
scribed in the form:

KV = 169.199 — 1.447T, + 5.045 x 107372
—5.527 x 107073, (6)

The correlation coefficient of this fit is 72 = 0.9942.

The high impact energy values measured at tem-
peratures about 395°C can be explained by an opti-
mal amount of ausferrite in the microstructure of the
austempered specimens. At the austempering tempe-
ratures higher than about 395°C, the volume fraction
of the retained austenite decreases because ausferrite
decomposes into ferrite and carbides during the second
stage of the phase transformation. This undesirable
transformation leads to deterioration of the mechani-
cal properties, both hardness and impact energy, as
seen in Figs. 7 and 9. Similar results have also been
reported by Eric et al. [29] for Cu-Ni-Mo austempered
ductile iron.

Figure 10 shows the dependence of impact energy
on the volume fraction of retained austenite. For both
types of specimens prepared with and without salt
bath agitation, the impact energy increases with in-
creasing volume fraction of the retained austenite. As
shown by Lapin et al. [30, 31], impact energy can

be qualitatively related to dynamic and static frac-
ture toughness measured by Charpy and three-point
bending tests, respectively, using V-notch specimens.
Hence, it is expected that not only the impact energy
but also fracture toughness of the studied austem-
pered ductile iron increases with increasing volume
fraction of the retained austenite.

4. Conclusions

The influence of austempering temperature and
salt bath agitation on microstructure and mechanical
properties of austempered ductile iron was studied.
The achieved results can be summarised as follows:

1. The microstructure of as-cast ductile iron con-
sists of a ductile ferritic matrix with graphite nodules
and a small amount of pearlite. The volume fractions
of coexisting phases are measured to be: 52 vol.% of
ferrite, 21 vol.% of graphite nodules, and 27 vol.% of
pearlite.

2. The volume fraction of the retained austenite
increases with increasing austempering temperature
to about 395°C and decreases at higher austemper-
ing temperatures. The austempering at lower tem-
peratures leads to the formation of finer microstruc-
ture with the lower volume fraction of the retained
austenite (Vyne = 15-19 vol.%) than that of the spec-
imens heat-treated at higher austempering tempera-
tures (VAne = 30-32 vol.%).

3. The agitation of the salt bath leads to the forma-
tion of the higher volume fraction of ausferrite at the
expense of the retained austenite compared to that of
the specimens prepared without the salt bath agita-
tion. The austempering without the salt bath agita-
tion preserves higher volume fraction of the retained
austenite in the microstructure of ADI specimens.

4. Vickers hardness decreases with increasing
austempering temperature and increasing volume
fraction of the retained austenite. Room temperature
impact energy increases with increasing austemper-
ing temperature to about 395°C and then decreases
at higher temperatures. The impact energy increases
with increasing volume fraction of the retained austen-
ite.

5. The proposed mathematical models are of indus-
trial importance for prediction of Vickers hardness,
impact energy and volume fraction of the retained
austenite as functions of austempering temperature
and agitation or no agitation of the salt bath.
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