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In this paper the microstructure and phase composition of ausferritic ductile iron alloy were investigated by
scanning electron microscopy, transmission electron microscopy and X-ray diffraction methods. In order to obtain
the nanoausferritic microstructure in the alloy, the austempering heat treatment was performed at relatively low
temperature. As a result, a specific kind of microstructure, containing nanocrystalline ausferrite and retained
austenite blocks, was obtained in each heat-treated sample. The volume fractions of phases were determined using
different methods: MicroMeter software for scanning electron micrographs, stereological analysis for transmission
electron micrographs, quantitative analysis of the X-ray diffraction spectra and magnetometer measurements. All
methods revealed a high amount of retained austenite which varied as a function of the austempering treatment pa-
rameters. It was shown that the quantitative phase composition measured by X-ray diffraction and magnetometer,
in all samples investigated, differs significantly from the stereological measurements and image analysis performed
through the MicroMeter software. The possible reasons of the observed differences were discussed.
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1. Introduction

An austempered ductile iron (ADI) is classified as a
modern cast iron alloy, which is usually subjected to
austempering heat treatment. This material is widely
used for structural applications due to its good mechani-
cal parameters that combine high strength and ductility.
The high ductility of the ADI arise from the presence of
retained austenite, whose content depends mainly on a
kind of designed and performed heat treatment.

In recent years, a lot of investigations paid attention
to modifications of heat treatments usually used for cast
ductile iron alloys, in order to optimize their microstruc-
ture and phase composition [1-4]. One of directions of
the research work was to produce the alloys with nano-
crystalline microstructure and precisely designed phase
composition [4-7]. However, to control the phase com-
position, especially the content of the retained austenite
is not an easy task and needs application of the accurate
methods of phases volume fraction determination.

Scientists working with ADI attempted to estimate the
content of retained austenite on the basis of micrographs
image analysis, and compared their results to measure-
ments obtained by other methods, e.g. X-ray diffraction
(XRD) [8-10] or magnetic measurements [8]. However,
these results often differ from one another [§].
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The aim of the present study was to characterize the
microstructure of austempered ductile iron at different
scales of observations and to determine the phase com-
position of heat-treated samples using various methods.
The proposed methodology can be also use to analyze
the retained austenite content in nanocrystalline steels
produced by phase transformations.

2. Material

Research has been conducted on a ductile cast iron,
with a chemical composition presented in Table I, and
different initial microstructure of the matrix: ferritic-
pearlitic in the case of ADI-1 and ausferritic in the
case of ADI-2. The samples were subjected to diffe-
rent variants of heat treatment consisting of austenitiza-
tion at 930°C followed by austempering heat treatment
at 300°C. The parameters of the heat treatment were
determined, through the examination of phase transfor-
mations, by means of dilatometric tests, on which basis
time—temperature transformation (TTT) diagrams were
created (Fig. 1). The time of isothermal hold was stated
at the end of bainitic transformation.

TABLE I
Chemical composition [wt%] of the ductile iron.

C | Si |[Mn|Mg|Mo|Cr | Cu P Se | Fe
3.35(3.62]0.18/0.06]0.59|0.03|0.031|0.038(0.012 | bal.
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Fig. 1. Experimental time-temperature transforma-

tion (TTT) diagram for ADI investigated.

3. Experimental

All heat treated samples were subjected to the mi-
croscopic observation by use of a light microscope (LM),
a scanning electron microscope (SEM) and a transmis-
sion electron microscope (TEM). For TEM investigation,
the bright field (BF) and dark field (DF) observations
were performed combined with electron diffraction pat-
tern analyses. In order to quantitatively describe the mi-
crostructure (grain size, volume fraction of phases), the
methods of stereological analysis were used. The TEM
observations revealed that after austempering process the
microstructure of the ADI matrix is composed of thin
ferrite plates separated by thin layers of austenite. The
thickness of the ferrite plates and of the austenite layers,
was determined according to the following stereological
formula [11]:

d=2L/m, (1)
where d stands for the real size of the element of the mi-
crostructure (in the analysed case the real thickness of a
plate) and L is the size of the microstructure measured in
the TEM image (in this case the width measured in the
image). The plate widths (L) were measured perpendi-
cularly to the interphase boundaries. The content of each
phase in the investigated microstructure was determined
along the Cavalieri rule, according to which the volume
fraction of a phase Vi, within the structure is equal to
the area fraction in the image A4, or to total length of
line segments passing through a given phase with respect
to the total length of the secants Ly :

VWw=A4=1Lr. (2)
The volume fraction of the retained austenite in the in-
vestigated microstructures was determined using a line
method. In this method, the secants of the length [
are randomly placed on the TEM image. Each secant
crosses the investigated phase n-times. The volume con-
tent Vi, of the investigated phase is the ratio of the sum
of the widths ¢;; of the sections coming through (pas-
sing through) the investigated phase, divided by the total
length [ of the secants

Vv = Yeir/l. 3)
Measurements of the volume fraction of retained auste-
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nite were performed against the matrix of ductile iron, ex-
cluding the volume fraction of spheroidal graphite. The
amount of blocks of residual austenite was determined
basing on the SEM observations under two magnifica-
tions: %2500 and %5000, using the MicroMeter soft-
ware [12].

The total amount of residual austenite in the matrix of
ductile iron, after various heat treatments, was also me-
asured by means of XRD method with the use of cobalt
radiation and iron filter.

Diffraction spectra were obtained in an angular range
of 20 between 49.00° and 63.00°, using a step of 0.02°.
In this range, the diffraction lines of (110) a phase and
(111) ~ phase were recorded. The phase identification
was conducted by comparing the intensities arising from
dprr with the ASTM data. The volume fraction of auste-
nite (V) in the matrix of austempered ductile iron was
determined from the formula [1, 2|:

Vo % 100%, 4
Y 1+IO¢IA71R 0 ()

where V,, — volume fraction of austenite, [%]; I — to-
tal relative intensity of diffraction line of (110) « phase,
planimetred on X-ray spectra; I, — total relative inten-
sity of diffraction line of (111) 7 phase, planimetred on
X-ray spectra; R — constant adopted from [2]; for these
measurements its value was 0.85.

V, + Vo = 100%. (5)
Magnetometric tests were performed using the vibrating

sample magnetometer (VSM) in a magnetic field 2 T at
room temperature.

4. Results and discussion

The LM observations revealed that as a result of
austempering processes a typical microstructure con-
taining lower ausferritic matrix with spheroidal grap-
hite was produced (Figs. 2(left), 3(left)).  Higher
magnifications revealed a needle-shaped microstructure
(Figs. 2(right, bottom), 3(right, bottom)). SEM obser-
vations at even larger magnification revealed needles of
similar orientation, grouped in areas misoriented from
one another (Figs. 2(bottom), 3(bottom)). Some small
differences in the microstructure were observed between
both alloys at that stage of observation. In the case of
ADI-1 the microstructure seemed to be inhomogeneous
and fragmented, packets and groups of needles were shor-
ter and more misoriented from each other as compared
to ADI-2. Those differences can be related to the initial
microstructure of the matrix — ferritic-pearlitic in ADI-1
and ausferritic in ADI-2. In the light microscopy investi-
gations, the small amount of non-etched, white areas,
with characteristic regular shape and forming clusters
were observed. This areas probably correspond to the
retained austenite.

Observations performed by the TEM showed nanome-
tric character of the microstructure (Figs. 4, 5). It me-
ans that each needle observed in LM and SEM image
is composed of a package of nanometric layers parallel
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Fig. 2. Microstructure of ADI 1 revealed by LM (left,
right) and by SEM (bottom).

Fig. 3. Microstructure of ADI 2 revealed by LM (left,
right) and by SEM (bottom).

to each other. Electron diffraction patterns analysis re-
vealed that the microstructure consisted of thin bainitic
ferrite plates separated by thin layers of retained auste-
nite. In case of steels this kind of microstructure is called
nanobainite [13-15], while in ductile iron we can speak of
nanoausferrite [6, 7]. The average width of ferritic plates
was similar for both samples and it was 126 + 13 nm and
116+ 7 nm in ADI-1 and ADI-2, respectively. In the case
of austenite layers some differences in average size were
observed: 7348 nm for ADI1 and 56 + 5 nm for ADI-2.

Fig. 4.

Microstructure of ADI 1 (left), DF image
(right) with the use of austenite reflection.

Fig. 5. Microstructure of ADI 2 (left), DF image with
the use of austenite (right), ferrite (bottom).
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Fig. 6. Graphite particles in the matrix.

Since ADI contains spheroidal graphite, content, size
and distribution of this phase should be known. It is im-
portant especially in terms of designing mechanical pro-
perties of ADI, but also for performing phase composition
measurements. The amount of graphite can be estimated
by image analysis with the use of MicroMeter software
(Fig. 6). Calculated volume fraction of spheroidal grap-
hite was similar for both samples and amounted to 12%,
and measurement error suggested uniform distribution of
this phase in the matrix (Table II).

TABLE IT

The volume fraction of graphite spheroidal graphite [%]
in ductile iron.

ADI 1
12.3740.006

ADI 2
12.1440.007

Other important parameters which determine ducti-
lity of the ADI are the volume fraction, size, and shape
of the residual austenite in the ADI microstructure. Our
previous study revealed that with increase of time and
decrease of temperature of austempering, the ausferritic
microstructure became more finer, and the amount and
size of blocky austenite was reduced [16]. Thus, it can
be assumed that after completion of bainitic transfor-
mation the amount of residual austenite should be very
low. However, due to incomplete reaction phenomena a
part of austenite usually remains untransformed in the
microstructure [17].

Stereological analysis of TEM images revealed that the
total amount of retained austenite was almost 42% for
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ADI-1 and 35% for ADI-2 which is relatively high. It
can be related to the fact that in the TEM image only
small, selected areas can be observed — usually areas
consist of typically nanoausferritic microstructure, wit-
hout blocks or thick layers of austenite are chosen. In
addition, the size of TEM samples allows to analyse only
a very small volume of material. Hence, it is difficult
to properly analyse by means of this method, changes in
phase composition and in microstructure that arise from
large scale macrosegregation that usually occurs in cast
ductile iron. Therefore, it can be assumed that amount
of retained austenite estimated by means of this met-
hod refers to the content of this phase only in a typical
nanoausferrite and it is weighted with significant measu-
rement error.

TABLE IIT
The amount of v phases in the matrix of ductile iron after
various austempering heat treatments.

Stereological measurements (%] |XRD| Magn.
Sample Yovlocks SEM Yiayers Ytot Ytot A:
x2500 | x5000 TEM

ADI 1 (12.5+4.9(11.4+4.2|41.94+4.4|43.12|28.01| 24+1.66
ADI 2 [12.84+4.8(14.445.8(35.3+4.2|38.49(29.69| 254+1.66
*The volume fraction of retained austenite is a difference
Ar = Vpara — Vwgraphite |[%]. The content of paramagnetic
phase Vi para is determined by magnetic measurements, the
volume fraction of graphite Vi graphite = 12%.

TABLE IV
Size of blocks [pm?] of residual austenite,
micrometer determinations.

ADI 1 ADI 2
SEM min. | max. | min. max.
x2500 | 0.24 | 40.48 | 0.21 43.25
x5000 | 0.23 | 17.24 | 0.28 28.33

On the other hand, the use of SEM at a low magnifica-
tion enables performing investigation of more represen-
tative areas of the microstructure. Combining the SEM
and MicroMeter software allows, at least in principle,
to estimate the amount of retained austenite. However
this method also presents some problems and limitations.
First of all, at a lower magnifications it is very difficult
to separate very small and thin microstructure elements
(Fig. 7(left column)) and thus it is not possible to re-
veal the microstructure within the nanoausferritic areas.
Another problem to be faced is that the contrast bet-
ween the phases in SEM is generally very weak, grains
are feathered or blurry, not to mention the software ca-
pacities that are too low to define interphase and grain
boundaries. It follows that SEM permits to reveal the
austenite only if this phase occurs in a form of relatively
large grains and does not allow to perform a complete
phase analysis. On the other hand, this method can be
very useful to analyse the amount and size of blocks of
residual austenite. However, due to differences in the
contrast at the edges and inside of the blocks of residual
austenite, a significant percentage of this phase can be
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missed (Fig. 7(left bottom)). Therefore it is necessary to
outline the blocks of retained austenite before the Micro-
Meter analysis is performed (Fig. 7(right column)). The
results of MicroMeter analysis of blocky austenite on the
basis of SEM images at two magnifications are similar
(Table IIT). Lower magnifications give better possibility
to analyse the total amount as well as size of blocky auste-
nite (Figs. 7, 8, Table III, IV). At higher magnifications,
the observed areas are smaller and blocks can be partially
missed, or, only austenite blocks are visible.

Fig. 7. The image analysis with the use of a graphic
program and MicroMeter software: (left column) the
analysis without previous image processing, (right co-
lumn) the analysis after image processing.

WDi3.2mm 15.6kV x3.5k  26um

Fig. 8. The image analysis with the use of a graphic
program and MicroMeter software.

On the basis of all stereological estimations the fol-
lowing formula was proposed to calculate the volume
fraction of residual austenite:

VV (V)tot = (1 - VVg'r‘aphite){VV (’Yblocks)

+[W (aus ferrite) Vv (Viayers }- (6)
Table III shows the amount of residual austenite that was
determined utilizing different methods. As seen in the ta-
ble, there are significant differences in austenite content,
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depending on the method of investigation applied. The
volume fraction of austenite determined by XRD is 28%
and 29.7% for ADI-1 and ADI-2, respectively. These va-
lues were higher than those determined by magnetic met-
hod. The highest values of residual austenite were obtai-
ned from the stereological calculations. That discrepancy
might result from the ADI microstructure heterogenei-
ties which occur because of the gradients of the chemical
composition in the matrix between the graphite precipi-
tates and interdendritic regions. The gradients in carbon
content and in other alloying elements might strongly in-
fluence the phase composition in a given area. Thus the
determined austenite content in smaller areas, as those
registered in TEM micrographs, might not be represen-
tative of the overall microstructure of the investigated
alloy.

Volumetric measurements by means of XRD or the
magnetic method allow to analyse bigger volume of the
material. In the case of magnetometer measurements,
the obtained results do not directly indicate the phases
but rather show their magnetic properties. By the use of
the magnetic measurements about 64% and 63% of ferro-
magnetic phase which were obtained in ADI-1 and ADI-2
respectively, the remainder was the paramagnetic phase.
Graphite is a paramagnetic phase, therefore to find the
amount of retained austenite a 12% of graphite phase
was subtracted from the total volume fraction of para-
magnetic phase. In case of the XRD method, there are
known problems with broadening and shifting diffraction
peaks because of a nanostructure, an internal stresses
occurring in the material, as well as due to supersatu-
ration of phases with some chemical components. All
of these factors appeared in investigated samples: nano-
structure, stress as a result of heat treatment and bainitic
transformations, as well as the supersaturation of auste-
nite with carbon, which made it difficult to analyse the
influence of the diffraction spectra. However, similar re-
sults of measurements of XRD and VPS suggest that the
investigations were made properly.

5. Conclusions

1. The microscopic investigations at different stages
of observation showed that as a result of austem-
pering of ductile iron, the complex multi-phase mi-
crostructure was produced. It consisted of graphite
particles embedded in the two-phase austenitic-
ferritic matrix. The matrix was composed of a
mixture of ausferritic regions and the blocks of un-
transformed austenite. The ausferritic regions were
composed of ferritic plates alternating with layers
of retained austenite.

2. The thickness of ferritic plates and austenitic layers
was of the order of 100 nm, which means that the
ausferritic regions can be classified as a nanocry-
stalline constituent. That kind of microstructure
was formed during prolonged austempering process
which allowed the formation of high density bainitic
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ferrite plates, which, in turn, led to strong fragmen-
tation of the austenite and to the reduction of the
size of austenite blocks.

3. The total amount of austenite Vi, (7)o is the sum
of the amount of austenite blocks Vi (Vpiocks) and
the amount of austenite in the form of thin layers
occurring in the ausferrite and can be determined
by Eq. (6).

4. SEM/MicroMeter analysis performed at required
low magnifications allows to estimate the content
of blocky austenite.

5. TEM analysis is superior to other methods as
it concerns estimation of the austenite volume
fraction contained in the nanoausferritic regions.
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