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ABSTRACT. The first stage of this study investigates the precipitation of free
ferrite from the austenite on fully austenitized ductile iron. Several sets of
samples of low alloy ductile iron are fully austenitized and then cooled down
to different temperatures and different times within the intercritical austenite-
ferrite-graphite phase field.

Based on these results, heat treatment cycles aimed at obtaining
microstructures composed of free ferrite and ausferrite are carried out.
Tensile, impact and toughness tests are performed to characterize the
mechanical properties. The results show that, related to the high strength
austempered ductile iron grades, the best combinations of properties were
obtained from the mixed structures composed of 5% free ferrite and 95%
ausferrite, resulting from the austempering at 280°C. These amounts of free
ferrite allow obtaining an increase of the elongation (about 50%) and impact
toughness (about 10%) while the tensile strength and fracture toughness
decrease by about 1.5 and 15% respectively.
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INTRODUCTION

researchers to investigate the usefulness of the development of complex microstructures. The applicability of
metallic matrices formed by free ferrite and ausferrite obtained through the austempering of partially austenitized
ductile irons, a material usually called TADI” (Intercritically Austempered Ductile Iron), has received some attention [1-13].
Specific thermal cycles have been developed in order to obtain IADI microstructures. The first paper concerning this subject
matter was written by Aranzabal et al. [1]. The authors obtained different variants of IADI by modifying the silicon level of

T he continuous need for the development of ductile irons (DI) of improved mechanical properties has led the



https://youtu.be/nCtrLZ8y3P0

A.D. Basso et alii, Frattura ed Integrita Strutturale, 61 (2022) 519-529; DOI: 10.3221/IGF-ESIS.61.35

the melts and heat-treating ferritic DI at different austenitizing temperatures. During the austenitizing stage, different
amounts of austenite nucleate and grow as a function of the temperature within the three-phase field y + « + Gr of the Fe-
C equilibrium diagram. This field is sometimes referred to as the intercritical temperature interval (ITI). The limits of this
three-phase field are defined by the chemical composition of the melt, mainly by its silicon content. The austenitizing stage
is followed by an austempering step in order to produce the austenite-ausferrite reaction. Therefore, the final microstructure
is composed of free allotriomorphic ferrite and ausferrite.

On the other hand, Wade et al. [2] and Verdu et al. [3] obtained IADI microstructures by means of heat treatments based
on quick and incomplete austenitization cycles at temperatures within the austenite-graphite field (above the upper critical
temperature of the ITT). Using this procedure, the austenite nucleates mainly around graphite nodules, and then it transforms
into ausferrite during the austempering step. The amounts of ferrite and ausferrite are controlled by the austenitizing time:
the longer the time, the greater the amount of austenite and, therefore, the larger the amount of ausferrite in the final
microstructure.

Basso et al. [4,5], Kilicli et al. [6,7] and Fernandino et al [8-10] obtained IADI applying a different methodology. It consists
in subjecting a fully ferritic DI to an incomplete austenitization stage, at different temperatures within the ITI, followed by
an austempering step in order to transform austenite into ausferrite. This heat treatment has allowed to obtain
microstructures composed of different percentages of ausferrite and allotriomorphic ferrite (original matrix of the samples),
depending on the intercritical austenitizing temperature. The amount of ferrite increases when the austenitization step is
closer to the lower limit temperatures of the ITI (Tiower). On the other hand, when using austenitizing temperatutes close to
the upper limit temperatures of the ITI (Typper), the amount of allotriomorphic ferrite diminishes and it is present as a
dispersed microconstituent in an ausferritic matrix.

The feasibility of economizing IADI production by eliminating the expensive ferritizing annealing heat treatment, which
was assumed to be necessary to control properly the microstructure, was also analyzed by the authors in previous
contributions [11,12]. It was found that proper IADI microstructures could be obtained from as-cast samples of high silicon
DI (with Si contents greater than 3%). Another alternative thermal cycle has been also proposed by the authors [13]. In this
case, the DI sample is initially austenitized within the austenite-graphite temperature field, to be then held at a temperature
within the I'TI in order to obtain the desired amount of ferrite. The main difference of this thermal cycle with respect to the
prior ones is that the ferrite must now nucleate and grow into an austenitic matrix. The influence exerted by the chemical
composition on the characteristics of the austenite-ferrite reaction occurring within the I'TI of the Fe-C-Si diagram was also
evaluated. The results showed a strong dependence between the alloy composition and the characteristics of the austenite-
ferrite reaction, affecting the amount as well as the morphology of the precipitated allotriomorphic ferrite, which in some
cases showed an intergranular morphology. The influence of the morphology and amounts of ferrite obtained by this last
variant of heat treatment cycle on the mechanical properties of IADI has not been thoroughly investigated. This study is
focuses on the analysis of the nucleation and growth of ferrite upon cooling previously austenitized DI samples into the I'TI
and below, in an attempt to identify the heat treatment conditions that lead to the precipitation of small amounts of
intergranular ferrite. Then, the influence of each microstructure on the mechanical properties is evaluated.

MATERIALS AND METHODS

Material and microstructural characterization

I samples used in this work were obtained from a ductile iron melt alloyed with Cu and Mn to provide some degree

of austemperability, necessaty to obtain the same IADI microstructure throughout the whole volume of the samples

[8]. The melt was prepared in a 50 kg capacity medium frequency induction furnace. Nodularization was carried
out by using the sandwich method employing Fe—Si—Mg (6%). The melt was inoculated with Fe—Si (75%Si) and then, it was
poured into 25 mm thick Y-block molds, which were prepared with alkyd resin bonded sand. The chemical composition
was determined by using a Baird DV6 spectrometer. Metallographic samples were prepared by using standard polishing and
etching methods. Etching was carried out by using nital (2%). The microconstituents were quantified by using an optical
microscope and the Image Pro Plus software. The reported values from as-cast characterization are the average of at least
three determinations. The graphite areas were not accounted for in the reported percentage of the microconstituents.

Determination of the upper and lower limit temperatures of the ITI]

The Tpper and Tiower temperatures were estimated using the methodology proposed by Gerval and Lacaze [14] and then, the
advance of the transformation of ferrite into austenite as a function of the intercritical temperature was experimentally
determined by heating prismatic small samples (10x10x60 mm) and held for 60 minutes at temperatures between 760°C and
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900°C. After the holding stages were completed, the samples were water quenched. Then, the samples wete sectioned and
observed metallographically in order to quantify the amounts of ferrite and martensite present in the microstructure. This
information is needed to properly design the heat treatment cycles aimed at obtaining IADI. Tupper and Tiower wWere
experimentally determined as those temperatures that lead to a fully martensitic matrix, and that with 5% of martensite,
respectively. It is worthy to note that these heat treatment cycles were performed on samples that were initially ferritized
following an annealing heat treatment cycle consisting of an austenitizing stage at 920°C for 60 minutes followed by a slow
cooling down to room temperature inside the furnace. This microstructural condition is commonly used to standardize the
starting microstructure of the samples to be heat treated to determine the I'TT [4-5,8-10].

Study of kinetics of ferrite precipitation from austenite within the I'T]

Based on the values of Typper and Tiower measured, heat treatments aimed at investigating the advance of the precipitation of
ferrite from austenite were carried out as follows. Several sets of small samples were heated to full austenitizing temperature
[910 °C] and maintained for 60 minutes. Then, the temperature of the furnace was reset to a temperature below Tupper. After
different holding periods, samples were extracted and quenched in water. The thermal cycle is shown schematically on Fig.
1. After heat treatment, the samples were sectioned and observed metallographically in order to quantify the phases present
at the microstructure.

Intercritical Interval ‘

\\ Tupper critical

Y — areaction

Temperature

Tlower critical

Water quenched

Time

Figure 1: Thermal cycle used to investigate the precipitation of ferrite at temperatures within the ferrite-austenite-graphite temperature
field.

Heat treatments to obtain different LADI microstructures

Based on the knowledge of the kinetics of ferrite precipitation, heat treatments intended to produce ferritic-ausferritic
matrices were carried out as follows. Sets of tensile, impact and fracture toughness samples were heated and held for 60
minutes at full austenitizing temperature (910°C). Then, the temperature was decreased inside the furnace to reach a
temperature within the ITI. The holding time at the intercritical temperature aimed at producing the precipitation of 5% to
15 % of free ferrite, since it was reported that these amounts of free ferrite led to interesting combinations of strength and
elongation [15]. Then, the samples were austempered in a molten salt bath and held at two different temperatures. In this
work, austempering steps were performed at 280 °C and 230 °C, for 90 minutes. Fully ausferritic (conventional ADI)
samples austenitized at 910°C for one hour and then austempered at the same temperatures as those of the IADI samples,
were also produced in order to evaluate the influence of free ferrite on high-strength ADI structures.

Mechanical tests

Rockwell hardness measurements were performed with a universal hardness testing machine Ibertest-DU 250 following the
recommendations of ASTM E18. Tensile tests were carried out on small-size cylindrical specimens proportional to standard
(0.25 in diameter.) following the recommendations of the ASTM E8M standard. A universal testing machine with a
crosshead displacement rate of 8.4x10-3 mm s-1 was used. Un-notched Charpy samples of 10x10x55 mm were tested
following the ASTM E23 standard, using an impact machine that delivers an impact speed of 5 m s-1. Results were expressed
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as impact energy measured in J¥*cm-2. SEN(B) standard specimens of 10x20x100mm were used to determine the fracture
toughness parameter KIC, following the specifications given by the ASTM E399 standard. The test specimens were pre-
machined, heat treated and machined to final dimensions. For the case of impact and toughness samples, the notches were
machined with conventional procedures and the pre-cracking was carried out in a fatigue machine with a double eccentric
system, when needed. The final crack length was measured using a profile projector. All reported values of mechanical
properties are the average of at least three tests.

RESULTS

Chemical composition and as-cast characterization

T he chemical composition of the melt listed in Table 1. The as-cast microstructure is shown in Fig. 2. The result of
as-cast characterization shows a metallic matrix composed of 90% perlite - 10% ferrite, a graphite nodularity of
90%, with a nodular count of about 120 [nod*mm-2] according to ASTM A-247 standard.

Content (wt-%0)
Melt C Si Mn Cu S P C.E.

3.47 2.99 0.41 038 0.020 0.024  4.46
Table 1: Chemical composition of the melt (Bal. Fe).

Figure 2: Optical metallography of the as-cast microstructure at different magnification. Nital 2%.

Intercritical temperature interval

The microstructure of the samples resulting from the heat treatment cycles used for determining the Tupper and Tiower is
shown in Fig. 3. The results of the phase quantification are plotted in Fig. 4. It is worth remembering that these samples
were previously ferritized. According to the adopted criteria described early, the limit temperatures of the intercritical range
for this alloy were determined as Tupper=860 °C and Tiower=790 °C. The values of Tupper and Tiower calculated by using the
equations proposed by Gerval and Lacaze [14] resulted in Tiower=788 °C and Tupper=823°C. The values of Tiower measured
and calculated are in good agreement. The value of Tupper, 00 the other hand, is quite different, being the experimental
reading much higher. This large difference may be a consequence of the microsegregation of the alloying elements, that
causes a heterogeneous distribution of alloys elements at the metallic matrix. Additionally, it is important to mention that
these values are the equilibrium phase percentages for each temperature, since according to previous work [4-6], a holding
time of about 30 minutes is enough to reach the phase’s equilibrium in the ferrite-austenite transformation within the ITIL.
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Figure 3: Metallographic samples resulting after heating ferritized samples at different temperatures within ITT and followed by
quenching,.
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Figure 4: Phases quantification after quenching of samples heating at different temperatures.

Study of kinetics of ferrite precipitation from aunstenite within the I'T]

Based on the results of Tiower and Tupper, isothermal cycles for intercritical austenitizing temperatures between 790°C and
840°C, after full austenitization at 910°C, were carried out for times ranging from 0 to 360 minutes, followed by quenching.
Time 0 corresponds to the moment at which the samples, that are being cooled down inside the furnace from the fully
austenitizing temperature, reach the preset temperature below Tupper. Fig. 5 shows the advance of ferrite precipitation for
different intercritical temperatures and times. The reported values correspond to the amount of ferrite nucleated and grown
from a fully austenitic matrix. For the intercritical temperatures of 790°C and 800°C, the reaction starts after approximately
30 minutes. For intercritical temperature of 8§10°C, transformation takes about 60 minutes to start, and it exceeds 120
minutes for an intercritical temperature of 840°C. It is clear that the rate of ferrite precipitation is strongly dependent of the
intercritical austenitizing temperature. The greater the undercooling with respect to Tupper, the larger the driving force.
However, even after 360 minutes of isothermal holding, the samples did not reach the amount of ferrite corresponding to
the equilibrium at that temperature inside the ITI (see Fig. 4). For example, according to the equilibrium at 800°C, the
amount of ferrite is approximately 85%, but under this heat treatment condition, the amount of ferrite obtained was just
about 25% after 360 minutes. This noticeable difference evidenced in the characteristics of the austenite-ferrite reaction
within the intercritical interval agree with the results reported by Basso et al [13], where the influence of chemical
composition and holding time on austenite-ferrite transformation was analyzed.
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Figure 5: Percentage of ferrite as a function of intercritical austenitizing holding time.
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Fig. 6 shows the microstructural evolution during the precipitation of ferrite with time for a holding temperature of 800°C.
Ferrite precipitates are mostly concentrated along the austenite grain boundaries, and on the austenite graphite interface, as
expected. It must be noted that graphite nodules only become enveloped by ferrite after a noticeable amount of ferrite has
precipitated. In addition, the information about the ferrite precipitation kinetics should not be used to plot a conventional
isothermal transformation diagram, as the cooling from the austenitizing temperature is not fast, nor is it controlled.
Nevertheless, it quantifies well the amounts of ferrite that can be obtained in an actual heat treatment with similar parameters
as those used here.

Figure 6: Advance of ferrite precipitation with time for 800°C holding temperatute. () 60 min, (b)120 min, (c) 360 min. Grey background
is martensite and white is ferrite. Nital 2%.

Heat treatments to obtain different high-strength LADI microstructures

Based on the results of Fig. 6, heat treatments were conducted in order to evaluate the mechanical properties on the more
interesting TADI microstructures. Testing samples wete subjected to a fully austenitizing temperature of 910°C for 60
minutes, and then, samples were cooled to an intercritical austenitizing temperature of 800°C for two different holding
times: 60 and 120 minutes, in order to obtain microstructures showing 5% and 15% of free ferrite, respectively. Later, the
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austempering stage was catried out at 280°C and 230°C for 90 minutes. In this way, four different variants of high-strength
IADI were evaluated: two microstructures composed of different amounts of ferrite and ausferrite, and two different
austempering temperatures. Furthermore, for the two austempering temperatures, fully austempered samples (high-strength
ADI grades) were also obtained and tested as a reference material. The different microstructures were named as follows:
IADITYy-t and ADITy, where t is the holding time and T is the austempering temperature.

As example, ADI and IADI microstructures obtained after austempering at 280°C are shown in Fig. 7. The amount of free
ferrite obtained were 5% and 15% after 60 and 120 minutes respectively, which are in good agreement with the previous
quenching experiments.

Figure 7: ADI and IADI microstructures obtained after austempering at 280 °C. (a) ADI280, (b) IADI280-60, (c)IADI280-120. Grey
background is ausferrite and white is ferrite. Nital 2%.

Mechanical properties

The values of hardness, ultimate tensile strength (UTS), yield stress and elongation until failure (%) measured on the ADI
and IADI samples are plotted in Fig. 8. The results for ADI satisfy the requirements of Standard ASTM A857 Grade 1600-
1300-01 for ADI 230, and Grade 1400-1100-02 for ADI 280. This is shows that the quality of the base DI and the heat
treatment used is suitable to produce standard ADI quality. The results of tensile tests of the IADI samples show that the
presence of small amounts of free ferrite has some influence on the mechanical properties. For IADI microstructures
austempered at 280°C (Fig. 8a), as the matrix includes a 5% and 15% of free ferrite, the yield strength and UTS decrease
very little (1.5 and 3% respectively), while the elongation increases by about 50%. Nevertheless, it must be noted that the
large relative increment in elongation consists only in an increase of the value of deformation to rupture from 2% to 3%.
All these changes indicate a moderate but consistent increase in ductility with little decrease in strength. For samples
austempered at 230°C, the drop in strength parameters is more marked, with a decrease ranging from 11% to 14% as the

amount of ferrite grew from 5% to 15%. These changes were accompanied by gains in elongation from 33 to 100% (Fig.
8b).
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Figure 8: Results of tensile strength (UTS), yield stress and elongation (%) for ADI and IADI microstructures.

Regarding hardness, Tab. 2 shows a decrease as the holding time increases, for both austempering temperatures investigated.
For all measurements, the experimental dispersion was about 5%. For samples austempered at 280°C, the hardness drops
10% and 18% when the amount of free ferrite presents in the microstructure changes from 5% to 15% respectively. For
IADPI’s austempered at 230 °C, the hardness dropped from 5% to 8%.

Samples Hardness [HRC]

ADlbgo 47
TADIg0.60 43
TADIzs0-120 39

ADI30 51
IADI230-60 49
TADI230.120 47

Table 2: Results of hardness for ADI and IADI microstructures.

Fig. 9 shows the KIC wvalues for the ADI and IADI samples. The highest KIC values are obtained for ADI280
microstructure (~ 76 MPa*m0.5), and then, for the IADI280 variants. It is evident that as the amount of ferrite in the
microstructure increases, the KIC value decreases. The presence of 15% of free ferrite produces a reduction of
approximately 25% in the KIC value with respect to the ADI280. This is because the ferrite has lower toughness than the
ausferrite obtained at 280 °C. The literature reports that the KIC of ferritic DI is about 50 MPa m®> [5]. For the case of
samples austempered at 230 °C, the KIC values do not change with the increase of ferrite in the microstructure. The ADI
and IADI microstructures austempered at 230 °C show a KIC value of approximately 51 MPa m0.5. For this case, the KIC
values of ADI230, and a ferritic DI are similar, then there are no changes in the fracture toughness of the material when the
relative amounts of those phases vary in the microstructure. The explanation of the influence of the dispersion of ferrite on
ausferrite based on the individual contribution of each micro-constituents appears, at a first sight, an oversimplification of
the matter. In fact, in previous work [5], it was found that a small amount of free ferrite (~ 5%) present as a second dispersed
phase in IADI austempered at 350°C, improved the KIC value in comparison with fully ausferritic matrix by 14%. This
result was attributed to events taking place ahead of the advancing crack front [17]. Fracture toughness is enhanced through
the deflection of the crack path as it advances through the material. Then, it is possible to assume that the presence of the
dispersed ferrite could serve to shield the crack tip, increasing fracture toughness levels. Nevertheless, the results of our
investigation do not support this hypothesis. Indeed, the decrease of the fracture toughness as ferrite is dispersed in the
matrix could be attributed to the ferrite morphology in the IADI microstructures. The presence of ferrite as a second phase
of a high degtree of continuity could generate a preferential path for the propagation of cracks, generating a decrease in
fracture toughness with respect to the completely ausferritic microstructures (ADI). New studies are currently under way in
order to confirm this mechanism.
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Figure 9: Results of impact test and fracto-mechanical properties (Kic) for ADI and IADI microstructures.

Regarding impact properties, Fig. 9 shows the resilience values for ADI and IADI samples. For both austempering
temperatures under study, the presence of free ferrite improves de impact properties of ADI and IADI microstructures.
The impact energy increases for about 10 % and 20% for IADI’s containing 5% and 15% of free ferrite in the
microstructure, in comparison with ADI280. It is important to highlight the increment of the impact energy for samples
austempered at 230°C. The resilience increases about 33% and 50% for IADI’s containing 5% and 15% of free ferrite in
the microstructure, with respect to ADI230. It is clear that this small amount of ferrite (ductile phase) present in the
microstructure promotes an improvement in the impact properties of ADI.

In summary, the changes in mechanical and fracture properties were modest but positive for the potential structural
application of IADI. An important improvement in impact properties was produced by adding small amounts of free ferrite
on high strength grades ADI. Further research should be conducted to quantify the improvement that can be reached in
higher strength grades of austempered irons.

CONCLUSIONS

he following conclusions can be highlighted:

. A new heat treatment procedure was developed and applied to produce Intercritical Austempered Ductile

Irons (IADI). The heat treatment involves a full austenitization of the metallic matrix followed by an intercritical
annealing step within the intercritical interval, and a final austempering stage.

e The use of this heat treatment led to a microstructure composed by different amounts of ausferrite and dispersed free
ferrite. It makes it possible to produce microstructures consisting in ausferritic matrices containing continuous and well-
defined networks of allotriomorphic ferrite, located at the grain boundaries of the recrystallized austenite.

e Tensile properties were evaluated in IADI microstructures containing 5 and 15% of free ferrite in their microstructure,
and austempered at 230 °C and 280 °C. When compared to fully austempered samples, it was found that as the amount
of free ferrite increases, tensile strength and yield stress diminishes, while elongation increase, for all the austempering
temperatures evaluated.

e The addition of free ferrite on ADI microstructures improved the impact toughness but not the fracture toughness.

e The best combinations of mechanical properties for mixed structures were obtained by using the higher austempering
temperature evaluated (280 °C in the present study).
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NOMENCLATURE

DI: Ductile Iron

ADI: Austempered Ductile Iron

IADI: Intercritically Austempered Ductile Iron
ITI: Intercritical Temperature Interval

Tiower: Lower limit temperatures of the I'TI
Tupper: Upper limit temperatures of the ITI
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