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Abstract

The goal of this work is to analyze the damage evolution at microstructural

scale of an austempered ductile iron partially austenized during tensile load-

ing. The analysis is carried out by means of step-by-step tensile tests and the

specimen's surface observation with optical and scanning electron microscopy.

The results show that cracks initiate and propagate firstly at the matrix-nodule

interface. Then, as the strain is increased, the initiation and propagation in the

metallic matrix take places preferentially inside the ausferritic areas and along

the ausferritic-ferritic interface.

Despite the internodular zones tend to localize the plastic deformation, partic-

ularly in the ferritic zones, the ausferrite-ferrite interfaces, and the ausferrite

itself acts as preferentially sites of cracks propagation. The final fracture is pro-

duced by the coalescence of multiple cracks into a single dominant crack lead-

ing to the material final fracture.
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1 | INTRODUCTION

Over the last 10 years, a new kind of ductile cast iron (DCI) material, referred to as dual-phase austempered ductile iron
(DPADI)1-3 has been increasingly studied. The metallic matrix of this material is composed by different quantities of
free-ferrite and ausferrite (a fine mix of ferrite and austenite). The aim of this development is to produce materials with
similar strength as the pearlitic grades but displaying greater toughness and better machinability.

DPADI is usually obtained by submitting DCI to a partial austenitization by heating within the ternary ferrite-aus-
tenite-graphite phase field, followed by an austempering treatment.1,2,4 For different intercritical temperatures selected,
different amount of austenite will be present in the sample before cooling. The subsequent austempering aims at trans-
forming the austenite into ausferrite, while leaving the ferrite untransformed. The literature reports different mechani-
cal properties based on the amount of ferrite and ausferrite,3,5,6 where tensile strength, yield stress, and fracture
toughness increases when the amount of ausferrite increases, while elongation diminishes. The fracture surfaces of this
material were also evaluated by several authors,6,7 but there is not a complete understanding about the sequence and
occurrence of damage mechanisms and about the influence of volume fraction of ausferrite on crack propagation and
damage evolution. Recent studies allow to improve the understanding about the role of microconstituent, during tensile
test by mean of in situ analysis.8-11
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In this work, a step-by-step analysis of DPADI samples during tensile testing is carried out with the goal of analyz-
ing the damage micromechanisms observed under tensile loading.

2 | MATERIAL AND METHODS

The DCI samples were taken from a 25 mm “Y” block cast in sand mold. An annealing heat treatment was performed
in order to standardize the starting microstructure of the samples to be heat treated to obtain DPADI.

The advance of the austenite precipitation within the intercritical temperature range was characterized in Fer-
nandino et al.12 This information was used to design the heat treatment cycle aimed at producing a microstructure con-
sisting of 40% ferrite and 60% ausferrite. The heat treatment consisted of a partial austenitization of the samples
(previously ferritized), by holding them into the furnace at the selected intercritical temperature for 1 hour, followed by
an austempering step in a low-melting-point salt bath at 350�C for 90 minutes.

Once the DPADI was achieved, a very small-size specimens (calibrated zones about 2 mm × 16 mm × 1 mm) were
machined, grinded to 1 mm in thickness and polished using standard procedures. The small-size tensile sample were
tested by using a tensile test machine specially designed to perform a step-by-step analysis. The step-by-step tensile pro-
cedure involved loading the tensile test sample intermittently (uniaxial loading conditions at low strain rate) and
observing the damage mechanisms at microstructural level using optical an electronic microscopy. The microscopic
observations were conducted “in situ” by using a digital microscope Leica VZ105C equipped with a digital microscope
camera Leica DVM2000 and a SEM Philips 505.

3 | RESULTS

3.1 | Material characterization

Table 1 lists the result of chemical analysis of DCI used. A fully ferritic microstructure resulting from the annealing
heat treatment is shown in Figure 1A. The microstructure after heating the samples at 798�C followed by the
austempered heat treatment at 360�C for 90 minutes is shown in Figure 1B. Ferrite (white), ausferrite (gray), and graph-
ite nodules (dark gray) are observed. After the intercritical heat treatment, the metallic matrix is composed by 40% fer-
rite and 60% ausferrite.

3.2 | Damage evolution

Figure 2 shows the metallographic observation of the microscale damage after the final fracture stage. At the beginning
of the macroscopic elastoplastic behavior, the microstructural damage involves crack initiation at the matrix-nodule

TABLE 1 Chemical composition of ductile cast iron (DCI) used (Fe balance, weight %)

C Si Mn S P Mg Cu

3.32 2.36 0.31 0.012 0.016 0.033 0.62

FIGURE 1 Optical micrography resultant

from different heat treatments. A, After

annealing and B, after heating the samples at

798�C followed by the austempered heat

treatment at 360�C for 90 min
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interface (MNI) and some marks of plastic deformation near the graphite nodules. As the macroscopic strain increases,
complete matrix-nodule interface debonding (MND) takes place. Some signs of plastic deformation bands and crack ini-
tiation in the metallic matrix are observed along the sample surface. For more advance stage of damage, the beginning
of crack propagation is observed. It is worthy to note that cracks preferentially initiate and began to propagate inside
the ausferrite areas and through the ausferritic-ferritic interface. An example of crack tending to follow the ausferrite
acicular morphology during the propagation is pointed out by a white arrow in the magnification on
Figure 2D. Figure 3 shows the crack initiation and propagation in the ausferritic areas of the metallic matrix (pointed
out by white arrows) and MNIs.

The final fracture is produced by the coalescence of multiple cracks into a single dominant crack leading to the
material final fracture. Despite the internodular zones tend to localize the plastic deformation, particularly in the fer-
ritic zones, the ausferrite-ferrite interfaces and the ausferrite itself are the preferentially sites of cracks propagation. Dif-
ferently to the observation carried out in a DPADI samples with a metallic matrix consisting of 60% ferrite-40%
ausferrite,12 when the ausferrite is the predominant phase, the lateral surface near final crack shows a slightly decre-
ment of plastic damage mechanisms. In fact, during the step-by-step loading, the role of ferritic grain boundary in both
crack initiation and propagation is also decreased. These observations are consistent with differences in the mechanical
proprieties of each phase. However, in order to generalize this observation, additional works considering different frac-
tion volume of ferrite-ausferrite should be undertaken, which are out of the scope of this work.

The resulting fracture surface (Figure 4A) shown two characteristic features: a predominant quasi-cleavage fracture
mechanism and areas showing a ductile damage mechanism (pointed out by white and black arrows, respectively, in
Figure 4B). Both features are typically found in the fracture surfaces of austempered ductile iron (ADI)13,14 and ferritic

FIGURE 3 Optical micrograph showing the crack initiation and

propagation in the ausferritic areas of the metallic matrix (pointed out by

white arrows) and matrix-nodule interfaces

FIGURE 2 Metallographic observation of

the microscale damage after the final fracture

stage. A, Optical micrography, B, scanning

electron microscopy (SEM) image of the final

fracture path, C, detail of the plastic

deformation around the spheroidal graphite,

and D, crack tending to follow the ausferrite

acicular morphology during the propagation
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spheroidal graphite cast iron (SGI)11,14,15 samples resulting of quasi-static loading conditions. Furthermore, the fracture
surface morphology is consistent with a crack propagating predominantly along the ausferrite zones linked with inter-
nodular ligaments strained during plastic damage evolution.

4 | CONCLUSIONS

A step-by-step analysis of ADI partially austenized during tensile testing has been presented. The main findings respect
to the damage mechanisms are as follows:

• At the beginning of the elastoplastic behavior stage, the microstructural damage involves crack initiation at the MNI
and some marks of plastic deformation near the graphite nodules.

• During the damage evolution, the cracks in the metallic matrix preferentially initiate and propagate inside the
ausferrite areas and along the ausferritic-ferritic interface. A complete debonding of the MNI is also observed.

• The final fracture is produced by cracks propagating along the ausferrite and through the internodular ligaments.
Consequently, the material failure is achieved from different cracks joining into a single dominant crack.

• The fracture surface resulting from tensile loading shows a predominant quasi-cleavage fracture mechanism in com-
bination with areas showing a ductile damage.
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