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1 | INTRODUCTION

Ferritic ductile iron (FDI) is a broadly used DI grade, consisting in a continuous ferritic metallic matrix, with a disper-
sion of graphite nodules. It can be obtained as-cast or after an annealing heat treatment. It is used when ductility and
good impact properties are required. Trucks and agricultural implements, automotive parts, valves, and fittings, among
others, are the common applications."

Due to its heterogeneous nature, the microstructural characterization of DI needs geometric and constitutive behav-
ior data of the material. The geometrical characterization is typically given by the volume fraction of graphite,
nodularity, and nodule count. In general, higher nodular count promotes better mechanical properties." Regarding the
constitutive behavior of the material, the earlier assumption was that the DI had a homogeneous matrix.!™ However,
the experimental evidence shows that the metallic matrix has a high degree of heterogeneity, as a result the segregation
process taking place during solidification. The first-to-freeze (FTF) zones, coincident with the axes and arms of the aus-
tenite dendrites, and the last-to-freeze (LTF) zones, coincident with the last portions of the remaining melt located
between them, are identified.® In the last years, several works regarding the microsegregated LTF and FTF zones were
conducted by different authors.””'® But the influence of these heterogeneities on the mechanical properties at the
microstructural level received little attention. Therefore, it is necessary to develop an experimental analysis to assess
these heterogeneities and analyze their influence on the mechanical properties at the microstructural level.
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In this context, instrumented indentation tests emerge as a powerful tool to determine the mechanical proper-
ties at the microstructural level. During the last 20 years, different approaches were proposed. Most of them are
referring to the possibility of finding more than one solid that essentially exhibits the same contact behavior. That
is, similar load versus displacement curves and the uniqueness of the solution provided by inverse methods were
discussed.'''°

In this work, the uniaxial mechanical properties at the microstructural level in ferritic DI is characterized. The anal-
ysis involves microstructural characterization, nanoindentation testing, atomic force microscopy analysis, and the appli-
cation of an inverse algorithm proposed by Mata and Alcala.'!

2 | MATERIALS AND METHODS
2.1 | Cast material and metallographic characterization

The DI samples were obtained from 25 mm “Y” blocks cast in sand molds, according to ASTM A897M standard. The
chemical compositions of the melts were determined by using a Baird DV6 spectrometer. Aiming to achieve a fully fer-
ritic metallic matrix, the 25 mm “Y” blocks were ferritized by a heat treatment consisting of an austenitizing stage at
920°C for 1 h followed by a slow cooling down to room temperature inside the furnace. The metallographic samples
were prepared by means of standard polishing and etching methods. Etching was carried out employing Nital (2%) and
Motz reagent.'” The Motz reagent is sensitive to the segregation of Si, and it is usually employed to locate the LTF in DI
microstructures. For all cases, the microstructural characterization was done by using an optical microscope OLYMPUS
PMG3 and the Image-Pro Plus software.

2.2 | Uniaxial mechanical properties estimation

The uniaxial mechanical properties were estimate from the methodology proposed by Mata and Alcala.'’ They used
mathematical formulations to correlate the hardness and the amount of pileup and sinking-in phenomena around
sharp indenters with the uniaxial mechanical properties. The main parameters involved in the formulation are the
hardness, H, and a, which is defined as follows:

Va= 1 M)

where hs denotes the depth of penetration from the center of the indentation to the free (undeformed) surface of the
solid and h is the depth of penetration with respect to the true contact perimeter of deformed surface. Therefore,
h accounts for the actual surface deformation in the material so that /a>1 implies the development of pileup and
Va<1 indicates sinking-in. According to Mata and Alcala,'" the formulations proposed are applicable regardless of the
ruling deformation regime of a strain-hardening solid. Using the inverse algorithm proposed, the yield strength (o)
and the hardening coefficient (1) can be estimated from the Young modulus (E), hardness (H), and the a parameter.
Details can be found in Mata and Alcala.'!

2.3 | Instrumented indentation and AFM tests

The instrumented indentation tests were performed using a T1900 SERIES Hysitron equipped with the Multirange
nanoprobe “MRNP” and Berkovich indenter. The indentations were done in rectangular patterns. All tests were per-
formed in loading control mode with a maximum load of 95,020 puN. At least 25 indentations over each analysis zone
were conducted. The E and H values were retrieved from the instrumented indentation testing by means of the Oliver
and Pharr approach.'® Then, indentations were scanned by using an Atomic Force Microscope Agilent technologies
5500. Aiming to calculate the @ parameter, data were postprocessed using Gwyddion® software.
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3 | RESULTS

3.1 | Material characterization

The chemical composition presents 3.32%C, 2.36%Si, 0.31%Mn, 0.033%Mg, 0.62%Cu, 0.012%S, and 0.016%P (%weight),
which corresponds to a slightly hypoeutectic DI, including small amounts of Cu and Mn. The microstructure resulting
from the annealing heat treatment and the subsequent etching with Nital (2%) and Motz are shown in Figure 1. A fully
ferritic matrix is shown in Figure 1A. However, after applying the Motz etching, the heterogeneity within the ferrite is
revealed, in which the FTF and the LTF zones are identified, as shown in Figure 1B,C. Note that the LTF zones are del-
imited by a dark boundary and they show small black dots consistent with precipitates or microvoids.

3.2 | Uniaxial mechanical properties determination

The relation between load (P) versus displacement (h) retrieved from the instrumented indentation testing on both FTF
and LTF zones are plotted in Figure 2A,B, respectively. The experimental dispersion of data is represented by a double
curve in each plot. Naturally, the LTF zones show a higher dispersion due to the heterogeneities involved, as was identi-
fied in Figure 1C. The postprocessing of the AFM data of one indentation is schematized in Figure 3. A minimum of
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TABLE 1 Results retrieved from

H (GPa) E (GPa) Vo n 6,5 (MPa)
the indentation test, AFM, and the
FTF zone 1.65 + 0.09 230 +7 1009 + 0.001 0.21 + 0.01 212 +13 application of inverse algorithm
LTF zone 2.00 + 0.13 250 + 8 1100 =+ 0.003 0.21 + 0.01 274 + 18 proposed by Mata and Alcala™

12 profile in different directions of each indentation mark was determined. Figure 3B shows the plot of the indentation
profiles. Those profiles were used to determine the mean pile-up heights and, consequently, the /a value. Figure 3C
exposes a 3D reconstruction of an indentation mark in the LTF area. Therefore, the uniaxial mechanical properties
were estimated from the inverse analysis proposed by Mata and Alcala.'* The results obtained from the instrumented
indentation testing, AFM and mechanical properties, are listed in Table 1 for FTF and LTF areas. Therefore, despite
both zones show similar elastic properties and the same plastic response (hardening coefficient), the analysis of
mechanical properties prove that LTF zones are microstructural zones showing greater strength than the FTF ones.

4 | CONCLUSIONS

« The indentation analysis shows that the FTF zones and the LTF zones of the FDI have similar elastic behaviors. Con-
sequently, they can be assimilated to a single matrix material, in accordance with the usual hypothesis found in the
literature.

« The elastoplastic results of LTF zones allow inferring that this area of the metallic matrix has a greater strength than
the FTF. The hardness shows values 20% higher than the FTF zones, while the yield strength shows values 30%
higher. Anyways, the hardening coefficients of both segregated regions show the same value.

« The experimental methodology used in this work becomes useful to evaluate the mechanical properties along the
matrix of other DI microstructures.
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