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ABSTRACT This work is a continuation of the studies presented in a recent paper by the authors,
where the fracture surfaces of pearlitic ductile cast iron under different loading condi-
tions were exhaustively analysed. In this study, fracture surfaces of ferritic ductile cast
iron (or ferritic spheroidal graphite cast iron) generated under impact, bending and
fatigue loading conditions were characterised and compared. The fracture surfaces were
characterised qualitatively and quantitatively from the observation under a scanning
electron microscope. The fracture mechanisms in each case were identified. For impact
tests, as test temperature increases, the dominant fracture mechanism changes from
brittle to ductile. For bending tests, a fully ductile fracture micromechanism dominates
the surface. In fatigue tests, the surface shows a mix of flat facets that appear to be
cleavage facets and ductile striations, but the typical fatigue striations are not easily found
on the fracture surface. Methodologies for the determination of the macroscopic direc-
tion of main crack propagation in both ductile and brittle failure modes are proposed.
These allow identifying main crack propagation direction with good approximation.
The results are potentially useful to identify the nature of loading conditions in a fractured
specimen of ferritic spheroidal graphite cast iron. The authors believe that it is necessary to
extend the methodologies proposed in samples with different geometry and size, before
they can be used to provide additional information to the classical fractographic analysis.

Keywords bending; ductile iron; impact; fatigue; fractography; fracture surface.
NOMENCLATURE M = Mean value of the set of data
Me = Median value of the set of data
Mo = Mode value of the set of data
Y = Length of the nodular contour in parallel axis to the main crack propagation
direction
X = Length of the nodular contour in perpendicular axis to the main crack propaga-
tion direction
a = Angle between the major axis of the equivalent ellipse and the main crack propa-
gation direction
INTRODUCTION provide corrective actions to guarantee safe operation. It

Ferritic ductile iron (FDI) is a type of ductile cast iron
(DI) usually used in marine applications, valves, fittings,
truck and agricultural implements, automotive steering
knuckles and other applications where ductility and good
impact properties are required. It can be used to replace
low-carbon steel." As DI parts are extensively applied,
failure events may take place, and it is essential to perform
failure analyses to identify the causes of the fracture and to
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is generally accepted that after the fracture of a metallic
material, some characteristic features of the fracture sur-
face can be used to identify the dominant fracture mecha-
nism during failure.”* For example, it has been
established that the four common fracture mechanisms
involved in metal fracture are ductile fracture, cleavage
fracture, intergranular fracture and fatigue."_(’ However,
when the material is FDI, there is a noticeable lack of
detailed information about the relationship between frac-
ture surface features, load conditions and the dominant
fracture mechanism. The main effect of changes in the
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fracture surfaces caused by impact or bending loads,
fatigue, exposure to low temperature or environmental
embrittlement is just described qualitatively, but informa-
tion that can lead to the identification of the root causes of
fracture from a fractographic analysis is scarce. In addi-
tion, there are no methods that can be used to identify
the direction of crack propagation in the fracture surface
of a particular FDI. In general, the investigations about
DI have been focused on the study of the mechanical
properties using mechanical tests under different loading
configurations.”'* Some articles analyse the effect of
the graphite nodule on the fracture process either experi-
mentally or via computational techniques, mainly focus-
ing on the nucleation and growth of voids as a result of
the matrix—graphite interphase debonding.'”* In most
papers, the fracture surface analysis has been a brief sec-
ondary study. Therefore, it is very difficult to extract
information from a fractographic analysis after a fracture
occurs, and consequently, one of the most relevant diag-
nostic elements used in the failure analysis is lost. This
lack of information may become a limiting factor for the
application of this material. Recently, the authors pre-
sented a study where the fracture surfaces of pearlitic duc-
tile cast iron broken under different loading conditions
were exhaustively analysed.*®

The aim of this investigation is to extend the prior
study on the fracture surfaces of pearlitic DI to the anal-
ysis of the influence of different test conditions on the
fracture surfaces of FDI, focusing on the determination
of the predominant fracture mechanisms through the
characterisation of the topographic features of the frac-
ture surface. In addition, the study aims at identifying
the main crack propagation direction. This research work
is intended to provide a better understanding of DI com-
plex fracture processes and to expand the information
about the fractographic studies on this material.

EXPERIMENTAL METHODOLOGY

Material characterisation

One inch Y’ blocks of ductile iron (DI) were cast in sand
moulds (ASTM A897M). The chemical composition was
determined with a Baird DV6 spectrometer. All Y’
blocks were ferritised by a heat treatment consisting of
an austenitising stage at 920 °C for 4 h followed by a slow
cooling down to room temperature. Metallographic sam-
ples were prepared by means of standard polishing and
etching methods. Etching was carried out employing
nital (2%). The microconstituents as well as the nodule
count, nodularity and nodule size were quantified by
using an optical microscope OLYMPUS PMG3 and
the Image-Pro Plus software.
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Mechanical testing

Brinell hardness measurements were performed with a
universal hardness testing machine ‘Ibertest’, Model
‘DU-250" following the recommendations of ASTM
E10-01. V-notched Charpy impact specimens of
10x 10x 55 mm for impact and three-point bending test
(ASTM E23) and single-edge notched bending (SEN
(B)) specimens of 10 x 20 x 90 mm for fatigue test (ASTM
E399) were machined from Y blocks. All reported values
of mechanical properties are the average of at least three
tests. Impact testing was carried out at four different tem-
peratures by using a pendulum AMSLER 130/688, with
maximum energy of 300J. Three-point bending tests un-
der quasi-static loading were performed through a univer-
sal testing machine Morh & Federhaff with a crosshead
displacement rate of 8.4x10*mms~'. For the fatigue
test, SEN(B) specimens were used. A high-cycle fatigue
regime was performed in a displacement-controlled me-
chanical testing machine with a double eccentric actuator.
A constant eccentricity of e=0.145 mm, which induces a
maximum load of 2kN, was applied.”* A stress ratio
R=0 was chosen for all tests. Stable crack propagation
was attained following these conditions under small-scale
plasticity. The frequency of the cyclic load was of 25 Hz.
Table 1 shows the specimen’s identifications for the dif-
ferent testing conditions

RESULTS AND DISCUSSION

Chemical composition and microstructures

The chemical composition of the melt is listed in Table 2.
The as-cast microstructure characterisation according to
the ASTM A 247 standard and the Brinell hardness are
listed in Tables 3 and 4 respectively. The nodularity was

Table 1 Summary of label used for each test conditions

Test temperature

Sample label Matrix Test °C)
FI-20 Ferritic  Impact =20
F10 0
F120 20
F160 60
Fflx. Bending 20
Ffat. Fatigue 20

Table 2 Chemical composition of DI used in the present study
(wWt%)

C S Mn S P Mg Cu Ni Cr
332 236 031 0.012 0016 0.033 0.62 0.025 0.058
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Table 3 Metallographic as-cast characterisation

Nodule count (nodules mm™2)

100 >95% 6

Nodularity  Nodule size

Table 4 Hardness value of as-cast and ferritised samples

Matrix Label Brinell hardness
Ferritic CI1F 149
As-cast (pearlitic) AC 272

considered suitable for this study. The microstructures as-
cast and after ferritising are shown in Fig. 1. As-cast micro-
structure shows a fully pearlitic matrix. After the ferritising
heat treatment, the microstructure results in fully ferritic
structure.

Analysis of fracture surfaces by SEM

Figure 2 shows the fracture surfaces generated under
impact loading at different temperatures. All surfaces
showed graphite nodules and empty cavities left by
graphite nodules that were detached from the matrix during
the fracture process. At low temperatures (—20 °C, Fig. 2a),
the surface shows cleavage facets with river patterns. The
graphite nodule cavities show very litle strain. Both
observations support a predominantly brittle failure mode.
As the temperature increases to 0°C (Fig. 2b), cleavage
facets continue to dominate, but the nodular cavities show
greater straining. At room temperature (Fig. 2c), a signifi-
cant fraction of the surface shows ductile dimples, while
the remaining surface shows cleavage facets. In addition,
the nodule cavities show extensive deformation. As the test
temperature rises to 60 °C, Fig. 2d, cleavage facets are no
longer present, but the fracture surface is dominated by
dimples formed after microvoid coalescence.

The examination at higher magnification, Fig. 3a,
shows that, even for the test carried out at —20°C, the

matrix portions surrounding non-metallic inclusions
show some degree of plastic deformation, demonstrating
that some microplasticity is associated with the fracture
mechanism. On the other hand, Fig. 3b shows detailed
features of the cleavage facets, where river patterns of
different size are noticed.

Figure 4 shows the fracture surface of samples broken
under impact loads tested at different temperatures. It must
be noticed that the energy involved in the fracture increases
about three times (from 72 to 200kJ m~?) as the tempera-
ture changes from —20 to 60 °C. Nevertheless, only small
changes in the extent of macroscopic plastic deformation
can be noticed as the temperature increases. On the other
hand, the brightness of the surfaces changes markedly,
reflecting the drastic changes in the microscopic fracture
mechanism detailed previously in the text.

Figure Sshows the fracture surface resulting from the
three-point bending test at room temperature under
quasi-static loading. A fully ductile fracture micro-
mechanism dominates the surface, as dimples and
highly deformed graphite nodule cavities are found.
No cleavage fracture facets are seen. Noticeable differ-
ences in the predominant fracture mode are found as
the fracture surfaces generated at room temperature
(20°C) by impact and quasi/static bending loading
are compared. After the three-point bending test, the
fracture surface shows a very rough topography and
a much higher surface area occupied by graphite when
compared with the fracture surface resulting from the
impact testing, where some disperse cleavage facets
can be found, as shown in Fig. 6. This apparently
higher nodular density is not real, as all samples have
identical nodular count, but it is caused both by the
greater enlargement of the nodular cavities as a result of
the plastic deformation that takes place when the loading
is slow and by the tortuosity of the crack path that led to
higher roughness, exposing a higher number of graphite
nodules on the fracture surface.

The fracture surface found after 1.8x10° fatigue
cycles is shown in Fig. 7. At low magnification, the

Fig. 1 Optical micrographs. (a) As-cast (pearlitic) and (b) after the annealing heat treatment (ferritic).
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Fig. 2 Fracture surfaces generated under the impact test at different temperatures. (a) —20, (b) 0, (c) 20 and (d) 60 °C.

surface is irregular, and its basic features cannot be ob-
served. As the magnification is increased, the surface
shows flat facets that appear to be cleavage facets. Never-
theless, these facets are different from the cleavage facets
shown on impact samples at low temperature (Fig. 3).
Little or no indication of ductile fracture mechanisms is
found. The graphite nodule cavities show very little de-
formation. A number of small secondary cracks are found
on the fracture surface, many located at the vicinity of the

graphite nodules. Some examples are pointed by arrows
in Fig. 7b. The fatigue crack path can be investigated
by optical metallography on a transverse section of a
fatigue sample in which the test has stopped before break
(Fig. 8). The crack path shows frequent changes in
direction, apparently in an attempt to include graphite
nodules and favourably oriented ferrite grain boundaries.
A number of secondary cracks can be also observed
(white arrow).
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Fig. 3 Fracture surfaces of ferritic ductile iron tested at —20°C.
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Fig. 5 Fracture surfaces of the specimens broken under quasi-static loads.

The typical fatigue striations are not easily found on
the fracture surface. A careful examination at higher
magnification allows the observation of relatively small
areas in which fatigue striations are clearly recognised,
as shown in Fig. 9.

Direction of macroscopic propagation and its rela-
tion with the topographic features

With the goal of identifying the direction of propagation
of fracture, the topographic features of the fracture sur-
faces were analysed carefully for the different loading
conditions investigated. The samples were observed at
the centre of the fracture surface so that the edge effects
are negligible, as shown in Fig. 10.

Brittle failure mode

As mentioned in the section on Analysis of fracture sur-
faces by SEM, brittle fracture mechanisms with cleavage
facets showing the classical river patterns were observed
in the samples broken under impact loading at lower tem-
perature. The literature reports that different cleavage
facets converge and join into a single crack, forming the
river patterns, and that the direction of the river pattern
is consistent with the local crack propagation direction.’
Therefore, considering that the mechanical tests impose
a known direction of propagation of the main crack, the
SEM fractographies can be made keeping track of such
direction. Then, it becomes possible to compare the local
crack propagation direction along a cleavage facet with
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Fig. 8 Optical metallography showing the fatigue crack path.
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Fig. 9 Fracture surfaces of the specimens broken under the high-cycle fatigue regime. Small regions showing striation marks.

Fig. 10 Sample area used for the analysis of the direction of macro-
scopic crack propagation.

the main crack propagation direction. The experimental
methodology used was described in an earlier investiga-
tion of the fracture of pearlitic DI as methodology 1,
where local propagation vectors (each one identified at
the point in which two river patterns join) were
characterised by the angle formed with respect to the
main crack propagation direction.”> One of the SEM
fractographies analysed is shown in Fig. 11a. For a better
interpretation of the dataset, histograms of the relative
frequencies of local angles are plotted, as shown in
Fig. 11b. The local directions were grouped into 20

intervals ranging from —180° to 180°. The reference an-
gle, this is the direction of the main crack propagation,
is set to 0°. The result of the characteristic statistical
dataset (mean, median and mode) and the counts made
are listed in Table 5. In all cases, the mean (M) and the
median (Me) of the dataset were between —10° to 10°,
and the mode value (Mo) of the distribution was 0°. These
results not only show that the average of local directions
tends to coincide with the macroscopic propagation di-
rection but also show that the highest relative frequency
of local angles is observed in this direction. These conclu-
sions are in coincidence with the results of an earlier inves-
tigation on pearlitic DIs.?

Ductile failure mode

When the specimens are broken under impact loads at
higher temperatures, or under slow bending, only small

Table 5 Statistical dataset obtained from the joint of each
cleavage facet

FI-20
Mean 9+2
Median 9
Mode 0
Counts 1515
b) 2

Relative frequency [%]
=)

150 200

8

6

4 ‘
i IIIIIII

-200 -150 -100 -50 0 50 100
Intervals []

Fig. 11 Quantitative analysis on SEM fractographies by means of the Image-Pro Plus software. (a) Fractography quantified and (b) histograms

from dataset.
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and disperse cleavage facets can be observed on the frac-
ture surface, as shown in Fig. 3d. This relatively small
proportion of cleavage patterns did not allow obtaining
a good assessment of the crack propagation direction by
the analysis of the river patterns. Instead, a different
method was developed to determine the propagation di-
rection when the ductile fracture is the predominant
failure mode. The hypothesis is that the predominant
fracture mechanism is promoted by an initial stage of
matrix—graphite nodule decohesion and the subsequent
enlargement of the cavities formed by plastic deforma-
tion. As the loading increases, the cavities enlarge until
necking takes place at the bridges between adjacent holes.
It is assumed that the plastic deformation will be influ-
enced by the loading conditions and the crack propaga-
tion direction. Therefore, a method to identify the crack
propagation direction based on the measurement of the
plastic deformation of the metallic matrix surrounding
the graphite nodules is proposed. The characterisation
of the morphology of the cavities is carried out on digital
images of the fracture surface observed under a graphic
environment. For each nodule present at the fracture sur-
face, an ellipse is manually defined with the best possible
fit to the deformed nodular contour. Then, two different
measurements were carried out. First, the length of the
nodular contour in parallel (¥) and perpendicular (X) axes
to the main crack propagation direction was measured, as
shown in Fig. 12. In addition, the angle formed between
the major axis of the ellipse and the main crack

X

A
v

Nodular contour
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propagation direction was measured. The methodology
demands time and care. The results of the measurements
of the ratio }7X and the angle («) on several fields of the
two samples investigated are listed in Table 6. The results
are grouped depending on the value of the }Y7X ratio. The
larger proportion of the nodular cavities show values of
Y7X greater than one, that is, the nodular cavities tended
to strain according to the main crack propagation.

For a better interpretation of the dataset, a histogram
and a function of cumulative frequency of the X/} ratio
are plotted in Fig. 13. The results show that in the impact
sample, 66% of the total readings had a ratio ¥Y/X>1,
while in the bending case, this value increased to 77%.
The values of a show mean values of 2.7°+0.2° and
0.8°+£0.2° for the bending and the impact at 60°C
samples respectively.

Taking into account that the reference axis has been
set in the main crack propagation direction, it can be con-
cluded that this method allows identifying the main crack
propagation direction with good approximation. It must
be noted that the result will be independent from the ref-
erence axis chosen, as will be the case when a fracture
surface of unknown crack propagation direction is exam-
ined. However, even though the method has been able to
identify the main crack propagation direction under the
current experimental conditions, the effectiveness of the
methodology proposed has to be evaluated under other
testing conditions and specimen geometry before it can
be regarded as a general method.

Nodule

Fig. 12 Method used to measure the parameters that characterise the nodule contour deformation. Ductile fracture.

Table 6 Deformation of the nodular contour on the fracture surface

Y-axis X-axis Angle of

predominant Equiaxial predominant Contours equivalent

Sample (%) (%) (%) analysed ellipse ()
FI60 66 23 10 254 2.7+0.2°
Fflx 77 15 8 135 0.8+0.2°
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Fig. 13 Statistic plots from the experimental measurements of the X/Y ratio. (a) FI60 and (b) Filx.

Fatigue ductile fracture mechanisms. A careful examination at
higher magnification showed relatively small areas in
As pointed out in the section on Analysis of fracture sur-  which fatigue striations are clearly recognised. Several

faces by SEM,, the fracture surfaces typically found after ~ measurements of the striations were carried out as shown

fatigue testing show flat facets that appear to be cleavage  in Fig. 14. The mean value of the distance between stria-
facets at low magnification and little or no indication of ~ tion marks was 0.46 +0.03 pm.

L4 L5 15
120 (e o

Fig. 14 Fracture surface of the samples broken under cyclic loading condition. Detail of the measurements of the striations.
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Fig. 15 Fracture surface of the samples broken under cyclic loading condition. (a) Macroscopic photography and (b) SEM fractography of the

area of the black dotted zone.

An attempt was made to compare the average direc-
tion of crack propagation of the striated portions of frac-
ture. Unfortunately, no clear correlation between the
main crack propagation direction and the average crack
propagation direction of the striated portions was found.
It is apparent that, under the loading conditions investi-
gated and at the microscopic level, multiple fatigue cracks
progress simultaneously following different directions.
Therefore, the proportion of striated fracture facets is
scarce, and their orientations diverse. These results sug-
gest that the direction of propagation of macroscopic fa-
tigue cracks cannot be identified by means of the analysis
of the fracture surface at the microscopic level under the
test condition used. On the other hand, some indications
of the macroscopic propagation of the crack are evident
on the fracture surface, as shown in Fig. 15. In Fig. 15a,
the border between the notch and the stable zone is
marked by a solid black line, while the border between
the stable propagation of the fatigue crack and the final
collapse (that can be easily noticed although the differ-
ence in the surface topography is not as marked as in
the case of steel) is marked by a solid white line. Some
oxide marks that were produced during the specimen
manipulation after the test can be also seen. In Fig. 15b,
the SEM image of the square black dotted zone observed
in the macroscopic photography is shown

CONCLUSIONS

The fracture surfaces of FDI broken under impact, bend-
ing and fatigue loading conditions were characterised and
compared by analysing SEM microscopy images.

* The results show that the predominant failure mode
suffers notorious changes as a function of the loading

conditions and test temperatures that lead to fracture
of FDIs.

* Two different methods to identify the direction of the
macroscopic crack propagation have been proposed,
one applicable to brittle fracture and the other to duc-
tile fracture. The methods require considerable time
and effort but can calculate the direction of propaga-
tion of the macroscopic crack with good accuracy
under the experimental conditions examined. These
methods can provide relevant additional information
to the fractographic analysis.

® The examination of the fatigue fracture surfaces of
FDI showed very little portions presenting striation
marks. No method was found to identify the direction
of propagation of the main crack in the case of fatigue
cracks.
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