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ABSTRACT In this study, fracture surfaces of pearlitic ductile iron generated under impact, bending and
fatigue tests were characterised and compared. The fracture mechanisms in each case were
identified from the observation of scanning electron microscopy images, and the character-
istic topographic features were quantitatively and qualitatively evaluated. Cleavage was the
predominant fracture mechanism for impact loading at all test temperatures and for slow
bending testing. On the other hand, under fatigue loading, the fracture surfaces showed a
mix of cleavage and ductile striation areas. A complex but reliable methodology for the
determination of the direction of propagation of the main crack was also proposed, based
on a careful analysis of the river patterns along the cleavage planes.
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Projected length of the fracture profile

Lt = Fracture profile length

Rs = Surface Roughness

Ry = Peak to valley ratio of the fracture profile
S4 = Projected surface area

St = Actual fracture surface area

V; = Facet vector
M; = Main vector

a

; = Angle between the local vector and the main crack propagation direction

= Angle between the main vector and the main crack propagation direction

INTRODUCTION

Pearlitic ductile iron (PDI) has an excellent combination of
high strength, toughness and wear resistance at low cost.
The usual applications include gears, crankshafts, camshaft,
dies, pistons, agricultural implement parts, ratchets, gover-
nor weights, truck shoes, tractor brake drums and mining
machinery.! As ductile iron (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 provide corrective actions to guarantee the
safe operation. It is generally accepted that in the fracture
process of a metallic material, the predominant fracture
mechanisms can be revealed by identifying some character-
istic features on the fracture surface.”” For example, it has
been established that the most common fracture mecha-
nisms involved in metal fracture are ductile fracture, cleav-
age fracture, intergranular fracture and fau'gue."‘6 In
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general, the characteristic fractographic features of these
fracture mechanisms are distinguishable by scanning elec-
tron microscopy (SEM) observations. The fractographic
study is a fundamental tool for the failure analysis of a me-
tallic part. When the materials used to make the parts are
steel and other alloys, there is usually plenty of information
about the correlation between the fractography and the type
of loads that caused the failure. Nevertheless, when the frac-
tured material is PDI, there is a noticeable lack of knowl-
edge. In general, the research about PDI has been focused
on the study of the mechanical properties using mechanical
tests and qualitative microscopy techniques, but the fracture
surface analysis was secondary.””"* Few authors have carried
out quantitative studies of the fracture surface topography
of samples of DI with different matrix microstructures.'*

"The aim of this work is to carry out a systematic study of
the fracture surfaces of PDI under different loading condi-
tions, in an attempt to correlate the features of the fracture
surface with the acting loads, and to identify the crack
propagation direction.
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EXPERIMENTAL METHODOLOGY

Material characterisation

One inch Y’ blocks of DI were cast in sand moulds
(ASTM A897M) by MEGAFUND S.A. The chemical
composition was determined by using a Baird DV6 spec-
trometer. Prismatic samples were machined from the Y
blocks. Metallographic samples were prepared by using
standard polishing and etching methods. Etching was
carried out by using nital (2%). The microconstituents
as well as the nodule count, nodularity and nodule size
were quantified by using an optical microscope OLYM-
PUS PMGS3 and the Image-Pro Plus software.

Mechanical testing

Brinell hardness measurements were carried out by using a
universal testing machine ‘Ibertest’, Model ‘DU-250’
following the recommendations of the ASTM E10-01.
The reported values are the average of at least three
readings. V-notched Charpy impact specimens of 10 mm x
10mmx 55 mm for impact and three-point bending test
(ASTM E23) and SEN (B) specimens of 10 mm x 20 mm x
90 mm for fatigue test (ASTM E399) were machined from
Y blocks (Fig. 1). The impact tests were performed by
using a pendulum AMSLER 130/688, with a maximum en-
ergy of 300]. To evaluate the effect of the test temperature
on the fracture surface features, impact specimens were
broken at four different temperatures. Three-point bend-
ing tests under quasistatic loading were performed by using
a universal testing machine Morh&Federhaff with a cross-
head displacement rate of 8.4 x 10~* mm/s. For the fatigue
test, SEN (B) specimens were broken using a displace-
ment-controlled mechanical testing machine with a double
eccentric actuator. A high cycle fatigue regimen was used.
A maximum load of 2.2kN approximately was applied
using a constant eccentricity of e=0.145mm."” 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.
The specimens were identified as listed in Table 1.

Fig. 1 Specimens machined from the Y blocks: (a) Charpy; (b) SEN (B).
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Table 1 Summary of label used for each test conditions

Heat Test
Label =~ Matrix  treatment Test temperature
PI-20  Pearlitic As cast Impact =20
PIO 0
PI120 20
PI60 60
Plx. Bending 20
Pfat Fatigue 20

Fracture surface and fracture profile

The fracture surfaces were examined by means of SEM
to identify the predominant failure mechanisms.

The fracture profiles were characterised by optical
microscopy. A schematic representation of the parame-
ters used to characterise the roughness of the profiles is
shown in Fig. 2. Each fractured sample was cut along a
perpendicular plane to the v-notch and was mounted in
bakelite and prepared for metallographic observation.
The first cut was carried out using a metallographic
cutting wheel under careful conditions to minimise
plastic deformation. After cutting, samples were mounted
in bakelite. The first grinding stage involved manual
grinding for about 800 pm to remove any volume of
metal that may have been affected by the cutting process.
Fine polishing was then carried out. The five successive
sections were obtained following a similar procedure,
but using a shorter grinding time aimed at removing a
layer of 500 um approximately. These sections were
uniformly distributed from the centerline. In all cases,
the roughness parameters were measured along the stable
crack propagation zone. The Lz value is the measurement
of the actual length of the fracture profile whereas the L’
value is the projected length of the fracture profile. For
the numerical quantification of the surface roughness
parameters, the Image-Pro Plus software was used. The
results obtained were the average of 20 fields in five
successive levels. Then, to define the roughness para-
meters of the fracture surface, the Underwood criteria
was used.'®

b)
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Fig. 2 Schematic representation of the roughness parameters.
Table 2 Chemical composition (Wt%)
C Si Mn S P Mg Cu Ni Cr
3.32 2.36 0.31 0.012 0.016 0.033 0.62 0.025 0.058

From the measurement of Lz and L’ on the fracture
profiles, R/ and Rs values were calculated, in each case,
using Eqs (1) and (2), respectively. Rs is calculated as the
ratio between the actual fracture surface area (S,) and the
projected surface unit (S4) and gives a measure of the
superficial roughness (Eq. (3)). In addition, the Ry values
were obtained from the peak to valley ratio on the fracture
profile (the difference between the height of the highest
peak and the height of the deepest valley). These rough-
ness parameters were also used by other authors to charac-
terise the fracture surface and to compare the mechanical
behaviour under varied test conditions both in metallic
alloys'’™'” and in other composite materials.*’

Table 3 As-cast characterisation

Nodule
count Nodule
Label  [nod/mm2]  Nodularity size Hardness
P 100 >95% 6 272 HB

As the number of measurements of a given variable is
small, Student’s 7-distribution was applied to determine
the values with a confidence interval of 95%.%"

RI [mm/mm] = Lt/L (1)
R = (4/n) RI-1) + 1 ®))
Rs [mm?/mm’] = St/S, B3)

RESULTS AND DISCUSSION

Chemical composition and microstructure

The chemical composition of the DI used is listed in
Table 2. The as-cast microstructure characterisation
according with the ASTM A 247 standard and the Brinell
hardness are listed in Table 3. The nodularity was con-
sidered suitable for this study. The as-cast microstructure
was 100% pearlitic and is shown in Fig. 3.

b)

Fig. 3 As-cast microstructure. (a) 100x; (b) 200x.
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Characterisation of fracture surfaces by SEM

The fracture surfaces resulting from impact loading at
different temperatures are shown in Fig. 4. In general,
exposed graphite nodules and nodular cavities free from
graphite nodules (probably due to the detachment or to-
tal rupture of the nodule) were observed in all conditions.

A brittle fracture surface conformed by cleavage facets
that show river patterns and cracks that break into the
surface (Fig. 4a) is characteristic in all samples. As the test
temperature increases, the predominant fracture mode
remains unchanged, and only a slight decrease in the
number of cracks that break into the surface was found.
Even for the samples tested at 60°C, the nodular

Cracks
that
break
into the
surface

Nodular
contours
practically
unstrained

Fig. 4 Fracture surfaces from impact loads at different test temperatures. (a) —20°C; (b) 0°C; (c) 20°C; (d) 60 °C.
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contours showed little or no plastic strain (Fig. 4d). Only
some very small ductile fracture regions were found both
at high and low temperatures, as shown in Fig. 5. A mix
of cleavage facets and ductile deformations feature was
evidenced in all conditions.

The fractures surfaces from slow bending tests are
shown in Fig. 6. As in the case of impact loading, brittle
cleavage facets dominate the fracture surface. As is shown
in Fig. 7, microplasticity in the cleavage steps and other
zones was also identified. In consequence, in the same
way that the results reported to impact test, brittle frac-
ture was the predominant failure mode.

The fracture surfaces resulting from fatigue testing are
shown in Fig. 8. Two different zones were evident for the
naked eye on the surface: the unstable propagation zone

Fig. 6 Fracture surface from bending test. Different magnifications.
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Fig. 8 Fracture surface from fatigue test. (a) Unstable propagation zone (final fracture); (b) Stable propagation zone.

(Fig. 8a) and the stable propagation zone (Fig. 8b). The
unstable propagation zone showed the same features
observed on the bending and impact test surfaces. In the
stable propagation zone, where the crack actually propa-
gates by fatigue, remarkable changes in the fracture surface
were clearly distinguishable, as shown in Fig. 9. Signs of
striation and a ‘flatter topography’ without deformation
of nodular contours were observed. Cleavage facets mixed
with areas showing striated features were observed in all
fractographies. This feature was a predominant and
distinctive characteristic of the fracture surfaces generated
under cyclic loading (Fig. 9c and d). Secondary cracks
and both ductile and fragile striations are the main fatigue
crack propagation micromechanisms.

In Fig. 10, the fracture surfaces generated under
impact, bending and fatigue test at room temperature

are shown. The predominant fracture mechanism did
not seem to change when the fracture surfaces from
impact and bending test were compared. However, a
noticeable change in the superficial topography was
observed on the fracture surface from the fatigue test,
and it allows to differentiate it from the other conditions.

Roughness of the fracture profile

The Rs and Ry values measured from the fracture profiles
are shown in Fig. 11.

The roughness (Rs) of the fracture profiles from im-
pact testing showed no significant change as a function
of the testing temperature between —20°C and 60 °C.
On the other hand, when the fracture profile from the
slow bending test is compared with that of the impact test

Fig. 9 Fracture surface from fatigue test.
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Fig. 10 Fracture surfaces tested at room temperature. (a) Impact; (b) bending; (c) fatigue.
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Fig. 11 Roughness parameter obtained by means impact, bending and fatigue test; (a) Rs; (b) Ry.
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Fig. 13 Method used to define a local propagation vector on the cleavage fracture surfaces resulting of impact and bending test.

at 60°C, a clear increase in Rs is observed despite of the
lower testing temperature (room temperature) used in
the bending test. For fatigue fracture, Rs values are signif-
icantly lower than those measured for other loading con-
ditions. Such changes in the fracture surface topography
were clearly distinguishable by both SEM fractographies

and optical fracture profiles. This noticeable decrease of
the surface roughness value agrees with the results
reported in the literature by other authors.'* The values
of Ry were also influenced by the test conditions
(Fig. 11). As in the case of the Rs values, the measurements
show no significant change as a function of the testing

© 2014 Wiley Publishing Ltd. Fatigue Fract Engng Mater Struct, 2015, 38, 80-90
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temperature of the impact test. On the other hand, an in-
crease of Ry value in bending test as compared with im-
pact test was observed. Similarly, a noticeable decrease
of more than 50% was found for the fatigue fracture.
The results indicate that different loading configurations

Fig. 14 Quantitative analysis on SEM fractographies by means
Image-Pro Plus software. PI60.

Table 4 Statistical dataset obtained from the joint of each cleavage
facet

87

on the same material lead to differences in Rs and Ry
values of the fracture surface. This knowledge could be
used to estimate the type of loading that leads to fracture
in a fractographic analysis. Nevertheless, its application is
at this point very limited because the influences of other
features characteristic of the material microstructure,
such as grain size and graphite size and morphology,
are mostly unknown.

Representative micrographies of the fracture profiles
of the impact (—20°C; 60 °C), bending and fatigue test

are shown in are shown in Fig. 12.

Direction of macroscopic propagation and its
relation with the topographic features
Impact and slow bending fracture surfaces

As mentioned in Characterisation of Fracture Surfaces by
SEM, in all samples tested by impact and slow bending
loads, cleavage fracture was the dominant failure mode.
The literature reports that the river patterns present on
the cleavage facets converge into a single crack following
the direction of the local crack propagation. Therefore, it
should be possible to assess the main crack direction
through the observation of the propagation on the cleav-
age planes or facets. The approach used was to identify
and characterise the local propagation direction by means

PI-20 PI60 PEIx of observation of the directions of the river patterns with
Mean -5 3 —9  respect to the main crack propagation direction, which is
Media -3 2 —10  known. Two different methodologies were applied. In all
Mode 0 0 0 situations, the main crack propagation direction was set
Counts 1896 2416 2373 o (T
at 0° (Fig. 13).
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Fig. 15 Histograms from dataset.
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Methodology 1. A local propagation vector was identified
at the point in which two river patterns join, as shown
in Fig. 13. All measured local propagation vectors were
characterised by the angle formed with respect to the
main crack propagation direction. The large number of
values of local angles measured was averaged and the
resulting direction compared with the main crack propa-
gation direction.

An example of one of the SEM fractographies
analysed for impact test at 60°C is shown in Fig. 14.
The results of the statistical dataset are listed in Table 4.
In all cases, the mean (X) of the dataset was between
—10° and 10°, and the mode value (Mo) of the distri-
bution was 0°. These results not only show that the
average of local propagation vectors reveals the pre-
dominant propagation direction, but also, at the local
analysis, it was observed with higher relative frequency
in this direction. For a better interpretation of the
dataset, histograms of relative observation frequencies
are also plotted in Fig. 15. The local directions were
grouped into 20 intervals ranging from —180° to 180°
in concordance with the reference system used in the
present methodology.

Main crack
propagation direction .
“Main vector”
o M

Methodology 2. In the second methodology, the direction
of the vectors formed by the joint of river patterns was
measured as in method 1. However, in this case, all vectors
belonging to the same cleavage facet were added, as shown
in Fig. 16. The resulting vector for each facetis called ‘facet
vector’ (V)), and it is given a module magnitude pro-
portional to the size of the facet area that it characterised
(1V;1 =A;). Later, a ‘main vector’ (M) is calculated as the
resulting of the addition of the facet vectors, and its
direction is characterised by the angle defined by the main
vector with respect to the main crack propagation direc-
tion, called . Figure 17 shows the calculated V; for differ-
ent cleavage facets present on a fracture surface. The values
of the main vector direction resulting from the measure-
ments of five fields of observation at 300x for each test
conditions are listed in Table 5.

Table 5 shows that the largest difference between the
main vector and the main crack propagation direction

Table 5 Results of methodology 2
PI-20 PI60 Ptlx
B[] -5 4 —8

A

“Facet vectors”

IVl = A,

1

g Ai= Area of the facet characterized
k J

Fig. 16 Methodology to obtain the ‘main vector’ from the composition of each V.

Fig. 17 Analysis of facet vector in each fracture surface; (a) PI-20; (b) PI60; (c) Pflx.
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Fig. 19 Crack propagation path observed from the fatigue test. (a) Following the ferrite—cementite interface. (b) Across the pearlite lamellas.

was 8° for the bending test, in concordance with the
results reported in Methodology 1. In consequence, both
methodologies can be used to identify with very good
accuracy the main crack propagation direction.

Fracture surfaces from fatigue

The characteristic features on the fracture surfaces from
fatigue loading are shown in Fig. 18. It was not possible
to find the classical striation marks or other features that
may reveal the crack propagation direction. As reported
in Characterisation of Fracture Surfaces by SEM, some
areas on the fatigue fracture surfaces show lamellar fea-
tures that could be at a first look taken as striation marks.
Nevertheless, a closer look shows that the characteristic
dimensions of the apparent striation marks are in con-
cordance with the interlamellar distances of the pearlite
(0.4um approximately). This similarity is shown in
Figs 18 and 19. The crack propagation path during the
stable crack propagation regime was observed
interrupting the test, and the previously polished lateral
surface of the sample was analysed at different times, to
observe the microstructural zone chosen by the propa-
gating crack. The propagating crack is not only seen to
travel along ferrite—cementite interfaces at times but also
observed to travel across the pearlite colonies. Therefore,

© 2014 Wiley Publishing Ltd. Fatigue Fract Engng Mater Struct, 2015, 38, 80—-90

no preferential orientation of the main crack path with
respect of the pearlite lamellas was found, and no relation
between fractographic features and the propagation
direction was identified (Fig. 19).

CONCLUSIONS

The fracture surfaces of PDIs broken under impact,
bending and fatigue loading were qualitatively and quan-
titatively characterised by analysing SEM and optical mi-
croscopy images.

* The fracture surfaces resulting from impact loading at
different temperatures of PDI showed brittle fracture
characteristics conformed by cleavage facets that show
river patterns and cracks that break into the surface.
Only some very small ductile fracture regions were
found both at high and low temperatures.

* The fracture surfaces resulting from slow bending
were similar to those observed after impact loading.

® The fracture surfaces resulting from fatigue showed
some striation-like features. These features were not
found on fracture surfaces generated under other load-
ing conditions. Nevertheless, the striations have simi-
lar dimensions than the pearlite lamellas and show no
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clear orientation along the fracture path. Therefore,
observed striations could not directly be accounted
for as fatigue striations.

* The roughness parameters Rs and Ry measured from
the fracture profiles after optical microscopy were
influenced by the loading conditions. The larger values
corresponded to the slow bending conditions, followed
by the impact fracture. The lower values were mea-
sured on the fatigue fracture.

* A method for the identification of the main crack
propagation direction, based on a quantitative analysis
of the river patterns present on the cleavage facets, was
proposed. The method is applicable to impact and
slow bending fracture surfaces. It identifies with very
good accuracy the main crack propagation direction.

* No signs useful for identifying the direction of propa-
gation of a fatigue crack in a PDI were found from the
fractographic examination.
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