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1 | INTRODUCTION

Ductile Cast Irons (DCIs) have a microstructure quite peculiar for the massive presence of spheroidal graphite nodules
embedded within the iron matrix. They have a good castability as well as they are comparable to low-carbon steels in
terms of mechanical performance."? The matrix of DCIs governs the overall mechanical properties, whereas the pres-
ence of the graphite nodules mainly affects the damage evolution.? Recent studies found multiple and complex damag-
ing micromechanisms occurring within the DCIs.'” Such mechanisms are mainly affecting the nodules, which do not
simply behave as mechanical voids, as it was traditionally considered. The matrix microstructure was also found to
influence the significance of such mechanisms. Such findings are questioning the knowledge of the materials as well as
the reliability of the existing modelling approaches. There are some DCIs that have not been extensively investigated,
e.g., pearlitic and austenitic ones.

DCIs are used in structural components of several engineering systems, such as pipelines and wind turbines.®’
In many cases, such systems are extremely critical for the public safety and international economy, and they
require to be monitored during their lifetime. Non-Destructive Testing (NDT) is often used for this purpose,®’
even though the complexity of the damage evolution in DCIs makes challenging the health monitoring of such
materials. Acoustic Emission (AE) testing'® is among the most advanced NDT techniques aimed at the damage
assessment of engineering systems during their lifetime. The technique is based on the generation of acoustic
waves due to localised structural damage. The processing/analysis of such waves and their features allows identify-
ing the occurring of the damage. Few past studies proved that AE testing can be a reliable technique for the dam-
age assessment of DCIs.!*'"'2 The Information Entropy of the AE data evaluated using the Shannon
formulation'® has been recently used to assess fatigue and fracture damage in metals."*'® However, this approach
has never been applied to DCIs.

The paper shows the preliminary results of AE tests on pearlitic DCI under uniaxial tension. The damage microme-
chanisms are identified by means of Scanning Electron Microscope (SEM) analysis. A novel approach is used by

Mat Design Process Comm. 2020;2:e158. wileyonlinelibrary.com/journal/mdp2 © 2020 John Wiley & Sons, Ltd. | 1of5
https://doi.org/10.1002/mdp2.158


https://orcid.org/0000-0003-4804-6588
https://orcid.org/0000-0002-1668-3729
https://orcid.org/0000-0002-9382-6092
mailto:costanzo.bellini@unicas.it
https://doi.org/10.1002/mdp2.158
http://wileyonlinelibrary.com/journal/mdp2
https://doi.org/10.1002/mdp2.158
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmdp2.158&domain=pdf&date_stamp=2020-02-09

2 of 5 WI LEY D'ANGELA ET AL.

evaluating the Shannon Entropy of the AE data in order to identify both the onset and the evolution of the damage in
(pearlitic) DCIs. The approach is finally proposed for the application to health monitoring of DClIs.

2 | MATERIAL AND METHODS

A fully pearlitic DCI (EN GJS700-2)'” was tested under tensile loading by means of microtensile specimens (Figure 1.a)
with high nodularity. Strain control was applied with a rate equal to 0.2 s™*. The tests were performed using a tensile
holder in order to perform the step-by-step Scanning Electron Microscope (SEM) analysis."">'® AE testing was per-
formed along with the mechanical tests using two simultaneous AE systems (1283 USB Node). Two ultra-low noise pre-
amplified sensors (PKI5I) detected the AEs; they had a resonance frequency equal to 150 kHz, operating within
100-450 kHz. The software AEwin™ was used to process and visualise the AEs in real-time. The whole AE testing
equipment was produced by Mistras Group LTD UK. Mock tests were carried out in order to define the main parame-
ters for the AE testing, also taking into account previous applications.'*> Amplitude threshold was set equal to 45.
Figure 1.b shows the testing set-up. Sensor 1 was located on the support box of the tensile holder (close to the speci-
men), and sensor 2 was located on the inferior support of the testing machine. The location of sensor 1 was aimed to
minimise the noise and maximise the signals Amplitude, whereas the location of sensor 2 was chosen to minimise the
signals Amplitude and maximise the noise. The Shannon Entropy of the AE data (Sg) was evaluated using Equa-
tion (1).!%'* In particular, the probability mass distribution vector at the i’ time step, i.e., p;, is defined in Equation (2),
where n; and Zn; are Counts and cumulative Counts related to the i time step, respectively.

Sgp=-— ZPilng(pi) (1)
i=1
_JMm . e
pi= {Zni’Zni’"" Zl’li} (2)

3 | RESULTS AND DISCUSSION

An approximately linear elastic response was observed up engineering stress equal to about 600 MPa, with an engineer-
ing strain equal to about 6%. After this limit, a gradual stiffness decrease was observed up to the ultimate strength
(about 750 MPa). The failure was reached just after the ultimate tensile strength in some cases (engineering strain about
10%); in other cases, it occurred after a short softening branch (engineering strain about 12%). The SEM analysis identi-
fied the combination of three elementary damaging micromechanisms, similarly to the ones found in ferritic DCL!
i.e., onion-like, disgregation, and matrix-nodule debonding mechanisms. The onset of the damage mechanisms was quite
dispersed over the material response, ranging from 450 MPa to 700 MPa. More than 75% of the mechanisms initiated

FIGURE 1 (a) Geometry of microtensile specimens, and (b) testing set-up



D'ANGELA ET AL. WI LEY 3of5

between 550 and 650 MPa. The damaging mechanisms always started prior to the beginning of the elastic-plastic range,
and in many cases, during the early elastic stage. This was not observed in a ferritic DCIs," where the nodule damage
only initiated during the plastic stage. It was not possible to identify a clear pattern of the sequence of the elementary
mechanisms. However, multiple mechanisms are often observed within the same nodules. Figure 2 shows the post-
failure results of the SEM analysis of the graphite nodules investigated during the tests. In particular, Figure 2.a shows
a nodule in which both matrix-nodule debonding and disgregation mechanism occurred. Figure 2.b shows a case of
multiple occurring of all mechanisms. Overall, disgregation mechanism usually started after another mechanism (often
as the latest), as it was found for ferritic DCL.! The matrix-debonding mechanism was found to be often occurring in
pearlitic DCI, differently from ferritic DCI, where it was seldom observed.! Crack initiation was also observed within
the matrix at higher levels of stress (e.g., yielding stage); such cracks tended to propagate during the plastic stage lead-
ing to the failure of the specimen.

The damage of the nodules and the matrix interfaces was qualitatively correlated to the AE features. Sensor
1 detected discontinuous stages of the acoustic activity, whereas sensor 2 detected continuous AE activity having signifi-
cantly lower Energy, Counts, Amplitude and Duration. The values of such AE features were essentially constant during
the tests. No significant AE activity was detected by sensor 2 prior or just prior to the failure, differently from sensor
1. Therefore, the signals detected by sensor 2 can be considered as sourced by the testing equipment as a noise distur-
bance (e.g., continuous machine vibration), whereas the AEs related to Sensor 1 can be assumed caused by the damage
of the specimen.

Figure 3 shows the time evolution of both Amplitude A and cumulative Counts N related to sensor 1 for three repre-
sentative tests. The acoustic activity was observed at three stages of testing time ¢: (1) 10 <t <205, (2) 37 <t <535,
and (3) t > 60 s. Stage 1 corresponded to low engineering stresses (220-250 MPa), stage 2 to the pre-yielding stage
(500-650 MPa), and stage 3 to the incipient failure. More than half of the total number of AE events was detected over
stage 2 (i.e., pre-yielding stage), corresponding to the initiation of most of the damaging mechanisms within the nod-
ules. Few AE events with much higher Amplitude and Counts occurred just prior to the failure in all tests; AE activity
was also detected quite earlier than the failure (about 9 s earlier) in one case out of three.

The analysis of the traditional AE features allowed to assess both onset and evolution of the microdamage, even
though only qualitative correlations have been identified. Most of the AE activity occurred during stage 2, when the
damage within the nodules began, and when the material response exhibited the stage between the elastic limit and the
plastic response. The AE activity occurring just prior to the failure is probably due to the propagation of the matrix
cracks (higher Amplitude and Counts) that is leading the specimen to the fracture. The findings strengthen the reliabil-
ity of the correlation between the actual damage and the AEs.

Figure 4 shows the results of the Shannon Entropy evaluation up to the specimen failure (last point of the curves).
The Entropy has approximately the same trend for all tests: after a sub-vertical branch, its slope over time (5 (log;0ZSg)/
6t) gradually decreases as the damage evolves, up to the failure, where the tangent is sub-horizontal. As a matter of fact,
the onset of most of the permanent damage corresponded to stage 2, corresponding to the convergence of all the differ-
ent curves, and to very reduced values of § (log;0=Sg)/6t.

FIGURE 2 SEM analysis of
damaging mechanisms occurring in
a pearlitic DCI: (a) matrix-nodule
debonding together with
disgregation mechanisms, and

(b) combination of onion-like,
disgregation, and matrix-nodule
debonding mechanisms




4 of 5 WI LEY D'ANGELA ET AL.

100 T T T T T —t6 45 FIGURE 3 Amplitude A vs Time ¢ together with logarithmic
cumulative Counts log;p~N vs Time ¢

80 [

= z
Q Al
= o
< >
S
60 - 115
40 0
0 10 20 30 40 50 60 70
t[s]
A1 [dB] [left axis] IongN1 [-] [right axis]
o A2 [dB] [left axis] - - |ongN2 [-] [right axis]
+ A3 [dB][leftaxis] e IogmzN3 [-] right axis]
1005 FIGURE 4 Logarithmic cumulative Shannon Entropy log;oZSg
vs Time ¢ together with the variation over time of the logarithmic
_ cumulative Shannon Entropy 6 (log;0XSg)/5t vs Time t
w
[2]
w {1005 2
2 =
o =
%) “w
2 []
e A
2 °
= 1102 @
=
- 10—2.5
0 10 20 30 40 50 60 70
t[sl
IogmzsE1 [left axis] 5(Iog1OZSE1)/5t [right axis]
——— IongSE2 [left axis] - 5(Iog1OZSE2)/6t [right axis]
---------- IongSEB left axis] 6(Iog1OZSE3)/6t [right axis]

A similar Entropy trend was already found by D'Angela and Ercolino,"® who performed fatigue crack propaga-
tion tests on Nickel steel compact tension specimens. Indeed, the pattern of the Acoustic Entropy was already
proven to be not significantly depending on the specific material/testing case.'* Shannon Entropy was confirmed
to be damage-sensitive even in the case of (pearlitic) DCIs. Entropy evaluation is not potentially affected by bias
or analyst decisions (e.g., closed-form equation considering standard AE features), and it can be easily evaluated

during the AE testing process. Therefore, the presented approach could be potentially used for health monitoring
of structural components.

4 | CONCLUSIONS

The paper reported the preliminary results of Acoustic Emission (AE) tests performed on a pearlitic Ductile Cast Iron
(DCI) under uniaxial tensile loading. The characterisation of the occurring damaging mechanisms was performed by
means of the Scanning Electron Microscope (SEM) analysis. The analysis of the traditional AE features allowed to
detect the onset of the damage occurring within the graphite nodules. The Shannon Entropy of the AE data was found
to be correlated to the damage evolution. The presented approach was proven to be promising for the implementation
for health monitoring purposes. However, further data analysis should be performed to strengthen the findings, as well
as further tests should be performed to consider alternative case studies.
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