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ABSTRACT 

The damaging micromechanisms in a pearlitic (EN-GJS700-2) Ductile Cast Iron (DCI) are 

investigated by means of Scanning Electron Microscope (SEM) analysis and Acoustic 

Emission (AE) testing. Monotonic uniaxial tensile tests are performed on microtensile 

specimens under strain control. SEM analysis is applied under in-situ conditions by means of 

a tensile holder. The multiple damaging micromechanisms are identified, and their evolution 

along with the mechanical response is characterised. The traditional AE features are found to 

be qualitatively correlated to the onset of the fracture damage over the elastic behaviour. The 

Information Entropy of the AEs evaluated according to both Shannon and Kullback-Leibler 

formulations is proven to be well correlated to the ongoing damage, and the incipient failure. 

Tentative failure criteria are finally proposed. The assessment approach is found to be 

promising for structural health monitoring purposes. 

KEYWORDS: Ductile Cast Iron (DCI); Scanning Electron Microscope (SEM); Acoustic 
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INTRODUCTION 

In the last decades, the industry encouraged the experimental investigation of Ductile Cast 

Irons (DCIs) [1]. These materials are commonly used for a variety of critical engineering 

systems such as pipelines and wind turbines [2,3]. DCIs were obtained in the ’40s by adding 

different elements, such as magnesium or cerium, during the preparation/treatment of cast 



irons. The addition produced nodular graphite elements embedded within the iron matrix, 

instead of the elongated flakes (lamellae), typical of grey cast irons. Similar results had already 

been achieved by annealing white irons; however, this treatment was extremely difficult and 

expensive. DCIs are comparable to structural steels in terms of both strength and ductility, as 

well as they present the good castability of grey cast irons [4,5]. The matrix of DCIs governs 

the main mechanical properties of the material such as the strength, as well as it defines the 

name of the DCI. The graphite nodules were considered in the past as mechanical voids, and 

the matrix-nodule debonding was assumed as the primary mechanism involving the nodules 

[6,7]. Recent studies (e.g., [2,8,9]) proved that the damage evolution of DCIs is quite more 

complex. The damaging micromechanisms might either start within the nodules or affect them 

in the early stages of deterioration. The classical matrix-nodule debonding behaviour was rarely 

observed in ferritic DCIs, and multiple damaging micromechanisms were found to be more 

significant [4,10]. Figure 1 shows the (a) undeformed, and (b) deformed condition of a graphite 

nodule embedded within a ferritic DCI subjected to tension loading [4,11]. The recently 

identified onion-like and disgregation mechanisms are highlighted in Figure 1.b. The onion-

like mechanism defines the initiation and propagation of cracks between the nodule core and 

the external crown according to the fibrous shape of the onions. The disgregation mechanisms 

involve cracking initiation and propagation in the central part of the nodules, with a potential 

disgregation of the nodule under plastic deformation. The microstructure of the matrix 

influences the occurrence of such mechanisms; however, the microstructure does not affect 

their characteristic features (e.g., the morphology of the fracture surfaces), which might depend 

on the nonhomogeneous distribution of the mechanical properties within the nodules. A step 

forward is needed to enhance the knowledge of these phenomena. The features of the damaging 

micromechanisms occurring in pearlitic DCIs have not been identified yet, as well as the 

initiation/evolution of the damage along with the mechanical response is not clear. 

 



Figure 1. Damage micromecanisms identified in ferritic DCIs (EN GJS350-22) at following σ 

[MPa] – ε [%]: (a) 0 – 0, (b) 470 – 14 [4].  

Acoustic Emission (AE) testing represents the state-of-the-art for non-destructive evaluation 

of damage in structural components [12,13]. This technique has been used in several 

engineering systems affected by fracture and fatigue damage, such as bridges [14], pipelines 

[15], and industrial plants [16]. AE testing is based on the phenomena of the localised stress-

energy releases caused by microdamage within solids. Such releases generate elastic (acoustic) 

waves with low intensity and relatively high frequency, namely the Acoustic Emissions (AEs). 

The AEs propagate within the components, also interacting with their structural discontinuities. 

The AE activity can be detected by specific sensors attached to the monitored elements (or to 

the components connected to them). The AEs can be analysed in real-time as well as they can 

be post-processed in order to characterise the state-of-health of the monitored systems. Several 

studies provide approaches/methods to analyse the AE data for the damage assessment of 

structures (e.g., [17–21]). AE testing has been increasingly applied in automated monitoring 

processes, especially for infrastructural systems [13,22–24]. A schematic application of the 

technique is shown in Figure 2.a (by MISTRAS Limited). The evolution of the main features 

of the AEs (namely AE features, Figure 2.b) is potentially correlated to the damage, even 

though a more refined analysis typically allows a more robust assessment (e.g., [17,25,26]). 

(a)  (b) 

Figure 2. AE testing: (a) technique application scheme (by MISTRAS Limited), and (b) main 

AE features [27]. 

Several studies used AE testing for the damage identification in various metals and alloys (e.g., 

[21,26,28,28–30]). However, very few studies applied AE testing for evaluation of damage in 



DCIs. Carpenter and Zhu [31] investigated the damage correlations between the uniaxial 

compressive response of ferritic DCIs and the related AE activity. They identified relationships 

capable of estimating the fracture toughness, as well as they correlated the average size of the 

graphite nodules to the AEs. Sjögren and Svensson [32] analysed the AEs generated by the 

response of pearlitic DCIs. They proved that the AE activity can be descriptive of the damage 

stages, especially within the elastic response range. More recently, Kietov et al [33] 

investigated the damage evolution in ferritic DCIs by means of AE testing, also considering 

high-strength steels for comparison purposes. They performed dynamic tests on Charpy V-

notch specimens with and without fatigue pre-crack at various temperatures. The AE activity 

was found to be associated with cleavage fracture, and a linear correlation was defined between 

the fracture area and the AE Amplitude. The AE activity was also related to the onset of the 

plastic response. The same authors [34] performed both tensile and three-point bending tests 

on ferritic DCIs at quasi-static and dynamic rates, also varying the temperature. The onset of 

the plastic response was confirmed to be correlated to significant AE activity, and simultaneous 

peaks of acoustic activity were detected just after the yielding. Among the latest AE analysis 

methods, the evaluation of Information Entropy of the AE data (namely, AE Entropy or 

Acoustic Entropy) was recently proven to be promising for fatigue and fracture assessment in 

metals. Kahirdeh and Khonsari [25,35] found that that the AE Entropy, evaluated by using the 

Shannon formulation [36], can be a more reliable predictor of the fatigue and fracture damage 

than the traditional AE features. A relative measure of Entropy based on the Kullback-Leibler 

formulation [37] was also investigated in [24,26] showing promising results. This approach 

was also applied for damage monitoring purposes; however, a more robust application should 

still be defined [24,26,38,39]. 

This paper attempts to enhance the understanding of the damaging micromechanisms occurring 

in (pearlitic) DCIs, providing insights into the damage assessment by means of AE testing. The 

multiple damaging micromechanisms are identified by using in-situ SEM analysis. The damage 

evolution is associated with AE activity. Basic AE analysis is performed in order to define 

qualitative damage correlations. The Information Entropy of the AE data is evaluated using 

both Shannon and Kullback–Leibler formulations to establish damage criteria promisingly 

applicable to structural health monitoring. 



MATERIAL AND EXPERIMENTAL PROCEDURE 

Three monotonic uniaxial tensile tests were performed on flat microtensile specimens made of 

a pearlitic DCI (EN GJS700-2), with nominal strength σu equal to 700 MPa. The graphite 

elements of the tested specimens were characterised by a nodularity higher than 85%, having 

a volume fraction equal to 9 ÷ 10 %. The chemical composition is reported in Table 1, and the 

geometry of the specimens is shown in Figure 3. The microtensile specimens were extracted 

by a cylindrical billet (diameter equal to 80 mm); they were ground and polished. The tests 

were performed through strain control, with a constant strain rate equal to 0.2 s-1. A step-by-

step testing procedure was used to allow the periodic SEM analysis of the specimen under in-

situ conditions. The tension was applied and kept on the specimens using a tensile holder 

[2,4,10]. The deformation of the specimens was controlled by a Linear Variable Differential 

Transformer (LVDT). Two miniature load cells (10 kN each) were used to measure the applied 

load. The tensile holder and the whole testing equipment are shown in Figure 4 [10].  

Table 1. Chemical composition in wt% for pearlitic DCI (EN GJS700-2). 

C Si Mn S P Cu Mo Ni Cr Mg Sn 

3.59 2.65 0.19 0.012 0.028 0.004 0.004 0.029 0.061 0.060 0.098 

 

 

Figure 3. Geometry of the microtensile specimens (in mm). 



  

(a) (b) 

Figure 4. Tensile testing equipment: (a) detail of tensile holder, and (b) whole testing 

machine [10]. 

AE testing was performed along with the tensile testing according to the parameter-based 

approach [13]. The tensile testing procedure was time-continuous during AE testing. The 

whole AE testing equipment was produced by MISTRAS Limited (UK), and it was already 

used in [26]. Two 1283 USB AE Node systems were simultaneously used to process and store 

the AE activity. The AEs were detected by two PK15I sensors, i.e., pre-amplified ultra-low 

noise sensors having a resonance frequency equal to 150 kHz, and operating within 100 ÷ 450 

kHz. The software AEwin™ was used to process, visualise, and store the AEs in real-time. The 

sensors were coupled/bonded to the fixed parts of the tensile machine by means of a thin layer 

of silicon (Loctite 595) [18,21]. Figure 5 shows the AE system layout and testing set-up. The 

sensor 1 was the closest to the specimen to detect the genuine signals due to the specimen 

damage process even though the sensor was not directly located on the specimen. The sensor 

2 was located on the support of the tensile machine in order to identify the features of the noise 

disturbance due to the testing equipment (e.g., vibrations transferred from the motor supports 

to the machine supports). The reliability of the sensor coupling was checked by Pencil Lead 

Break (PLB) test prior to the main tests [21,26]. The AE Amplitude threshold was set equal to 

45dB; the Peak Definition Time (PDT), the Hit Definition Time (HDT), and the Hit Lockout 

Time (HLT) were set equal to 200, 800, and 1000 µs [18,26]. A 50 kHz high-pass filter was 

applied as suggested in the literature [18], even though the sensors are mainly operating within 

100 ÷ 450 kHz. 

Microtensile low-carbon steel specimens were also tested according to the same procedure used 

for the pearlitic DCI. This was aimed at identifying the different features/trends of the AEs 

sourced by the simpler damaging micromechanism affecting low-carbon steels. 



 

Figure 5. Testing set-up with detail on sensors’ location.  

AE DATA ANALYSIS 

Both historical and correlation plots were applied to analyse the AEs. The Information Entropy 

of the AE data was computed according to both Shannon and Kullback–Leibler formulations, 

i.e., SE and SE,r in Equation (1) and (2), respectively [24,38]. The probability mass distribution 

vector pi is defined in Equation (3), where ni and Σni define Counts and cumulative Counts. 

The Shannon formulation implicitly assumes that each individual AE signal does not affect the 

following one. On the contrary, Kullback–Leibler Entropy considers the conditional 

probability between the current event and the previous one (pi|pi-1) to compute a relative 

measure of Entropy. The cumulative Entropy over time was calculated for both formulations 

defining ΣSE and ΣSE,r.  

SE = − ∑ pilog2(pi)N
i=1  (1) 

SE,r = SE(pi|pi−1) = − ∑ pilog2 ( pipi−1)N
i=1  (2) 

𝐩𝐢 = { n1Σni ; n2Σni ; … ; niΣni} ;  Σni = ∑ nki
k=1  (3) 



RESULTS 

Mechanical response and damaging micromechanisms 

An approximately linear elastic behaviour was observed in all specimens up to engineering 

stress equal to about 560 ÷ 600 MPa (σ/σu = 0.80 ÷ 0.85), corresponding to a strain equal to 

about 6 %. A gradual yielding knee was observed after the linear elastic limit, after which the 

material exhibited a reduced post-elastic stiffness. The failure occurred just after the ultimate 

strength was reached (average stress equal to 750 MPa and strain about 10 %), or following a 

short softening branch (stress about 675 MPa and strain about 11 ÷ 12 %). 

A number of 13 graphite nodules in a representative sample were considered for the SEM 

analysis of the damaging micromechanisms (Figure 6). 

 

Figure 6. Graphite nodules considered for SEM analysis.  



Three elementary mechanisms were identified: (a) onion-like (Figure 7), (b) matrix-nodule 

debonding (Figure 8), and (c) disgregation (Figure 8). In the case of onion-like mechanism, 

multiple cracks initiated within the graphite nodules between the core and the nodule-matrix 

interface (Figure 7.b). Their onset was observed prior to the elastic limit even though they 

presented reduced width at this stage. The crack surfaces initiated and propagated following an 

approximately circular crown in the aforementioned area, often with a shape similar to the close 

nodule-matrix interface segment (Figure 7.b-d). The multiple cracks extended along with the 

strain deformation increase, tending to connect among them and form macrocracks (Figure 7.c) 

with a shape similar to onion layers (fibrous shape). The crack widths significantly increased 

when the material response became plastic.  

(a) (b) 

 

(c) (d) 

Figure 7. SEM analysis of the onion-like damaging micromechanism occurring in nodule #4 

at following σ [MPa] – ε [%]: (a) 0 – 0, (b) 595.2 – 4.5, (c) 696.3 – 8.0, and (d) 781.1 – 13.1 

(failure). The cracking initiation is highlighted with arrows. 

The matrix-debonding mechanism occurred in most of the considered nodules (Figure 8.d) at 

the elastic stage. As for the onion-like cracks, the debonding width significantly increased when 



the plastic deformation occurred. In some cases, the same cracks presented both debonding and 

onion-like mechanisms, but there were few cases in which the deboning was the only 

mechanisms affecting a single nodule. The disgregation mechanism was characterised by the 

onset of microcracking within the core of the nodules. Such cracks were orientated sub-

orthogonally to the direction of the applied tension (Figure 8.b) in many cases. The width 

increased along with the deformation evolution, especially after the elastic limit (Figure 8.c). 

This mechanism was often developed after at least one of the other mechanisms. Figure 9 shows 

the onset of the three damaging micromechanisms over the considered cases. The crack 

formation was also exhibited by the pearlitic matrix at relatively high levels of stress (e.g., 

about 600 MPa). Such cracks propagated along with the deformation increase, and their 

coalescence led to the specimen failure. 

(a) (b) 

 

(c) (d) 

Figure 8. SEM analysis of mixed damaging micromechanisms occurring in nodule #13 (i.e., 

onion-like, matrix-nodule debonding, and disgregation) at following σ [MPa] – ε [%]: (a) 0 – 

0, (b) 489.6 – 3.5, (c) 694.3 – 7.2, and (d) 781.1 – 13.1 (failure). The cracking initiation is 

highlighted with arrows. 



 

Figure 9. Onset of the damaging micromechanisms in the considered nodules. 

AE features  

The sensor 1 (Figure 5) detected significant AE activity during the testing having an episodic 

character (i.e., a series of distinct time-discontinuous stages of AE activities with peculiar 

features). The tests phases with high AE activity were very similar in all the performed tests 

by giving a preliminary confirmation of the reliability for the damage evolution assessment. 

The sensor 2 detected a minimal AE activity with quite different features in the performed tests. 

Such evidence demonstrates that the sensors are capable of minimising the noise disturbance 

caused by the mechanical equipment (sensor 2), as well as they can detect the data related to 

the actual damage (sensor 1). The AEs are presented in this section for three representative 

tests (tests 1, 2, and 3) by only considering sensor 1. Similar results were observed for all other 

tests and they are not presented for the sake of brevity. Figure 10 shows the time evolution of 

the engineering stress σ along with the main historical plots of the AE activity. In particular, 

the scattered values of (logarithmic) Counts log10 N, (logarithmic) Energy log10 E, and the 

(peak) Amplitude A are plotted for all the single AE events (Figure 2.b). The AE activity over 

time showed some similarities among the different tests, identifying three stages. (1) AE 

activity was detected in the very early stage of the elastic response (i.e., between 10 s and 20 

s, with σ/σu lower than 0.4) for both test 1 and 2. (2) AE activity was detected prior to the elastic 

limit and the yielding point (i.e., between 37 s and 52 s, with σ/σu between 0.80 and 1.0) for all 

tests. (3) Abrupt AE activity was detected just prior to the failure for all tests. Therefore, stages 

1, 2, and 3 were defined by the following stress intervals: σ/σu ≤ 0.80, 0.80 < σ/σu ≤ 1.00, and 

σ/σu > 1. Some activity was also detected significantly earlier than the failure (after the yielding) 



in the case of test 1. Stages 1 and 2 presented similar features, which are significantly different 

from the ones in stage 3. During test 1, the activity related to stage 1 (117 events) was more 

copious than in stage 2 (35 events), also having larger Counts, Energy, and Amplitude. An 

opposite trend was observed in test 2 (35 events for stage 1 and 179 for stage 2). No activity 

was detected over stage 1 of test 3, but a significant activity occurred over stage 2 (90 events). 

All tests have a very similar number of events occurring within stage 3 (between 11 and 15). 

Considering all the tests, 61 % of the whole activity was detected over stage 2 (initiation of the 

damage within the graphite nodules). 

(a) 

 

(b) 

 

(c) 

 

 

Figure 10. Engineering Stress σ vs Time t (left axis) and AE features vs Time t (right axis), 

considering (a) logarithmic Counts log10 N, (b) logarithmic Energy log10 E, and (c) Amplitude 

A. 



Figure 11 shows the correlation plots by considering the entirety of the AE data in the 

performed tests. Overall, stage 1 exhibited fewer events than stage 2, but lower values of the 

AE features. The activity related to both stages is quite low in terms of Energy as well as other 

features if compared to the one occurring in stage 3, where all features have significantly high 

values. Stage 3 has a large data scattering if compared to the other stages, and stage 2 has a 

scattering slightly lower than stage 1, as it can be seen in Figure 11. The features of the AEs 

do not have a clear pattern at the three identified stages, and the correlation analysis does not 

seem to be able to detect the damage in the framework of health monitoring. 

(a) (b) 

  

  

(c) (d) 

 

Figure 11. Correlation plots among AE features considering all tests: (a) logarithmic Counts 

log10 N vs Amplitude A, (b) logarithmic Energy log10 E vs Amplitude A, (c) logarithmic 

Duration log10 D vs Amplitude A, and (d) logarithmic Rise Time log10 RT vs logarithmic 

Duration log10 D.  



Low-carbon steel specimens exhibited AE activity with features significantly different from 

the pearlitic DCI ones, as it was expected. In particular, a copious time-continuous activity was 

observed from the beginning of the test up to the failure of the specimen. This activity had 

Energy E significantly lower than the one related to the pearlitic DCIs, as it is shown in Figure 

12. A similar trend was observed considering the other AE features, which are not shown in 

the paper for the sake of brevity. The use of a more refined approach for AE processing is 

evidenced by the results of the basic analysis of the AE features.  

 

Figure 12 Engineering Stress σ vs Time t (left axis) and logarithmic Energy log10 E vs Time t 

(right axis) for tests on low-carbon steel. 

AE Entropy 

Figure 13 shows logarithmic both the cumulative Shannon (a) and Kullback-Leibler Entropy 

(b) along with the engineering stress σ. The curves of the different tests show a similar shape, 

with particular regard to Shannon Entropy. The late detection of the AEs related to test 3 (i.e., 

no activity detected over stage 1) caused an Entropy curve only defined from stage 2. However, 

this curve has the same trend as the others, and it reaches a very similar value (and slope) at 

the incipient failure. The slope of the Shannon Entropy curves gradually decreases together 

with the increase of the damage in all the tests, and similar values are reached at the failure. 

The slope at the failure is also quite similar among the different curves, i.e., almost sub-

horizontal. The Kullback-Leibler Entropies also showed similarities, even though their 

response is more irregular. A more abrupt knee was observed between the initial and final 

branch of the curves. The Entropy value at the failure has very similar values for all the tests 

in the case of the Kullback-Leibler Entropy.  



(a) 

 

(b) 

 

 

Figure 13. Engineering Stress σ vs Time t (left axis) and logarithmic cumulative AE Entropy 

ΣS vs Time t (right axis) considering (a) Shannon Entropy SE, and (b) Kullback–Leibler 

Entropy SE,r. 

Damage criteria 

The slope of the logarithmic cumulative Shannon Entropy (i.e., δ(log10ΣSE) / δt) can be 

considered as a damage index. The results showed that a decrease in the Entropy slope is 

associated with an increase in damage, and a reduced value is correlated to the incipient failure, 

as it was already suggested in [26]. The value of logarithmic cumulative Kullback-Leibler can 

also be a quantitative descriptor of severe damage and incipient failure. Table 2 reports the 

statistical values (mean μx, standard deviation σx, and coefficient of variation CVx) of both 

Entropy parameters at failure for the current tests. The coefficient of variation values related to 

the two parameters are quite small: this indicates a relatively low data dispersion. Table 2 also 

reports the statistical values of the same parameters computed over Fatigue Crack Growth 

(FCG) tests on steel S355 and Aluminium 7075 Compact Tension (CT) specimens [26]. This 

aims at verifying whether the observed trends are related to the specific conditions of the 

current application, or they have a more holistic significance. Some studies already supported 

this latter hypothesis, such as the work by Kahirdeh and Khonsari [25] that focussed on cyclic 



bending testing of Aluminium and epoxy/glass specimens. In this study, the Shannon Entropy 

trend over the course of degradation did not (significantly) depend on the material, as well as 

the failure value of the Entropy. Table 2 shows that current tests and the fatigue tests on metallic 

CTs exhibit quite different values of δ(log10ΣSE) / δt at failure. It is recalled that the testing 

types are extremely different between the compared tests (monotonic uniaxial tensile tests 

versus FCG tests), and this outcome is not surprising. However, the values of δ(log10ΣSE) / δt 

at failure are in both cases extremely reduced, e.g., smaller than 2.0 E-2 log10(bits) s-1. On the 

contrary, the values of log10ΣSE,r at failure are quite similar for the different tests, in terms of 

all statistical estimations. The more quantitative significance of log10ΣSE,r and the essentially 

constant trend over different materials was already suggested in [26]. 

Table 2. Statistical values of (1) slope of logarithmic cumulative Shannon Entropy 

δ(log10ΣSE) / δt, and (2) logarithmic cumulative Kullback-Leibler log10ΣSE,r corresponding to 

failure for (a) current tests, and (b) fatigue tests on steel S355 and Aluminium 7075 CT 

specimens [26]. 

 δ(log10ΣSE) / δt at failure log10ΣSE,r at failure 

 μx σx CVx μx σx CVx 

 [log10(bits) s-1] [log10(bits) s-1] [-] [log10(bits)] [log10(bits)] [-] 

Current tests 1.09×10-2 4.00×10-3 3.66×10-1 7.03×10-1 9.15×10-2 1.30×10-1 

Fatigue tests on 

steel/aluminium 

CT [26] 

2.27×10-4 2.57×10-4 1.13×100 8.96×10-1 1.38×10-1 1.54×10-1 

The results allowed to identify potential damage criteria associated with the AE Entropy, 

similarly to other studies [24–26,38]. In particular, two alternative criteria identifying the 

incipient failure are proposed accordingly: (a) a lower bound threshold limit for δ(log10ΣSE) / 

δt, and (b) an upper bound threshold limit for log10ΣSE,r. The limit of the first criterion certainly 

depends on both testing type/features and material; however, the idea of a lower bound limit 

might have wider applications. The quantitative limit of the second criterion might be not 

significantly depending on both testing type/features and material, as suggested by past studies 

(Table 2). The proposed criteria might be useful for health monitoring purposes since the 

considered Entropy-based parameters can be univocally evaluated in real-time. The 15th 

percentile limits of the experimental values of both δ(log10ΣSE) / δt and log10ΣSE,r are assumed 



for the definition of the first tentative damage criteria, which are shown in Equations (4) and 

(5). In particular, the first one is strictly valid for pearlitic DCI under testing conditions similar 

to the present application. The second one could be extended to other materials, and probably 

to different testing types as well. 

𝛿(𝑙𝑜𝑔10𝛴𝑆𝐸)𝛿𝑡 ≤  8.52 × 10−3 [𝑙𝑜𝑔10(𝑏𝑖𝑡𝑠 𝑠−1)]  (4) 

𝑙𝑜𝑔10𝛴𝑆𝐸,𝑟 ≥ 6.46 × 10−1 [𝑙𝑜𝑔10(𝑏𝑖𝑡𝑠)] (5) 

DISCUSSION 

The elementary damaging micromechanisms identified in ferritic DCIs were also found in the 

pearlitic DCI, even though with different features. Such differences might be caused by the 

different interaction between the matrix and the nodules because of the different matrix 

microstructures of ferritic and pearlitic DCIs (e.g., [11]). The onset of the damage within the 

nodules (or at their interface with the matrix) began below the elastic limit, i.e., corresponding 

to applied stress ranging from 450 to 600 MPa. This proved that irreversible damage is 

produced within the nodules (or at their interfaces) even though the material exhibits a 

macroscopic elastic response. Some quantitative insights were derived from the assessment of 

the SEM analysis results. The matrix-nodule debonding was exhibited by a very large number 

of the investigated nodules (85 %); this occurred together with both the other mechanisms in a 

large number of cases (77 % of such cases). It is recalled that this mechanism was seldom 

observed in ferritic DCIs (e.g., occurred in a reduced percentage of the investigated nodules 

[10,11]). Onion-like mechanism was observed in a large number of nodules (70 %), whereas 

disgregation occurred in approximately half of the nodules (54 %). Both mechanisms were 

always associated with at least another mechanism. It was not identified a clear pattern for the 

order of the occurring mechanisms (i.e., their sequence) in individual nodules. However, few 

trends were observed. (1) The onion-like mechanism proceeded the disgregation in 66 % of 

cases. (2) Disgregation occurred after at least another mechanism in 71 % of cases, and it was 

the last one occurring in about 60 % of cases. (3) The occurring of all three mechanisms in a 

single nodule was observed in 31 % of cases. (4) Debonding was the only mechanism affecting 

individual nodules with the occurring of none of the others (observed in 23 % of cases). 



The traditional analysis of the AE activity in pearlitic DCI allowed finding qualitative damage 

correlations. AEs were detected over three discontinuous stages: (1) early elastic response, (2) 

pre-elastic limit/yielding, and (3) pre-failure. The AE activity generated over the stage 1 might 

be due to the opening/closing of pre-existing cracks, or to the mechanical settlement of them 

under low thresholds of stress. However, the analysis of the microscope frames did not allow 

to verify that. Most of AE activity was related to stage 2, that was proven to be corresponding 

to the onset of the damaging micromechanisms within the graphite nodules. Elastic and pre-

yielding damage presented AE activity with low Energy and reduced Duration. Failure was 

just preceded by AEs having significant Energy and large values of all features. Unfortunately, 

the aforementioned AE activity was quite abrupt; it did not give sensible anticipation of the 

failure. Therefore, the basic AE analysis was demonstrated to be not promising for structural 

health monitoring purposes. 

The AE results related to low-carbon steel highlighted the correlation between the AEs and the 

damage involving the graphite nodules and their interfaces with the matrix. A copious time-

continuous AE activity was observed in the case of low-carbon steel tests; this occurred from 

the beginning of the test up to the failure. The exhibited acoustic patterns (continuous activity, 

low energy, and constant value of the AE features over the testing) might suggest that this 

activity is due to noise disturbance. However, it is recalled that the tests on DCIs were 

performed using exactly the same equipment/procedure, but the AEs detected during the DCI 

tests showed significantly different trends, not compatible with such noise patterns. The signals 

detected over the tests on low-carbon steel can be caused by noise only if it is true that the level 

of testing noise depends on the material significantly more than on the testing equipment. As a 

consequence of that, the authors consider the acoustic activity exhibited by low-carbon steel as 

mainly generated by the material deformation. This is also supported by the consistency 

between the micromechanical damage of the two tested materials and the respective AE 

activity. A relatively homogeneous material such as low-carbon steel exhibits a quite 

distributed pre-yielding damage, which is occurring in several locations with a relatively 

reduced magnitude of the energy sources. On the contrary, pre-yielding damage in DCIs 

essentially affect the nodules and the matrix-nodules interface; this results in a relatively 

reduced number of sources of energy that have a relatively large magnitude. The AE activity 

associated with low-carbon steel was (a) copious, (b) time-continuous, and (c) low in energy 

contents. On the contrary, the AE signals detected during the tests on DCIs are (a) much less 

copious, (b) time-discontinuous (e.g., episodic), and (c) varying their features as the damage 



increase. The acoustic activity related to the different material is perfectly consistent with the 

energy releases caused by the damage in this material. This represents a further confirmation 

on the robustness of the testing approach. 

The basic AE analysis produced weak correlations that are hardly implementable to damage 

assessment and health monitoring purposes. The evaluation of Information Entropy of the AE 

data allowed to establish more quantitative damage criteria, similarly to other studies (e.g., 

[24,25,38]). Both Shannon and Kullback-Leibler Entropy formulations were correlated to the 

damage evolution, i.e., they identified the proceeding of the damage. The slope of logarithmic 

cumulative Shannon Entropy and the logarithmic cumulative Kullback-Leibler Entropy were 

found to be clearly correlated to the occurring of the incipient failure, as it was preliminarily 

found in [26] for FCG tests of metallic CTs. The failure always occurred when such parameters 

exceeded or fell below threshold limits; the specification of such limits (e.g., superior or 

inferior 15th percentile of the experimental measurements) allowed to define applicable failure 

criteria. The threshold does not depend on the material if the Kullback-Leibler Entropy is 

considered, as it was also found in [26]. Tentative values for such limits were supplied in the 

paper for the investigated material to prove that the approach can be suitable for field 

monitoring of structures.  

CONCLUDING REMARKS 

The study supplied insights into the damaging micromechanisms occurring in a pearlitic DCIs. 

AE testing was proven to be a reliable tool for the detection of damage in DCIs. The main 

findings of the study are summarised below. 

– The combination of multiple elementary mechanisms occurring within the graphite 

nodules characterises the irreversible damage evolution in fully pearlitic DCIs. Such 

mechanisms were already identified in ferritic DCIs, but with different trend and 

significance. In pearlitic DCIs the damaging micromechanisms initiate during the 

elastic stage of the material; on the contrary, irreversible damage only initiates at the 

yielding in ferritic DCIs.  

– AE testing can be a reliable monitoring technique to assess both damage initiation and 

propagation within pearlitic DCIs. Most of the AE activity is generated during the 

elastic response and prior to the yielding, corresponding to the onset of the damaging 



micromechanisms within the nodules. The pattern of the AEs is clearly affected by the 

microstructure of the material. 

– The Entropy of the AE data is clearly correlated to the damage evolution. The Entropy 

estimation is not affected by either analyst arbitrariness or bias for its closed-form and 

use of standard parameters (e.g., processing AE Counts). The real-time evaluation of 

the AE Entropy can be used for structural health monitoring purposes. First tentative 

failure criteria valid for the tested material/conditions are supplied in the paper. 

However, further tests should be performed to strengthen the reliability of such criteria, 

as well as to extend their applications to other case studies. The proposed approach 

should be developed furtherly in order to define health monitoring protocols/procedures 

applicable to (DCI) structures. 
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