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Abstract

A method, which combines a confocal-optics-based scanning laser microscope (SLM) and
computer software to match three-dimensional features of conjugate fracture surfaces and recon-
structs microscopic fracture processes that occurred inside the materials, has been developed.
This method can visualize the location of crack initiation and successive micro-crack extension
behavior.  The quantitative information about crack, such as length, displacement between crack
surfaces and direction of crack extension are also obtained from the method.  The method, how-
ever, is unable to evaluate the forces required to initiate or extend a crack observed.  In order to
resolve this problem, acoustic emission (AE) test was combined with the method.  Pearlitic sphe-
roidal graphite cast iron was selected as a model material for this study, and its notched bar sam-
ple was broken in tension, where the AE was simultaneously measured. Reconstructed fracture
process revealed that crack initiation and growth started in the middle of the specimen. Micro-
fracture onset load level and successive fracture processes inside the specimen were estimated
and traced by the AE signals measured.  This study demonstrates the utility of the AE technique,
which rectified the deficiency of another material evaluation method.
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1. Introduction

Materials development requires an understanding of detailed micro-fracture mechanisms;
i.e., in what part of the material a micro-crack starts, how the growing crack interacts with vari-
ous constituents, and what mechanism resists crack growth.  Crack observation of the sample
under stress is needed to give answers about these fracture processes.

There are a number of reports that in-situ crack growth observation has been done during
fracture toughness test, which was conducted under the scanning electron microscope or ultra-
sonic microscope [1 - 5].  These applications, however, gave us only the surface or subsurface
information of crack growth behavior. On the other hand, acoustic emission (AE) is a promising
method for monitoring changes that occur inside a material.  In addition, in some cases, it is pos-
sible to estimate the size and fracture mode of a micro-crack by analyzing the signal waveform
of AE signals [6, 7].  However, the AE method is limited to make a complete trace of crack
growth in relation to the material constituents on a crack path, with which the growing crack
might interact.

The fracture surfaces of a broken part record the details and sequence of micro-fracture proc-
esses that led to the failure.  Kobayashi and Shockey [8] developed a fracture-surface topography
analysis technique,  FRASTA,  which combines a  confocal-optics-based scanning laser micro-
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scope (SLM) and computer software to match three-dimensional features of conjugate fracture
surfaces. This leads to the reconstruction of detailed fracture processes that occurred inside the
material.  We also have developed a technique, which can reconstruct the fracture process in mi-
croscopic details by using the computer aided image processing for the topography of conjugate
fracture surfaces obtained by an SLM [9].  However, though the method can characterized the
growth of micro-fracture events from evaluation of the fracture surface, the method is unable to
evaluate the stress or strain level, at which the crack initiation or growth occurred.  Thus, the AE
method was combined with the reconstruction method.  By comparing AE signals generated
from the fracture surface with the results of fracture surface analysis, it is possible to relate each
micro-fracture event to a specific AE event; i.e., the stress state at which the micro-fracture event
occurred.  This combination technique eventually will make it possible to interpret the physical
meaning of an AE signal. It should make AE monitoring a more effective method to evaluate the
condition of structure.

This paper reports that the combined SLM/AE method was applied successfully to answer a
problem existed in cast iron.  In ductile cast iron, spheroidizing the graphite distributed in the
matrix increases the strength of the material.  The strength of the cast iron, however, depends on
the sample shape.  For instance, in the case of a bar specimen, it has been reported that the exis-
tence of notch did not decrease the strength substantially and in fact increased the strength in
some cases [10-13].  Several models have been proposed for the explanation of this notch
strengthening; e.g., the effect of the non-uniformity of stress distribution around the notch root
[12, 14, 15], or the internal notch effect of graphite nodule distributed in the matrix [16]. There-
fore, the dynamic behavior of the graphite nodule and the internal fracture process are needed to
determine the fracture mechanism of the material.

In the present paper, tensile tests and AE measurements were conducted on bar specimens of
pearlitic spheroidal graphite cast iron.  SLM technique was applied for the broken sample to ex-
amine how the graphite nodules in the matrix contributed to the fracture process in the material.
Actual dynamic fracture events were estimated by the AE signals.  This paper visually demon-
strates that the graphite nodule acts as internal crack and proposes a fracture model built around
the graphite nodule.

2. Experimental

The material used was a pearlitic spheroidal graphite cast iron, having retained pearlite of
98.9%, nodularity of graphite of 81%, graphite area of 9.5%, number of graphite nodule per area
of 244/mm2, and mean graphite nodule diameter of 22 µm.

Smooth bar with gage diameter of 6 mm and circumferentially notched bars with outer di-
ameter of 10 mm were stressed and fractured in tension. Shape of notches was U- and V-type,
and the elastic stress concentration factor of notches, Κt, was estimated to be 2.0 and 3.8, respec-
tively.  Tensile test samples showed that all the specimens ruptured in flat fracture.  Fracture
strength (= tensile strength) of the smooth bar specimen was 940 MPa, showing the elongation of
6.6 %.  Fracture strength of V-notched (stress concentration factor Κt = 3.8) specimen was 880
MPa.  The observed decrease was 6% compared to the expected value of 74% due to the effect of
Κt, implying that the notch strengthening exists.  On the other hand, the sample failure of the U-
notched specimen (Κt = 2.0) occurred at stress of 980 MPa, which exceeded the tensile strength
of the smooth specimen by approximately 4 %.  Again, the notch strengthening exists.
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Figure 1 shows the applied stress, σ, and the cumulative counts of AE events, N, as a func-
tion of elapsed time of tensile test, t, for the U-notched specimen. Applied stress increases con-
tinuously until the specimen fractures.  Acoustic emissions start at the stress level of about 90 %
of the fracture strength of the specimen and increase continuously until the specimen fracture.

Fig. 1. Applied stress, σ, and AE event counts, N, vs. testing time, t. (U-notched specimen).

Fracture surface analysis by using an SEM showed that in the case of the V-notched speci-
mens, fracture initiated at the notch root.  AE in the V-notched specimens started at 85% of the
fracture stress, similarly to Fig. 1. However, the stress-time curve was linear to fracture (at 880
MPa).  V-notch fracture initiated at the notch. In the U-notched specimens, however, the traces of
crack initiation site were not clearly left on the fracture surface.  So the fracture process of the U-
notched specimen was reconstructed and analyzed by using SLM technique.

3. Reconstruction of Fracture Process

Figure 2 shows the macroscopic features of conjugate fracture surfaces of the U-notched
sample.  SLM observations were performed on the five locations on the conjugate surfaces,
which are labeled I to V in Fig. 2, because of the limitation of SLM field of view.

Figure 3 shows SLM micrographs (top) and corresponding gray-scale image topographs
(bottom) of conjugate fracture surfaces of the area location III in Fig. 2.  Scanning-laser micro-
graphs show that the graphite nodules are individually distributed in the matrix.  Gray-scale im-
ages show that lighter areas are higher in elevation than darker areas.

The fracture process of this area was reconstructed using topographic information from Fig.
3 (bottom) in digitized form.  Maximum elevation resolution is 0.03 µm, which is determined by
dividing a specified range, i.e., the difference in elevation between the highest and lowest point
within the observation field, by 256.  Reconstruction of fracture process is accomplished by the
following procedure. (1) Matching the three-dimensional features of conjugate fracture surfaces
in a direction vertical to the specimen axis with the aid of a computer (Fig. 4a through 4d).  This
makes a reference state (Fig. 4d) for the successive procedure.  If the surface irregularity, i.e., an
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Fig. 2. Macroscopic fracture surfaces of U-notched specimen broken in tension.

Fig. 3. Scanning-laser micrographs, top, and corresponding topographs, bottom, of conjugate
fracture surfaces of the location III in Fig. 2.
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Fig. 4. Procedure of fracture process reconstruction, showing conjugate surface irregularities in
two-dimension.  Matching process, (a) to (d); reconstruction of fracture process, (d) to (a).

elevation profile on the fracture surface is caused only by the interaction of the crack tip with the
microstructure and without inelastic deformation, the conjugate surface profiles should match
precisely.  Any mismatch appearing as overlap between the conjugate surface profiles indicates
inelastic deformation (Fig. 4d).  (2) Separating the two surface irregularities from a matching
reference state in a direction vertical to the specimen axis using computer software (Fig. 4d
through 4a).  Displacement of the separation (ds) is increased step-by-step at a certain increment.
Gaps, which appeared between the two surface irregularities in this sequential process, are pro-
jected on display equipment.

Figure 5 is a result of fracture process reconstructed for the location III shown in Fig. 2,
showing the step-by-step development of the fracture.  Black areas, where the conjugate surface
profiles overlap, denote intact material.  White areas, where the surface profiles do not overlap,
are considered locations where the fracture surfaces are separated, i.e., cracked.  Projection dia-
grams of fractured areas show that cracking initiated in the matrix around graphite nodules (Fig.
5a).  As the applied stress is increased (see Fig. 1), i.e., as the conjugate fracture surfaces are dis-
placed relative to one another, as denoted as �ds� in Fig. 5, micro-cracks grow slightly, debond-
ing starts at the graphite/matrix interface (Figs. 5b and 5c).  Increasing the stress further causes
coalescence of micro-cracks (Fig. 5d) and development in the matrix forming a crack (Fig. 5e).

In order to estimate the entire fracture processes in the specimen, fracture processes for the
locations I to V shown in Fig. 2 were reconstructed with a single reference state.   The reference
state, that is, the state of the specimen before loading, was found in the location III, at which the
matching of the conjugate surface profiles was completed.  A series of fractured area projection
diagrams in Fig. 6 show the step-by-step development of the fracture.  The reference state is the
top of location III (center of the specimen) in the diagram.  The displacement ds, in Figs. 5 and 6,
is correlated with the applied stress level, since the applied stress continuously increased until the
specimen failure, as seen in Fig. 1.  Therefore, the result of reconstructed fracture process shown
in Fig. 6 clearly demonstrates that as the stress is applied, micro-crack initiates at around the
graphite nodules distributed in the middle of the specimen (location III), as seen in Fig. 5 in de-
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Fig. 5. Scanning-laser micrograph, left top, and a series of projection diagrams of fractured areas,
(a) to (e), of the location III shown in Fig. 2.

tail.  With increasing the stress further, the micro-cracks are also created successively at the
graphite nodules in the locations of II, I, IV and V.  Then, a crack is formed by the coalescence of
these micro-cracks and grows outward (toward the notch root of locations I or V), and the
specimen ruptures.

4. Approach from Acoustic Emission

Result of AE measurement during the tensile test of the specimen, of which fracture process
was reconstructed, has been shown in Fig. 1.  Generation of AE started at stress level about 90 %
of the fracture strength of the specimen and increased continuously until the specimen rupture.
The stress applied to the specimen also continuously increased until the specimen failure.  From
the fracture process shown in Fig. 6, the crack initiation and growth started inside the specimen
and successive micro-fracture processes led to the failure.  From the AE measurement, the nomi-
nal stress level of crack initiation was estimated to be approximately 850 MPa (Fig. 1).

Microstructure of the material tested showed that the graphite area amounted 9.5 % of the
total and the number of graphite nodule was 244 nodules/mm2.  A total of 16 AE events were
detected during the tensile test (Fig. 1).  Though the number of AE events depends on the thresh-
old level of AE discrimination, AE event counts measured were so small compared to the num-
ber of graphite nodules distributed over the crack path in the material.  Therefore, it is expected
that the generation of measured AE events were due to the matrix cracking; i.e., coalescence of
micro-cracks initiated from each graphite nodule, formation of main crack, or successive crack
growth, rather than micro-crack initiation around each graphite nodule.

5. Fracture Model

Fracture reconstruction revealed that the graphite nodule in the matrix behaves as void or
pore in the ductile matrix stressed in tension.  A model shown in Fig. 7 could be proposed to ex-
plain the fracture process around the spheroidal graphite nodule.  As the material (Fig. 7a) is   
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Fig. 6. Fractured area projection diagrams for the locations I to V shown in Fig. 2.  Reconstruc-
tions of fracture process were performed with a single reference state (location III).

Fig. 7. Model of fracture process occurred around the spheroidal graphite nodule.



EWGAE2002

255

stressed in tension and the stress reaches a critical level, a micro-crack initiates in the matrix
around graphite nodule (Fig. 7b).  Such Saturn�s-ring-shaped crack perpendicular to the stress
axis could be created where the stress is the maximum.  The next step of debonding at the graph-
ite/matrix interface (Fig. 7c) exists only nominally as the graphite strength is so much lower. The
crack grows into the matrix, forming a main crack (Fig. 7d). When this last step occurs almost
simultaneously at neighboring nodules, an observable AE signal is expected.

Cross sectional observation of the fractured specimen by an SEM showed that the crack path
twisted around the surfaces of graphite nodules.  Traces of an internal crack initiated from a
graphite nodule were also found near the main crack path.  These observations suggest the valid-
ity of the model proposed in Fig. 7, but further improvement in resolution is needed to follow the
crack spreading that is expected to generate AE.

6. Summary

In order to determine visually how the graphite nodules in the matrix contributed to the frac-
ture process, tensile testing was conducted on notched bar specimens of pearlitic spheroidal
graphite cast iron. Fracture processes were reconstructed by the computer-aided image process-
ing for the topography of conjugate areas of the fracture surfaces observed by a confocal-optics-
based scanning laser microscope.  Acoustic emission was simultaneously measured during the
tensile test, in order to obtain the dynamic information about the stress state and interpret the re-
constructed fracture process occurred inside the material.

Reconstructed fracture process revealed that crack initiation and growth started in the middle
of the specimen.  Initial micro-crack was created in the matrix around a graphite nodule at a
stress level of approximately 90 % of the specimen failure strength, estimated by AE. A model,
which explains the fracture process occurring around the spheroidal graphite nodule, was pro-
posed.

This technique, combining AE with SLM, eventually will make it possible to interpret the
physical meaning of an AE signal and make AE monitoring a more effective method to evaluate
the condition of structure.
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