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Mechanical behavior of an AISI/SAE 8620 steel and of a sintered Fe-P alloy has been investigated using
acoustic emission signals. Four-point bending tests were carried out using strain gages to measure the
deformation. The onset of plastic strain was determined through the acoustic signal. The acoustic signal of
the sintered material was very strong and increased continually with external load. The correlation
between microstructure and signal acoustic is discussed.
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1. Introduction

In a limited sense, damage in metals is the process of nu-
cleation and growth of micro-cracks and cavities. For engi-
neers, damage of materials is the progressive physical process
by which materials break. At the microscale level, this is
the accumulation of microstresses in the vicinity of defects and
interfaces, which results in breaking of the atomic bonds.
At the macroscale level, the coalescence of microcracks or
microvoids nucleates a crack, which tends to grow under
the influence of stress. In a wider sense, damage is any
process that impedes or limits a machine from operating as
expected.

According to Fig. 1, the damage D in a body with defects
can be determined using Eq 1,

D =
ST − SO

ST
=

SD

ST
(Eq 1)

where ST is the total section area, defined by the normal n, and
SO is the effective resisting area (Fig. 1). D � 0 corresponds to
the undamaged state. The fracture of material occurs when
damage (D) becomes large enough, and reaches a critical value
DC, that is D � DC.

[1]

Damage can manifest in several ways depending upon (a)
the nature of materials, (b) the type of loading, and (c) envi-
ronment conditions. Brittle fracture, ductile fracture, creep, and
fatigue are important manifestations of damage in engineering
practice.

There are several ways to measure damage in a component.
One of the simplest ways is direct measurement through evalu-
ating total cracked areas lying on a surface. These areas are
determined using quantitative image analysis. Thus, damage

can be obtained by dividing the area of microcracks or micro-
cavities (SD) by the total area ST:

D =
SD

ST
(Eq 2)

Variation of elasticity modulus is a non-direct measurement
based on an influence of damage on elasticity. It is determined
using the relationship

D = 1 −
Eef

E
(Eq 3)

E and Eef are the undamaged and damaged elastic modulus,
respectively.

1.1 Acoustic Emission

Acoustic emission (AE) is the elastic energy that is spon-
taneously released by materials when they are subjected to
loading. Acoustic emission testing is a passive, receptive tech-
nique analyzing ultra sound pulses emitted by a defect at in the
moment of its occurrence. The capacity of detecting weak sig-
nals makes acoustic emission an important technique for moni-
toring damage. The AE is nondestructive and has long been
used in structural engineering to characterize crack nucleation
and growth.[2-4] Onset of plastic deformation can also been
determined using this technique.[5,6] The methodology for lo-
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Fig. 1 Definition of damage
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cating the AE source and for calculating wave velocity in a
damaged material has also been well developed.[2,7]

The AE response is influenced by material properties and
testing conditions. Among others factors, high strength and
strain rates, non homogeneity, materials containing discontinu-
ities, and crack propagation, all tend to increase AE re-
sponse.[8,9]

There are two types of AE signals: transient and continuous
signals. The beginning and end of the transient signal (also
called burst) deviates clearly from background noise. AE signal
is characterized by the following parameters:[2] peak amplitude
(A), energy E (integral of the squared amplitude over time of
signal duration), number of threshold crossings (counts or
NEV), and arrival time (ta) (Fig. 2).

Thus, careful measurements of emission activity as a func-
tion of time or stress are used to give insight into the dynamics
of mechanical behavior of materials. Although AE has long
been used, there is limited research using this technique for
sintered alloys. The goal of this study is to compare the me-
chanical behavior of a sintered Fe-P alloy with a commercial
pore-free AISI 8620 steel. Emphasis is given to the correlation
between acoustic signal and microstructure of the materials.

2. Experimental Procedure

2.1 Materials The raw materials used in this investigation
were an AISI 8620 steel and a sintered Fe-P alloy having a
residual porosity of PO � 6.5%. The chemical composition of
the two materials is given in Table 1.

This sintered material was made from a mixture of elemen-
tal iron powder and pre-alloyed iron-phosphorus powder with
0.5 wt.% lubricant (zinc stearate). Four-point bend specimens
were produced using a floating die tool. The applied pressure
was such that a residual porosity PO � 6.5% was produced.
Sintering of the specimen was carried out for 40 min. at
1150 °C in an 80% nitrogen-20% hydrogen atmosphere. Final
dimensions of the specimen (Fig. 3) for both materials were
achieved by machining.

2.2 Methodology The four-point bend tests were carried
out on a 100 kN, Universal Testing Machine (UTM) at a cross-
head speed of 0.18 mm/min (Fig. 4). Strain gauges (Model
TA-06-455JB-350—Micro Measurements Group, Vishay
Measurements Group, Inc., Raleigh, NC), having a gauge fac-
tor F � 2.05 and resistance R � 350.0 ± 0.5%, were mounted
in some specimens. The specimens were loaded and deforma-
tion was measured using the strain gauge mounted on the ten-
sile face. To minimize friction, the points of application of
force and bearing were lubricated. Some specimens were
loaded, unloaded, and loaded again. The cycle was repeated
3-4 times for each specimen. Stresses were calculated using the
equation

� =
M

W
=

6M

bh2 =
3FL

bh2 (Eq 4)

where M is the external bending moment, W is the section
modulus, L is the length, b the width, and h is the thickness of
the specimen. For dimensions of the used specimens, the stress
is a function of the applied force (F):

� = 65 789 � 10−3 F (Eq 5)

Acoustic emission signals were measured using an appara-
tus consisting of transducers, preamplifiers, and a signal acqui-
sition and treatment system. For a transducer, two Model R15I
acoustic resonant sensors were used (Physical Acoustic Cor-
poration—PAC, Princeton, NJ). The properties of these sensors
are summarized in Table 2. The acoustic sensors were mag-
netically attached to the tensile side of each specimen (Fig. 4).
To ensure continuous transmission of acoustic emission waves
from the structure to the sensors, grease was used as a coupling
medium. The efficiency of mounting and coupling was done by
breaking the lead of a pencil and determining the distance of
the source from the center of the sensor.

The sampling frequency for all tests was 4 MHz. The output
signal from the AE sensor was passed through an integral pre-
amplifier (x100 gain), which is mounted onto the same hous-
ing. The signal acquisition and treatment system with four
available channels (Model PCI-DSP4 [PAC]) is constituted by
a PCI card that is inserted in a computer. The system has
transfer capacity of up to 132 MB/s. The frequency measuring
range is set by the operator. There are four low pass and four
high pass filters available for each channel. A band pass filter
was used with a passband of 100-200 kHz. To connect the

Table 1 Chemical Composition for the Materials Used

Element wt.% C Si Mn Cr Ni Mo P

AISI 8620 0.20 0.18 0.80 0.50 0.55 0.20 <0.03
Fe-P 0.03 0.13 0.12 0.07 0.06 ��� 0.45

Fig. 3 Bending specimens, mm

Fig. 2 Some parameters of acoustic emission
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preamplifier to the computer, coaxial cables RG-58/AU, hav-
ing a resistance of R � 50�, were used.

To measure acoustic signal, the parameters shown in Fig. 2
were used: peak amplitude (A), energy E (integral of the
squared amplitude over time of signal duration), number of
threshold crossings (Counts or NEV), and arrival time (ta ).

3. Experimental Results and Discussion

The mechanical properties of used materials are given in
Table 3. The properties were obtained from an average of three
tests on each material. An event may be simulated on the

Table 2 Acoustic Sensor Properties (PAC)

Dimensions:
Diameter × Height, mm

Operation
Frequency, kHz

Resonant
Frequency, kHz

29 × 31 70-200 153

Table 3 Mechanical Properties of the Materials Used

Material
Yield Stress

�0.2 MPa
UTS,

�R MPa Elasticity Modulus, MPa

SAE 8620 370 ± 10 602 ± 24 209 000
Fe-P 143 ± 9 278 ± 11 189 000

Fig. 4 Four-point bend test configuration

Fig. 5 Preliminary test for noise detection-sintered Fe-P
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specimen surface to check system/channel performance or to
determine sensor spacing. Thus, a lead was broken at the
middle of the specimen surface, 12 and 20 mm away from the
sensors 1 and 2, respectively. The breaking of lead creates a
reproducible stress wave packet traveling through the metal,
which is sensed by the AE sensor. The source distances from
sensors 1 and 2, determined by the AE system were 10.9 ± 0.6
and 21.6 ± 0.8 mm, respectively. Thus, an error between the
experimental and actual values was approximately 10%.

Besides, preliminary tests were performed to check for com-
plete installation and concurrently determine the threshold
level. The system works with no applied load during 250 s.
After this time, the load was applied up to approximately 1 kN
for sintered materials and up to 1.7 kN for SAE 8620 steel

(well below the yield stress for both materials). The loads were
held constant for 50s and increased again up to 1.7 and 3.8 kN
for sintered material and SAE 8620 steel, respectively. While
no loads were applied, it was observed signals with amplitude
values up to 8 mV. At the instant of applying force on SAE
8620 specimens was observed amplitudes of approximately 12
mV, decreasing again to 8 mV. After applying load to the
sintered material, the amplitude did not return to previous val-
ues, maintained at around 15 mV, as shown in Fig. 5. Thus,
after these tests, the threshold value was set to 10 mV. This
threshold value together with filter selection was able to mini-
mize the influence of noise. Higher frequencies attenuate
faster; hence they have a smaller detection distance. Back-
ground noise coming from longer distances consists of fre-

Fig. 6 Correlation between acoustic emission (amplitude) and deformation-SAE 8620

Fig. 7 Correlation between acoustic emission (amplitude) and deformation-sintered material
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quency components below 100 kHz,[10] so they have minimal
influence on measurement chain tuned to 100-200 kHz.

The correlation between acoustic emission and strain for the
SAE 8620 steel subjected to axial external load are shown in
Fig. 6. Amplitude increases rapidly with the onset of yield.
Before and after the yield strain, the acoustic emission in this
material is small, with amplitude values up to 10 mV.

The acoustic emission was intense during tests on sintered
materials (Fig. 7). The amplitude values are larger than those
observed in the pore-free steel. It was also observed that am-
plitude peaks at the onset of yield strain.

However, in contrast to the SAE 8620 steel, following the
yield strain, the acoustic activity increases with increasing load.
A deeper analysis of the acoustic emission signals from both

materials is done by comparing Fig. 8 with Fig. 9. The number
of threshold crossings (Counts or NEV) increases continually
with increasing load for the sintered material. For the SAE
8620 tests, after an increase at the onset of yield strain, the
number of threshold crossings remains constant. Residual po-
rosity in the microstructure of sintered materials is the reason
for this difference. It is known that pores have a decisive in-
fluence on mechanical behavior of these materials.[11-13] It was
observed that for even light loads crack initiation and crack
propagation takes place. In addition to cracks that propagate
quickly to a certain length and stop growing but open up further
with increasing load, the pores become larger and weaken the
cross section. Thus, cracks and heterogeneous plastic strain
cause high acoustic emission activity in these materials.

Fig. 8 Number of threshold crossings (counts or NEV), SAE steel

Fig. 9 Number of threshold crossings (counts or NEV), sintered material
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The correlation between mechanical behavior and acoustic
emission is better understood by determining the felicity ratio
and Kaiser effect of the materials. Kaiser effect is known as an
irreversible AE generating behavior under stress. It results be-
cause cracks nucleated during prior loading do not propagate
until the load exceeds the former level in subsequent load-
ing.[2,3] Thus, for materials that obey the Kaiser effect, no
emission will be observed during a load cycle until the previous
maximum load is reached. Acoustic emissions between loads,
before the previous maximum is reached, mean that the Kaiser
effect is not obeyed and the felicity ratio (FR) can be deter-
mined. This effect in sintered materials is shown in Fig. 10.

Emission is observed upon initial loading up to approximately
1.8 kN, but not upon unloading. Upon reapplying the load,
there is no emission (line is horizontal) until approximately 1.5
kN. At this time, the acoustic emission begins (i.e., before
reaching the previous maximum load of 1.8 kN). To quantify
this phenomenon, FR is determined by dividing the load at
which emission begins (PBEG) by the previous maximum load
(PMAX),

FR =
PBEG

PMAX
(Eq 6)

Fig. 10 Felicity ratio determination in sintered materials

Fig. 11 Porosity influence on the elastic modulus of sintered materials
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During the first cycle, the FR of sintered material was 0.90.
The load is increased up to 3.05 kN, with more emission, and
another unload-reload cycle is applied. This time, due to higher
stress levels coupled with the influence of porosity, significant
defects begin to emit at load equal to 2.53 kN. The FR ratio in
this cycle was 0.83 (i.e., 10% smaller than the previous value).
These tests were performed for the pore-free SAE 8620 steel
and FR was equal to unity (i.e., this material obeyed the Kaiser
effect).

A narrow correlation exists between acoustic emission and
mechanical behavior of sintered materials. During the load-
unload-reload tests the elastic modulus was determined from
slope of the corresponding stress-strain graph, and the results
are shown in Fig. 11. A strong influence of porosity leads to a
decrease in elastic modulus, as the load (and strain) increases.
This is caused by porosity (as explained previously) and is in
accordance with calculated values of FR.

4. Conclusions

This study attempted to devise a simple and cost-effective,
reliable method of measuring damage in engineering materials.
In summary, the results presented serve three purposes:

• They demonstrate that acoustic emission is well suitable
for damage detection of steel specimens submitted to load
in labor conditions.

• They allow failure correlations with microstructure of the
sintered materials during the test.

• More generally, they show the very good potential of an
effective use of in-situ AE for monitoring experiments of
heterogeneous materials.

Acknowledgments

This research was performed with the financial support
of the Fundação de Amparo à Pesquisa de Minas Gerais
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