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Q235 steel is widely used in engineering and construction. Therefore, it is important to identify the
damage mechanism and the acoustic emission (AE) response of the material to ensure the safety of
structures. In this study, an AE monitor system and an in situ tensile test with an optical microscope
were used to investigate the AE response and insight into the damage process of Q235 steel. The surface of
the specimen was polished and etched before the test in order to improve the quality of micrographs. Two
kinds of AE responses, namely a burst and a continuous signal, were recorded by the AE monitor system
during the test. Based on the in situ test, it was observed that the damage of Q235 steel was induced by
the crystal slip and the inclusion fracture. Since the crystal slip was an ongoing process, continuous AE
signals were produced, while burst AE signals were possibly produced by the inclusion fracture which
occurred suddenly with released higher energy. In addition, a great number of AE signals with high
amplitude were observed during the yielding stage and then the number and amplitude decreased.
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1. Introduction

Q235 steel is widely used in engineering and con-
struction because of the good comprehensive prop-
erties. Therefore, it is important to understand the
damage evolution of Q235 steel in details to ensure
the safety and structural integral. The acoustic emis-
sion (AE) method is a nondestructive technique that
can detect certain damages in real time and on-line
(HAIDAR et al., 2005; ITO, ENOKI, 2007; CASIEZ €t al.,

2014). It is one of the extensively used method in struc-
tural health management (LUGO et al., 2011; RABIEL,
MODARRES, 2013). AE signals are generated from ma-
terial damages such as twining, dislocation, cavitation,
and crystal slip (HEIPLE, CARPENTER, 1987; BOHLEN
et al., 2004; TROJANOVA et al., 2010). Previous work
has shown that the damage response of Q235B steel
can be assessed by the AE method (ZHANG et al., 2015)
and the defects can be located accurately (WU et al.,
2008; JianG, Xu, 2012).
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Even though the AE method can detect the dam-
age in the material, it cannot observe the damag-
ing process directly nor identify the damage mecha-
nism when used alone. An effective way to study the
damage mechanism is to directly observe the dam-
aging process. An in situ test coupled to optical mi-
croscopy (LI et al., 2016), synchrotron X-ray tomog-
raphy (MIRE et al., 2007), or scanning electron mi-
croscopy (SHAO et al., 2013; CHEN et al., 2014; ZHANG
et al., 2017; 2018) is an efficient way to directly observe
the damaging process. However, limited in situ stud-
ies have been carried out on Q235 steel with the AE
method.

The goal of this work is to clarify the mechanism of
the damaging process using the corresponding AE sig-
nals in Q235 steel. First, an in situ tensile test system
was set-up to monitor AE signals and coupled with op-
tical microscopy using a CCD camera to continuously
visualize the damage evolution in real time and on-
line. Then, the damage evolution were analyzed based
on the AE signals and optical micrographs.

2. Experimental details

The experimental setup for the in situ tensile test
is shown in Fig. 1. It was composed of an AE moni-
tor system PCI-2, an in situ tensile testing machine
SEMtester100, and an optical microscope MZ1000
with a CCD camera. The dimensions of the test bench
were 173 x 120 x 19 mm so that it could be placed on
the stage of the optical microscope. Therefore, the
damage progress and the AE signals could be recorded
in real time and on-line during the test. The param-
eter setting and the data analysis were performed by
the data acquisition system (Fig. 1). The AE signals
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Fig. 1. Experimental setup.

were recorded by a micro sensor (Fig. 1) with a size of
5 x4 mm and a frequency ranging from 200 to 750 kHz.
The AFE signals were transmitted through a 2/4/6-AST
preamplifier and then received by the PCI-2 AE instru-
ment. The detailed specifications are given in Table 1.
The specimen was made of Q235 steel with a total
length of 50 mm and a thickness of 0.5 mm, as shown
in Fig. 2. A small hole with a diameter of 0.1 mm was
made in the middle of the specimen to trigger failure
at this location (LI et al., 2016) and the optical micro-
scope was used to record images around that hole, as
shown in Fig. 1. The surface of the specimen was pol-
ished and etched in a 4% (V/V) solution of nitric acid
and alcohol for about 20 s to be able to observe the
Q235 steel sample. The tensile rate was 0.1 mm/min
and the image was magnified 500 times by the optical
microscope. The AE signals and the images were auto-
matically recorded simultaneously until the specimen
fractured. Three specimens were tested in this study.
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Fig. 2. Dimensions of the tensile test specimen.

3. Results and discussions
3.1. AE signal analysis

The typical experimental temporal evolution of the
stress and AE signal amplitudes are shown in Fig. 3.
There are approximately four stages. The first stage,
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Fig. 3. Temporal stress and amplitude evolution
of the AE signals.

Table 1. Specifications of the AE monitoring system.

Threshold | Sampling rate | Sampling length | Gain | Peak definition time | Hit definition time | Hit lock time
[dB] [MHz| (k] [dB] [1s] [1s] [1s]
33 1 2 40 300 600 600
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from 0 to 248 s, was the elastic phase. A great number
of AE signals could be detected at this stage but they
were noise and filtered by the threshold of 33 dB. The
reason was that the AE signal was generated by the
energy released through dislocation, crystal slip, and
inclusion fracture (HAIDAR et al., 2005; ITO, ENOKI,
2007; CASIEZ et al.,, 2014), but the AE signal could
not be produced at elastic phase, because the elastic
deformation could be totally recovered and no energy
was released. Therefore, no AE signal was detected
at this stage. This also means that no damage oc-
curred in the elastic phase. The yield stage occurred
from 249 to 429 s, where several signals of high ampli-
tude were observed. This means that the damage or
yield deformation was very significant and that a large
amount of energy was released rapidly. The hardening
stage took place from 430 to 1736 s. The number and
amplitude of the AE signals decreased in this stage.
This could be due to the increase in the resistance of
the dislocation or during the crystal slip with their
density. Therefore, the damage through dislocation or
crystal slip decreased, which led to a decrease in AE
signals in this stage. The final stage of necking-fracture
was from 1737 to 2198 s. There was only one AE sig-
nal at the initial point of necking and no difference
was found in the amplitude of the AE signal between
the hardening and necking-fracture stages. Therefore,
the number and amplitude of the AE signals reached

their maximum values in the yield stage but it was
impossible to distinguish between the hardening and
the necking-fracture stage using the amplitude of AE
signals.

Two types of AE signals were generated during the
test. The first type was a burst signal, as shown in
Fig. 4. It appeared after 291 s, which is noted at S1
in Fig. 3. The signal increased rapidly and lasted for
a long time, as shown in Fig. 4a. The amplitude was
52 dB, the ringing count was 69, and the center fre-
quency was 271 KHz. The time-frequency distribution
is shown in Fig. 4c. The high-energy state lasted for
a very short time and then decayed rapidly. The sec-
ond type of AE signals was a continuous signal, as
shown in Fig. 5a. It appeared after 1831 s, which is
noted as S2 in Fig. 3. The amplitude (40 dB), ringing
count (2), and center frequency (210 kHz) were smaller
than for the burst signal at S1. Continuous signals were
also observed for Q235 steel, 304 steel and brass (H62)
under a tensile test (SU et al., 2018). When compar-
ing Fig. 4b and Fig. 5b, the magnitude of the contin-
uous signal was much smaller than the burst signal.
The time-frequency distribution was not obvious for
the continuous signal, as shown in Fig. 5c. The char-
acteristic parameters of all AE signals are listed in Ta-
ble 2. As shown Table 2 it could be found that there
were more burst AE signals with high energy in the
yield stage.
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Fig. 4. Burst signal at 291 s for the S1 point: a) voltage evolution of the burst signals, b) fast Fourier transformation
(FFT) of signal shown in Fig. 4a, ¢) continuous wavelet transformation (CWT) of signal shown in Fig. 4a.
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Fig. 5. Continuous signal at 1831 s for the S2 point: a) voltage evolution of the continuous signal, b) fast Fourier transfor-
mation (FFT) of signal shown in Fig. 5a, c) continuous wavelet transformation (CWT) of signal shown in Fig. 5a.

Table 2. Characteristics of the AE signals observed.

Signal type Nu.mber Generation stage Amplitude Ringing count Center frequency
of signals [dB] [kHz]
Burst 11 9 at yield stage, 2 after yield stage 41-49 14-38 244-286
Continuous 11 6 at yield stage, 5 after yield stage 36-44 2-11 208-263

3.2. Optical microscopy analysis

The observations from optical microscopy showed
that there were two types of damage defects. The first
kind of damage was a crystal slip, as shown in Fig. 6.
The initial image of the specimen is shown in Fig. 6a.
The material was composed of ferrite, pearlite, and in-
clusion. A few slip lines were found at 340 s in the yield
stage, as shown in Fig. 6b, but they were not obvious
because of the low amplification. The slip lines resulted
from high dislocation motion under the applied stress.
Q235 steel is a polycrystalline material whose defor-
mation is achieved by the gradual movement of crys-
tals along the slip surface (ZHANG et al., 2015). More
slip lines were found when the applied load increased
or closer to the hardening stage at 514 s, as shown in
Fig. 6¢c. A great number of slip lines appeared in the
last necking-fracture stage, as shown in Fig. 6d. A great
number of slip lines were also observed for 235 and

304 steels under tensile test in the plastic stage by SuU
et al. (2018) as shown in Fig. 7.

The other type of damage was an inclusion frac-
ture, as shown in Fig. 8. As shown in Fig. 8b, there
was an intact inclusion in the inner part of the crystal
initially, while the inclusion fractured suddenly around
291 s during the yield stage Fig. 8c. It should be noted
that the specimen was etched in order to improve the
quality of the optical micrographs. The erosion possi-
bly leaded to thinning and separation of the inclusion.
However, the inclusion was intact at 0 s (Fig. 8b), but
it separated into two parts at 291 s (Fig. 8c¢). What’s
more, as shown in Fig. 4, there was a burst signal at
291 s. The burst signal meant that higher energy was
released. The fracture of inclusion could release higher
energy than the crystal slip usually. Therefore, based
on the burst signal and the optical micrograph at 291 s,
it could deduce that the inclusion fractured due to the
tension deformation under the tension load.
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Fig. 7. SEM micrographs of Q235 and 304 steels under tensile test (SU et al., 2018): a) initial morphology of Q235 steel,
b) morphology after plastic deformation of Q235 steel, ¢) initial morphology of 304 steel, d) morphology after plastic
deformation of 304 steel.
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Fig. 8. Optical micrographs of the inclusion fracture process in Q235 steel: a) image at 0s, b) detailed view at 0 s,
¢) inclusion fracture at 291 s.
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Therefore, the AE signals were generated by the
crystal slip and inclusion fracture during the tension
deformation. Continuous signals were produced under
the ongoing process of the crystal slip. When the inclu-
sion fractured suddenly, a high amount of energy was
released rapidly and it possibly led to the bursts of AE
signals.

4. Conclusions

In this study, the tension damage process of Q235
steel was investigated using an AE technique and ob-
served by optical microscopy. The main conclusion
were:

1) The test results indicate that the damage in Q235
steel was mainly induced by the crystal slip and
the inclusion fracture.

2) Both burst and continuous AE signals were ob-
served during the tensile test. The amplitude,
the ringing count, and the center frequency
of the burst signals were larger than for the con-
tinuous signals.

3) A large number of AE signals with high am-
plitude was generated in the yield stage. Then,
their number and amplitude decreased. It was
not possible to distinguish the hardening stage
and the necking-fracture stage using the ampli-
tude of the AE signals.
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