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Abstract

This study aimed to compared mechanical properties and failure mechanisms in ferrite and martensite
samples, using Acoustic Emission (AE) Non-Destructive Testing (NDT). The purpose of this study
is to identify the phases of ferrite and martensite by analyzing the parameters of AE. Tensile testing
was performed on the samples and AE signals were recorded. The Sentry Function (SF) and Fast
Fourier Transform (FFT) were used to analyze signals. The results of the martensite sample show that
the SF is almost constant at the beginning. This indicates a relative balance between the AE energy
and the strain energy. Then the SF took a downward state, which demonstrates a greater ratio of
acoustic energy to strain energy. Frequency distribution, one of the best parameters to identify the
failure mechanisms in materials for the ferrite sample, is significantly in the range of 175 kHz, while
for the martensite sample, this range is between 520 and 700 kHz.
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1. Introduction

Dual-Phase (DP) steels are composed of two phases: soft ferrite and hard martensite. The ferrite phase
has a bcc structure that can hold a small percentage of carbon [1-2]. In rapid cooling, there is not
enough time for the movement of carbon atoms from the crystal structure of austenite, and they are
locked in the fcc structure, and martensite is formed due to the complex cutting of the fcc structure,
which is the result of local stress concentration. The diagram in Figure 1 [3] shows the effect of
cooling speed on the microstructure.
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Figure 1. Effect of cooling rate on microstructure [3]

Lath martensite structure is the most common that occurs in low and medium-carbon steels (Figure
2). Lath Martensite grows as a parallel cluster of laths that are about 0.1 to 0.5 microns thick. A light
microscope illustrates the clusters of laths however; it is not possible to see individual laths with this
light [4].

Figure 2. Lath martensite [4]

According to the definition of the American Society for Testing and Materials (ASTM), Acoustic
Emission (AE) refers to a class of dynamic phenomena in which transient elastic waves or in other
words, sound waves due to the rapid release of strain energy in local sources and permanent
deformation (redistribution of the stress field) ) occur in materials under stress [5]. These waves are
spread in a very wide frequency range and after passing through the environment, they stimulate
certain sensors and these sensors give voltage output. For this amplified and filtered voltage,
statistical analysis algorithms are applied. AE is a powerful tool to investigate and study deformation
and failure in materials. AE signals were analyzed with different methods, including Wavelet Packet
Transform (WPT), Fast Fourier Transform (FFT), and Clustering methods.

Many researchers have conducted extensive research to investigate the failure mechanisms of ferrite
and martensite phases using AE [6-14]. Speich et al. [15] have studied martensite formation in a Fe-
28 using AE. Their results show that about 15 martensitic plates are involved in each AE and more
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detailed studies of the transformation kinetics, can be made with this technique because AE gives an
almost plate-by-plate record of the martensitic transformation. Planes et al. [16] did research on AE
originating during martensitic transformations. Their results show that analyzing AE within an
appropriate framework is a very useful technique, which provides quantitative dynamical information
complementary to that obtained from more standard techniques. The probability density function of
amplitudes, energies, and durations of the detected acoustic signals follows power-law distributions
related to avalanche criticality. Examples of non-magnetic and magnetic shape-memory alloys under
selected external conditions indicate this.

This research is a continuation of the paper [17], in which ferrite samples were tested using AE. The
purpose of this research is to compare the results obtained from the tensile test on ferrite and
martensite samples using AE signals. For this aim, iron with a very low carbon percentage and C40
steel was used to make ferrite and martensite samples. To analyze the AE signals, apart from the FFT
method, which is used to identify the frequency parameter, the Sentry Function (SF) method has been
used, which is a new method.

2. Experimental procedure

To perform the tensile test ferrite and almost 100% martensite samples were made. Table 1 shows
the chemical composition of the manufactured samples. In this research, ferrite and martensite
samples were made according to the ASTM EOQ8 standard with a width of 12 mm, a thickness of 2
mm, and a length of 35 mm. The samples with low impurity of Sulphur and Phosphorus were chosen
to minimize the effects of coarse inclusions [18].

Table 1. Chemical composition of the metal used (weight percentage)

Cc Mn Si Al Nb P S Cu Fe
Martensit  0.43 0.018  0.009 Bal
Ferritet  0.003 031  0.03 0025  0.04  0.032 Bal

C40 steel was used to make a full martensitic sample and check its effect on AE signals. This steel
was placed at a temperature of 920 ° C and after one hour, it was rapidly cooled in a mixture of ice
and saltwater at a temperature of -8° C. The obtained sample had a lath martensite structure with a
high percentage of martensite phase .

The cross-section of the samples was polished for metallography and checking the size of the ferrite
grains, which were manufactured by Remet. After finishing the polishing operation, the cross-sections
of the samples were etched in a 2% nital solution. The tensile test was done with Instron 8032 device
with 250 kN capacity and a speed of 0.05 mm/sec. The tests were performed with the PAC-PCI-DSP4
ultrasonic transmission system with the capacity of using four sensors. In AE Win software, the
threshold parameter was set to 30dB to remove environmental noises.

3. Sentry Function
The SF is the logarithm of the ratio of mechanical energy to acoustic energy .The function represents
the continuous balance between the stored strain energy and the acoustic energy released due to

damage. This function is usually discrete and is expressed by a combination of the four functions.
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When significant internal refraction occurs within the material, is released a significant amount of
AE which produces high-energy acoustic signals, resulting in a sudden drop in the function .The
function can be used to advance damage within the material by using mechanical and acoustic
information. In addition, because the above function contains the entire history of damage growth, it
can be used as a criterion to determine the remaining life of the material. In this case, the integral of
the function can be used to achieve this goal.

4. Results of ferrite and martensite samples
Figure 3 shows the metallographic samples of ferrite and martensite produced by heat treatment of
C40 steel.

Figure 3. Optical metallographic images of typical low carbon ferritic steels: Ferrite (a), and Martensite C40 (b)

The purpose of the tests performed on ferrite and martensite samples is to investigate the behavior of
the ferrite and martensite phases independently of the AE results. For this purpose, the tensile standard
sample of C40 steel was placed at a temperature of 920 ° C and after one hour, it was rapidly cooled
in a mixture of ice and saltwater at a temperature of -8° C. The sample had a lath martensite structure.
Figure 4 shows the results obtained from martensite samples. The results of these tests are shown in
Table 2.
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Figure 4. Stress-strain diagram in the Martensitic and Cumulative Count (a), Acoustic Energy (b), Cumulative Acoustic
Energy (c), Sentry Function (d), Amplitude (e), and Rise Time with Amplitude (f)

Table 2. Mechanical properties and acoustic results of ferrite and martensite

Full .

Annealing Fer;rilrt]e Max Eac Max Average  Average
temperature°C g_ YS UTS & (%) n Risetime Amp. Risetime  Count Cum

size )

(Samples (um) (uSec) (dB) (uSec)

codes) a

Ferrite (F) 9.6 286 587 29.5 0.26 2.5x10° 680 32.19 26.64 4.7x10%
920 (C40

. -—-- 1650 2100 1 0.56 2.3x1010 2345 41.66 173.43 5694
Martensite)

According to Figure 4 and Table 2, the mechanical behavior of the ferrite sample is almost consistent
with the Hall-Petch equation. The amount of n (work hardening exponent) is approximately equal to
the amount of strain at the beginning of non-uniform deformation or the maximum force applied
during the tensile test [19]. The average amplitude in the martensite sample is higher than in the ferrite
sample, which confirms the work of previous researchers [20-21], and the maximum rise time in the
martensite sample is higher than in the ferrite sample.
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Another important point is the amount of AE energy released in the tensile test. In Figure 4 (d), it is
clear that the SF is almost constant before the strain of 0.004, indicating a relative balance between
the AE energy and the strain energy. After this strain, the SF takes a downward state and indicates a
more ratio of acoustic energy to strain energy, and this shows the existence of a significant amount
of AE energy at the strain of 0.0045 until failure. It means that significant failure in the martensitic
sample has started from this strain. This can also be seen in Figure 4 (c), which corresponds to the
cumulative AE energy. These results show a significant difference with the ferrite sample that
function has a completely ascending state after yielding.

Figure 5 shows the distribution of the AE amplitude in the tensile test of the martensite sample. Figure
5 shows, the maximum density of the domains is in the range of 40-45 dB. Figure 4 (e) indicates this
issue, while the amplitude distribution in the ferrite sample is approximately between 30-40 dB,
which is related to the deformation of the ferrite phase. Figure 4 (f) shows the rise time distribution
in the martensite sample up to about 2400 microseconds while the maximum rise time in the ferrite
sample is about 700-800 microseconds. This issue shows the difference related to maximum rise time
and amplitude distribution for the martensite and ferrite samples.
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Figure 5. Amplitude distribution in the tensile test of a martensite sample

The FFT method was used to take the dominant frequency. Figures 6 and 7 show the dominant
frequency distribution in the tensile test of ferrite and martensite samples. As can be seen, the
frequency distribution for the ferrite sample in the range of 175 kHz has a higher density, which
agrees with previous researchers' results [20-21]. Nevertheless, the frequency distribution for the
martensite sample is between 520-700 kHz, which is different from the dominant frequency in the
ferrite sample. This case is another characteristic that can be used for analysis and to distinguish
failure mechanisms from each other [22-23].
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Figure 6. Dominant frequency distribution in the tensile test of ferrite sample
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Figure 7. Dominant frequency distribution in the tensile test of a martensite sample

By using the results obtained from the analysis of AE signals as well as their analysis with FFT and
SF methods, it is possible to achieve desirable results of the failure mechanisms in the ferrite and
martensite phases separately. These results can be used to identify failure mechanisms in dual-phase
steels with different volume fraction percentages.

5. Conclusion

In this research, the behavior of the ferrite and martensite phases was investigated independently on
AE results. A sample of C40 steel was used to make the martensite phase. For this purpose, this
sample was placed at a temperature of 920 ° C and after one hour, it was quickly cooled in a mixture
of ice and water. The samples were subjected to a tensile test and the results are summarized below.
In the ferrite sample, the amplitude was approximately between 30-40 dB, which is related to the
deformation of the ferrite, while the amplitude in the martensite sample was between 40-45 dB, which
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is related to the fracture of martensite. The maximum rise time in the ferrite sample was about 700-
800 microseconds, while the maximum rise time in the martensite sample reached 2400
microseconds. The FFT method was used to take the dominant frequency and the outcomes illustrated
that the ferrite phase deformation has a frequency of about 175 kHz, while this frequency range for
the martensite phase was about 520-700 kHz.

In the ferrite sample, the SF had an ascending state after yielding. This indicates that the ratio of the
AE energy released during the tensile test was lower than the strain energy, while the SF in the
martensite sample was almost constant until before 0.004 strain and indicates a relative balance
between AE energy and strain energy. After this strain, the SF takes a downward state and indicates
a greater ratio of acoustic energy to strain energy.

To better identify the behavior of dual-phase steels, it is necessary to investigate the ferrite and
martensite phases. The results obtained in this research show that the use of the AE method and signal
analysis by the SF method is so effective. By using this method, the behavior of dual-phase steels
with different percentages of martensite phase in the structure can be investigated in other research.
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