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Abstract: This paper presents a study of acoustic emission (AE) during the deformation of dissimilar
welded joints of austenitic steel to pearlitic steel. One of the specific problems in these welded joints
is the presence of decarburized and carbide diffusion interlayers, which intensively increase in width
during long-term high-temperature operation. The presence of wide interlayers negatively affects the
mechanical properties of welded joints. Moreover, welded defects are difficult to diagnose in welded
joints containing interlayers: due to the high structural heterogeneity, interlayers create structural
noises that can hinder the detection of defects such as cracks, pores, or a lack of penetration. The AE
method may become a complex decision for diagnosing dissimilar welded joints due to applicability
to the testing of heterogenic materials with a complex microstructure. Specimens cut from dissimilar
welded joints of austenitic steel to pearlitic steel were tested by tension to rupture, with parallel AE
data registration. According to the research results, the characteristic features of the AE were revealed
for specimens containing defects in the form of lack of penetration as well as for specimens with
diffusion interlayers. The results obtained show that the AE method can be used to test both typical
welding defects and diffusion interlayers in welded joints of steels of different structural classes.

Keywords: acoustic emission; dissimilar welded joints; lack of penetration detection; dissimilar
welded joints diagnostics

1. Introduction

Dissimilar welded joints of austenitic to pearlitic steel are widely used in the man-
ufacturing of elements for power equipment and pipelines at thermal power plants and
nuclear power plants, in steam and gas turbines, and in pipelines at chemical and petro-
chemical plants. The use of such structures allows one to reduce significantly the cost
of products, reduce their weight and sizes, and increase the reliability and durability of
critical equipment.

The production of dissimilar welded joints by fusion welding has a specific
feature—when two or more materials are mixed in a liquid state in the weld pool, it
leads inevitably to the presence of zones with highly gradient chemical composition in
the welded joint. These zones are usually located near the fusion lines, and their width is
determined by the welding method, as well as by the complex of physical processes at the
interface between the solid and liquid phases [1].

In particular, in welded joints of dissimilar steels on different sides of the fusion
line, decarburized interlayers and interlayers with increased carbide content may be
observed [2,3]. Decarburized and carbide interlayers are typical for dissimilar welded
joints of low-alloy pearlitic steels to chromium-nickel austenitic steels [4–6]. For such
welded joints having an austenitic structure in the weld seam, interlayers are formed on
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the fusion line of the pearlitic steel and the weld seam (a decarburized interlayer on the
pearlitic steel side and a carbide interlayer on the weld side (see the scheme in Figure 1)).
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If such dissimilar welded joints are operated for a long time at high temperatures, the
diffusion processes will proceed intensively, and as a result the interlayers will increase
in size. The presence of such interlayers negatively affects the mechanical properties of
the welded joint [7]. The decarburized interlayer, the size of which can reach several
millimeters, has a ferritic structure and has lower strength characteristics, namely ultimate
strength and yield strength. The presence of a hard but brittle carbide layer increases the
risk of sudden fracture of the welded joint.

This problem is especially relevant for dissimilar welded joints of power equipment
at nuclear power plants. A large number of sudden destruction of combined steel joints
during operation has led to the fact that in the regulatory document for the metal of power
equipment (PNAE G-7-009-89L Instructions and standards in nuclear power engineering.
Equipment and pipelines of atomic power systems. Welding and hardfacing. Main instruc-
tions), restrictions on the operation temperature and time for such joints were prescribed
to prevent the growth of diffusion interlayers.

The suddenness of such welded joints destructions caused by the difficulty of diffusion
interlayers detection. To identify interlayers in dissimilar welded joints, non-destructive
testing methods can be effective, which allow to investigate the weld joint structure through-
out the entire thickness of the product; these are radiographic and ultrasonic testing meth-
ods. However, radiographic testing is sensitive to the defect orientation and does not
provide the required sensitivity to identify the interlayer [8].

The most widespread method of non-destructive testing of dissimilar welded joints
is ultrasonic testing. In a number of papers the effective use of ultrasonic testing of
dissimilar welded joints in power engineering equipment is shown [9–11], but it is noted
that inspection of dissimilar welded joints, as a rule, is carried out due to the complication of
the inspection procedure and the development of specialized methods that take into account
the design features of each welded joint [12–14]. Moreover, when using nondestructive
testing methods, diffusion interlayers create structural noises that interfere detection of
defects such as cracks, pores, or lack of penetration, which makes dissimilar welded joints
a difficult object for diagnostics.

This article discusses the possibility of using the acoustic emission (AE) method
for diagnostics of dissimilar welded joints. For heterogeneous objects with a complex
structure, the AE method is more promising in comparison with traditional methods of
non-destructive testing. Since the AE method does not imply a probing effect on the test
object, the heterogeneity of the structure of a complex object does not interfere with defects
detection [15,16].

Due to its sensitivity to microstructure parameters, the AE method of application
makes it possible to detect violations of the structural composition in the material [17–19].
In a number of experimental research studies [20–25], it was found that the AE method
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can be effectively applied to detect defects in welded joints, as well as to identify and
locate them.

The use of the AE method for diagnostics of dissimilar welded joints is insufficiently
studied nowadays. Few studies are devoted to the application of AE directly in the process
of welding dissimilar welded joints [26–28]. However, little experience has been successful.
In [29], the authors monitored the development of a crack in a dissimilar welded joint
between low-alloy pearlitic to austenitic steels. The study was carried out under laboratory
conditions for a pre-hydrogenated sample. The AE method showed high sensitivity since
it was possible to detect a crack with an opening of no more than 50 µm.

The dissimilar welded joints of austenitic steel 12Kh18N10T to pearlitic steel 09G2S
are the subject of research in this paper. The defect-free specimens of dissimilar welded
joints as well as specimens with defects and specimens with diffusion interlayers were
tested using the AE method. The AE signature specific for different states of dissimilar
welded joints were obtained in this study.

2. Materials and Methods

Dissimilar welded joints of 09G2S (low-alloyed pearlitic steel) to 12Kh18N10T (chrome-
nickel austenitic steel), obtained using argon-arc welding with a filler wire, have been
investigated. Chemical compositions of steels are presented in Table 1.

Table 1. Chemical composition of welded steels and filler wire, wt.%.

C Si Mn Ni S P Cr Cu Ti Fe

12Kh18N10T steel ≤0.12 ≤0.8 ≤2 9–11 ≤0.02 ≤0.035 17–19 ≤0.3 0.4–1 ~67

09G2S steel ≤0.12 0.5–0.8 1.3–1.7 ≤0.3 ≤0.04 ≤0.035 ≤0.3 ≤0.3 - Balance

Sabaros SW146 wire 0.10 0.80 8.5 8.5 - - 18.5 - - Balance

To obtain the joints, pairs of plates with dimensions of 250 mm × 300 mm × 3 mm
each were welded to each other. A total of three pairs of plates were welded. Argon-arc
welding was carried out using a Sabaros SW146 filler wire with a diameter of 1.2 mm. The
chemical composition of the wire is shown in Table 1 [30,31].

Welding of the plates pair No.1 was carried out in compliance with the correct arc
welding technology at the recommended welding parameters. As a result, a defect-free
welded joint with full penetration was obtained (Figure 2a). The weld metal structure was
austenitic. The plates pair No.2 was welded deliberately at low welding current to obtain
defects of the “lack of penetration” type in the welded joint. A welded joint with lack of
penetration is shown in Figure 2b.

Welding of the plates pair No.3 was carried out in the same way as for the plates
pair No.1, in compliance with the correct technology of arc welding on the recommended
parameters of the welding mode. After welding, the joint was subjected to subsequent heat
treatment in Nabertherm P180 furnace according to the mode (heating to 650 ◦C + holding
for 5 h + cooling in calm air). This heat treatment simulates the long-term operation of
these welded joints at high temperatures.

Due to carbide-forming elements (chromium and manganese) in the SW146 wire,
diffusion interlayers were formed during additional high-temperature heat treatment.
Intense diffusion processes took place on the fusion line “weld seam—09G2S steel”. The
structure of the heat-treated welded joint (plates pair No.3) is shown in Figure 2c.

Due to diffusion of carbon from 09G2S steel into the weld seam, a decarburized ferritic
layer is formed in the 09G2S steel near the fusion line. The thickness of this interlayer
was 500–700 µm (Figure 2d). In addition, in the weld seam near the fusion line, a carbide
interlayer was formed due to the interaction of carbon diffused into the weld with carbide-
forming elements in the weld metal. The thickness of the carbide interlayer is 10–70 µm,
and 30 µm on average (see Figure 2d).
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Thus, three types of welded joints were prepared for research: a defect-free joint
(plates pair No.1), a joint with lack of penetration (plates pair No.2), and a joint with
diffusion interlayers (plates pair No.3).

From the obtained welded joints, specimens for static tension test were prepared.
Tensile tests were carried out on an Instron 5982 testing machine with a strain rate
of 2 mm/min. Tensile tests were also carried out on flat specimens made of parent
metals—09G2S steel and 12Kh18N10T steel (specimens without welded joints).

AE signals were recorded during the tests using the A-Line 32D industrial system.
The measuring path consisted of resonant sensors GT200 (Global test LLC, Sarov, Russia)
which have resonance frequency 180 kHz and preliminary amplifiers of the electrical signal
PAEF-014. The study of the waveform and spectra of the AE signals was carried out using
broadband sensors SE 1000 (Acoustic Technology Group, Score Atlanta Inc., Chicago, IL,
USA). The amplitude discrimination threshold was set to 40 dB when using GT200 sensors
and 32 dB when using SE 1000 sensors. A digital filter with a bandwidth of 100–400 kHz
was used to suppress the noise of the testing machine during data collection.

To study the staging of the deformation process of each zone of the sample during tensile
testing, the method of digital image correlation (DIC) was used. One sample from each group
of samples was tested using DIC. Before the test, a random pattern on one of the samples’
flat surface in the area of weld joint by white and black spray paint was applied. A sample
was installed in testing machine, illuminated by 150 W white-light halogen light source LS
(Dedolight DLH4-300) and observed by the machine vision system (LaVision StrainMaster,
LaVision Inc., Ypsilanti, MI, USA). This system consists of two identical monochrome CCD
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cameras CAM1 and CAM2 (Basler piA2400-17gm) with resolution of 2456 × 2058 pixels
2/3” image sensors size, synchronization unit LaVision PTU for simultaneous image
acquisition, and a personal computer with DaVis 8.4 software (LaVision Inc., Ypsilanti, MI,
USA) for data acquisition, storage and processing. Both cameras are equipped with zoom
lenses (Canon EF-S 12–200 mm f/3.5–5.6 IS). Each experiment included 10-min acquisition
of 2300 × 1300 pixels, 12-bit images of about 100 mm × 20 mm sample’s area at 1 fps and
joint processing of these images using DIC. A displacement distribution was registered
during the test and then the measured displacement distribution was used to calculate to
maps of strain.

3. Results and Discussion
3.1. AE under Tension of the Specimens from 09G2S Steel and Specimens from 12Kh18N10T Steel

For a better understanding of AE generation regularities during the deformation of
dissimilar welded joints, at the initial stage of research, specimens of the parent metals
(09G2S and 12Kh18N10T steels) were tested by tension. Figure 3 shows the AE data
such as AE hits rate and the amplitudes of AE hits, recorded under static tension of
12Kh18N10T austenitic steel specimens. The nature of AE data recorded during loading
of the 12Kh18N10T steel specimens is consistent with the tension diagram. An increase
in activity begins near the stage of elastic deformation, at a stress of about 0.5σy, where
σy is a yield point. The maximum AE hits rate is observed at the moment of reaching the
yield point of the material, and in the stage of strain hardening, the AE hits rate decreases
monotonically. The amplitudes of the AE hits change stochastically and, as a rule, do not
exceed 60 dB.
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Figure 3. AE data recorded under tension of specimens made of 12Kh18N10T austenitic steel.

The AE data recorded during the tension of specimens made of 09G2S pearlitic steel
are more complex, presumably explained by a more complex deformation mechanism
associated with the presence of a yield plateau (Figure 4). At the beginning of loading
with elastic deformation of the sample, an insignificant AE hits rate is observed, which is
probably associated with relaxation of residual stresses. Then, the AE hits rate increases
stepwise in two stages: the first burst of AE hits rate corresponds to the beginning of the
yield area of 09G2S steel; the second, a more pronounced one, is observed in the yield
strength region. Each of the deformation stages corresponds to the particular values of
AE hits amplitudes: in the section of elastic deformation, the AE hits amplitudes do not
exceed 60 dB; within the yield plateau, the characteristic values of the amplitudes increase
to 65 dB, the maximum amplitudes of the AE hits (over 70 dB) are observed in the region
of the yield strength of 09G2S steel.
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3.2. Investigation of AE under Tension of Specimens with Dissimilar Welded Joints

Figure 5 shows the data obtained under static tension of a defect-free specimen with
a dissimilar welded joint. The dependence AE hits rate versus strain (Figure 5a) has two
pronounced maxima corresponding to the stress of about 200 MPa and about 400 MPa. The
results of the study of strains distribution on the specimen surface by the DIC method make
it possible to clarify the presence of AE data peak at certain stages of the test. Figure 5b
shows a diagram of a specimen with an indication of the study area with applied paint. The
presence of the first AE peak (item 1 in Figure 5a) at stresses of about 200 MPa corresponds
to the onset of plastic deformation of austenitic steel and (Figure 5c). With a further increase
in stress to a level of about 400 MPa, the yield point of pearlitic steel is reached, as a result
of which its plastic deformation occurs (Figure 5d), and a second peak is observed on the
AE data pattern (item 2 in Figure 5a). After it, plastic deformation occurs in all zones of the
welded joint, and this process is accompanied by a decrease in AE hits rate.

In the interval when the yield point of 12Kh18N10T austenitic steel has already been
passed, and the yield point of 09G2S pearlitic steel has not yet been reached, an acoustic
calm is observed, the AE hits rate significantly decreases. The period of acoustic calm is
indicated in Figure 6.

Specimens of combined welded joints with lack of penetration were tested by tension
with the reinforcement bead removed. The destruction of the specimens occurred along
the welded joint at a stress of 400–500 MPa. Figure 6 shows typical AE data obtained
under testing of a specimen with a lack of penetration. The AE data observed during the
destruction of samples with defects are generally similar to the data obtained for defect-free
samples. According to the AE hits rate, two local maxima are observed, the first of which
corresponds to the initiation of plastic deformation of 12Kh18N10T steel, and the second
corresponds to the destruction of a defective welded joint.

To identify early predictors of fracture, the AE data were compared for defect-free
and defective specimens during the period of acoustic calm before the final AE hits rate
increased. The distribution function of time intervals between the adjacent hits reliably for
defect-free specimen corresponds to the exponential distribution according to Pearson’s
goodness-of-fit criterion with χ2(12) = 9.2, p = 0.06 (Figure 7a). The character of the
distribution of time intervals between adjacent AE hits, for a defective specimen, turned
out to be different from exponential (χ2(14) = 52.6 p < 0.001), due to an increase in the
number of AE hits with a minimal time interval, which insignificantly affects the level of
AE hits rate, but leads to disproportionality of the columns in the frequency histogram
(Figure 7b).
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The AE data, which are recorded when testing specimens of dissimilar welded joints with
diffusion interlayers (Figure 8), have some peculiarities compared to the data described earlier.

As in the case of a defect-free specimen, the presence of two AE maxima (items 1 and
3 in Figure 8a) is associated with the onset of plastic deformation of the materials being
welded, which is confirmed by the stress distribution shown in Figure 8b,d. Structural
features associated with the presence of interlayers are manifested by the appearance of
additional maximum of AE hits rate not associated with plastic deformation of the parent
metals (item 2 in Figure 8a). The stress value, at which the appearance of an additional
maximum is observed, approximately corresponds to 300 MPa (the ultimate tensile stress
of the ferrite phase). The results of strain distributions confirm the intense deformation of
a decarburized interlayer (see Figure 8c). Therefore, it can be assumed that the additional
maximum of the AE hits rate is an indicator of a decarburized diffusion interlayer.
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A sign of a brittle carbide interlayer can be a change in the parameters of the dis-
tribution of the AE hits amplitudes. Figure 9 shows the distributions of the AE hits
amplitudes for a defect-free specimen made from a plate that has not undergone heat
treatment (Figure 9a) and a specimen with a confirmed presence of diffusion interlayers
(Figure 9b).

The distributions were plotted over the interval corresponding to the strain-hardening
section of the tension diagram, where the parameters of the AE hits change, predominantly
stationarily. In the presence of diffusion interlayers, the distribution has a pronounced tail
of high-amplitude values reaching 75–80 dB.
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Figure 7. Distribution of time intervals between the adjacent AE hits. (a) For defect-free dissimilar weld specimen, and
(b) for dissimilar weld specimen with lack of penetration.
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Figure 8. Results of dissimilar welded joint with diffusion interlayers test: AE data recorded under
tension (a) and strain distributions over the painted area on different stages of test (b–d).
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Figure 9. Distribution of AE hits amplitudes for defect-free dissimilar weld specimen (a), and for a specimen with a
confirmed presence of diffusion interlayers (b).



Appl. Sci. 2021, 11, 11892 10 of 14

The variation of amplitude values also significantly increases; for a defect-free speci-
men of a dissimilar welded joint, the standard deviation of the amplitudes distribution is
about 28 dB, and for a specimen containing diffusion interlayers, the standard deviation
value increases to 42 dB, probably due to the fact that, against the background of the main
process (deformation of the specimen with a dissimilar welded joint), an additional process
of the destruction of a brittle carbide interlayer takes place.

3.3. Investigation of AE Signals Waveform and Spectrum

Fracture predictors are more clearly identified based on the AE signal waveform.
Figure 10 shows the waveforms and spectra of AE signals observed during the period
of acoustic calm, typical for defect-free specimens (Figure 10a,d), for the specimens with
diffusion interlayers (Figure 10b,e) and for specimens with lack of penetration (Figure 10c,f).
AE signal waveforms were obtained with the clustering algorithm by which AE signal
waveforms were grouped in the cluster in accordance with a correlation coefficient; each
cluster joins the signals with a correlation coefficient r > 0.7. For each of three data samples
corresponding to defect-free specimens, a specimen with diffusion interlayers, and a
specimen with a lack of penetration, one representative cluster was formed.
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Figure 10. Typical AE signal waveforms and spectrums for defect-free weld joint (a,d), for weld joint with diffusion
interlayers (b,e) for weld joint with lack of penetration (c,f).

For defect-free specimens, the size of the cluster formed with the correlated AE signals
is in the order of 8–10% of the total signals number. It consists of short-duration signals
with a relatively wide spectrum with a several resonances peaks. For samples with a
lack of penetration, the proportion of correlated signals is much higher (more than 40%)
and the typical signal waveform has the following features: a longer duration compared
to the signals shown in Figure 10a, as well as a narrow-band spectrum corresponding
to 120–150 kHz (Figure 10f). For specimens with diffusion interlayers, the proportion
of correlated signals is more than 60%, a typical waveform has a high repeatability and
represents a short impulse with a duration of about 10–20 µs (Figure 10b) and a wide
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spectrum corresponding to the bandwidth of the measuring channel (Figure 10e), since
the waveform and spectra of the AE signals are characterized by some variability. For
a more complete analysis of the AE data during the period of acoustic calm, the scatter
plot between the amplitude of AE signals and the median frequency of the spectrum was
considered (Figure 11). The amplitude characterizes the energy of AE source and the
median frequency is an informative parameter characterizes the changes in a frequency
spectrum of the AE signal.
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Figure 11. Scatter plot between the amplitude of AE signals and the median frequencies (a) for defect-free weld joint, (b) for
weld joint with diffusion interlayers, (c) for weld joint with lack of penetration.

The scatterplot corresponding to defect-free specimen is characterized by minimum
variance in amplitudes and frequencies (Figure 11a). The presence of diffusion interlayers
causes the scatterplot to expend slightly on an amplitude and more significantly on a
frequency (Figure 11b). For a specimen with a lack of penetration, the scatterplot had a
maximum deviation (Figure 11c), and the ranges of amplitudes increased insignificantly
compared to non-defective case. The wide range of median frequency from 70 to 340 kHz
indicates the presence of several AE sources corresponding to deformation processes and
destruction in the welded joint area.

4. Discussion

The AE signature obtained for the specimens of the parent metals (09G2S and 12Kh18-
N10T steels) are consistent with the fundamental works [32] and [33] and do not contradict
the general theory, according to which the AE upon deformation is proportional to the rate
of the dislocation density increase. Therefore, the onset of plastic deformation corresponds
to an intense accumulation of dislocations, and an increase in AE hits rate. At the stage of
strain strengthening, when the dislocation density approaches the critical level, the AE hits
rate decreases.

AE data obtained by tensile defect-free dissimilar welded joints form a repeatable
signature consisting of two peaks of AE hits rate corresponding to the onset of plastic
deformation of each of the parent metals and two periods of acoustic calm corresponding
to their strain hardening (Figure 5a). In general, this AE signature is a combination of a
data obtained during deformation of the steels being welded. The effect of acoustic calm
during the deformation hardening explained in detail in [34].

The character of AE data during the tension of defect welded joint specimens is also
repeatable. For the specimens with a lack of penetration, AE hits rate have a two local max-
ima, the first of which corresponds to the initiation of plastic deformation of 12Kh18N10T
steel, and the second corresponds to the destruction of a defective welded joint (Figure 6).
For the specimens of welded joints with the presence of a diffusion layer, the AE hits rate
has an additional maximum at a stress value corresponding to the ultimate strength of the
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ferrite phase (Figure 8a). Therefore, it can be assumed that an additional maximum of the
AE hits rate is an indicator of a decarburized diffusion layer. This fact is also confirmed by
the results of local deformation using the digital image correlation method; simultaneously
with the maximum of the AE activity, a local maximum of deformation is observed in the
region of the decarburized diffusion layer (Figure 8c,d).

For early detection and identification of damage to a dissimilar welded joint, it is
advisable to consider the period of acoustic calm, when the change in the AE data for defect-
free specimens is almost stationary. For defect-free samples, this period is characterized by
a scattered distributed accumulation of damage, while the distribution of time intervals
between adjacent hits corresponds to an exponential law (Figure 9a). In the presence of a
lack of penetration or diffusion layers, the exponential law of distribution of time intervals
is violated, which is confirmed by the Pearson’s goodness-of-fit test (Figure 9b). The
distribution function of time intervals is used as an indicator of the destruction process by
a few authors [35]. The correspondence of the function of time intervals to the exponential
distribution in [36], as well as in this paper, is a sign of scattered accumulation.

A more obvious indicator of the presence of a defect is the appearance of correlated
AE signals during the period of acoustic calm. For welded joints with lack of penetration,
the appearance of correlated signals with a long duration and a narrow-band spectrum is
characteristic; in the presence of diffusion interlayers, most AE signals recorded during
the period of acoustic calm are correlated short signals with burst form and broadband
spectrum (Figure 10). The presented result agrees with [37], in which it was shown
that the appearance of a defect is accompanied by a shift of the AE signal spectrum
towards low frequencies compared to the spectra of signals corresponding to the plastic-
deformation process.

A more obvious diagnostic result can be obtained using the scatterplot between the
amplitudes and median frequencies of the AE signals (Figure 11). In this representation
the measure of the points scatter on the plot characterizes the defectiveness of a dissimilar
welded joint. Defect-free welded joint characterizes with a minimal scatter of amplitudes
and frequencies, while defects presence leads to the appearance of additional AE sources
and variation of AE parameters increase due to variability of deformation and destruc-
tion mechanisms.

5. Conclusions

Within the framework of this study the efficiency of using AE method for assessing
the state of dissimilar welded joints of pearlitic and austenitic steels is shown.

The use of the AE method during a tension of dissimilar welded joints specimens
allows detecting and recognizing not only macroscopic defects, such as cracks and lack of
penetration, but also diffusion interlayers (which are related to microstructure defects).

In connection with the above, it can be concluded that the method of acoustic emission
has a significant advantage in diagnostics of dissimilar welded joints in comparison with
other methods of non-destructive testing.
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