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Abstract: The paper is devoted to the study of acoustic emission (AE) under cyclic loading of
dissimilar welded joints. The object of the study is carbide and decarburized diffusion
interlayers that are formed during the welding of pearlitic and austenitic steels, as well as
during the subsequent operation of such dissimilar joints under high temperatures. The paper
presents the results of an experimental study on cyclic loading of samples of dissimilar welded
joints with the registration of AE data and measurement of local deformation fields using the
digital image correlation (DIC) method. Loading was carried out in the elastic region at a stress
close to the operational values. Analysis of the deformation distribution fields over the surface
of the samples showed that welded joints with diftfusion interlayers have increased deformation
values in the interlayer zone. According to the values of the AE parameters, the level of activity
and amplitudes of AE hits for samples with diffusion interlayers are higher than in defect-free
samples.
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1. Introduction

Among the modern methods that allow observing the dynamics of the development of physical
processes associated with metal deformation, AE occupies a special place due to its high sensitivity to
elementary sources associated with the movement of dislocations, twinning, or phase transformations
[17. Different sources correspond to different forms and frequency spectra of AE signals; therefore, the
use of the AE method allows us to find out the mechanisms of material deformation, determine the
stages of its destruction, and predict damage to the material under variable or mixed types of loading.

Thus, when studying the mechanism of deformation of magnesium alloys in papers [2, 37,
differences in the predominance of twinning and dislocation slip processes for fine-grained and coarse-
grained materials were revealed based on the energy and spectral parameters of AE signals. In
intermetallic alloys [47, as well as in TRIP/TWIP steels [57, which have shape memory, the AE
method allows identifying the stages of martensitic phase transformations. Using AE data, it is also
possible to analyze the stress-strain state of the material under various or mixed types of loading [6, 7]
and predict the moment of failure of the structure [87.

One of the current applications of the AE method is the study of the deformation of additive-
manufactured metals. In the process of additive manufacturing, the material of each layer is repeatedly
subjected to complex thermal cycles consisting of remelting, heating, and cooling, which affect the
parameters of the microstructure of the deposited material. The use of the AE method allows us to
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clarify the mechanisms of deformation of deposited materials. The study of the AE features during the
deformation of stainless steels obtained by additive manufacturing is presented in Chen et al. [97.

In addition to materials with a complex deformation mechanism, the use of AE is also relevant for
studying complex-structured materials, such as concrete, reinforced concrete, and composite materials.
The deformation and destruction of each structural element are accompanied by the generation of AE
signals with specific parameters of waveform and frequency spectrum [10-127. Analysis and
classification of AE data allow us to identify and separate processes associated with the destruction of
various elements and to determine the stages of material destruction.

The object of study in this paper is dissimilar welded joints of pearlitic and austenitic steels, which
are objects with a complex microstructure caused by both the difference in the thermal and mechanical
properties of the welded steels and the possible formation of diffusion carbide and decarburized
interlayers in the fusion zone. The interlayers are usually small in size, but their presence can critically
affect the strength properties of the welded joint by reducing its service life and the values of the
maximum permissible mechanical stresses.

There are a few works confirming the possibility of detecting defects in dissimilar welded joints
using the AE method. In the paper by Barat et al. (187, it is shown that diffusion layers are a source of
AE and can be detected during static tension of samples of dissimilar welded joints. In research, Barat et
al. [147] revealed differences in the waveform of signals obtained during the deformation of dissimilar
welded joints with diftfusion interlayers are observed.

This work is a development of works [13, 147 and considers dissimilar welded joints of steel grade
20 (carbon steel with a ferritic—pearlitic microstructure) and 12Kh18N10T steel (austenitic steel), the
most common in industry. The aim of the study was to investigate the features of deformation of
dissimilar welded joints under cyclic loading and to determine the principles of detection of diffusion
interlayers by the AE method.

2. Materials and Methods of the Research

Dissimilar welded joints of steel 20 and steel 12Kh18N10T were considered the objects of the
current research. To manufacture welded joints, sheets of these steels, 3 mm thick, were used. The
sheets were cut into strips 1000 mm long and 200 mm wide and welded together using tungsten inert
gas welding (TIG).

TIG carried out butt-welding on both sides; the filler material chosen was Sabaros O101 wire
(Table 1). The use of Sabaros O101 wire allows, on the one hand, to obtain an austenitic microstructure
of the weld metal; on the other hand, the chromium content in the wire contributes to the formation of
carbide and decarburized diffusion interlayers during heat treatment of welded joints.

Table 1.
Chemical composition of Sabaros 0101 filler wire for TIG, % by weight.
C Si Cr Ni Mn Fe
0.10 0.50 19.0 9.0 6.0 base

Some of the plates were subjected to heat treatment simulating long-term operation of welded joints
at high temperatures, which led to the formation of diffusion interlayers in the welded joints. Heat
treatment was performed in a Nabertherm P180 furnace at a temperature of 650°C. To form interlayers
of different thicknesses, heat treatment was carried out with different holding times (for 1 hour, 5 hours,
50 hours). The average values of the thicknesses of the diffusion interlayers are shown in Table 2.
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Table 2.

Average values of diffusion interlayer thickness after heat treatment.

Mode No. Holding Time, hrs Decarburized interlayer thickness, pum | Carbide interlayer thickness, pm
1 1 145 20

2 5 225 45

3 50 600 65

An increase in the holding time and heat treatment temperature leads to an intensification of the
process of carbon diffusion from steel 20 into the weld metal, resulting in an increase in the thickness of
the decarburized and carbide interlayers (Figure 1).

a.

Figure 1.
Photographs of the fusion line from the side of steel 20 with measured values of diffusion interlayer
thickness after heat treatment at 650°C with a holding time of 1 hour (a), 5 hours (b).

b.

Samples for mechanical testing were manufactured using laser cutting. The drawing of the sample is
shown in Figure 2b. Samples of dissimilar welded joints were tested for cyclic tension with synchronous
recording of AE data and measurement of local deformation by the DIC method. The tests were carried
out on an Instron 5982 machine with triangular pulsation cycles at a maximum tensile stress of 200
MPa with a frequency of 0.15 Hz. The loading diagram is shown in Figure 2c.
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Figure 2.
Photograph of a sample in grips with fixed AE sensors (a), drawing of the sample with a weld joint (b) and loading diagram (c).

The AE data were recorded using the A-Line 32D system (Interunis-IT LLC) with PAEF-014
preamplifiers and GT200 AE sensors (Global Test LLC) with a resonant frequency of 180 kHz. To
suppress the noise of the test machine during data collection, a digital filter with a passband of" 100-400
kHz, shifted to the high-frequency region, was used. The amplitude discrimination threshold was set at
32 dB.

To measure the strain fields during specimen loading, a DIC method was used based on a LaVision
measuring system with two monochrome CCD cameras (resolution 2456x2058 pixels, matrix size 2/3
inch). In each experiment, the displacement fields were recorded at a frequency of 1 frame per second
and saved as 12-bit images with a size of 2300x1200 pixels, which corresponds to a specimen area of
approximately 100x20 mm. The displacement distribution was recorded during the test, and then the
measured displacement distribution was used to calculate the strain maps.

3. Results

The tensile stress-strain diagrams of dissimilar welded joint samples (Figure 3) have several
characteristic sections. For a welded sample without heat treatment (Diagram 1), up to a stress of about
250 MPa, which corresponds to the yield strength of 12Kh18N 10T steel, both steels and the weld metal
are elastically deformed. At a stress of approximately 250 MPa, plastic deformation of 12Kh18N10T
steel begins, and at around 320 MPa, a yield plateau from steel 20 is observed. The yield plateau is
followed by a developed section of strain hardening, in which both steels are plastically deformed. The
tensile stress diagrams of welded samples after various heat treatment modes are shown in Figure 3
(Diagrams 2-3). It is evident from the diagrams that during heat treatment, the strength characteristics
of the welded samples remained at the same level.
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Figure 3.

Tensile diagrams of dissimilar welded joint samples of 20 and
12Kh18N10T steels with stress, MPa, and relative elongation, %
respectively (1 — without heat treatment, 2 — 1 hour, 650°C, 3 — 5
hours, 650°C).

However, when measuring the strain fields during cyclic loading of samples, features associated
with the presence of diffusion layers were revealed. Figure 4 shows the distributions of the normal
component of deformation in the weld seam area and the heat-affected zone of the welded joint for the
time moment corresponding to the maximum cycle stress of 0.=200 MPa.

In the experiment with a defect-free sample, the deformation is predominantly uniform (Figure 4a).
In the presence of diffusion interlayers, the distribution of strain becomes asymmetric due to the
appearance of an area with an increased strain level in the near-weld zone on the side of steel 20. Figure
4b shows the distribution of strain at a maximum cycle stress of 200 MPa for a sample of a dissimilar
welded joint with a decarburized diffusion interlayer of about 225 pm. The strain level in the area of the
diffusion interlayer is, on average, about 0.008 (0.8%), which significantly exceeds the strain level in
other areas of the welded joint sample.
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Figure 4.
Fields of local deformations measured by the DIC method for a defect-free sample (a) and for a sample with a 225 pm
decarburized diftusion interlayer (b).

From the point of view of AE data, cyclic loading of samples is a stationary process with a constant
level of AE activity. Figures 5a and 5¢ show the AE hits rate for three samples of dissimilar welded
joints: a sample without diffusion interlayers and with diffusion interlayers of 145 and 225 pm thickness.
In all experiments, the AE hits rate was quite low, since the nature of loading of the samples
corresponded mainly to the region of elastic deformation. The average value of activity in the test series
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changed insignificantly, in the range from 0.12 to 0.22 hits per second, with a tendency to increase with
an increase in the thickness of the diffusion interlayer.

Compared with the AE hit rate, amplitude parameters are more informative. Figure 5d - 5f shows
different distributions of AE hit amplitudes for defect-free samples and samples with diftfusion
interlayers of different thicknesses. The distribution of AE hit amplitudes for a sample without diffusion
interlayers corresponds to an exponential law (determination coefficient R*> 0.92).
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Figure 5.

AE hit rate (a - c), distribution of AE hit amplitudes (d - f), results of linear location (g - i) for a defect-free sample (a, d, g) for a
sample with a 145 pm decarburized diffusion interlayer (b, e, h) for a sample with a 225 um decarburized diffusion interlayer (c,

f, i).

For samples with diffusion interlayers, the character of the amplitude distribution changes (Figure
5e, 5t). Figures 5e and 5f show the amplitude distributions for samples with decarburized diffusion
interlayer thicknesses of approximately 145 pm and 225 pm, respectively. In these cases, the
distribution corresponds to the Gutenberg-Richter law IgN = a - bA4s, where Au is the hit amplitude,
and N is the number of hits of a given amplitude (*> 0.93).

The most visible result in identifying diffusion interlayers is achieved by locating AE sources.
Figure 5i-g shows three graphs containing the location results for samples without diffusion layers and
with decarburized diffusion interlayers of 145 and 225 um thickness. In each of the graphs, the x-axis
indicates the distance x from the edge of the sample (the zone from 0 to 165 mm corresponds to
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12Kh18N10T steel, from 160 to 180 mm — to the weld and heat-affected zone, from 180 to 340 mm — to
grade 20 steel), and the y-axis shows the number of AE events localized at the point with the coordinate
x.

Figure 5g corresponds to a defect-free sample. On this graph, the AE event indications are located
randomly along the x-axis. The number of localized AE events is small and amounts to 3-5% of the total
data volume. Figures 5h and 51 show the location results corresponding to a sample with a diffusion
interlayer. The total number of localized events increased and amounted to 15-20%. Additionally, a
location cluster is visualized in the weld joint location zone.

4. Conclusions

The paper examines the characteristics of acoustic emission (AE) under cyclic loading of samples
from dissimilar welded joints of pearlitic and austenitic steels. The focus of the study was on diffusion-
decarburized and carbon interlayers, which are microstructural defects within dissimilar welded joints.
Based on the research findings, it was determined that the presence of diffusion interlayers can be
detected through an increase in AE pulse amplitudes. The amplitudes of AE hits for defect-free samples
did not exceed 48 dB, and their distribution followed an exponential law. In contrast, when diffusion
interlayers were present, the amplitude levels increased to between 55 and 60 dB, and the distribution of
amplitudes shifted from exponential to power-law behavior.

When testing samples with diffusion interlayers, according to the DIC method, in the area of the
fusion line on the side of steel 20, a zone with increased deformation values is detected, the location of
which coincides with the location of the decarburized diffusion interlayer, and according to the AE data,
a location cluster is determined in the weld joint zone, including up to 30 AE events. The presence of a
location cluster is a stable diagnostic feature that allows identifying the presence of diffusion interlayers
in the weld joint zone.
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