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Abstract: This article describes an approach that makes it possible to substantiate quality control
criteria and methods to improve strengthening technologies. The approach was used to test the
quality of products made using these technologies and analyze different strengthening methods
applied to structural materials. In the experiment, samples of welded joints subjected to various
types of strengthening were used that underwent acoustic emission (AE) testing. The results of quick
evaluations produced by the proposed multilevel model of acoustic pulse flow were compared with
the results of long-term cyclic tests to make a conclusion about the effectiveness of the approach
being discussed. To improve strengthening quality control, a method is proposed that can be applied
to complex and large-sized structures in the construction industry.

Keywords: strengthening technologies; acoustic emission; information and kinetic approach;
multilevel model; concentration and kinetic criteria; welded joints

1. Introduction

As reliability requirements in engineering are becoming more stringent, it is nec-
essary to enhance and upgrade structural materials [1,2] and technologies with a view
to improving their performance properties. Different industries use a huge variety of
strengthening technologies depending on the type of the material. Their ultimate goal is
to extend the service life of the item under test, and they all have certain advantages and
disadvantages [3-5]. Whether the application of one or another strengthening technology
on a particular product will be successful depends on many factors and can be assessed by
testing strength reliability parameters, which is a time-consuming task.

Structural materials can be strengthened by means of various methods (mechanical,
thermal, chemical, etc.) at different steps of the production process [6-8], leading to an
irreversible improvement in strength parameters. They include different force, deformation,
or structural parameters that do not necessarily have direct relationships with the most
objective indicators of the long-term strength of a real object [9]. Applying strengthening
technologies can change the size of the structural element or cause a decrease in residual
stresses, which does not always lead to an increase in the object’s service life. Therefore, it
is necessary to be able to assess the impact of each individual strengthening technology in
a quick and non-destructive way.

Nondestructive testing (NDT) methods used to assess the quality of strengthening
technologies can be classified by the type of controlled signal and its connection with the
processes that determine the strength of the material. Methods relying on signals that are
recorded as a result of waves being transmitted and reflected [10-12] cannot provide an
unambiguous picture of the object’s strength parameters or the process of damage growth;
they miss nanoscale information as waves bend around strength anomalies. Such methods
record signals that mainly provide information about the reflectivity of large structural
elements rather than about the strength of the material. It is therefore necessary to move
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from testing the spatial parameters of structural elements, such as their shape, size, and
orientation in space, to temporal parameters reflecting the process of damage accumulation
and affecting its service life.

NDT methods that are based on recording wave parameters associated with the pro-
cess of damage to the material include electromagnetic (eddy current) testing (ET) and
acoustic emission (AE) testing [13-15]. As the application of strengthening technologies
results in heterogeneous strength parameters of the material due to, for example, the redis-
tribution of internal stresses, this affects how informative NDT methods are in reflecting
the material’s service life. Due to this, the key issue associated with the application of AE
methods in strength testing is the complexity of interpreting the signals and connecting
the results with strength parameters. When dealing with items that have been subjected
to the complex influence of strengthening technologies, strength measurement results in
many uncertainties. However, it is important to have measurement methods that produce
adequate and reliable results. This article proposes a solution to this problem based on
identifying the relationship between the results of AE tests and the parameters of the item
under study with further estimation of the residual service life.

The article aims to provide a rationale for a quick NDT method for studying the results
of applying strengthening technologies. The method is based on the information and
kinetic approach to interpreting the results of recording acoustic signals and was tested on
welded joints.

2. Materials and Methods

The problem discussed above can be solved by means of mathematical models that re-
move uncertainty when describing the real physical process. They should rely on universal
constants and accurately measured parameters that are representative.

2.1. Information and Kinetic Approach

A distinctive feature of this approach is that, rather than record the acoustic emission
signal first, the physical processes are first modeled to assess the current state of the test
object by means of concentration and kinetic indicators of the AE process and universal
physical constants found by processing the results of AE tests and using reference s—n curves.

The method uses a multilevel model [16] based on fracture micromechanics, the kinetic
concept of strength, and the statistical regularities of elastic wave radiation. The strength
and AE parameters of structural materials are the result of superposition and depend on
the results of fracturing and plastic deformation processes simultaneously occurring in
the material.

The diagram of the multilevel model is created with its mathematical description being
expressed by Equation (1) [16]. The multilevel model of acoustic pulse flow parameters
combines statistical and physical approaches to testing. It allows for obtaining information
that reduces the uncertainty of strength properties at the macro-, micro-, and nano-levels
of strength tests to make a reasonable choice of AE indicators. The approach is described
in more detail in [16,17], but it is the first time it has been applied to quality control in the
area of strengthening technologies.

E(t) = kppC(t) = v.///mfu@(At,f,u)dudfdm(:(t), (1)

where £ is the primary informative AE parameter (number of pulses, relative amplitude,
energy, etc.); kg is the acoustic emission coefficient; C(t) is the concentration of fractured
structural elements; V is the volume of the material being tested; ® (At, f, u) is the probability
density of the distribution of AE signals by intervals At between them, frequency f, and
amplitude u. Given the stochastic nature of elastic wave radiation, the triple integral
included in the expression has the meaning of detection probability, that is, the probability
that the parameters of elastic waves coming from the AE source fall into the range of
frequencies, AE signal amplitudes, and time intervals recorded by the measuring device.
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The approach is based on the idea that the test object is a combination of structural
elements whose individual states determine the state of the object as a whole. The strength
indicator is the time until the structural elements become fractured, which is described by
the Zhurkov formula [18-20], and the key factor determining the moment of fracturing is
the rate of damage accumulation until reaching a critical value. As the strength parame-
ters of the material are not homogeneous, the equation for describing the growth in the

concentration of fractured elements has the following form:
wo+Aw t At

0 9uvg

c(t) = co/

wo

Y (w) {1 —exp {— (Uo,w(t))} }dw, )
where C is the initial concentration of structural elements in the material before failure;
wy is the lower limit of the range of w; Aw is a representative dispersion range of w values
by structural elements; ¥(w) is the distribution density function of the values of w by
structural elements; ;¢ is the average time before one structural element fails, which is
found by the Zhurkov formula; Uy is the energy that activates the process of fracturing;
w =v0/KT is the strength parameter of the structural element, where: vy is the activation
volume [21,22] (nanostructure parameter); o is tensile stresses in the structural element; K
is the Boltzmann constant; and T is the absolute temperature.

The ratio between the parameters of the function ¥(w) reflects how heterogeneous the
strength parameters of the material are. Several options for modeling the function ¥(w) are
used [16], including using two weights (0.99 < 0.999 and 0.01 =+ 0.001).
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The heterogeneity is associated with variations in the mechanical properties of struc-
tural elements and is of a stochastic nature, which makes it impossible to use the model
for accurate failure prediction. To solve the problem, prediction can be reduced to extrap-
olating the time dependence between the concentration of microcracks and time onto its
critical value. To do it, it is necessary to identify the stage in the process of fracturing
that signals future failure by means of filtering signals corresponding to the fracture of
the most durable elements of the material that have similar strength parameters from
signals that reflect elements ranging in their strength parameters. The criterion for such
filtration is the kinetic uniformity of the fracture in the structural elements. Identified
through the temporal filtering of AE signals, the stage of uniform fracturing makes it
possible to register signals associated with the failure of strong structural elements that
are responsible for how long the test object will serve its purpose. It is essential that the
parameters of the model of the fracturing process for representative structural elements
determined at this stage correlate with the parameters of the s—n curves, which confirms
the relationship between the s—n curves and the damage that is expressed in the form of
the damage accumulation hypotheses and is the basis for linking the measurement results
with the reliability parameters.

According to [16,17], sections of the time curve for the number of AE pulses Ny-(t)
recorded under the stress at the stage of uniform fracturing with a constant rate of stress
growth ¢ are described by the expression:

’)/0.’t— Uy

Ny (t) = kapCoKT-exp T

/ (1070) 4)

By linking the parameters of acoustic emission with the parameters of microscopic
failure under the correct stress (ko = const, with stress occurring at a constant rate of
a stress growth 0 # 0 and stability of the amplitude distribution of AE signals being
observed), the model makes it possible to formulate strength parameters in such domains
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as energy, structure, and time at macro-, micro-, and nanolevels and to formulate criteria
for assessing the quality of strengthening technologies (Table 1).

Table 1. Concentration and kinetic parameters of acoustic emission for assessing the quality of
strengthening technologies [16].

AE Indicator Micromodel Nanomodel Macromodel
Xag (571 ding /dt vo /KT -

Yap (Pa~1) din¢/do v/KT dInNc¢/do *

Wag dIn¢ /dKs ** w =v0o/KT InNg-InNy, *

* N, N, and N, are s—n curve parameters of the material; ** K; is the stress factor (ratio of test stress to
working stress).

Each of the proposed criteria, or indicators, has a clear physical significance and is
calculated using the results of recording AE signals from the elastic deformation zone
at the stage of uniform fracturing. The proposed method improves testing accuracy by
tracking changes in both the structure and the stress state of a real product. It links the
proposed criteria for assessing the quality of strengthening technologies with the key
strength parameters of materials and is compatible with standard (based on s-n curve
parameters) methods for assessing strength and service life. The differences are in the
algorithms used and in the application of the criteria.

_ N
© T expWae

©)

where Np is the characteristic parameter of the material, temperature, and frequency of its
stress, which is found from the s—n curve of samples made of this material (reference value).

2.2. Strengthening Technologies and Stress Device

As the test object, welded joints were chosen, since they are the most vulnerable
elements of structures operating under long-term cyclic loads. S-n curves of welded joints
show differences in the impact that the welded joint zone has on the resistance to long-term
cyclic loads and short-term failure loads. The service life of objects operating under low
tension is limited by their welded joints. Therefore, it is necessary to monitor only the
fracturing of those structural elements of the welded joint that affect service life.

The proposed approach was tested on steel plate samples with welded joints. The
plates were made of the ST3PS steel (similar to steel A 414 Grade A) with the following
dimensions: 150 x 25 x 4 mm. By means of semi-automatic welding, welded joints
were made on both sides in the middle of the sample. The samples were divided into
four groups and strengthened using three technologies: heat treatment [23-27], ultrasonic
treatment [28-30], and structural hardening by means of beveling [31,32].

The first group of samples included plates that were not treated.

In the second group, heat treatment (tempering) was applied to relieve residual stresses
in welded joints. The operation was carried out in a SNOL 7.2/1100 mutffle furnace by
heating the samples at a rate of 10 °C per minute until the temperature reached 600 °C. This
temperature was maintained for two hours, after which the samples were left to cool in the
furnace. During high tempering, hardness parameters decrease and become homogeneous,
while plasticity and impact strength increase, with residual stresses decreasing by 70%
to 80%.

In the third group, the welded joints on the samples were subjected to ultrasonic
impact treatment (UIT) at a frequency of 20.1 kHz and a power of 200 watts.

In the fourth group, beveling was performed on both sides of the plates. Beveling
promotes stronger welds and reduces the welding time.
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The samples were stressed using a Zwick/Roell Z100 universal testing machine, which
creates uniform tension. Figure 1 shows the samples and the equipment that were used in
the experiment. The results were processed using the approach described above.

(c)

Figure 1. The process of conducting the experiment. (a,b) Equipment and acoustic emission trans-
ducers located on the sample and the process of acoustic emission recording. (c) A typical sample of
the ST3PS steel.

For registration of AE signals, a dual-channels acoustic emission system SDAE with
2 TAE P113c type was used. The extended frequency range of the registered signals was
20-1000 kHz. The lower level of the system discrimination threshold was determined
by the need to eliminate electromagnetic interference and was 47 dB on each channel;
the blocking time was 48,000 us, which made it possible to register microcracks larger
than 100 um. A range of digital parameters characterizing the signals coming from the
preamplifier was transmitted via the CAN2.OB interface in the computer. The scheme of
running the experiment is shown in Figure 2.



Appl. Sci. 2022, 12, 4549

60f11

0-2.5 kN

— 0T

:

s

Figure 2. Functional scheme of loaded device 1—sample; 2—transducers of acoustic emission (TAE);
3—universal testing machine; 4—control unit; 5—computer for load management; 6—preamplifier of
AE signals; 7—AE signals processing unit; 8—computer for registration of AE signals.

3. Results and Discussion

The samples were subjected to tension until failure. In the process, acoustic emission
was recorded. In all the samples, the failure occurred in the metal free from welds, which is
why the mechanical properties of the plates rather than those of the welds were measured.
Since strengthening technologies were mainly applied to the welds, and it was from the
welds that AE signals were recorded, the authors decided that the results of processing AE
information should be compared not with the results of static failure tests, but with the
results of fatigue tests in samples being fractured along the welds.

The experiment produced an array of acoustic emission data, which was processed
according to the method described above for finding concentration and kinetic indicators
(Table 1) at the stage of uniform fracturing in the elastic deformation zone. This zone was
chosen as a zone of correct stress, since it corresponds to uniform stress in the range of
operating stresses of a given material in a real object in many industrial areas. The results
of recording the key AE parameters at the stage of elastic wave radiation are shown in
Figure 3.
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Figure 3. Key AE indicators as functions of time at the stage of elastic deformations, where (a) is an
untreated sample, (b) is a sample after heat treatment, (c) is a sample after beveling, (d) is a sample
after ultrasonic treatment.

The limits of the uniform fracturing period were found by comparing the results of
failure simulation (Equation (2)) with a constantly increasing stress and the experimental
results of recording AE parameters (Equation (1)), under the condition that & and C(t) are
proportional (k4r = const). Figure 4 shows an example of finding the limits of the uniform
fracturing period. For each of the samples at this stage, such parameters were found as the
values of the concentration and kinetic strength indicators using the formulas from Table 1,
MARSE (Measured Area under the Rectified Signal Envelope), which corresponds to energy
(according to the energy and statistical approach to AE testing) [33,34], the average value
of the amplitude, the number of pulses, and AE activity. To assess how informative the
proposed method is, a correlation analysis was performed, where the correlation was found
between the resulting values of concentration and kinetic indicators and traditional AE
indicators (number of pulses, MARSE, etc.) and the number of cycles to failure of welded
joint samples during fatigue tests, which were obtained using similar samples from the
same material and the same strengthening technologies [35]. The results are shown in
Table 2. The service life of the samples was calculated using Equation (5), with the value of
the working stress being taken in the range of 50 to 100 MPa, as this is the average working
stress in various industrial areas.
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Figure 4. Comparing the results of failure simulation modeling (Equation (4)) (red line) and the
number of AE pulses (dots) to find the limits of the uniform fracturing period using one of the
samples as an example. Based on this, we find the values of the quality criterion Xag as the ratio of
the logarithm of the number of pulses at the beginning and end of the uniform fracturing period to
the duration of this period (InNp-LnN1 /t,-t; = 4.673-4.043 /95-88 = 0.09 s7h.
Table 2. Correlation coefficients for the average values of the concentration and kinetic indicators
and the average values of the key acoustic emission indicators.
Strengthening Untreated Ultrasonic . Correlation Coefficient
Technology/Average Beveling Heat Treatment for the Number of
Samples Treatment )
Parameter Value Cycles to Failure
Xag, st 0.066 0.054 0.036 0.024 —0.992
Yag, MPa~! 0.0049 0.0042 0.0028 0.0012 —0.999
War 0.548 0.349 0.260 0.152 —0.934
MARSE, mVZ-ms 121,011 139,038 234,456 243,607 0.993
Number of pulses (N) 75 120 188 243 0.982
Amplitude, mV 58.2 59.5 57.7 58.6 0.055
Activity, 1/N 7.8 9.9 15.7 18.6 0.995
Increase in service life, % 0 22 25 48 -
Number of cycles to failure 2951 4246 . 10,399 .

from [35]

Table 2 shows that the heat-treated samples have the highest number of pulses, activity,
and MARSE, which means that there is a lot of noise and it is impossible to assessing
strengthening quality using these parameters. In addition, these parameters have a positive
correlation with service life, which goes against their physical significance. However, the
proposed concentration and kinetic indicators make it possible to assess strengthening
quality by factoring in the influence of noise, which proves their resistance to destabilizing
factors. The negative value of the correlation coefficient describing the relationship between
the concentration and kinetic criteria and the service life corresponds to all previously
obtained results, demonstrating the stability of the relationship, which cannot be said about
traditional criteria, including MARSE [33].

The results of the experiment show that as a function of time, the number of AE pulses
in the hardened samples has an atypical form, with a period of attenuation in the middle of
the stage of elastic deformations. As can be seen in Figure 3, activity sharply stops, which
is explained by the fact that large elements from the “tail” zone of the ¥(w) distribution
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(Equation (3)) stopped emitting, and there is a complete absence of signals (Figure 5). From
the point of view of the model used, this is interpreted by smoothing or even separating the
“tail” from the “bell” of the ¥ (w) distribution, with a further shift of the “bell” to the region
of small values of w. The general distribution, which had both “bell” and “tail” shapes,
smoothed out, i.e., strengthening caused medium-strength elements to move into the “bell”
zone, and the values of ¥(w) in the “tail” region decreased. A decrease in ¥(w) to zero
corresponds to the separation of the “tail” from the “bell”. The presence of a plateau in
the time function of the number of AE pulses was substantiated by the gap between the
“bell” and the “tail” of the ¥(w) distribution. Such a gap can be the result of strengthening
operations removing internal stresses from heterogeneous elements that have values of
w in the “tail” part of the ¥ (w) distribution. Since these elements do not determine the
service life of the material, such removal does not lead to strengthening, which explains
the distrust in methods for assessing the quality of strengthening technologies based on
internal stress testing, which is carried out by reflection or scattering methods on large
elements of the “tail” that are more conducive to both reflection and scattering.

¥(o)
(@) “"Bell” zone of the ¥(®)

distribution
“Tail” zone of the ¥(m)
\_ distribution

g ©1 ®3
Figure 5. Typical distribution ¥(w) (two-dimensional modeling of w).

By comparing the experimental curve and the simulation curve (Equation (2)), we
can conclude that the “tail” is separated from the “bell” of the distribution. The first AE
signals demonstrate kinetically heterogeneous fracturing with high w values of the ¥ (w)
distribution function. Then, there is a period of attenuation, after which the “bell” begins
to manifest itself, i.e., the elements begin to “sound” at the stage of uniform fracturing,
where the values of the times to fracture measured by AE signals have high values, with a
minimum value of the strength parameter of the ¥(w) distribution function.

As the concentration and kinetic parameters do not depend on the volume of the test
object, it suggests that they can be used in testing real-life objects that can be subjected to
hydrotests or pneumatic tests.

4. Conclusions

As a result of the research performed on welded joints, an information and kinetic
approach was proposed for assessing strengthening quality. The following conclusions
were made:

1. The method proposed in this article is based on a multilevel model of AE parameters
and allows for performing quick evaluations of strengthening quality. The approach
can be used as a foundation for making the optimal choice of strengthening operations
to be applied to real-life items.

2. Strengthening occurs where the values of concentration and kinetic indicators (Xag,
Yag, Wag) decrease. The lower the values of the indicators, the higher the strengthen-
ing, and the better the results produced by the technology.
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3. High AE activity in samples hardened by heat treatment signals that the traditionally
used statistical indicators for assessing strengthening quality are not very informative.

4. The results showed that with the specified heat treatment parameters, the service life
of the welded joint increases by 48%, while with UIT it increases by 25%.
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