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Abstract. The distribution of macrohardness of the material of a welded joint made of
high-strength steel in the vicinity of a weld with an austenitic structure has been studied. The
characteristics of the material's homogeneity, technological damageability, and the intensity of its
growth have been determined using the LM-hardness method. The obtained characteristics of the
material are considered according to the distance from the axis of the weld. It is shown that using
the dispersion of important physical and mechanical characteristics to analyze the material
homogeneity makes it possible to consider the differences in relation to the base material,
structure, and properties of the weld. The method used in the work to assess the material
damageability can be used for a welded joint that is heterogeneous in material. The obtained results
are applicable in developing the technique of heterogeneous weld joints made of high-strength
steels, as well as in the study of existing welded critical structures of long-term operation, in
particular, main pipelines.

Keywords: process innovation, industrial growth, heterogeneous weld joint, Im-hardness method,
material quality indicators, high strength steel, austenitic structure, weld seam, main pipeline.

1. Introduction

Modern trends in industry in the development of new structures and the reconstruction of
existing ones are aimed at the use of high-strength steels. This is due to a number of economic and
technological factors. In particular, such new materials make it possible to obtain less
metal-intensive products while maintaining performance [1]. As a result, the requirements for
resource and energy improvement of production are achieved when solving such technological
problems. In particular, using high-strength steels in pipeline transport increases operational loads
and transportation volumes [2, 3]. At the same time, welding processes are mostly an integral part
of production and are widely used. However, the difficulties accompanying the manufacture of a
welded structure often require a more detailed study of the problem [4, 5].

Applicable modern high-strength steels are characterized by a complex alloying system
combined with multi-stage thermo mechanical treatment. As a result, the finely dispersed structure
of the material is obtained with a complex structural-phase composition. Despite its transience and
locality, the thermal deformation welding cycle has a wide range of heating temperatures,
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particularly before the material melts. Therefore, the processes of recrystallization and the
formation of intermediate and quenching structures are observed in the vicinity of the welded joint
[6]. As a result, the initiation and occurrence of brittle cracks in the near-seam areas under the
influence of welding and residual stresses is possible. The use of high-alloy welding consumables
with an austenitic structure partially reduces these effects due to the higher deformation capacity
of the weld material [4, 7].

The difference between the temperature deformations of dissimilar materials of the weld and
the base metal, low-temperature transformations in the austenitic structure, and partially the base
metal lead to the emergence of a complex stress-strain state of the welded joint. A zone of thermal
deformation influence is formed, which covers not only the weld and adjacent areas with structural
changes but also partially the base metal [8, 9]. Noticeable structural changes do not occur in the
base material, but the material undergoes additional deformation effects. These factors affect the
durability of the welded joint of the structure, which is made of high-strength steel [10, 11].

A scientific and methodological approach based on assessing the scattering characteristics of
the measured hardness values is proposed to change the parameters of the surface layers of metal
workpieces at their machining [12, 13]. The dynamics of changes in material parameters are
carried out not by absolute or average values of physical quantities but by their scattering, which
is obtained based on processing an array of measured data. The obtained characteristics allow for
assessing the degree of material degradation of blanks and workpieces. Therefore, this technique
is important for researching the effect of the welding cycle on the formation of a heterogeneous
welded joint.

2. Literature review

The problem of ensuring the quality of structural elements particularly welded joints of
high-strength steels, is considered comprehensively, considering technical and economic tasks
[6, 14]. Therefore, traditional approaches to ensure technological strength through additional
partial or complete heat treatment of welded structures cannot consistently be implemented.
Plastic welds, preferably with an austenitic structure, are more applicable. This provides partial
relaxation of welding stresses, increased crack resistance of the weld root, and the lower melting
point of austenite contributes to partial “healing” of tears in grain boundaries in the fusion zone
[4, 6]. However, the difference in the physical and chemical parameters of the base and welding
materials leads to structural heterogeneity in the fusion zone [6, 7] and the formation of
intermediate and final brittle structures [6]. The formation of a complex stress-strain state of a
welded joint should be singled out separately [15], which is due to low-temperature
transformations in a high-alloyed material.

Therefore, several factors must be considered for connections made of high-strength steels,
especially critical structures, such as main pipelines [16, 17]. In particular, the features of the
product's design, the requirements for the technique of implementation of the welding method
used, the properties of the base and welding materials, and the characteristics of the heating source
are among the following factors [18, 19]. However, if the design is produced in the field and is in
long-term operation, this approach does not always guarantee an adequate result. Therefore,
modeling methods do not always make it possible to perform an adequate assessment and obtain
high-quality results. Complex approaches that combine experimental methods, such as macro
hardness values and appropriate mathematical models, are more applicable in mechanical
engineering practice.

In particular, the use of data on the macro hardness of the material to assess the technological
damageability of the material after its machining, the use of complex operational loads, and
long-term technological processes are disclosed in the works [12, 13]. A methodology for
assessing the properties of the structural material, establishing the degree of its degradation due to
operational and technological factors, and the presence of technological defects is offered [12].
The Weibull homogeneity coefficient and the associated integral characteristics of the material
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are suggested to be used as indicators of the criterion of the material homogeneity according to
the existing damages [12, 13].

An assessment of the qualitative characteristics of the material of a welded joint with an
austenitic seam is carried out in the article, taking into account the influence of the technological
process of fusion welding on the material of a welded joint with an austenitic seam.

3. Research methods

Welded joints of sheet elements with a thickness of 10.0 mm made of high-strength alloy steel
type 34KhN2MA (mass %: 0.27 C; 0.259 Si; 0.941 Mn; 0.757 Cr; 0.208 Mo; 1.16 Ni; 0.142 Cu;
0.057 V; 0.059 W) were used for experimental studies. The strength characteristics of the material
are commensurate with the currently used steels X100 — X120 for critical structures such as main
pipelines [2, 20]. Electrode wires of the SV-08X20HOT'7T (ER 307) type were used for welding,
which provided an austenitic structure of the deposited metal (mass %: 0.08 C; 0.90 Si; 7.00 Mn;
18.00 Cr; 8.00 Ni). The process was carried out semi-automatic with an electrode wire with a
diameter of 1.2 mm in a media of an inert gas, argon, with a slight addition of oxygen (98% Ar +
2 % O,). The welded joint was filled in two passes.

The microstructure of the welded joint material and its characteristic areas (weld, heat-affected
zone, base metal) was studied using an optical microscope (NEOFOT 21) by metallographic
method. Chemical etching of the surface was carried out in a 4 % solution of HNOjs in ethyl
alcohol. The EVO-40XVP electron (scan) microscope with the INCA Energy 350 spectral
microanalysis system was also used in the research.

Macrohardness measurements were carried out according to the standard method. The studied
area of the welded joint was divided into separate linear sections parallel to the axis of the weld,
with a pitch of 5 mm. This made it possible to perform a significant number of measurements in
a single section along a defined line. The hypothesis is accepted that the movement of the welding
torch was uniform, as close as possible to a straight motion.

Weibull's physical law of the distribution of physical quantities was chosen to analyze physical
processes closely related to applied materials science and mechanical engineering, for example,
in developing statistical theories of strength [13]. The evaluation criterion is the homogeneity of
the surface layer of the product as an indicator for characterizing the degree of degradation of its
material based on statistical processing of hardness control values. Homogeneity in the Weibull
distribution [21]:

P(e)=1- (&) ) (1)
where o is a tension; k is a certain parameter of the Weibull distribution. Indicator (m) is a

structurally sensitive parameter — the Weibull homogeneity coefficient (WHC) — characterizes the
degree of degradation of the materials structure of machine parts [12, 13]:

m = d(n)/(2.3-S(tg(H))) )

S(eg() = J%-Zzl(fg(ﬂo—fg(m)z, G ==Y tg(h), G

-1 n

where H is the average value of macrohardness; H; is the current value of macrohardness.

An important condition for implementing the LM-hardness method is to control and analyze
not the absolute (average) values of macrohardness parameters but its dispersion in a specific
section of product material. The rate of WHC (m) changes is described by the technological
damageability D for specific conditions [12, 13]:
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D = (Mpaer. — M)/ Minarr, 4)

where M, ¢, M; are the WHC (m) of the base material and the i-th section, respectively.

The numerical value of the WHC (m) reflects the degree of homogeneity of the material and
the degree of its degradation: a decrease in the coefficient indicates the accumulation of internal
damage due to technological influences, and an increase — on the contrary, indicates a decrease in
probable defects. In addition, the numerical value of m characterizes the state of structural
homogeneity of the material: m < 10 corresponds to the state of the structurally inhomogeneous
material [12, 13].

This approach makes it possible to quantify the impact of the thermal welding cycle on the
damage characteristics of the material in a particular section. The dependence of the increase in
the damage parameter with distance from the axis of the weld can also be studied for specific
production conditions.

4. Research results

The experimental sample with a set of measurements is presented in Fig. 1.

Fig. 1. The experimental sample with designated cross-sections of measurements

The results of measuring of the average macrohardness HRC and the indicators of the material
homogeneity criterion in the cross-sections of the welded joint of high-strength steels with an
austenitic weld, in particular the WHC (m) and technological damageability D, are shown in
Fig. 2.

Analysis of the dynamics of changes in the surface hardness of the weld material and the
indicators of the material homogeneity criterion (MHC) allows us to draw the following
conclusions. The average surface macrohardness in the weld zone varies within
HRC € [12.6; 55], but the nature of its change varies in different ranges (see Fig. 2(a)). In
particular, this change occurs rapidly at HRC € [12.6; 47] at a distance of up to 15 mm from the
axis of the weld. This is due to the significant heterogeneity of the surface layer in the sections
locatenearto the axis of the wed, and the susceptibility to its technological damageability in the
sections under consideration. On the other hand, the surface macrohardness varies more evenly:
HRC € [47; 55] in cross-sections located at distances from 15 to 40 mm from the axis of the weld.
The surface macrohardness corresponds to the average macrohardness of the base material at a
distance of 40 mm from the axis of the weld (see Fig. 2(a)).

The surface layer of the material in the cross-section along the axis of the welded austenitic
seam is characterized by unsatisfactory parameters of homogeneity, which correspond to the state
of a structurally heterogeneous material. This is confirmed by the numerical values of MHC, in
particular, the values of the WHC (m) m = 4.04 (— 0) < 10 (see Fig. 2(b); and technological
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damageability D = 0.92 (92 %) — 1 (see Fig. 2(c)).

The surface layer of the material, located at a distance of up to 15 mm from the axis of the
weld (cross-sections 7, 6), corresponds to the state of a structurally heterogeneous material and is
determined by the low homogeneity of the surface and its high susceptibility to technological
damageability. Cross-section 7 is characterized by a change in the indicators of the surface
homogeneity criterion compared to the corresponding values along the axis of the weld; in
particular, the WHC (m) increases from m = 4.04 to m = 4.84 < 10 (see Fig. 2(b)). At the same
time, the value of technological damageability (D) decreases from D = 0.92 (92 %) to D = 0.91
(91 %) (see Fig. 2(c)).
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Fig. 2. Dynamics of changes in the average macrohardness HRC a), WHC (m) b) and technological
damageability D b) in the cross-sections of the zone of the welded austenitic seam

On the other hand, the surface layer of the welded austenitic seam in cross-section 6 is
characterized by the state of structurally homogeneous material, which is described by the
following parameters of MHC: values of the WHC (m) m = 10.34 > 10 (see Fig. 2(b)) and
technological damageability (D) D = 0.80 (80 %) (see Fig. 2(c)).

Further improvement of the homogeneity of the surface layer of the material occurs in sections
5-3, located respectively at a distance of 20, 25, and 30 mm from the axis of the austenitic weld.
This can be observed by a corresponding change in the numerical values (cross-sections 5-3) of
the MHC indicators: WHC (m) m € [15.68; 29.79] > 10 (see Fig. 2(b)) and the value of
technological damageability (D) D € [0.70; 0.43] or D € [70 %; 43%] (see Fig. 2(c)).

A slight change in the homogeneity of the surface layer of the material (in the direction of
deterioration) takes place in cross-sections 2; 1, located at a distance of 35 and 40 mm respectively
from the axis of the austenitic weld, which is determined by a decrease in the WHC (m) from
29.79 to 24.89 (see Fig. 2(b)) and an increase in the value of technological damageability (D) from
0.43 (43 %) t0 0.52 (52 %) (see Fig. 2(c)).

5. Conclusions

The main conclusions have been made based on the results of our research.

1) The LM-hardness method and the technique for determining the main indicators of the
material homogeneity criterion are used for the first time to analyze the condition of the
high-strength steel connection with an austenitic seam. Using the LM-hardness method allows for
assessing the degree of damageability to the weld. Still, the significant heterogeneity of the base
metal and the weld, in this case, does not affect the results of the obtained parameters.

2) The technological inheritability of the characteristics of the connection of high-strength
steel with an austenitic seam assurances the evolution of a structurally heterogeneous material in
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the vicinity of the weld axis into a structurally homogeneous material at a distance of 15 and more
mm from the weld axis. This is ensured by an increase in WHC (m) from m = 4.04 (cross-section
related to the axis of the welded austenitic seam) to m = 24.89-29.79 (for cross-sections at a
distance of 30-40 mm from the axis of the weld seam).

3)On the other hand, the technological damageability D decreases from D = 0.92
(cross-section related to the axis of the welded austenitic seam) to (D = 0.43-0.52) (for
cross-sections at a distance of 30-40 mm from the axis of the weld seam), which provides a
structurally heterogeneous material in the vicinity of the weld axis into a structurally homogeneous
material at a distance of 15 and more mm from the weld axis.

4) The developed technique can be applied to analyze the dynamics of changes in material
homogeneity of different types of welded seams in different cross-sections.
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