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Abstract: The effect of side limiters (shaping blocks) on the formation of the structure and hardness
of AISI 308LSi stainless steel workpieces obtained by multilayer build-up welding in an argon
environment has been studied. The studies were carried out on specimens deposited using graphite
limiters, copper limiters and without limiters. As a result of numerical simulation, it was found that
the lowest temperatures of the specimen metal are observed when using copper limiters, and the
highest when using graphite limiters (different thermal conductivity of materials) in comparison
with the temperatures of the specimen obtained without limiters. With the use of graphite limiters,
most of the specimen’s metal is in the temperature range of austenite formation (45%) and a more
uniform growth of structural elements is observed, without sharp transitions between the deposited
layers, in contrast to the other two types of specimens. The high value of the thermal conductivity
of copper leads to an increase in the difference in the size of the dendrites between the central and
peripheral side parts of the deposited specimen. The highest values of hardness are observed in the
specimen obtained using graphite blocks, due to the more active diffusion of 5-ferrite into austenite
by an average of 12%, compared with the other investigated specimens, despite the overall increase
in size dendrites. The technology of electric arc multilayer build-up welding with the use of shaping
graphite blocks makes it possible to produce a workpiece with a uniform structure and properties.
The above makes it a promising direction in electric arc additive manufacturing.

Keywords: build-up welding; additive manufacturing; heat-transfer limiter; dendritic structure;
hardness

1. Introduction

The development of new technologies for the manufacture of parts of a complex shape
with desired structure and properties is one of the main tasks of modern manufacturing.
Additive manufacturing technologies are one of the promising areas in solving the tasks due
to their high rates of application and development [1]. The basis of additive manufacturing
is the formation of metal layers in accordance with a previously prepared 3D model
created by computer-aided design methods [2,3]. The automation and flexibility of such a
production can reduce the time and cost of manufacturing complex geometries of a large
number of parts [4,5]. It is possible to choose from several types of additive manufacturing
in accordance with the International Standard ISO/ASTM 52900 [6]. For the production of
metal parts, the technology of build-up welding powder materials [7-9] or wires [10-12]
is used. The source of heating during the formation of the layer is a laser beam [7,8], an
electron beam [7,9] or an electric arc [10-15].

The process of manufacturing parts from various powders by melting them with an
electron or laser beam is widely used in additive technologies today. These technologies
make it possible to obtain a product with a sufficiently high accuracy [16], but problems
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arise in ensuring the stable quality of the density and structure of manufactured products
with the use of finely dispersed powder metal materials [17]. A product with poor quality
may be formed if the surface texture, particle sphericity and chemical composition of
the powder of one batch differs. There are also disadvantages such as a low speed of
manufacturing products [9] and a high risk of the formation of defects in the form of pores,
which reduce the operational properties of products [18].

The technology of additive manufacturing by electric arc multilayer welding with a
consumable electrode in a shielding gas environment is one of the least expensive and has
high productivity. In the process of additive manufacturing products by the electric arc
welding method, the wire is melted by the heat of the electric arc and the molten metal is
transferred in drops to the weld pool. The heat source moves at the desired speed along a
given trajectory. The molten metal of the weld pool crystallizes and forms a layer of the
designed part [19]. Additive manufacturing allows the creation of a three-dimensional
model in the metal layer by layer designed in a computer-aided design system [20-24].
Additive manufacturing by electric arc welding is currently gaining popularity in the
aerospace industry, nuclear and chemical industries, mechanical engineering, shipbuilding
and architecture [23]. Multilayer build-up welding of products by electric arc surfacing
in an inert gas environment using a welding wire makes it possible to obtain a better
uniform and dense deposited layer [24]. This is especially true because recently there
has been a growing need for the manufacture of products with a geometry of varying
complexity with minimal processing of the manufactured surface. However, this process
has its drawbacks, among which are significant residual stresses due to overheating of the
metal of the product [4,25]. An uneven distribution of heat over its volume occurs in the
course of obtaining a product by multilayer build-up welding. In this regard, the accuracy
of finished products obtained by the electric arc method is often lower than with the use
of an electron or laser beam for multilayer build-up welding, but the speed of obtaining a
deposited product is much higher. This is especially important when producing large parts
in various industries [26].

In the manufacture of products using the method of multilayer build-up welding, met-
als with good weldability including steels [26-29], alloys based on Al [21,30], Ti [25,31-33]
and Ni [34] can potentially be used. Martensitic and austenitic stainless steels are also
successfully used for additive manufacturing of parts due to their outstanding mechanical
properties and high corrosion resistance [35].

The effect of the thermal cycle of welding on the morphology, microstructure and
mechanical properties of the additive manufacturing material occurs during the process of
multilayer build-up welding of products by the method of electric arc welding. Significant
influence is exerted by the amount of heat introduced, the cooling rate and the number of
reheats of the product [11,36-40]. The use of limiters in the form of shaping blocks should
contribute to the formation of the final pattern of heat distribution in the product, i.e., the
structure and properties of the deposited material must change.

The purpose of this work is a comprehensive numerical and experimental study of
the effect of side limiters (shaping blocks) on the formation of the structure of multilayer
specimens made of stainless steel AISI 308LSi obtained by multilayer build-up welding.

2. Materials and Methods

The numerical simulation of the thermal pattern formation in the workpieces obtained
by the method of build-up welding in a protective gas atmosphere was carried out using
the finite element method. Figure 1 shows an isometric view of models of specimens
obtained by multilayer build-up welding: 1—using heat-transfer limiters (shaping graphite
blocks), then specimen Ne1; 2—using heat-removing limiters (shaping copper blocks), then
specimen Ne2; 3—without limiters, then specimen Ne3.
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Figure 1. Isometric view of workpieces models obtained by multilayer build-up welding in a
protective gas atmosphere: (a) using heat-transfer limiters (shaping graphite blocks); (b) using
heat-removing limiters (shaping copper blocks); (¢) without t limiters. 1—stainless steel sub-
strate, 2—graphite shaping blocks (heat-transfer limiters), 3—build-up welded multilayer specimen,
4—copper shaping blocks (heat-removing limiters).

AISI 308LSi stainless steel wire was used for multilayer build-up welding of work-
pieces. This wire has a low carbon content and is designed for welding products used in a
wide temperature range (—196 to 350 °C). Table 1 shows the chemical composition of the
welding wire used [41].

Table 1. Chemical composition of AISI 308LSi welding wire.

C Cr Ni Mn Si Mo Other
max 0.03 19.9 10.5 1.8 0.9 0.15 Tot. <0.5

The properties of the AISI 308LSi steel material used are shown in Table 2 [41].

Table 2. Properties of steel AISI 308LSi.

. Melting Temperature ~ Thermal Conductivity Thermal EXP anston Elastic Modulus Ultimate Yield
Material T °C . W/m-K Coefficient E GPa Strength Streneth. MPa
meltr 7 , K_1 7 Ob, MPa gth,
AISI 308LSi 1450 12,642 16.5x1070 193 590 350

Figure 2 schematically shows a cross-sectional view of workpieces with the pointing
of boundary conditions. The heat source for melting steel is shown in Figure 2 by a red
arrow. Numerical simulation was carried out using 2D simplification to save time and
computer resources. The boundary conditions have the form: T |1, = 1450 °C, uyx I11 =0,
ux I3 =0, uylp g =0, where T is the applied temperature value, u; is the displacement
vector components. A mesh consisting of triangular finite elements was used in the
numerical simulation.

L1 L2 L3

L4 L4 L4

Figure 2. 2D cross-sectional view of modeled workpieces obtained by multilayer build-up welding
with indication of elements and boundary conditions: (a) specimen N¢1; (b) specimen Ne2, (c) specimen
Ne3. 1 and 3—heat-transfer limiters (shaping graphite blocks); 2—specimen;.4—substrate; 5 and
6—heat-removing limiters (shaping copper blocks); 7—heat source.
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Multilayer workpieces were build-up by electric arc welding with consumable elec-
trode AISI 308LSi with a diameter of 0.8 mm in argon, welding current I,,q = 100 A, arc
voltage U =20V, gas consumption Q = 10 L/min, polarity reversed.

3. Numerical Simulation Results

Figure 3 shows the results of the numerical simulation of the thermal pattern formation
of specimens of AISI 308LSi steel with multilayer build-up welding.

Analysis of the numerical simulation results (Figure 3) shows that with the use of
the heat-transfer limiters, the maximum observed temperature in the specimen Nl is
1475 °C (under prescribed conditions). With the use of the copper (heat-removing) limiters,
the maximum observed temperature in the specimen Ne2 decreased to 1450 °C (under
prescribed conditions). This value is also equal to 1450 °C in the case of the build-up
welding specimen Ne3 without the use of limiters. The temperature values along the axis of
the specimens are noticeably different. Such a temperature difference is associated with the
presence of blocks that provide different heat exchange with the environment.

Temp (Celsius)
1450.000

1330.000

| 1210000
_ 1090.000
_ 970.000
. 850000
_ 730.000

L 610,000
_ 490.000

370.000

250.000

Figure 3. Results of simulation of the process of thermal pattern formation of AISI 308LSi steel work-
pieces obtained by multilayer build-up welding. Temperature values are given in °C. (a) specimen
Nel; (b) specimen Ne2, (c) specimen Ne3.

Figure 4 shows the cooling curve of stainless steel with a low carbon content (up to
0.03% mass). This curve allows us to better comprehend the processes taking place during
multilayer build-up welding. The austenite phase (y-Fe) is formed in the temperature
range of 911...1499 °C and has higher hardness values compared to the ferrite phase (56-Fe)
by two-fold [42].
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Figure 4. Cooling curve for steel with low carbon content (up to 0.03% mass): 1—there are no phase
transformations, the liquid melt is cooled; 2—ferrite crystallization, the formation of §-iron occurs,
then in the region of 1499 °C the peritectic transformation 6-Fe + liquid phase — y-Fe; 3—an y-Fe
phase is formed; 4—the formation of the y-Fe + 3-Ferrite phase occurs below a temperature of 911 °C;
5—the x-Ferrite+III Cementite phases is formed at temperatures below 727 °C.

Figure 5 presents the results of numerical modeling of the thermal pattern in the
central and extreme lateral parts of the cross-sectional views of workpieces obtained under
three different heat-transferring conditions. Areas are highlighted in color showing the
proportion of workpiece material that is in the temperature range of the y-Fe phase.

From Figure 5, it is found that the use of shaping graphite blocks has the greatest effect
on the temperature increase both in the central and lateral parts of the cross-sectional view
of specimen Nel. Additionally, for the specimen N2, obtained using copper blocks, the
lowest temperature value is observed in all parts of the specimen.
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Figure 5. The results of numerical modeling the thermal pattern along the height of the cross-sectional
view of workpieces: (a) in the central part; (b) at the extreme lateral part.
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The proportion of material in the central part of specimen N1, which is in the temper-
ature range of the formation of the y-Fe phase, is 1.34 times greater than in specimen N3
obtained without the use of limiters, and 1.75 times greater than in the specimen Ne2. The
difference in the proportions of metals between the specimens Ne2 and N3 is 24%.

A larger temperature difference occurs between the extreme lateral and central parts
of specimen Ne2 with the use of copper blocks (Figure 5). This is due to the high thermal
conductivity of copper. The opposite situation is observed in the case of using graphite
blocks. A lower coefficient of thermal conductivity leads to a more uniform distribution of
temperatures across the width of specimen Ne1. There is no difference in the proportions of
metal in the temperature range of y-Fe formation for specimen N1 (45% of the material
in the central part, 45% of the material in the extreme lateral part). For specimen N2, this
difference is 7% (26% in the central part, 19% in the extreme lateral part). For specimen N3,
this difference is 6% (34% in the central part, 28% in the extreme lateral part). Thus, the use
of shaping limiters in the form of graphite blocks has a significant effect on the formation
of the workpiece structure and leads to an increase in the proportion of the y-Fe phase by
almost 1.5 times. Additionally, the use of copper blocks theoretically leads to a decrease in
the proportion of the y-Fe phase by almost 25%, in comparison with specimen Ne 3 without
forming limiters.

The curves describing the thermal pattern formation in the central layers (Figure 5)
were approximated by the least squares method. The resulting equation has the form
y = mx + b, where m is the slope, and is also the first derivative of temperature with respect
to time, which can be written as the rate of temperature change.

The temperature growth rate in the area of the central layers is 1.22 x 102 % when the
specimen Nel is obtained, which is 28% more than specimen N2, for which the temperature
growth rate is 0.87 x 102 % The temperature growth rate in the area of the central
layers is 0.99 x 10? % for the extreme lateral part of specimen N¢l, and for specimen
Ne2 is 0.57 x 107 %, i.e., 42% more. The temperature growth rate in the central part of
specimen Nl is 19% higher than the temperature growth rate at the extreme lateral part.
For specimens N2 and N3, these relations are 34% and 24%, respectively. The above allows
us to make an assumption about the uneven distribution of grain sizes in the case of copper
blocks, and a more uniform distribution in the case of graphite blocks due to the difference
between the patterns of heat distribution over the specimen.

Additionally, in Figure 5, slight changes in the behavior of the curve are observed at a
temperature value of 911 °C for specimen Nel. A decrease in the slope of the curve or the
heating rate is observed after the inflection point (Figure 5a,b). This is due to increased heat
removal from the upper surface of the specimen, since there is practically no heat removal
from the lower surface due to the large volume of heated material in the central part.

4. Results and Discussion

Figure 6 shows images of specimens from cross-sections of workpieces obtained by mul-
tilayer build-up welding using AISI 308LSi welding wire in various heat transfer conditions.

From Figure 6, it can be observed that the use of shaping blocks (Figure 6a,b) makes it
possible to obtain a final product with a flatter outside surface. The other side’s unevenness
projections are visible in case the specimen is obtained without the use of blocks (Figure 6c¢).
The above makes it possible to further reduce the cost of mechanical post-processing by
using the shaping blocks. In addition, the presence of symmetry should lead to a smaller
difference between the property values in different parts of the build-up workpieces.
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Figure 6. Images of specimens from cross-sections of investigated workpieces: (a) specimen Nel;
(b) specimen Ne2, (c) specimen Ne3.

For further investigation, dimensionless values for the height and width of the speci-
mens were introduced due to the difference in sizes of workpieces (Figure 6). Specimen
height (H) changes from 0 to h. The value of H = 0 corresponds to the transition area
between the steel substrate and the first layer of the specimen. The width of the specimen
(L) changes from 0 to 1, where L = 0 corresponds to the left edge of the specimen, and L =1
to the right edge. The geometric parameters of the specimens were divided into equal
parts: 0.25; 0.5; 0.75; and 1. Figure 7 shows bright-field images of structures along the axis
(L =1/2) of the cross-sections of the investigated specimens.

In specimen N3, clear junction regions between layers are observed (Figure 7m,0).
These regions are accompanied by broadening of the dendrites up to the upper part of
the specimen. The presence transition areas are associated with increased heat-removal
from all sides of the specimen. A strict orientation of the dendrites along the height of the
specimen is also observed. It should be noted that transition area between the substrate
and the first deposited layer is also observed. This area is represented by large grains of the
steel substrate which travel to dendrites of the first build-up welded layer.

The transition area between the steel substrate and the deposited material is also
clearly visible in specimen Ne2. However, the size of the dendrites is smaller compared
to specimen Ne3. This is due to the high value of the thermal conductivity of copper, as
a result of which the crystallization process occurs faster. The transition zones are not so
clearly visible, and their width is ~80um in the central parts of the specimen (Figure 7g).

In turn, for specimen Ne 1, a smooth transition between layers is observed. The
presence of graphite blocks leads to the retention of heat in the area between them. As a
result, heat is redistributed in the volume of the workpiece and sharp transitions between
layers are not formed. Additionally, in the area between the steel substrate and the first
layer a smoother transition is observed unlike other samples. The above suggests that the
values of mechanical properties in different parts of the specimen Ne1 will practically not
differ. Figure 8 shows the dendritic thickness value distribution along the height of the
specimens in the regions L =1/2 (Figure 8a) and L = 0 (Figure 8b).

Figure 8 shows that the dendritic thickness in specimen Nl is greater on 1.6 times
compared with specimen Ne3, both in the central and in the extreme lateral part. This
relation between specimens Nel and Ne2 is 2.5 times in the central part and 3.5 times in the
extreme lateral part. The pattern of the distribution of the values of dendritic thickness
for specimen N1 is retained in contrast to specimens N¢2 and Ne3. Inflections on the curve
for specimens Ne 2 and Ne3 show the uneven distribution of heat in the metal. These
data correlate well with the above simulation results. The obtained dependencies were
approximated by the least squares method. The growth rate of dendrites is 18.3 15 in
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specimen Nel. This is 1.5 times more in the case of specimen Ne3, for which the dendrite
growth rate is 12.1 15, and 3.2 times more compared to specimen Ne2, for which the growth
rate of dendrites is 5.7 £5*. The lowest value of the dendrite growth rate for specimen Ne2
is determined by the large value of the thermal conductivity coefficient in comparison with
specimens Nel and Ne3, for which the heat exchange between the specimen metal and the
environment proceeded more slowly and more favorable conditions arose for the growth

of dendrites.

3h/4

h/2

h/4

S.

ecimen Nel ecimen Ne2

: S Specimen Ne3

Figure 7. Bright-field images of structures along the axis (L =1/2) of cross-sections of specimens:
(a—e)—specimen Nel, (f—j)—specimen Ne2, (k-0)—specimen Ne3.
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Figure 8. Distributions of dendritic thickness values in height: (a) in the central part; (b) in the
extreme lateral part.

The relative deviations of the dendritic thickness were calculated by the equation:

Sy = dett = demnt 500, (1)
delH
where dy = value of the relative deviation at a certain H point, d g = value of the dendritic
thickness in the central part at a certain H point, value of the dendritic thickness in the
extreme lateral part at a certain H point.
The values of the dendritic thickness relative deviations in the central and extreme
lateral parts are shown in Figure 9.
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Figure 9. Dependencies of the values of the dendritic thickness relative deviation along the height of
the specimens.

As shown in Figure 9, it was found that for all three specimens there is a tendency
to decrease in the relative deviation of the values of the dendritic thickness in the central
region of the specimens and an increase in the lower and upper parts of the specimens.
However, for specimen N1, the deviation value in the central part is 2.6%, in contrast to
specimen Ne3, for which this value is 17%. The highest value of the relative deviation equal
to 23% is observed for specimen Ne2. The results obtained confirm the assumptions made
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from the results of numerical simulation that the most uniform distribution of dendrites
sizes is observed for specimen N¢ 1. Graphite blocks do not allow the specimen to actively
release heat into the environment unlike copper blocks, which in this case played the role
of heat exchangers.

Dependences of the change in the dendritic thickness on temperature in the central
part of the cross-section of the specimens were obtained (Figure 10) based on the analysis
of the investigation results (Figures 5 and 8).

300 ~
— Specimen Ne1 (1)

1 |—— Specimen Ne2 (2)
250 4 |—— Specimen Ne3 (3)

[\

o

o
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150 4

100 +

Dendritic thickness,pum

50 4 Austenite

T T T T T T T T T T T T T T
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
T*102,°C

Figure 10. Dependences of the dendritic thickness from temperature in the central part of the
cross-section of the specimens.

As shown in Figure 10, it was found that most of the curve for specimen N1 is located
in the temperature region of the y-Fe phase. Increasing the temperature above 911 °C leads
to the formation of an y-Fe phase. The area of regions containing the austenite phase for
specimens Nel and Ne3 is 61% and 54%, respectively. For specimen Ne2, this value is 58%.
Thus, specimen N1 should have a smaller content of 5-Fe phase than specimens N2 and Ne
3. The above phase transformations can lead to an increase in the mechanical properties
of build-up welded workpieces. It is due to the hardness of austenite, which is about 2
times greater than then of ferrite [42]. The hardness of the three specimens was measured
to confirm this assumption.

Figure 11 shows the changes in hardness in the cross-sections of specimens Ne1, Ne2
and N3 along the height in the regions L =1/2 (Figure 11a) and L = 0 (Figure 11b).

From Figure 11a,b, it can be seen that the hardness of specimen N1 is higher. The
hardness increase is 10% and 12% in all investigated areas compared to specimens Ne2 and
Ne3, respectively. The pattern of the distribution of hardness values in the central parts
of the specimens is similar. There is a slight decrease in hardness caused by the factor of
increasing the size of the structural elements. The hardness begins to be influenced by
the factor of austenite content in the bulk of the material further along the height of the
specimen. In this regard, there is a distinct peak in the central part for specimen Nel. It
should be noted that specimen Ne2 has a higher hardness compared to specimen N¢3 on
average by 5%. The hardness value is affected by the small size of the dendrites in specimen
Ne2 in this case. The proportion of the austenite phase in specimen N3 is not enough to
compensate for the effect of the size of the dendrites. The proportion of austenite decreases
with the move from the central parts of the specimens to the upper part, which leads to a
slight decrease in the hardness of the specimens. The inflections observed at point H = h/2
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can be explained by the uneven pattern of the heat distribution in the central part of the
specimens. Due to this an area with an increased hardness is formed.
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Figure 11. Distribution of hardness values along the height of the cross-section of the specimens: (a)

in the central part; (b) in the extreme lateral part.

The dependencies of relative deviations of hardness values of the central and extreme
lateral parts of the specimens are shown in Figure 12.
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Figure 12. Dependencies of relative deviation of the hardness values along the height of the specimens.

As shown in Figure 12, it was found that for all three specimens, there is a tendency to
an abrupt increase in the relative deviation of the hardness values in the region of the first
layer of the specimens. This is due to the fact that in all three cases under the action of heat
removal from the side of the substrate, the properties are distributed more uniformly over
the width of the specimens than in the transition region between the first and second layers
of the specimens, where a higher temperature is maintained in the center of the specimen
compared to the lateral part. The above is confirmed by the previously presented results of
numerical simulation. The values of the relative deviations decrease, and the dependences
become linear further up the height of the specimens. The exception is specimen N1, for
which there is a decrease in the value of the relative deviation in the upper layer. This
decrease is caused by a small difference between the temperatures in the central and lateral
parts due to the low rate of heat removal from the graphite blocks. For specimen N1, the
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deviation values range from 1 to 4%, unlike specimens Ne 2 and Ne 3, for which these values
vary in the range from 2 to 5% and from 2 to 7%, respectively.

Thus, the use of heat-transfer limiters in the form of graphite blocks makes it possible
to obtain a finished product with a more uniform distribution of structure and properties
over the volume of the deposited metal of the specimen. This allows a better prediction
to made of the behavior of the material under the influence of various loads by creating a
mathematical model based on the experimental data obtained. The greater deviation of
the hardness values in width for specimen N3 is associated with phase transformations
during heat transfer with the environment. During this time, the proportion of the ferrite
phase prevails at the edges of the specimen compared to specimen Ne 1, as well as the
large size of dendrites compared to specimen Ne2. Not only the phase composition but
also the elements sizes of the formed structure play a significant role in the formation of
material properties during crystallization. The use of copper blocks leads to the formation
of a structure that is smaller in size, i.e., in the case of using other materials for build-up
welding can be a plus. Recommendations will be developed for obtaining high-quality
stainless-steel products with a carbon content of up to 0.03% multilayer build-up welding
in a protective gas environment based on the results obtained.

5. Conclusions

The positive effect of the use of shaping blocks in multilayer build-up welding in a
protective gas environment has been established:

1.  They make it possible to reduce the cost of machining due to their ability to produce
workpieces with flat side surfaces.

2. The use of graphite blocks makes it possible to form the structure of the AISI 308LSi
stainless-steel workpiece with smooth transitions between the build-up welded layers.
There is an increase in the hardness value due to the more active diffusion of 8-
ferrite into y-Fe by an average of 12% compared with the studied specimens despite
the overall increase in the size of dendrites. The technology of multilayer build-up
welding makes it possible to produce a workpiece with a homogeneous distribution
of structure and properties. The above makes them a promising direction in electric
arc additive manufacturing.

3. The use of copper blocks leads to the formation of a specimen metal structure that
is smaller in size but has lower hardness compared to a specimen obtained using
graphite blocks.
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