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Abstract. The work investigated the effect of thermal limiters on the distribution of heat in the
product and the formation of the structure of multilayer samples made of stainless steel AISI 308LSi
deposited by electric arc welding in argon. It was found that as a result of the formation of products
using thermal limiters, the high temperature regions deepen towards the substrate. It was revealed
that the greatest effect of thermal limiters is observed in the central parts of the products. An increase
in the fraction of y-Fe is observed, which is confirmed by the dissolution of the dendritic axes of 6-
Fe, in the sample obtained using thermal limiters. The obtained results confirm the prospects for
producing multilayer products with increased mechanical properties by the method of electric arc
welding using thermal limiters.

Introduction

The development of new technologies for the manufacture of parts of complex shapes with the
required physical and mechanical properties is currently one of the priority tasks of modern
production. The high rates of distribution and development of additive manufacturing technologies
make it one of the most promising areas in solving the assigned tasks [1]. It is based on layer-by-layer
metal deposition in accordance with a three-dimensional model created by means of computer-aided
design [2, 3]. Automation and flexibility of production allowed to reduce the time and cost of
development and implementation of complex geometric shapes of a large number of parts [4, 5].
International standard ISO / ASTM 52900 defines several types of additive manufacturing [6]. With
regard to metal materials, the technologies of surfacing of powder materials [7-9] or wires [10-13]
are distinguished. When using powder materials, difficulties arise associated with ensuring the
consistency of the density and structure of the manufactured products [14-16]. In the case of
differences in surface texture, sphericity of particles, chemical composition of the powder of one
batch, an article with poor surface quality and a large number of pores may be formed.[17].

The technology of additive production of electric arc multilayer surfacing with a consumable
electrode in a protective gas environment is one of the least expensive and has a high productivity.
However, this process has its drawbacks, including significant residual stresses due to overheating
[3, 5]. In the course of obtaining a product by layer-by-layer surfacing, an uneven distribution of heat
occurs both in the volume of the workpiece and in the cross section. The use of thermal limiters in
the form of forming graphite skids should contribute to the formation of the final picture of the
temperature distribution in the product, i.e., the process of forming the structure must change.

The aim of this work is to study the effect of thermal limiters (forming graphite runners) on the
change in the formation of the structure of multilayer samples made of AISI 308LSi stainless steel,
obtained by layer-by-layer electric arc surfacing.
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Materials and Methods

The heat distribution was simulated in the samples obtained by the method of layer-by-layer
electric-arc growing: 1 - using thermal limiters (forming graphite skids); 2 - without thermal limiters.
In fig. 1 shows three-dimensional models of samples obtained by the method of layer-by-layer electric

arc surfacing.

a) b)

Fig. 1. Three-dimensional models of samples obtained by the method of layer-by-layer electric-arc
surfacing: a) using thermal limiters (forming graphite skids), then sample No. 1; b) without the use
of thermal limiters, then sample No. 2.

1 - stainless steel substrate, 2 - graphite forming skids (thermal limiters), 3 - sample.

The properties of the used material of steel AISI 308LSi are indicated in tab. 1 [18].

Table 1. Properties of AISI 308LSi steel.

Material Thermal Elastic | Thermal-expansion | Tensile Melting
conductivity modulus coefficient a, K! strength temperature
A, W/ mK E, GPa ob, MPa Tmert, °C
AISI 308LSi 12.642 193 16.5-10° 590 1450

In fig. 2 shows the images of cross-sections of the samples with the designation of the boundary
conditions and the direction of the input of the steel melting source. To simplify, the simulation was
carried out in a two-dimensional plane of the cross section of the sample.

The following boundary conditions were applied: T|L2=1450°C, ux|L1=0, ux|L3=0, uy|L4=0.
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Fig. 2. Scheme of modeling of samples obtained by the method of layer-by-layer electric-arc
surfacing, with boundary conditions: a) sample Ne 1; b) sample Ne 2.
1 and 3 - thermal limiters (forming graphite skids); 2 - sample; 4 - substrate.

The samples were obtained by multilayer arc welding with a consumable electrode AISI 308LSi
0.8 mm in diameter in argon, welding current Iy, = 100A, arc voltage U = 20 V, gas consumption
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Q = 10 l/min, reverse polarity. In fig. 3 shows photographs of layer-by-layer samples grown with
AISI 308LSi welding wire in various external conditions.

a) b)

Fig. 3. Photo of samples: a) sample Ne 1; b) sample Ne 2

Results and Discussion
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Fig. 4. Results of modeling the process of heating AISI 308LSi steel samples with a welding arc.
Temperatures values are given in °C.

Analysis of the simulation results (Fig. 4) showed that when using thermal limiters, the
maximum simulated temperature in sample 1 is 1474 °C (under specified conditions). In the case of
surfacing sample 2 without using a thermal limiter, this value is 1450 °C. This difference is due to
the presence of graphite skids providing a thermal barrier to the environment. For a better
understanding of the processes occurring during layer-by-layer surfacing, it is necessary to consider
the cooling curve of steel with a carbon content of up to 0.03% mass fraction (Fig. 5).

In this study, the temperature range of 911-1499 °C is of particular interest. In this temperature
range an austenite phase is formed which has higher hardness values compared to the ferrite phase
almost 2 times [19].

In fig. 6 shows the results of modeling the temperature distribution in the central and outermost
lateral parts of the samples obtained under two different conditions. The shaded areas indicate areas
that specify the fraction of the material located in the temperature range of the formation of the
austenite phase.
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Fig 5. Cooling curve of steel with carbon content up to 0.03% mass fraction:

1 - phase transformations do not occur, the liquid molten metal is cooled; 2 - crystallization of
ferrite, the formation of 6-iron occurs, then in the region of 1494 £ 5 °C, the peritectic
transformation 6-Fe + liquid phase — y-Fe occurs; 3 - the formation of the austenite phase occurs;
4 - below the temperature of 911 °C, the formation of the Austenite + B-Ferrite phase occurs; 5 - at
temperatures below 727 °C, the a-Ferrite + III Cementite phase is formed.
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Fig. 6. Results of modeling the temperature distribution over the height of the samples: a) in the
central part; b) in the outermost lateral part

Analysis of the simulation results in Fig. 6 showed that the use of forming graphite skids has
the greatest effect on the temperature rise in the central part of the samples.

The proportion of metal in the central part of sample Nel located in the temperature range of
the formation of the austenite phase is 2 times greater than in sample Ne2 obtained without using a
heat limiter. In turn this ratio in the edge regions is 27% despite the use of thermal limiters in the form
of graphite runners. It was found that when using graphite skids a greater temperature gradient arises
between the edge and central parts of the sample, the difference in the proportion of metal in the
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temperature range of austenite formation is 26% for sample 1 (50% of the metal in the central part,
23% of the metal in the edge). For sample Ne2, this difference is 7% (24% share in the central part,
17% share in the edge part). Thus, the use of thermal limiters in the form of graphite skids has a
significant effect on the formation of the sample structure and leads to an increase in the fraction of
the austenite phase by almost 2 times.

The curves describing heating in the region of the central layers (Fig. 6) were approximated by
the least squares method. The resulting equation has the form y = a + bx, where b is the tangent of
the angle of inclination, is also the first derivative of temperature with respect to time, which can be
written as the rate of temperature change.

When obtaining sample Ne 1, the rate of temperature rise in the area of the central layers is

2.75 - 10? %, which is 33% more than that of sample Ne2, for which the rate of temperature rise was
1.85 - 10? % . For the edge lateral region of sample Ne 1, the rate of temperature rise in the area of the

central layers is 0.78 - 10° %, and for specimen Ne 2, 0.74 - 10° %, 1.e., 5% more. The temperature

growth rate in the central part of sample Ne 1 is 72% higher than the temperature growth rate at the
edge part, and for sample Ne 2 this ratio is 60%.

Also, in fig. 6 there are slight changes in the nature of the curve at a temperature of 911 °C for
sample Nel and 340 °C for sample Ne 2. In the first case, after the inflection point (Fig. 6a), there is a
decrease in the slope of the curve, or the heating rate. This is due to increased heat removal from the
upper surface of the sample, since there is practically no heat removal from the lower surface due to
the large volume of heated material in the central part. In the second case the change in the slope of
the curve is associated with increased heat removal from all sides of the sample.

In what follows, we will consider the formation of the phase composition only in the central
part of the samples. In fig. 7 shows curves characterizing the change in the width of dendrites along
the height of the samples obtained under two different conditions.
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Fig. 7. Change in the width of dendrites along the height of the central part of the cross-section of
the samples.

The use of thermal limiters (forming graphite skids) leads to enlargement of dendrites in the
structure of the samples (Fig. 7) by an average of 200% in comparison with the sample obtained
without using thermal limiters. The nature of the change in the curves in both cases is the same,
without sharp bends. This indicates the uniformity of the effect of graphite skids on heating the
sample. These data correlate well with the above simulation results. The obtained dependences were

approximated by the least squares method. In sample Nel, the dendrite enlargement rate is 17.3%,

which is 35% higher in the case of sample Ne2, for which the dendrite broadening rate is 11.18 %
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The dependences of the change in the width of the dendrites on temperature in the central part of the
cross section of the samples (Fig. 8) were obtained on the basis of the data shown in Fig. 6 and 7.
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Fig. 8. Dependence of the width of dendrites on temperature in the central part of the cross section
of the samples.

Analysis of the investigation results (Fig. 8) showed that most of the curve for sample No. 1 is
located in the temperature range corresponding to the austenite phase. The obtained dependencies
intersect in the region of 715 °C, close to the Kiryu Point, which can affect the magnetic properties
of the products obtained [18]. A further increase in temperature (up to 1499 °C) leads to the formation
of an austenite phase. The area of regions containing the austenite phase for samples Nel and Ne2 is
40% and 34%, respectively. Thus, it can be assumed that sample Ne 1 will have a smaller amount of
0-Fe phase than sample Ne2. Qualitative analysis of the optical images of the structures of the samples
was carried out to confirm this. In fig. 10 (a-f) shows optical images of the structures of the central
parts of the billets in layers, obtained in two different conditions.

In fig. 10 (b, d, ) it can be seen that the growth of long colonies of d-ferrite prevails in sample
No 2. The primary order axes of these dendrites are oriented along the sample height. Changes in the
morphology of d-ferrite in sample No. 1 are clearly visible in Fig. 10 (a, c, e). Ferritic branches are
broken and partially dissolved in these samples. The most pronounced dissolution and fragmentation
of dendritic axes is observed in the middle part of the sample. In the process of crystallization of
molten metal, the process of polymorphic transformation 6-Fe — y-Fe begins. Due to the fact that the
metal of sample Ne 1 is at temperatures higher than the metal of sample Ne 2, then the process of
diffusion of d-ferrite into austenite takes place in it. Similar changes in the phase composition were
established in [20], where the authors subjected the samples obtained by electron-beam surfacing
from AISI 304 steel, followed by heat treatment followed by quenching in water.

Conclusion

According to the research results, it was found that the use of thermal limiters (forming graphite
skids) has a positive effect on the formation of an equilibrium phase structure in samples obtained by
the method of layer-by-layer electric arc surfacing. The greatest influence of thermal limiters on the
structure of AISI 308LSi steel is observed in the central parts of the samples obtained. In turn, the
process of dendrite enlargement is observed. It was revealed that the use of thermal limiters allows
you to increase the proportion of y-Fe in the volume of products obtained. An active process of
diffusion of d-ferrite into austenite in specimens obtained with thermal restraints (graphite skids) has
been established, which, presumably, will improve the mechanical properties of the entire product.
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Sample Ne2

Fig. 10. Optical images of the structures of the central parts of the samples by layers:
a, b - first layer; c, d - second layer; e, f - third layer.
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