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HEAT INPUT EFFECT ON THE STRUCTURE OF ZhS6U ALLOY
PRODUCTS PRODUCED BY WIRE-FEED ELECTRON-BEAM
ADDITIVE MANUFACTURING

D. A. Gurianov, S. V. Fortuna, S. Yu. Nikonov, UDC 620.184.3
E. N. Moskvichev, and E. A. Kolubaev

The paper studies the process conditions of wire-feed electron beam additive manufacturing (EBAM) that
change the structure of the samples obtained. It is shown that the EBAM process can produce defect-free
samples with a directed structure. The structure of the EBAM-produced samples is investigated and the
difference between the initial and the obtained material is identified. The heat input effect on the structural
stability of the alloy samples is determined together with the main parameter, namely the primary dendrite arm
spacing. It is found that the dynamic change in the electron beam current retards the increase in the primary
dendrite arm spacing. The obtained values of this parameter indicate to the achievement of the temperature
gradients required for the structure formation with direct orientation.
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INTRODUCTION

Heat-resistant nickel- and cobalt-based alloys and steels are often used in the production of hot section
components of gas-turbine engines and plants. These alloys possess high strength, resistance to high-temperature creep
and corrosion [1-3]. The single crystal or directed structure must be formed during the manufacturing products
operating in extreme conditions, [3]. The products having such a structure are currently obtained by the Bridgman—
Stockbarger technique, which includes a slow motion of a crystallizing workpiece from the heating to cooling zone.
Since this approach implies cooling due to the radiation-induced heat sinking, the temperature gradient is rather low
(10-20°C/cm) near the crystallization front. This technique is developed as a grain orientation process using a liquid
metal coolant. The difference between this technique and the Bridgman—Stockbarger technique is that the cooling zone
is a low-melt material such as aluminum or tin. The new technique allows increasing the temperature gradient up to
200°C/cm [4]. This increase is conditioned by the possibility of reducing the dendrite size (primary dendrite arm
spacing), porosity, and dendritic segregation [5].

In recent years, the additive manufacturing has dominated other production techniques [6]. Several approaches
to the production of workpieces from pure metals and alloys have been developed. For example, electron or laser beams
can serve as a heating source as well as an electric arc. The feed material such as powder, wire, or powder bed fusion
can be utilized to fabricate a product [6]. Additive manufacturing reduces the use of waste materials, simplifies the
fabrication of shaped products, and combines different initial materials due to series or parallel feed of filaments. This
technique involves local melting and crystallization resulting in the growth of the temperature gradient and cooling rate.
Several works are devoted to the manufacture of products with a directed or single-crystal structure [7]. One of the
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TABLE 1. Grade Chemical Composition of ZhS6U Alloy, wt.% [9]

Cr C Al Ti W Nb Co Fe
8.0-9.5 0.13-0.2 5.1-6.0 2.0-2.9 9.5-11.0 0.8-1.2 9.0-10.5 <1
Mo Ni Residues (Si, S, Mn, P, Ce, Zr, B, Pb, Bi, Y)
1.2-24 Base up to 0.93

TABLE 2. Process Conditions of Additive Manufacturing

Samples | Acceleration voltage, kV |Displacement rate of table, mm/min| Beam current, mA
| 30 20 First layer: 28
Last layer: 16
First layer: 25
2 2
30 0 Last layer: 10

applications of the grain orientation in additive manufacturing is healing of defects in products obtained by
conventional casting. Another includes the fabrication of new products using single-crystal substrates. After
a completion of the additive manufacturing process, the substrate must be removed, and such a technique significantly
increases the production cost. In this connection, it is interesting to achieve the grain orientation in the manufacturing
process using substrates made of more available materials.

MATERIALS AND METHODS

The alloy samples were obtained by wire-feed electron-beam additive manufacturing (EBAM) on an equipment
developed at the Institute of Strength Physics and Materials Science SB RAS, Tomsk, Russia [8]. The rods were made
of the ZhS6U (namely K465 or M963) cast alloy, whose grade chemical composition is given in Table 1.

This alloy relates to heat-resistant alloys of the first generation, which was intended for the production of
aircraft engine parts with an equiaxial structure. But according to previous research [10, 11], additive manufacturing
allowed gaining a directed structure of heat-resistant alloy samples of the first and second generations. In our research
[10], additive manufacturing of samples was conducted on an austenite steel, in vacuum conditions. The heat-resistant
alloy rods were fed to the electron beam for melting. During the table displacement, the rod feeding system provided the
layer-by-layer formation of the thin-walled samples. The main conditions of the EBAM process included the
acceleration voltage and the displacement rate of the table, that did not change during 3D printing of one sample. The
beam current monotonically reduced with increasing sample height due to the necessity of decreasing the heat input
[12] in the consequence of the lower heat sinking. It should be noted that in fabricating Sample 2, we used a dynamic
change in the electron beam current. It meant that at the beginning and end of each layer formation, the beam current
reduced by 1-2 mA as compared to the layer centre. The EBAM-produced samples consisted of 20 layers and were
4.19 cm (Sample 1) and 4.53 cm (Sample 2) high. The process conditions are presented in Table 2.

The specimens cut from the EBAM-produced samples were used to study their macro and microstructure,
chemical and phase compositions by using optical and scanning electron microscopies (SEM). The temperature gradient
was identified by measuring the primary dendrite arm spacing. After abrasion and polishing, the samples underwent
marble etching in 20 mL HCI, 5 g CuSO,4-5H,0 and 80 mL H,O, and then were studied on an optical microscope.
An Oxford Instruments Ultim Max 40 energy dispersive X-ray spectroscopy (EDS) on the scanning electron
microscopes Zeiss EVO 50 (Germany) and MIRA 3 LMU (Tescan, Czech) was carried out to investigate the fine
structure and the real chemical composition of the structural elements.
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Fig. 1. Wire-feed EBAM samples produced from heat-resistant
ZhS6U alloy: a — Sample 1, b — Sample 2.

Substrate

Fig. 2. Macrostructure of EBAM-produced Sample 2 made of ZhS6U alloy. Arrows
indicate the directions of manufacturing growth and printing.

RESULTS AND DISCUSSION

The photographs of the EBAM-produced samples are presented in Fig. 1. These samples have the form of
walls; they have no macro-defects such as cracks, unmolten or laminated regions. Sample 1 demonstrates the shape
defects.

The main EBAM process conditions — acceleration voltage (U, kV), beam current (/, mA) and displacement
rate of the table (v, mm/min) can be expressed through the heat input (Q, kJ/mm) [13]:

_60xUx1

0= 000xy | M

Taking Eq. (1) and the data from Table 2 into consideration, the heat input changes with increasing height from
2.79 to 1.08 kJ/mm for Sample 1 and from 2.25 to 0.90 kJ/mm for Sample 2. The samples are manufactured by using
unidirectional printing, i.e., layer by layer, in one direction. In all, 20 layers are produced, but the decrease in the heat
input (in the case of Sample 2) results in a smaller deviation from the specified geometry and the higher wall of the
sample.

Figure 2 presents the cross-sectional view of the macrostructure of Sample 2. One can see dendrite colonies
epitaxially growing through the layers, in the direction of the additive manufacturing growth. At the same time, there is
an inclination in the direction of the layer printing.

In our previous research [10] we show that the inclination of the dendrite colonies toward the layer printing
occurs due to a distortion of the crystallization front. In turn, the concave crystallization front results from its rather
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Fig. 3. Macrostructure of ZhS6U alloy in the initial state (a) and EBAM-produced samples:
b— Sample 1, ¢ — Sample 2.
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Fig. 4. Dependences between average primary dendrite arm spacing and distance to the
substrate: a — Sample 1, b — Sample 2.

rapid movement during the printing process. The structure of the EBAM-produced samples is characterized by distinct
layer boundaries and molten pools schematically depicted in Fig. 2 by dashed straight and curved lines, respectively.

As presented in Fig. 3, the microstructure of the EBAM-produced samples is characterized by a smaller size of
dendrites and secondary phases as compared to the initial alloy state, and also by a single direction of the additive
manufacturing growth of the primary dendrite arm spacing and significant reduction of secondary arms. At the substrate
boundary (in the maximum temperature gradient), dendrites are thinner, without secondary arms. These changes are
caused by a localized crystallization process observed in additive manufacturing. This, in turn, leads to an increase in
the temperature gradient at the crystallization front and, consequently, an increase in the cooling rate. It is worth noting
that the dendrite growth is more directed in Sample 2.

Bondarenko and Kablov [5] find the primary dendrite arm spacing (A;, um) to be a convenient structural
property of the material of products with the directed structure. When A; = 200 pum, in Sample 1 it changes from
18.7 um near the substrate to 48.4 um near the upper end of the sample. In the case of Sample 2, these values change
from 22.5 to 46.0 pm. The dependences between the primary dendrite arm spacing and the distance to the substrate are
shown in Fig. 4. One can see that in the case of Sample 1, the A; value monotonically grows, whereas for Sample 2, it
grows significantly in two last layers only. The difference in the primary dendrite arm spacing is probably associated
with the values of the reduced heat input and the dynamic change in the electron beam current in the case of Sample 2.
The growth in the A; value with increasing distance to the substrate (sample height) depends on the reduced heat sinking
to the substrate via the thermal conductivity and increasing radiation component of the heat dissipation. This is
described in detail in [10].
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TABLE 3. Chemical Composition of Structural Elements of cast ZhS6U Alloy and EBAM-Produced Samples, wt.%

Structural

Materials Al Ti Cr Co Ni Nb Mo w
elements
Dendrites 12.50 2.14 9.91 10.42 59.87 0.24 0.99 3.83
y Interdendritic | 2101 349 | 1128 | 944 | 5865 | 053 134 | 213
Initial space

MC carbides 0.82 54.49 1.55 0.62 4.32 17.74 3.31 17.28
M,C carbides 1.45 3.78 35.89 3.25 10.36 4.10 22.72 18.42

Dendrites | 11.84 | 244 | 1059 | 1032 | 6039 | - | 104 | 391
Interdendritic | 1559 | 353 | 1009 | 973 | 6107 | — | 098 | 296

Sample 1 space
MCcarbides | — | 4289 | 407 | 186 | 1124 | 2121 | — | 1876

M,C carbides | 2.92 | 443 | 2423 | 582 | 2796 | — | 13.75 | 20.89
Dendrites | 11.26 | 199 | 9.66 | 1074 | 6043 | 022 | 096 | 425
Sample 2 Imersizzirmc 1193 | 267 | 1028 | 1023 | 5964 | 036 | 1.04 | 344

MC carbides 1.87 41.89 4.20 2.15 13.33 13.27 4.47 18.66

As was mentioned above, the electron beam current changed within each layer of Sample 2. Additional
research was carried out to determine the structural response to these changes. Using optical and scanning electron
microscopes, one of the layers was investigated at a 20 mm distance to the substrate. It was found that the primary
dendrite arm spacing A; was 27.7 at the beginning of the layer. Then it monotonically decreased to 20.0 um at the centre
and monotonically grew up to 33.0 um at the end of the layer. In the case of Sample 1, when the beam current was
constant during the layer growth, the primary dendrite arm spacing A; monotonically increased from 28.6 um at the
beginning to 37.15 um at the end of the layer, without a notable decrease at the centre. Apparently, in the case of
Sample 2, large A; values at the beginning and end of the layer (nearby the end surfaces of the sample) were provided
by the growing contribution of the radiation component of the heat sinking through the free surfaces of the sample.

It is interesting to note that in Sample 2, the volume fraction of the dendrite colonies with large-angle
misorientations, is much greater than in Sample 1. Based on the obtained A, values and the microstructure, it can be
argued that the formation of the more stable structure occurs within one layer of Sample 1.

The temperature gradients are determined by the dependence of the A value on the crystallization parameters [14]:

A, =134.34(G-R) %, )

where G is the temperature gradient, °C/cm; R is the crystallization velocity, mm/min.

Equation (2) shows that at a constant crystallization velocity, the A, value is mostly affected by the temperature
gradient. With respect to the experimental data and the table displacement velocity, we obtain the values of the
temperature gradient during the additive manufacturing process. Thus, with increasing height, the temperature gradient
lowers from 577 to 15°C/cm for Sample 1 and from 284 to 18°C/cm for Sample 2. In several works [10, 15, 16], it is
shown that either equiaxial structures or strongly misoriented dendrite colonies always appear in the last layers of the
EBAM-produced samples. In the case of samples with the directed structure, these regions are usually removed at the
final stage of additive manufacturing. Therefore, the structural properties of the last layers of the EBAM-produced
samples can be neglected. The optimum primary dendrite arm spacing ranges between 22.5 and 26.3 um for Sample 2,
which matches the temperature gradient range of 284—156°C/cm.

Using the SEM-EDS analysis, the chemical composition is identified for different structural elements of the
cast alloy and the EBAM-produced samples. The ZhS6U alloy structure and phase composition include dendrites,
interdendritic space, MC carbides (where M is Ti, Nb, W), and M4C carbides (where M is Cr, Mo, W). The chemical
composition obtained in our experiments for ZhS6U structural elements is presented in Table 3.

1419



As can be seen from Table 3, a transition from the cast alloy to additive manufacturing has no effect on the
chemical element distribution in the structure and phase composition of the ZhS6U alloy. The same relates to the
change in the process conditions of the wire-feed electron-beam additive manufacturing, when comparing Samples 1
and 2, namely the change in the heat input. It should be noted that SEM observations do not show the presence of MgC
carbides in Sample 2 due to their significant refinement. This fact requires further deep investigations of the phase
composition.

CONCLUSIONS

The wire-feed electron beam additive manufacturing was used to fabricate samples from heat-resistant nickel
alloy. It was found that in the local melting conditions, the structure and phase composition of the EBAM material were
highly sensitive to changes in the process conditions.

Despite the control for the heat input reduction during the layer-by-layer printing, the size of the main structural
elements monotonically grew in the material of the nickel samples due to the formation of the primary dendrite arm
spacing.

It was shown that a combination of the monotonic reduction in the heat input and variation of the beam current
during each layer growth led to lower deviations from the specified sample geometry and retardation of the increase in
the average primary dendrite arm spacing A; when depositing new layers. Thus, for the sample with the constant beam
current in the layers, the A; value ranged from 18.7 to 45.5 pm near the substrate and the upper layers, respectively.
When the beam current was changed in each layer, the A; value ranged from 22.5 to 26.3 pm over the sample height,
except for the last layers at the top of the samples with the equiaxial structure.

This approach, however, provides a notable increase in the dendrite colonies with large-angle misorientations
in each layer structure with a simultaneous heterogeneity increase in the A; value.

The type of the surface microstructure of the EBAM-produced samples was determined by the ratio between
the heat sinking from the molten pool to the substrate via the preceded layers, due to the thermal conductivity and
increasing radiation component of the heat dissipation.

It was shown that the EBAM process could maintain the temperature gradient at 200°C/cm, which met the
requirements of the up-to-date approaches to the grain orientation of EBAM products made of heat-resistant nickel
alloys. Unlike the cast alloy, no chemical element redistribution was observed in the structure and phase composition of
the material of EBAM products made of the ZhS6U alloy.

The work was performed according to the Government research assignment for the Institute of Strength Physics
and Materials Science SB RAS, project FWRW-2019-0034. Investigations were carried out using the equipment of the
Analytical Center of Geochemistry of Natural Systems of National Research Tomsk State University and Nanotekh
Regional Core Facility Centre of the Institute of Strength Physics and Materials Science SB RAS.
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