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Abstract

The present paper compares the microstructure and mechanical properties of Inconel
625 alloy samples produced by using wire-arc additive manufacturing (WAAM) and
wire electron beam additive manufacturing (WEBAM). The obtained wall-shaped sam-
ples did not contain any macroscopic defects in the form of cracks, delaminations
and geometry distortions. The WAAM-built “wall” exhibits finer dendritic structures
(WAAM—10-16 pm; WEBAM—20-25 pm). Also, the WAAM-built one is characterized by
the more homogeneous-sized distribution of microstructure components. In both cases,
the material is represented by the y-phase, with large precipitates of MC-type carbides in
the interdendritic spaces. Additionally, the sample obtained using the WAAM contained
aluminum oxide. It was found that the intrinsic periodic heat treatment is not sufficient for
the formation of the y”-phase, and it is necessary to perform a subsequent long-term aging.
However, the overall mechanical properties of both samples show similar levels of yield
stress and ultimate tensile strength, and demonstrate the same degree of anisotropy.

Keywords: additive manufacturing; wire arc; electron beam; superalloy; Inconel 625

1. Introduction

Inconel 625 (IN625) superalloy is a material finding wide use for manufacturing
critical parts of aircraft and electric power generating turbines, rocket engines, furnaces,
marine systems and nuclear power plants, etc. These applications require operating under
high-temperature, extreme loading conditions, which call for high resistance to creep and
corrosion. The class of superalloys to which IN625 belongs offers a combination of the
required high-temperature properties, including high strength, high resistance to creep
and fatigue and resistance to oxidation and corrosion in aggressive environments [1-6].
All these characteristics appear due to the microstructures obtained by alloying a nickel-
chromium solid solution with Mo, Nb and Fe, and this leads to the formation of several
component phases. The addition of molybdenum and niobium provides solid-solution
hardening of the nickel-chromium matrix (y-phase) as well as the formation of correspond-
ing carbides, which contribute to grain boundary immobilization and thus prevent the
grain boundary slip [1-3]. In addition, niobium is necessary for the precipitation of an
intermetallic reinforcement y”-phase (Ni3Nb), which has an ordered body-centered tetrag-
onal lattice with a D022 superstructure [6]. However, the same elements can also form
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undesirable, brittle and topologically close packed (TCP) phases: o (FeCr, FeCrMo, CrCo),
u and Laves phases. The TCP phases are formed from carbides such as MC, MgC and
Mjy3Cg during a long-term exposure to high temperatures and adversely affect the alloy
mechanical properties, especially its creep resistance [1,6].

In the structural phase state that provides the required operational characteris-
tics, the mechanical properties of Inconel 625 alloy reach the following values: yield
strength—1000-1300 MPa; tensile strength—1300-1400 MPa; and elongation—21-45%.
Such properties are achieved with a structure containing equiaxed grains with a uni-
form distribution of alloying elements and an optimal content of the phases described
above. To obtain this structure, a multistage heat treatment is required, which includes
homogenization (~1200 °C for ~2—4 h) and aging (~580-760 °C for ~8 h).

Traditional methods of manufacturing superalloy components demonstrate low pro-
ductivity due to the requirement of multi-step workpiece preparation, rapid wear of the
cutting tools and a vast amount of waste [1,3,4]. As an alternative to traditional methods,
additive manufacturing technologies are needed for increasing productivity and reduc-
ing manufacturing costs [1,7]. Additive manufacturing uses compact and concentrated
high-energy thermal sources in the form of laser beams, electron beams and electric arc
discharges for melting and layer-by-layer deposition of feedstock material on a substrate [2].
Materials produced by additive methods are usually characterized by the anisotropy of
their mechanical properties stemming from directional solidification of dendritic (colum-
nar) structures [5]. For the majority of applications, the directional solidification and
corresponding anisotropy are detrimental and should be eliminated by means of some post-
treatment. However, it is also known that it may be used for the benefit of improving the
creep characteristics of the superalloys. In order to fabricate components with a preferred
crystallographic orientation of grains (texture), directional solidification methods are used,
which are characterized by a high-temperature gradient at a moving solidification front.
An additive process is characterized by high heating and cooling rates reaching 108 K/s.
The molten pool created by the above-mentioned energy sources serves to significantly
increase the temperature gradient in comparison with that of traditional casting and raise
its value to 10® K/m [3]. This, in turn, determines the size and morphology of the structural
and phase components that affect the operational characteristics [2].

One of the modern additive manufacturing methods is a wire feed electron beam ad-
ditive manufacturing (WEBAM). The average deposition rate and layer thickness achieved
in the WEBAM are about 20 kg/h and 3 mm, respectively [8]. The WEBAM process is also
suitable for producing large-sized parts that present a challenge for powder-bed methods
such as SLM. WEBAM is conducted in a vacuum chamber, which allows for eliminating
problems with oxidation and contamination. Other advantages include high energy density,
adjustment of electron beam current (heat input) and electron beam scanning for control-
ling the molten pool size and shape. The typical wire diameter for WEBAM is between
0.5 mm and 3.0 mm, allowing the system to be used flexibly to form parts of complex
shapes [8]. Also, the process allows manufacturing products from various metals and
alloys (including wires of dissimilar metals) with different dimensions, mechanical and
performance characteristics.

Currently, when considering the production of parts from nickel-based superalloys by
electron beam technology, the powder-bed approach is most often used [9-11]. Publications
addressing additive deposition from either wire or rod are found lacking in the modern
literature [12-15].

Wire Arc Additive Manufacturing (WAAM) is a widely used process that allows for
the restoring or near-net-shape building of large and shaped machine parts [16]. Similar to
any additive method, WAAM is designed to reduce the time and cost of obtaining products
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due to the greater deposition rate and reduced material waste [3,16-20]. The application of
this technique to Inconel 625 alloy is readily found in the current literature. Recently, it was
shown [16] that WAAM allows obtaining functional gradient materials from Inconel 625 and
stainless steel ASTM 321. Other researchers [17] studied the improvement of corrosion
resistance of WAAM-built Inconel 625 alloy samples by aluminization. This method allows
for about 6-fold improvement in the resistance to high-temperature corrosion. One of
the main disadvantages of the wire additive technologies is that the as-built components
have high waviness and roughness of the surfaces, as compared to those obtained from
powder-bed methods. Therefore, greater machining allowances are required for the wire
additively manufactured items. Electric discharge machining is the most suitable method
for cutting them to size [18].

While a significant number of publications are devoted to WAAM of Inconel 625,
those devoted to WEBAM of Inconel 625 are scarce. In this regard, the purpose of the
present work is to compare the structural characteristics and mechanical properties of
Inconel 625 samples obtained by WAAM and WEBAM and draw conclusions regarding
the suitability and preferability of each of these two methods for specific applications.

2. Materials and Methods

The feedstock Inconel 625 wire had a diameter of 1.2 mm. The elemental composition
of the wire (Table 1) was determined by X-ray fluorescence analysis using a Niton XL3t
GOLDD instrument (Thermo Fisher Scientific, Waltham, MA, USA). The experimental
WEBAM machine was developed in-house at the Institute for Strength Physics and Materi-
als Science, Siberian Branch of the Russian Academy of Sciences (ISPMS SB RAS, Tomsk,
Russia) [21,22]. The WAAM equipment included a FANUC robot ARC Mate 100iD (FANUC
Europe Corporation, Luxemburg) and an EWM Titan XQ R 400 Pulse inverter power supply
welding machine (EWM GmbH, Mundersbach, Germany).

Table 1. Chemical composition of the raw wire of Inconel 625 alloy.

Ni

Cr

Nb Fe Cc* Al Ti Co Mn+Si+S+P

58.63

21.7

8.78

3.95 4.5 - 0.2 0.19 0.95 1.1

* Carbon content is not determined by XRE.

In both cases, 5 mm thick hot-rolled stainless steel plates were used as substrates.
The samples in the form of 120 x 51 x 6.8 mm? and 120 x 57 x 6.4 mm?® walls were
obtained using WEBAM and WAAM, respectively. Each was composed of 50 successively
deposited layers. In both cases, the Inconel 625 alloy wire was fed into the focus of a heat
source (electron beam or arc), melted and transferred to the melt pool. The worktable
was moved according to the prescribed algorithm to form an additive layer of material.
The reciprocating path deposition strategy was used in both cases. The process regimes
under which the samples and process schemes were obtained are summarized in Table 2
and Figure 1, respectively. It should be noted that the electron beam current was reduced
progressively as the height of the built wall-shaped sample increased. Such a current decay
was necessary to avoid metal spilling in the top part of the wall. In the case of WAAM, the
arc current was constant.
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Table 2. Technological parameters of additive processes used in obtaining samples from Inconel
625 alloy.

Additive Process Current, A Accelerating Prmtm.g Velocity,  Heat Input, Environment
Voltage, V mm/min kJ/mm

WEBAM 43 x 107327 x 1073 30 x 103 220 0.35-0.22 Vacuum

WAAM 111 174 500 0.23 Argon

© o )

Figure 1. (a)—Schematic diagram of WAAM process: 1—steel substrate, 2—additively formed
sample, 3—welding torch, 4—source wire, 5—welding arc, 6—molten pool; (b)—schematic diagram
of WEBAM process: 1—steel substrate, 2—additively formed sample, 3—electron gun, 4—focusing
system, 5—wire feeding system, 6—source wire, 7—electron beam, 8—molten pool; (c)—general
view of the sample obtained by WAAM; (d)—general view of the sample obtained by WEBAM.

To obtain specimens for metallographic studies, samples were cut into longitudinal
sections and were ground and polished, followed by chemical etching in Marble’s reagent
(CuS0O4—10 g, HC1—50 mL, HyO—50 mL). Metallographic studies were performed using
an OLS LEXT 4100 laser confocal microscope (OLYMPUS Corporation, Tokyo, Japan). A
LEO EVO 50 scanning electron microscope (SEM) (Carl Zeiss, Oberkochen, Germany) was
used for microstructural studies. A JEOL JEM-2100 transmission electron microscope (TEM)
(Tokyo Boeki Ltd., Tokyo, Japan) was used for fine structure studies and phase compo-
sition identification. Mechanical testing of the samples was carried out on a UTS-110M
testing machine (Testsystems, Ivanovo, Russia) by uniaxial quasistatic tension. Samples
for mechanical testing were cut off the walls so that their tensile axes coincided with either
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(i) layer deposition direction (X axis) or (ii) building direction (Z axis). The gauge part of
the tested samples was 12 mm with a cross-section of 3 x 3 mm. Static tensile tests were
carried out at room temperature at a rate of 1 mm/min.

3. Results and Discussions

An investigation of the macrostructure revealed the following features. The use of
reciprocating path deposition strategy in both additive processes is anticipated to give
rise to the formation of zigzag grain structures [22]. However, the presence of such a
zigzag structure was only observed through the fifth and second initial deposited layers
in WEBAM (Figure 2a) and WAAM (Figure 2b), respectively. The majority of the material
is composed of directionally growing primary dendrite arms with weakly developed
secondary arms (Figure 2c,d). The mean angle of inclination of dendritic axes growth
toward the deposition path direction was found to be 79.7 - 1.4° for WAAM and 77.6 &+ 1.7°
for WEBAM. It is noteworthy that in both cases, there was no observed tendency for the
dendrite growth angle to change as the height of the additively formed samples increased.
Additionally, no macroscopic defects in the form of pores or cracks were detected.

© S @

Figure 2. (a,c)—Macro and microstructure of Inconel 625 alloy after WEBAM; (b,d)—macro and
microstructure of Inconel 625 alloy after WAAM. White arrows indicate the direction of dendritic
colonies growth. Red arrows indicate the direction of electron scanning trajectory. Blue arrows
indicate the additive building direction.

Dendritic structures are characterized by the average primary dendrite arm spacing
(PDAS), which enables the assessment of alterations in solidification conditions across a
range of technological processes involving material melting. Table 3 and Figure 3 provide
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a summary of the PDAS values for the sample material obtained using two additive
technologies. As evidenced by the presented data, an increase in PDAS is observed in both
cases as the height of the formed samples increases. This is associated with a decrease in
the value of the temperature gradient, which can be attributed to the accumulation of heat
in the underlying additively deposited layers that have already undergone solidification.
Furthermore, it can be observed that in the case of WAAM, the PDAS is smaller than in
the case of WEBAM, with a value that is almost twice as high over the entire height of the
additively deposited product. Moreover, the reliability of the linear approximation in the
case of WAAM is higher (R? = 0.65) than in the case of WEBAM (R? = 0.60).

Table 3. Average PDAS values (um) in different areas of the samples.

Additive Process Bottom Middle Top
WEBAM 203 +2.7 2414+1.1 252 +09
WAAM 10.0 £ 0.6 10.6 £ 3.3 165+14
300
250
.
200
g ¢ - ¢
=
g + * *WAAM
* o R ¢ +EBAM
+ + *
100 4 * * LA * . * o
50 T T T T T 1
o 10 20 30 40 50 60

Distance from substrate, mm

Figure 3. Changes in the average primary dendrite arm spacing (PDAS) as a function of the height of
additively obtained samples.

Using the Kurz-Fisher model [23], which predicts PDAS, one can solve the inverse
problem and estimate changes in the magnitude of the temperature gradient G (K/m)
based on previously obtained PDAS data:

G- (Axﬁm)z 1)

where A is PDAS; R is the crystallization rate, taken as the speed of moving the working
table; and A is the Gibbs-Thomson coefficient (3.65 x 10~7 K-m). The equilibrium freezing
range is (60 K), the liquid diffusion coefficient is (3 x 1072 m? s~!) and the equilibrium
partition coefficient is (0.48) [23]. The data from Tables 2 and 3 were substituted into
expression (1), resulting in the average values of the temperature gradient for the samples
obtained by the two additive technologies (Table 4). The results demonstrate that the
temperature gradient magnitude is significantly higher in the WAAM samples compared
to the WEBAM samples. In the bottom part of the samples, the gradient is approximately
2.6 times higher in WAAM compared to WEBAM. Similarly, in the middle part of the



Crystals 2025, 15, 848

7 of 12

samples, the gradient is approximately 3.5 times higher in WAAM compared to WEBAM.
Finally, in the top part of the samples, the gradient is approximately 1.6 times higher in
WAAM compared to WEBAM. In contrast, the temperature gradient alterations observed
in the WEBAM samples are more uniform, suggesting a more stable solidification process
and, consequently, a more homogeneous formed structure.

Table 4. Average G values (given in K/cm) in different areas of the samples.

Additive Process Bottom Middle Top
WEBAM 155.0 +40.3 1052 +£9.3 96.4£6.9
WAAM 4059 +47.4 366.6 + 62.4 154.6 £ 23.89

SEM studies of the microstructure revealed the presence of secondary phases exclu-
sively within the interdendritic space (Figure 4). The secondary phases were identified as
belonging to two distinct categories: niobium-enriched and niobium-titanium-enriched
ones. This observation was made in both the WAAM and WEBAM samples. It seems rea-
sonable to conclude that these phases are the MC-type carbides. It is also noteworthy that
the WAAM sample exhibited the presence of aluminum-enriched particles. Furthermore,
evidence of dendritic partitioning of chemical elements was observed. Therefore, niobium
is nearly undetectable in the dendritic arms, whereas its concentration in the interdendritic
space is approximately 8 wt.% (for both WAAM and WEBAM). A comparable pattern of
behavior is observed in the case of molybdenum. In the dendrite arms, its content is approx-
imately 7-9 wt.%, and in the interdendritic space, it is approximately 11-12 wt.%. The two
additive processes to create the samples from the Inconel 625 alloy were carried out on steel
substrates. This inevitably results in a change to the chemical composition of the material
formed near the substrate due to the intermixing. It was determined that the chemical
composition aligns with the specified grade composition at a depth of approximately 5 mm
for both WAAM and WEBAM.

-~

4
10 pm EHT =2000kV Mag= 5.00KX Signal A=NTSBSD EHT=2000kY Mag= 500KX Signal A=NTS BSD
WD= 90mm TitAngle= 00° IProbe= 2.0nA | — WD = 85mm TittAngle = 0.0° |Probe= 20nd

(a) (b)
Figure 4. Microstructure of Inconel 625 alloy after WEBAM (a) and WAAM (b).

To obtain a more accurate identification of the phase composition and fine structure,
TEM studies were conducted. The fine structure of the WEBAM Inconel 625 alloy is
represented by the y-phase and MC-type carbides of irregular shape (Figures 5 and 6). The
results of the EDS analysis (Table 5) and the interpretation of the corresponding SAED
patterns indicate the presence of carbides with two distinct compositions: NbC and (Nb,
Ti) C. Additionally, NbC carbides are observed to form near titanium-containing carbides.
The structural phase composition of the WAAM Inconel 625 alloy is also represented
by a y-phase matrix and carbides of two types, similar to those in the WEBAM sample.
Additionally, the presence of aluminum oxide precipitates with a size range of 0.4 to 1 pm
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was observed (Figures 7 and 8). Despite using argon shielding in WAAM, the formation of
Aly,O3 remains a possibility. Following both additive processes, the carbides exhibited an
irregularly elongated morphology with dimensions of 0.8 to 2.2 um and 0.4 to 0.8 um in
the cases of WEBAM and WAAM, respectively.

v [332]

0s X | PosY [CameraLengthDefocus] _ |"Mag PosX | PosY |Camera Length[Defocus|
180000 x1-0.4 °| 0 ° [166,37 ym{84,27 ym| - 0 —200nm— | ; 15,15 0 x 0

Figure 5. WEBAM sample TEM bright field (a) and dark field (b) images. The SAED pattern (c) is
obtained from the region highlighted by the red circle in figure (a). The dark-field image is obtained
in the reflection —220,,.

NbC [112]

(a) (b) (o)

Figure 6. WEBAM sample TEM bright-field STEM (a) and dark-field (b) images. The SAED pattern
(c) is obtained from the region highlighted by the red circle in figure (a). The dark-field image is
obtained in the closely spaced 2-20npc and —220p, Ti) ¢ reflections.

Table 5. Chemical composition of structural elements identified in Figures 6-8, at %.

Additive EDS Probe

Technology  (Figures 6-8) Phase Al Ti Cr Fe Co Ni Nb Mo (@]

1 MC 001 4173 342 053 038 58 4714  1.09 i
WEBAM 2 MC ) 271 225 067 055 514 8581 275 ;

3 v 005 015 1962 074 040 6303 660 899 ;

4 ALO; 2828 - 0.38 ; ; 0.68 ; ; 70.66

5 Y 034 003 2680 063 044 6292 169 717 )

6 ALO;  25.06 - 2.02 ) ; 5.56 - ; 67.38
WAAM 7 MC ; 2848 666 063 002 1133 5419 - -

8 ¥ 046 002 2361 048 015 6249 446 836 ;

9 MC ) 164 752 018 001 1525 6845 7.8 ;
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ALOs [2-33]

(d)

Figure 7. WAAM sample TEM bright-field (a) and dark-field (b,c) images. The SAED pattern (d) is
obtained from the region highlighted by the red circle in figure (a). Dark-field images are obtained in
13-1, and 0221503 reflections.

The TEM examination did not allow to identify the presence of either v’ or y”'- phases
in both WEBAM and WAAM samples. This is due to the fact that the formation of these
phases necessitates long thermal treatment, including aging, which must be conducted over
a period of several tens of hours [24-27]. Similarly, the precipitation of the Laves phase and
the 6 phase is precluded by the aforementioned circumstances.

Table 6 illustrates the mechanical properties of the WEBAM and WAAM Inconel
625 alloy samples. As can be observed in both cases, the properties differ depending on the
tensile axis orientation with respect to the wall height and length. Therefore, the samples
with tensile axis along the layer deposition direction (X axis) exhibit higher values of both
yield strength and relative elongation. This phenomenon can be attributed to the fact
that in this case, the direction of dendrite arms growth is perpendicular to the tensile axis
of the samples, which contributes to the plasticity of the material. It is noteworthy that
the samples obtained through different additive processes exhibit minimal variation in
mechanical properties.

Despite the differences in PDAS, the mechanical properties of WAAM and EBAM
samples are at the same level. In the “as-deposited” state, dispersion strengthening due to
the precipitation of the y” phase and fine dispersed carbides is not realized. In both cases,
the material is represented by the y-phase, providing only a solid-solution strengthening,
while large precipitates of carbides do not contribute to the strengthening of the material.
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‘
Mag ITlI! X|Tv|( v| Pos X Pos Y |Camera LengthlDefocus|
80000 x/2,07 °| 0 ° |-185,14 um|280,67 um| - 0

@ TS | ©

NbC [554]

(d) (e) ()

Figure 8. WAAM sample TEM bright-field (a), STEM bright-field (d) and dark-field (b), (e) images.
The SAED patterns (c) and (f) are obtained from the region highlighted by the red circle in figures (a),
(d), respectively. The dark-field image (b) is obtained in reflection 022y, Tj) c- The dark-field image
(e) is obtained in reflection 2-20np,c-

Table 6. Mechanical properties of Inconel 625 after WEBAM and WAAM processes.

?’:gci:eis‘;e SaEiSIe::ig?lt(t)ifng UTS, MPa YS, MPa 8 %
Vertical 644 + 44 343 £35 72+3

WEBAM Horizontal 649 + 37 563 + 19 109 + 3
Vertical 625+ 8 327+6 71+ 4

WAAM Horizontal 652 + 19 536 + 14 104 +1

Despite the absence of undesirable, brittle and topologically close packed phases, the
mechanical properties of the obtained samples are lower than those of the heat-treated
material [27-30], which is primarily due to the absence of the reinforcing y"’-phase.

4. Conclusions

In the course of the present study, defect-free samples in the form of thin walls of
Inconel 625 alloy were produced by two additive technologies WAAM and WEBAM. It was
found that the macrostructure is represented by directionally growing dendrites despite
using the multidirectional printing path. The primary dendrite arm spacing in the case of
WEBAM is 20-25 pm, and in the case of WAAM 10-16 um, which indicates a greater value
of the temperature gradient inside the WAAM molten pool. In the material of samples
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obtained by each additive process, no formation of either TCP embrittlement phases or
reinforcement y”- and §-phases was observed due to the rapidity of the solidification
processes inherent in these methods and due to the insufficient intrinsic heat treatment.
To solve this problem, it is possible to adapt the deposition regimes to achieve a slower
deposition rate whilst keeping the same beam current. It is noted that the presence of argon
shielding during the WAAM process does not completely prevent the formation of oxides.
When comparing the mechanical properties, no significant differences were found between
the samples obtained by WAAM and WEBAM methods, and the degree of anisotropy of
properties in both cases is similar.
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