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Abstract: The objective of this work was to verify a relatively new fusion-based additive manufacturing
(AM) process to produce a high-temperature aerospace material. The nickel-based superalloy
Inconel 625 (IN625) was manufactured by an arc-based AM technique. Regarding microstructure,
typical columnar-oriented dendritic structure along the building direction was present, and epitaxial
growth was visible. The mechanical behavior was characterized by a combination of quasi-static
tensile and compression tests, whereas IN625 showed high yield and ultimate tensile strength
with a maximum fracture strain of almost 68%. Even quasi-static compression tests at room and
elevated temperatures (650 ◦ C) showed that compression strength only slightly decreased with
increasing temperature, demonstrating the good high-temperature properties of IN625 and opening
new possibilities for the implementation of arc-based IN625 in future industrial applications.
Keywords: additive manufacturing; arc welding; mechanical behavior; high-temperature alloy

1. Introduction
The Ni-based superalloy Inconel 625 (IN625) is frequently used, especially in the aerospace and
automotive sector, due to its unique mechanical properties even under high temperatures and in
corrosive environments [1–3]. Although huge efforts have been made to use traditional manufacturing
methods in order to produce components with acceptable mechanical properties, high production
costs and complex geometries are still restrictive factors to reaching a wide scope of applications [4].
In the case of IN625, additive manufacturing (AM) techniques open a new research area in comparison
to traditional manufacturing methods. AM processes include selective laser melting (SLM) [5], electron
beam melting (EBM) [6,7], and laser metal deposition (LMD) [8].
In comparison to the aforementioned manufacturing techniques, arc-based AM techniques
have received increasing attention due to significant cost savings, high deposition rates, and simple
handling [9,10]. So far, arc-welding processes are more commonly used for joining different components,
especially tailored blanks for lightweight automobile bodies [11], or applying coatings [12]. The
processability of building 3D parts by arc-based welding has already been developed by various
researchers in the 1990s [13–15]. In general, the accuracy and surface roughness of arc-based AM
processes cannot reach the level of laser and electron beam processes, but nevertheless, arc-based AM
processes are promising new technologies for the production of future large-scale IN625 components.
Baufeld [10] investigated Inconel 718 (IN718) parts manufactured by gas tungsten arc welding.
There, especially microstructural and mechanical characterization were carried out, and related results
showed that arc-based AM processes can be used for the manufacturing of near-net-shaped dense
IN718 components. In comparison to as-cast material, slightly higher tensile properties were reached
due to lower cooling rates in comparison to laser or electron beam techniques. Further on, Baufeld
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2. Materials and Methods
2. Materials and Methods
The investigated IN625 material was manufactured by arc welding and was supplied by
The investigated IN625 material was manufactured by arc welding and was supplied by Technical
Technical University Ilmenau (Ilmenau, Germany). Commercially available IN625 welding wire was
University Ilmenau (Ilmenau, Germany). Commercially available IN625 welding wire was deposited in
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the building direction (Z) onto the substrate layer by layer. Over 50 deposited layers were manufactured,
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resulting in an upright standing plate with final dimensions of approximately 200 × 120 × 11 mm ,
200 × 120 × 11 mm³, as depicted in Figure 1. The deposition direction was along the X-axis and
as depicted in Figure 1. The deposition direction was along the X-axis and identical to that of the
identical to that of the previously deposited layer. Further details regarding process parameters are
previously deposited layer. Further details regarding process parameters are not available.
not available.

Figure 1. As-deposited arc-welded nickel-based superalloy Inconel 625 (IN625).
Figure 1. As-deposited arc-welded nickel-based superalloy Inconel 625 (IN625).
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2. Schematic configuration of tensile specimens: (a) positions, (b) dimensions (in mm), and (c)
final geometry.
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4. Discussion
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which translates to a dependency on the solidification conditions and the thermodynamic equilibrium.

In the shape metal deposition (SMD) of IN718 [8] the microstructure was hierarchical, which consisted
of a matrix and precipitates and then substructures rich in Nb. The selective-laser-melted (SLM)
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IN625 [5] showed clear fusion lines at the heat-affected zones under the SEM. Such a morphology was
not present in the current study since the structure was arc deposited with a much larger heat focus
zone, leading to a more homogenous microstructure with less observable discontinuities. The cellular
structure in the case of selective laser melting was reported to mainly consist of Nb, which will be
worth investigating in a further study. How the Nb will be composed in the case of arc deposition will
be investigated in the next study of this project, where variation of parameters is planned. Studies in
SLM have highlighted that the nature of this composition and its scale of distribution are sensitive to
the applied laser power.
Gonzalez et al. [21] explored the evolution of columnar grains in the build direction following the
cooling gradient in electron beam melting. Dimples on the tensile-tested specimens indicated a ductile
fracture similar to what is presented in Figure 9. That remains different from binder jetting, which
showed a location of unsintered powder on the fracture surface that indicated a tendency towards
brittle fracture. Heterogeneities were reported to be responsible for fatigue damage and failure [22].
Similar micro-failures are identified in Figure 4. Although very high localized thermal gradients
dominated solidification in additively manufactured IN625, the long-crack propagation rate was found
comparable with wrought IN625 [23].
Zhang et al. [24] attempted to improve the strength of laser-melted IN625 by carbon, which
resulted in 20% improvement due to grain refinement and pinning grain boundary. On the other hand,
ductility decreased. Further extension of the current work designates corrosion resistance for industrial
application, which Cabrini et al. [25] attempted to enhance by heat treatment at 980 ◦ C for 32 min.
Hot isostatic pressing increased the fatigue limit at 1E8 cycles by 87% to 620 MPa, which decreased to
540 MPa during testing in saltwater [26]. Current research suggests that authors compare these results
to the wire-arc-deposited IN625 in this study.
The profile of the presented X-ray porosity analysis here was dominated by the challenges in
penetrating the high-density IN625. The authors tried to ensure the coherency and the integrity of
the study by analyzing the porosity of IN625 based on optical methods while isolating the porosity
results, class-wise. The authors concluded that future studies with in-depth analyses of porosity using
various methods such as building virtual volumes of porosity in IN625 by ultrasonic waves would be
necessary if a solid comparison is to be made.
The hierarchy of the microstructure of the alloying systems significantly influenced the macroscale
deformation in the quasi-static tests. The matrix-precipitate composition allowed significant plastic
deformation and necking due to enhanced slipping in the FCC (face-centered cubic) lattices of the Ni
matrix. If the flow strengths of IN625 at room and elevated temperatures are compared, it would be
realized that around 30% of the flow strength is diminished in the case of elevated temperatures.
5. Conclusions
In the current study the authors highlighted the potential of fusion-based additive manufacturing
processes in manufacturing high-temperature aerospace materials. The porosity prone structures were
investigated with light microscopy for IN625 as they proved too challenging to be penetrated by X-rays.
The average hardness of 212 HV was determined, however, and heterogeneous hardness distribution
with maximum hardness in the top region was detected. This tendency was further confirmed based
on quasi-static tensile tests, since specimens from the top region showed higher yield and tensile
strength when compared to the bottom region. Furthermore, differences became more significant when
comparing fracture strain, which was found to be almost 68% for specimens in the top region. The
ductile fracture was proved by the observation of dimples on fracture surfaces. The heterogeneities of
the microstructural precipitates are believed to cause local failures that are expected to be activated
during fatigue testing and cause multiple crack initiations.
Compression tests at elevated temperatures proved the good high-temperature properties of
arc-welded IN625 because of thermal stability.
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The results highlight potentially interesting questions about the role of this microstructure in a
cyclic creep study. Pre- and post-EBSD analysis of the planned cyclic creep tests will reveal the role of
texture induced by arc metal deposition and electron beam melting and if recrystallization plays a role
in fatigue strength at elevated temperatures.
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