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Abstract: 

Cold metal transfer (CMT) technology is considered in an application for wire arc additive 

manufacturing WAAM of refractory high corrosion resistant Inconel 625 alloy. Based on 

the fabricated wall it has been shown the suitability of CMT WAAM for the sound formation 

of weld and homogenous distribution of mechanical properties. Microscopy analysis has 

revealed that the microstructure of the deposited alloy along the height of the wall element 

is quite uniform. The minor differences in the microstructure are observed in the bottom 

part, caused by welding specifically. 
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Abbreviations 

AM – additive manufacturing 

BSE – backscattered electrons 

E – Young’s modulus 

EDX – energy dispersive X-Ray analysis  

GMAW – gas metal arc welding 

HV – Vickers hardness 

SE – secondary electrons 

SEM – scanning electron microscopy 

UTS – ultimate tensile stress 

WAAM – wire arc additive manufacturing 

WTC – welding thermal cycle 

YS – yield stress 

  



Introduction 

Inconel 625 is a high-performance nickel-chromium-molybdenum alloy 

with a higher nickel content than other grades of Inconel. It has a high melting 

point, strength, and resistance to high temperatures. In addition, it has good 

anti-corrosion and anti-oxidation properties [1,2]. These properties make it 

frequently used in nuclear reactors, aviation, and marine engineering [3,4]. 

The shapes of most of the Inconel 625 components are so complex that they 

are expensive to produce using traditional methods due to extensive 

machining [5,6]. The researchers concluded that the CMT-WAAM technique 

is better than the cast Inconel 625 parts based on mechanical properties [7–

10]. The fabrication of aircraft landing gear ribs through WAAM technology 

is the recent breakthrough in WAAM technology with savings of 78 % of raw 

material cost compared to other traditional subtractive machining processes 

[5,11,12]. 

Wire Arc Additive Manufacturing (WAAM) using arc as a heat source 

has simple forming equipment, low equipment cost, high material utilization 

rate and deposition efficiency of forming process, and is suitable for rapid 

prototyping of large-sized components.  Compared with traditional 

subtractive manufacturing, arc additive manufacturing can shorten the 

forming time by 40% to 60%, the material utilization rate is high, and the 

subsequent machining time can also be shortened by 15% to 20% [13,14]. 

Cold metal transfer (CMT) arc additive manufacturing technology has the 

advantages of low heat input, high deposition efficiency, and stable forming, 

and has broad application prospects in the field of direct forming of large-

scale components [15,16]. 

This paper studies the use of cold metal transfer (CMT) technology 

using nickel-based alloy 625 as the welding wire with accents on mechanical 

properties and microstructure of manufactured wall element. 

 



Experimental. 

The cold metal transfer technology based on Fronius TPS 5000 power 

supply was used as a direct energy deposition method. Filler material 

INCONEL Filler Metal 625 (UNS N06625, ISO 15156-3) was used for arc 

welding in an environment of protective gases with a diameter of 1.2 mm 

used for the WAAM. The metal deposition procedure was realized with the 

robotic arm ABB2600. The deposition welding mode was taken as optimal 

according to Fronius's specification for the particular welding consumables 

and is presented in Table 1. For the substrate were chose as rolled low-

carbon steel plate with a 20mm thickness. The scanning route and fabricated 

wall element are schematically shown in fig.1a. Highlighted samples (fig.1 b) 

were further investigated for mechanical properties characterization 

(numbers 1-4) and metallography (number 5). 

 

Table 1. CMT welding mode. 

Consumable Welding 
speed, 
mm/s 

Wire 
feed, 

m/min 

Shield 
gas 

Gas 
flow, 
l/min 

Welding 
current, 

A 

Welding 
voltage, 

V 

Number 
of 

layers 

Interlayer 
temperature, 

C 

INCONEL 
Filler Metal 

625 
10 4.3 

Ar, 
99,99% 

15 107 15.9 25 100 

 

 

 

(a)       (b) 

Figure 1. Schematic illustration of the deposition route (a) and final fabricated wall 

element (b); BD-building direction, SD-scanning direction, TD-transverse direction.  

 



The mechanical properties of samples 1-4 cut from wall element, i.e., 

ultimate tensile strength (UTS), yield stress (YS) and plasticity ( - uniform 

elongation for failure), were determined in static tensile tests at ambient 

temperature. The cylindrical samples with a 6mm diameter of the working 

part were machined. The tensile test was utilized on the universal 

servohydraulic complex MTS 318.25 with a maximum force of 250 kN. To 

establish the effect of the chosen technology on material strength Vickers 

hardness tests were performed with loads of 100 g for 10 s, 3 measurements 

per point. 

For structural analysis, several methods were used: scanning electron 

microscopy (SEM, with a Tscan Mira 3 LMU facility), and energy dispersive 

spectroscopy (EDS from Oxford Instruments). The preparation of 

metallographic specimens for microstructural studies was carried out 

according to standard methods using grinding papers of various 

roughnesses (P240, P400, P600, P1200, P2000). Final polishing was 

performed on a diamond suspension with a polishing particle size of 1 μm. 

To reveal and identify the morphology of the microstructure of the specimen, 

electrochemical etching with chromic anhydride 14% water solution was 

used. Etching parameters were as follows anodic current density, 1 А/cm2, 

voltage 23 V, and exposure time 19 s, with consequent washing and drying. 

 

Results and discussion 

To characterize the properties of the wall element of the Inconel 625 

alloy made by electric arc welding using cold metal transfer technology, a set 

of studies was performed, such as Vickers hardness measurement, 

determination of strength and plasticity indicators, as well as microstructure 

analysis. 

 



 Mechanical properties characterization 

The hardness measurement was carried out on specimens that were 

cut from the bottom, middle and top part of the printed wall (BD-TD plane). 

The graph presents the measurement results along with the layout in figure 

2a. The average hardness of the specimen was: 269 ± 19 HV bottom, 260 ± 

17 HV middle, and 267 ± 42 HV top. These results show no explicit average 

hardness value varies between different parts of the deposited metal. The 

scatter of the hardness values along the (vertical) built direction corresponds 

with the microstructure features formed during manufacturing. Firstly, this is 

conditioned by the welding process peculiarity, namely previous layers are 

subjected to reheating during the subsequent layer deposition. 

 

 

 

(a)      (b) 

Figure 2. Vickers hardness distribution at the bottom (1), middle (2), and top (3) part of 

the wall element, linear destribution(a), average value boxplot (b) 

 

The results of tensile tests at ambient temperature are shown in table 2 

and figure 3. The standard deviations of yield stress and ultimate tensile 



stress do not exceed 2% and 3%, respectively. The uniform distribution of 

the elongation values is observed for all (1-4) tested samples, which 

evidences the homogenous structure of the samples. The UTS values in 

the horizontal direction for CMT WAAM are slightly higher than those in the 

cross direction, while there is no explicit variation observed in YS values. 

The YS for the studied areas are 383 MPa, 384 MPa, and 370 MPa, 

respectively. During tests in the transverse direction, the strength indicators 

decrease by 4% to 371MPa, which is caused by the anisotropy of the 

structure and the formation of the welded rollers. From the given data, it is 

clearly visible that the mechanical properties are uniform over the entire 

height of the wall element. At the same time, there is a tendency for a slight 

decrease in strength indicators in the upper layers of the surfacing, but 

within a 5% margin of error. 

 

Table 2. Mechanical properties of the CMT WAAMed Inconel 625 wall element 

  YS, MPa UTS, MPa δ5, % , % 

bottom 383,1 712,1 27% 56% 
middle 384,5 688,6 26% 59% 

top 370,5 671,4 25% 53% 
cross 371,9 661,5 28% 76% 

 

 

Figure 3. Engineering stress-strain curves for CMT WAAMed Inconel 625 wall element 



 

 

 

Figure 4. The fracture surface of the CMT WAAMed Inconel 625 wall element 

samples: bottom (a), middle (b), top (c) cross (d). 

 

This behavior of mechanical properties is determined by the peculiarities 

of structure formation during multilayer surfacing and will be considered 

below.  

The corresponding fractograms for tensiled samples are presented in 

figure 4. With yellow dotted lines, the dendritic arms' positions are 

highlighted. The overall character of the fracture is ductile with mixed 

morphology for horizontal samples (fig. 4 a - c), namely the simultaneous 

existence of zones with small size dimples as well as big ones preferably 

allocated interdendritically. The vertical (cross) sample (fig. 4 d) has 

different morphology, with no explicit traces of dendritic structure, and the 

dimples are uniform and distributed homogeneously. This is the course of 

an increased level of plasticity in the vertical (cross) direction of the wall 



element. Such character of fracture surfaces is in strong agreement with 

mechanical test data. 

 

Microstructure characterization 

Inconel 625 is a nickel-based superalloy that is known for its excellent 

corrosion resistance, high strength, and good weldability. Its microstructure 

comprises a face-centered cubic (FCC) crystal structure with a matrix of 

nickel-chromium-molybdenum alloying elements. The microstructure of 

Inconel 625 can be further described as a two-phase structure consisting 

of a solid solution matrix and a dispersion of finely dispersed coherent 

particles of the intermetallic compound Ni3Nb. The solid solution matrix is 

composed mainly of nickel and chromium, with smaller amounts of 

molybdenum, iron, and other elements, such as niobium, carbon, and 

silicon, depending on the specific composition. The presence of niobium in 

the alloy helps to stabilize the matrix and improve its strength and 

resistance to deformation, while the dispersion of Ni3Nb particles provides 

additional strengthening and improves resistance to creep and fatigue.  

The micrographs (Figure 5) obtained from etched specimens revealed 

the distinct layers that are typical of additive manufacturing technologies 

along with the boundaries of the molten pool. The microstructure displays 

a dendritic pattern oriented in the same direction, with a relatively fine 

grained at the layer boundaries. Although not cellular, the microstructure is 

akin to that of welded microstructure.  

The as-welded microstructure consists of columnar dendrites, as 

depicted in Figure 5. There is a tendency to crush dendritic branches at the 

transition points on the fused lines between successive layers. In addition, 

when approaching the upper part of the wall element, the dendritic 

branches become more elongated and branched. This is due to the fact 

that the previous layers underwent repeated thermal exposure during the 

multilayer deposition and the metal was subjected to welding tempering, 



which probably induced additional dispersion strengthening and structure 

modification. At the same time, the upper layers of the surfacing have a 

characteristic/close to as cast structure [12,17,18]. 

 

 

Figure 5. SEM microstructure of the CMT WAAMed Inconel 625 wall element (BD-

TD plane).(a-e) – Top, (f-j) – Middle (k-p) – Bottom zones of the billet. ‘A’ indicate 

middle zone of layer,  ‘B‘ - layers interface. 



 

a) 

 

b) 

 

Figure 6. Quantitative data for microstructure (figure 5): phase composition (a), 

dendritic arms size (b). ‘A’ indicate middle zone of layer, ‘B‘ - layers interface. 

 

Two types of cellular-dendritic microstructures were observed in the as-

welded. Two kinds of microstructures exhibit similar growth directions and 

appear alternatively (Figure 5). The arm spacing of the continuous cellular-

dendritic microstructure ranges from 8-23 m (Figures 5 and 6b). 

Quantitative analysis has shown some differences at the interface and 

middle part of layers (figure 6 b.). Namely, the matrix and Nb rich phase 



ratio slightly differs which is a natural phenomenon for multilayer deposition 

(Figure 6a). This effect is caused by thermal gradient during consequent 

deposition on 100 C preheated previous layer [19]. This solidification 

condition differs from the interface to the top part of the layer. The overall 

microstructure distribution at different scales can be counted as uniform. 

Light and dark zones are distinguished in figure 5?, the first of which are 

the axes of dendrites, and the second interdendritic zones are depleted in 

the content of Nb chemical element (Fig. 7). This effect is explained by the 

peculiarities of the crystallization of the molten metal and liquation during 

the hardening of the metal. Light zones are enriched with niobium, while 

dark zones are depleted. 

 

 

Figure 7. Composition peculiarities of the dendritic structure at the bottom (a) middle 

(b) and top (c) zones of CMT WAAMed Inconel 625 wall element 

 

At the bottom part of the printed sample, the alloy matrix is depleted with 

Nb (figure 6a, table 3), possibly due to solidification conditions as the first 

deposition is conducted on a cold substrate. And further subjected to 

multiple thermal cycles of welding. The middle and top parts have similar 



chemical elements distribution as well as in the matrix and Nb-rich phase. 

Such an effect is closely connected with the similar condition of steady state 

manufacturing mode (preheating of the previous layer, solidification). 

 

Table 3. Main alloying element distribution for matrix and Nb-rich phase CMT 

WAAMed Inconel 625 wall element 
 

Cr Ni Nb Mo 

bottom 

Nb rich phase 21.36 56.59 8.93 13.11 

Matrix 23.34 63.80 2.57 10.30 

Macro 23.07 61.38 4.43 11.12 

middle 

Nb rich phase 22.60 59.26 5.84 12.30 

Matrix 23.38 63.47 2.90 10.24 

Macro 23.12 61.14 4.63 11.11 

top 

Nb rich phase 21.62 58.25 7.72 12.41 

Matrix 23.26 62.42 3.47 10.85 

Macro 23.14 60.91 4.54 11.41 

 

The macro analysis of chemical composition at the bottom, middle, and 

top parts has shown good uniformity of main alloying element distribution 

(table 3). 

 

Conclusions 

The objective of this investigation was to examine the material 

characteristics of a CMT WAAM technique utilized for Inconel 625 material. 

The outcomes of this WAAM method indicated the applicability of CMT, 

owing to its reduced heat input, as a direct energy deposition power source. 

The material analysis indicated that the CMT WAAM method provides 

advantages in terms of the mechanical properties and microstructure 

homogeneity of produced components. 
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