
Additive Manufacturing 57 (2022) 102958

Available online 8 June 2022
2214-8604/© 2022 Elsevier B.V. All rights reserved.

Research Paper 

Controlling the columnar-to-equiaxed transition during Directed Energy 
Deposition of Inconel 625 

S. Li a,b, J.Y. Li a,b, Z.W. Jiang a,b, Y. Cheng c, Y.Z. Li d, S. Tang a,b, J.Z. Leng e, H.X. Chen f, 
Y. Zou f, Y.H. Zhao b,g, J.P. Oliveira h,i,*,1, Y. Zhang a,b,**, K.H. Wang b 

a Herbert Gleiter Institute of Nanoscience, Nanjing University of Science and Technology, Nanjing 210094, China 
b School of Materials Science and Engineering, Nanjing University of Science and Technology, Nanjing 210094, China 
c Nanjing Enigma Automation Corporation, LTD, Nanjing 211153, China 
d School of Physical Science and Technology, Northwestern Polytechnical University, Xi’an 710072, China 
e Department of Mechanical Engineering, McGill University, Montreal, QC H3A 0C3, Canada 
f Department of Materials Science & Engineering, University of Toronto, Toronto, ON M5S 3E4, Canada 
g Nano and Heterogeneous Materials Center, Nanjing University of Science and Technology, Nanjing 210094, China 
h UNIDEMI, Department of Mechanical and Industrial Engineering, NOVA School of Science and Technology, Universidade NOVA de Lisboa, Caparica 2829-516, 
Portugal 
i CENIMAT/I3N, Department of Materials Science, NOVA School of Science and Technology, Universidade NOVA de Lisboa, 2829-516 Caparica, Portugal   

A R T I C L E  I N F O   

Keywords: 
Inconel 625 
Additive Manufacturing 
Microstructure 
Texture 
Mechanical Properties 

A B S T R A C T   

In this work, the grain orientation and mechanical properties of Inconel 625 are tailored by varying the process 
parameters during directed energy deposition. Under the same deposition speed, increasing the current is 
effective in promoting the columnar-to-equiaxed transition due to modifications on the thermal cycle. The so-
lidification conditions (temperature gradient and cooling rate) were characterized during the process. A com-
parison with an existing solidification map for Inconel 625 indicates that the temperature gradients in the melt 
pool of the sample fabricated with larger current decrease sufficiently to permit the nucleation and growth of 
equiaxed grains. Uniaxial tensile testing showed that the sample with equiaxed grain microstructure exhibits a 
higher yield strength (increase by 36 %) when compared to the sample with columnar grains. Contributions of 
various strengthening mechanisms to the yield strength are quantified in terms of grain boundary strengthening, 
dislocation strengthening, and solid-solution strengthening. It is found that the higher yield strength of samples 
that possess equiaxed grains can be attributed to the enhanced dislocation strengthening arising from the large 
average Taylor factor.   

1. Introduction 

Additive Manufacturing (AM) comprises a set of processing tech-
nologies, which possess high economical advantage over conventionally 
used manufacturing methods. Components with complex shapes that are 
not achievable by conventional manufacturing techniques can be real-
ized via AM [1–3]. This advantage has aroused great interest in applying 
AM to commercial alloys currently used in several applications, such as 

those of the biomedical, automotive and aerospace industries [4–8]. 
Inconel 625, which was used in this research, is a commercial alloy with 
a wide range of applications, especially in the aerospace and oil & gas 
fields. This material combines excellent tensile and creep strengths with 
extraordinary oxidation resistance and high-temperature corrosion 
resistance [9,10]. AM is expected to solve the problems of conventional 
manufacturing methods related to processing limitations, material waste 
and high processing costs associated with components that possess 
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complex shapes [11–13]. However, the overarching challenge in AM is 
to tailor the microstructure of Inconel 625 while maintaining material 
properties that meet the standards for use of these materials in the 
challenging environments encountered in energy, space and nuclear 
applications. 

Due to the small melt pool and steep temperature gradient ahead of 
the solid-liquid interface featured by Powder Bed Fusion (PBF) methods, 
it is known that Inconel 625 tends to solidify in an epitaxial manner, 
leading to the generation of columnar-like grains with <001> crystal 
direction oriented along the build direction [14,15]. Similar observa-
tions were also reported for other types of Inconel alloys, such as Inconel 
718 [16,17]. Generally, the columnar grains that are oriented along the 
loading direction can offer superior mechanical properties of parts at 
high temperatures. The intrinsic columnar structure will render anisot-
ropy mechanical properties in the fabricated components which can be a 
setback for its use in applications where multiaxial loading conditions 
are found. Moreover, it may also increase the probability for the 
occurrence of hot tearing under multi-directional high temperature 
loading conditions [18,19]. 

Several different strategies have recently been pursued for promot-
ing the Columnar-to-Equiaxed Transition (CET) during AM [20]. One 
approach for promoting the CET is to utilize high-intensity ultrasounds 
to promote the vibration of the melt and therefore, enhancing the grain 
nucleation upon solidification, which was recently proved efficient to 
enable the formation of equiaxed grain structures in laser-based 
Directed Energy Deposition (DED) of Ti-6Al-4 V and Inconel 625 [20]. 
Ti(O, N) particles can also be used to trigger the CET in Fe-Ti alloys 
during laser powder bed fusion [21], thus enhancing the material me-
chanical properties. Intrinsically, manipulation of the AM processing 
parameters to control the temperature gradient (GL), solidification 
rate/velocity (RL) of the solid-liquid interface, and cooling rate (CL) has 
the potential to enable the formation of equiaxed grain structures [22, 
23]. Raghavan et al. [22] demonstrated that increasing the preheating 
temperature, beam current, and/or time on spot promotes the CET in 
Inconel 718 during electron beam additive manufacturing which was 
attributed to a reduction in GL. 

According to the GL vs. RL plots established for the Inconel 625 alloy, 
the formation of equiaxed grains could be enabled by reducing the GL to 
below < 105 K/m, which is one or two orders of magnitude lower than 
that of typically obtained during PBF [24]. Bontha et al. [25] modelled 
the grain structure of a Ti-6Al-4 V alloy during AM, and found that the 
small scale deposition conditions will yield temperature gradients well 
above 106 K/m and solidification rates of the order of 0.1 cm/s, leading 
to the formation of fully columnar grain structures. However, the tem-
perature gradients are remarkably reduced by more than one order of 
magnitude (<105 K/m) when larger scale (higher power) AM processes 
were modelled, and it was predicted that equiaxed-like grained micro-
structures could occur. The scale and characteristics of Wire Arc Addi-
tive Manufacturing (WAAM) might offer a thermal environment 
satisfying the required solidification conditions for the nucleation of 
equiaxed grains. Compared to PBF processes, WAAM, as a part of DED 
processes, shows advantages of high deposition rate, high energy effi-
ciency and low capital costs [26–29]. Moreover, WAAM heat sources 
have the characteristics of low heat flux density, large heating radius 
and high heat source intensity. The high specific energy combined with 
high material deposition rate creates deeper and larger melt pools [22, 
30–34], which allows the solidifying materials to experience high tem-
peratures for a prolonged period of time [35]. Correspondingly, a 
smaller GL, which facilitates the formation of equiaxed grains and sub-
sequent growth, could be achieved in the large melt pool during WAAM. 
Furthermore, Dinovitzer et al. [30] investigated the effects of processing 
parameters, such as traveling speed of the welding torch and current, on 
the melt pool depth during WAAM, and found out that the decrease of 
the travel speed or increase of the current promoted an increase on the 
melt pool depth. This indicates that proper selection of the processing 
parameters may tailor the geometry of the melt pool to obtained 

desirable grain structures during WAAM, though the available cases of 
CET achieved in WAAM samples are mostly achieved by the addition of 
particles as the grain refiners [36,37]. 

WAAM of Inconel 625 alloy is already well-established for the cre-
ation parts with a single parameter set [36,37]. For example, Ravi et al. 
revealed that the microstructure in WAMMed Inconel 625 is charac-
terized by the presence of a columnar dendritic accompanied with car-
bides [37]. However, it is still not clear that whether processing 
parameters can influence the grain structures in terms of grain size, 
orientation, morphology, and mechanical properties. 

Therefore, the aim for present work is to develop an experimental 
design methodology to tailor the geometry of the melt pool by tunning 
the linear energy density to achieve the regulation of grain structures 
within the melt pool. The Linear Energy Density is influenced by the 
processing parameters as described below [38]: 

LED =
V × I

Vt
× ηu (1)  

where V is the voltage (V) and I is the current (A), Vt is the traveling 
speed of the welding torch (mm/s). ηu is the process efficiency, which is 
close to 0.9 for CMT [39]. We intended to minimize the number of 
processing parameters to be varied, avoiding any interactions between 
processing parameters. First, the traveling speed is fixed, as it is inde-
pendent of the CMT Advance 4000 power source. Due to the charac-
teristic of power source used, the current was increased by finely 
tunning the wire feeding speed, while the voltage remained constant. 
Therefore, the current is the sole parameter modified to vary the LED, 

Table 1 
Chemical composition of Inconel 625 (wt%).  

Ni Cr Mo Nb Fe Ti C Mn Si 

Bal. 22.13 9.16 3.63 0.34 0.13 0.06 0.05 0.22  

Fig. 1. Main components of CMT-WAAM system.  
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and subsequently explore whether the control of LED during WAAM can 
affect the solidification conditions ahead of the solid-liquid interface and 
consequently enable the formation of equiaxed grain structures in the 
WAAM-fabricated Inconel 625 alloy. The uniaxial tensile properties of 
Inconel 625 alloy fabricated using WAAM with different processing 
conditions were determined and the correlation with the material 
microstructure features was rationalized in terms of grain boundary 
strengthening, solid solution strengthening and dislocation strength-
ening. These findings could serve as a valuable reference for the fabri-
cation of Inconel 625 parts with tailored grain morphology, texture, and 
mechanical properties. 

2. Materials and method 

2.1. Materials and processing 

The wire feedstock selected for this study was a 1.2 mm diameter 
metal wire, made of the commercial Inconel 625. The chemical 
composition of wire was measured by means of SPECTRO MAXx optical 
emission spectroscopy (OES), as listed in Table 1. The additive 
manufacturing test adopts the WAAM manufacturing system based on 
Cold Metal Transfer (CMT). CMT is known for the ability to reduce the 
heat input compared to other arc-based processes, thus imposing less 
several thermal cycles to the material being deposited. The system 
mainly consists of six-axis Fanuc robot arm, Fronius CMT Advanced 
4000 welding machine, computer slicing simulation software (Lungopnt) 

system, wire feeding system (Fig. 1). The trim length for the present 
WAAM processing is 15 mm. A carbon steel Q235, with a thickness of 
30 mm, was used as the substrate. The substrate surface was polished 
with sandpaper and then the surface oxide film was removed by laser 
cleaning. Finally, the substrate was wiped and cleaned by alcohol prior 
to the WAAM depositions. 

The deposited samples are cylinders with dimensions of Ø 
50 mm × 100 mm. In this study, two sets of different deposition pa-
rameters were used to fabricate the cylindrical samples. The specific 
manufacturing parameters are shown in Table 2. According to the Eq. 
(1), the main variable is the electric current. The increase of current 
promotes an enhancement on the LED. The deposition strategy used is 
shown in Fig. 2. After each layer is deposited, the welding gun is lifted by 
1.8 mm. During the deposition process, the deposition path is rotated 
90◦ for each subsequent layer, and there is no interlayer waiting time. To 
avoid oxidation, 70 % Ar + 30 % He shielding gas at a flow rate of 18 L/ 
min was used during the process. 

2.2. Microstructure and mechanical characterization 

The samples for microstructural and mechanical characterization 
were extracted by wire Electrical Discharge Machining (EDM). The 
deposited samples were sequentially grounded using 240, 400, 600, 800, 
and 1200 grit SiC sandpapers. Then, the samples were sequentially 
polished with a diamond grinding paste with sizes of 1 and 0.5 µm. In 
order to further reduce the surface roughness of the samples, the me-
chanically polished samples were placed in a 10 % perchloric acid and 
90 % alcohol solution for electrolytic polishing at a voltage of 14 V. 
Then, the as-deposited microstructure and element distribution were 
analysed with a Carl Zeiss AG Scanning Electron Microscope (SEM) 
equipped with an Electron Backscatter Diffraction (EBSD) unit and En-
ergy Dispersive Spectrometer (EDS). The working distance and accel-
eration voltage for the EBSD measurements are 12–16 mm and 20 kV. 
The tilt angle for the EBSD measurement is 70◦. The step sizes of EBSD 

Table 2 
Processing parameters used to build WAAM parts.  

Traveling speed 
(mm/s) 

Feeding speed (m/ 
min) 

Current 
(A) 

Voltage 
(V) 

LED (J/ 
mm) 

10  4.1  104  13.4  125 
10  4.6  116  13.4  140  

Fig. 2. (a–c) Illustration of the WAAM scanning strategy and the build direction. The red line indicates the track that has been printed and the arrow indicates the 
moving direction of the arc; (d) WAAM - fabricated sample with substrate. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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measurements for grain size and Kernel Average Misorientation (KAM) 
are 10 and 0.7 µm, respectively. The working distance and acceleration 
voltage for the EDS measurements are 6 mm and 20 kV. For Optical 
Microscopy (OM) observations, the samples were etched using a solu-
tion of 15 ml HCl, 10 ml HNO3 and 10 ml CH3COOH, with a dwell time 
of 8 s. The morphology of the melt pool and the evolution of the 
microstructure were characterized by a Leica CTR6 optical microscope. 
The crystal structure of the samples was further evaluated by X-Ray 
Diffraction (XRD) using Cu radiation operating at 40 kV and 40 mA. All 
samples were scanned in the standard geometry from 20◦ to 120◦ for 2θ 
with a step size 0.02◦ and a dwell time of 0.6 s per step. A FEI Tecnai 20 
Transmission Electron Microscope (TEM) was used to examine the sec-
ondary phase particles and dislocations in the WAAM deposits. 

Samples for tensile testing were obtained at the same position from 
the two WAAM-deposited cylinders by wire EDM. The specimens for 
tensile tests had a gauge length of 8 mm, width of 2 mm and thickness of 
1 mm. The orientation and dimensions of the tensile test samples are 
shown in Fig. 3. The tensile tests were carried out on an Instron 5982 
tensile test instrument, equipped with a digital image correlation system 
to accurately measure strain. The tensile tests were performed at a 
tensile rate of 3 × 10− 4 s− 1, along the Build Direction (BD) of the 
WAAM-fabricated cylindrical samples, and at room temperature. 

3. Results 

3.1. Microstructure and crystallographic texture 

The EBSD orientation maps along the Z-axis of melt pools at the top 
layer in the columnar and equiaxed samples observed on the X-Z plane 
are shown in Fig. 4a and d, while the corresponding EBSD orientation 
maps along the X-axis are shown in Fig. 5a and d. The white dashed lines 
in Fig. 4a and d outlined the melt boundaries. It is evident that the 
crystallographic texture, grain structure and growth directions are 
remarkably different in the melt pools of two above mentioned samples. 
EBSD analysis indicated that the microstructure of the two fabricated 
samples is characterized by columnar grains and equiaxed grains mi-
crostructures, respectively (see Figs. 4 and 5). Therefore, the two sam-
ples are hereafter denoted as the columnar sample (LED 125 J/mm) and 
equiaxed sample (LED 140 J/mm), respectively. Within the melt pools 
at the top layer of the columnar sample (see Figs. 4a and 5a), grains tend 
to grow straight traversing multiple deposited layers along the build 
direction. The majority of the columnar grains exhibit a <001> crystal 
orientation along the build direction (Z-axis). However, in the equiaxed 
sample (see Figs. 4d and 5d), the grains grow perpendicular to the melt 
pool boundary, similar to earlier observations in laser powder-bed 
fusion of metallic alloys with cubic structure [40]. The crystal orienta-
tion map along Z-axis of Fig. 4d indicates that the <001> texture was 
significantly weakened as compared to the columnar sample. Further-
more, it is also noted that the growth of grains in the equiaxed sample 
was usually interrupted within the melt pools, leading to a more equi-
axed grain morphology. Statistical measurements show that the 
columnar grains in the columnar sample have typically several milli-
metres in length and 354 ± 65 µm in width. The equiaxed sample shows 
a grain structure with an average length of 550 ± 430 µm and width of 
248 ± 28 µm. The significantly reduced grain aspect ratio, i.e., ~7.62 
for columnar sample vs. ~3.36 for the equiaxed sample, indicates the 
strong tendency for CET to occur within the melt pools at the top layer in 
equiaxed sample. Representative crystal orientation maps and Inverse 
Pole Figures (IPFs) along build direction obtained on the area for tensile 
specimens in columnar and equiaxed samples are displayed in Fig. 4b-c 
and e-f, respectively, while the corresponding crystal orientation maps 
and IPFs along the X-axis are shown in Fig. 5b-c and e-f. The overall 
height of the columnar sample in the building direction is about 
100 mm, and the position for extracting tensile samples is 40–80 mm far 
away from the substrate. It is seen that the columnar sample (Figs. 4b 
and 5b) shows a strong <001> texture along the build direction, and the 
maximum texture intensity is approximately ~12 (see Fig. 4c). In 
contrast, the equiaxed sample (Figs. 4e and 5e) possesses an overall 
random texture. The <001> texture intensity is significantly reduced, 
with a maximum texture intensity of ~2 (see Fig. 4f). Our results 
demonstrate that by employing a specific current, the crystallographic 
texture and grain size can be engineered through the WAAM process. 

The X-ray diffraction patterns for both produced samples are pre-
sented in Fig. 6. It should be noted that these measurements were per-
formed in the X-Z plane of the samples (refer to Fig. 2). For both 
conditions, a single-phase Face Center Cubic (FCC) structure, typical of 
Inconel 625, is indexed. No precipitates were identified for columnar 
and equiaxed samples. Intermetallic phases such as γ′ ′ Ni3(Nb, Al, Ti), 
δ-Ni3(Nb, Mo) or carbides, which can usually be found in casting and 
forging of Inconel 625 were not detected in the XRD patterns. If they 
exist, their volume fraction is below the resolution of conventional XRD 
laboratorial sources (3–5 vol%) [15]. Another interesting feature that is 
observed in the diffraction patterns is related to the texture. While for 
the columnar sample, the strongest and less intense peaks are the (220) 
and (111), respectively, for the equiaxed sample, this changes to (111) 
and (220). This also qualitatively evidences that the selected process 
parameters can modify the material texture. 

The microstructure of the samples in different areas of the produced 
samples was further investigated by TEM, as detailed in Fig. 7. It is 

Fig. 3. (a) Extracted position and (b) dimensions of tensile specimens in the 
cylinder WAAM-processed Inconel 625 alloy. 
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evident from the selected area diffraction patterns, that the matrix of the 
alloy is γ-Ni, and a larger number of dislocations exist in both the 
columnar and equiaxed samples (Fig. 7a-b). The dislocation density is 
determined from the EBSD data as detailed in Section 4.2.2. 

Fig. 8 shows the local morphology of the WAAM Inconel 625 samples 
as obtained by SEM, and the results of the corresponding composition 
analysis. Some small particles are also observed in the SEM image on the 
surfaces of both the columnar (Fig. 8a) and equiaxed samples (Fig. 8h). 

The elemental distribution map shows the presence of globular Nb- and 
Ti-rich precipitates with an average size of about 1.3 µm in both samples 
(Fig. 8e–g, l–n). Fig. 9 shows the results of spot analysis by EDS of 
precipitated phases. The specific content is listed in Table 3. Combined 
the results of previous studies [41,42] with spot analyses indicated that 
these small particles are MC-type carbides with Nb and Ti enrichments. 
It is also noted that compared with the γ matrix (spot 1), some particles 
have extremely high Nb content (50 wt%) and low Ni content (20 wt%), 

Fig. 4. EBSD orientation maps observed along the Z-axis from the X-Z plane melt pools at the top layer of the (a) columnar sample and (d) equiaxed sample, dashed 
line outlines the melt pool boundary. EBSD orientation maps observed from middle position of the X-Z plane of (b) columnar sample and (e) equiaxed sample, and 
inverse pole figures measured from the middle position of the X-Z plane of (c) columnar sample and (f) equiaxed sample. 

Fig. 5. EBSD orientation maps along the X-axis observed from the X-Z plane melt pools at the top layer of the (a) columnar sample and (d) equiaxed sample, EBSD 
orientation maps observed from middle position of the X-Z plane of (b) columnar sample and (e) equiaxed sample, and inverse pole figures measured from the middle 
position of the X-Z plane of (c) columnar sample and (f) equiaxed sample. 
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and its composition is near that of Nb-based MC-type carbides (such as 
spot 2). Some other MC carbides containing a lower amount of Nb 
(20 wt%), the higher content Ni (45 wt%), and a significant enrichment 
of Ti (5.0 wt%) (such as spot 3) were also observed. The volume frac-
tions of these precipitates in columnar and equiaxed samples are 
determined to be about 0.74 % and 0.65 %, respectively. The low vol-
ume fraction of these precipitates justifies why these were not detected 
in the XRD patterns. 

Figs. 10 and 11 depicts the morphology and the internal micro-
structure of the melt pools at the top layer of columnar and equiaxed 
samples, respectively. From the point of view of process parameters, 
while keeping the same traveling speed, the increase of current will 
result in an increased LED. As a consequence, the melt pool size will be 
deeper and larger. This is confirmed by the measurements of the melt 
pool size in Figs. 10a and 11a. Based on the pixel count, the melt pool 
depth (D) of columnar sample is determined to be roughly 4.2 
± 0.18 mm. This is indeed a smaller value than that of the equiaxed 
sample (5.5 ± 0.21 mm). The width (W) of the melt pool of columnar 
and equiaxed samples is 12.1 ± 1.4 and 14.4 ± 0.91 mm, respectively. 
A highly oriented epitaxial dendritic microstructure developed in the 
columnar sample (Fig. 10a). In opposition, misaligned cells grew 
perpendicularly to the melt pool border and towards the centre of the 
melt pool in the equiaxed sample (Fig. 11a). Figs. 10b-c and 11b-c show 
magnified images of the dendrites (columnar and equiaxed samples, 
respectively). The Secondary Dendrite Arm Spacing (SDAS) of the two 
samples was measured from the optical micrographs. The SDAS of 
columnar and equiaxed samples was measured to be of 9.5 ± 1.8 and 
17.6 ± 2.0 µm, respectively. The morphology of the melt pool is an 
important factor that may influence the grain structure [43]. The 
distinct grain morphologies arise from the thermal gradient (GL) and 
solidification velocity (RL) conditions experienced by the material [22, 
23,44]. To quantify GL and RL, the dimensions of the melt pool, viz. 

length (L) and width (W), should be estimated. In this research, we 
adopted a theoretical model to compute the temperature field in the 
neighborhood of the heat source in the WAAM process for both 
columnar and equiaxed samples. With the width (W) available from 
measurements, the length can be backcalculated from the L/W rate of 
the melt pool determined using the temperature distribution plot given 
by the theoretical model. Details of this approach and its symbolical and 
graphical presentation can be found in Section 4.1. 

3.2. Mechanical properties 

Fig. 12a depicts a set of typical true stress-strain tensile curves along 
the build direction (Z-axis) for the two Inconel 625 alloy samples ob-
tained at room temperature. Overall, both samples exhibit superior 
mechanical properties, showing both high ultimate tensile strength 
(~1000 MPa) and large uniform elongation (~40 %). Specifically, by 
comparing the true stress–strain curves of the equiaxed and columnar 
samples, it can be seen that the yield strength of the former is superior to 
the latter (404 ± 14 MPa vs. 310 ± 5 MPa, respectively). On the other 
hand, the uniform elongation of the equiaxed samples is slightly lower. 
Note that the two samples have similarities in the flow stress-strain 
relationship. For a true strain between ~0.05 and ~0.25, the stress–-
strain curve assumes a slightly concave shape. This indicates that, at this 
strain level, a secondary strain hardening seems to occur. This is more 
clearly seen in Fig. 12b, where the variation of the work hardening rate 
vs. true strain is plotted for both the columnar and equiaxed samples. It 
is seen that both the columnar and equiaxed samples show very similar 
trends regarding their work hardening response, revealing three stages 
of work hardening typical of alloys with low Stacking Fault Energies 
(SFEs) [45]. Both curves show an initially continuous decrease in their 
work hardening rate (stage A), which is similar to the 3rd hardening 
stage of alloys with high SFE [46]. After reaching a minimum hardening 

Fig. 6. XRD profiles for the X-Z plane of the deposited samples: (a) columnar sample; (b) equiaxed sample.  

Fig. 7. Typical TEM images for different samples: (a) columnar sample; (b) equiaxed sample.  
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rate at a true strain between 0.05 and 0.1, the hardening rate starts to 
rise (stage B). At the end of the stage B, the work hardening rate can 
increase up to a hardening coefficient of about G/40 (G is the shear 
modulus). This is consistent with previous studies on low SFE alloys, 
such as TWIP steel (G/30) [47]. As the flow stress further increases, the 
strain hardening rate starts to decrease rapidly until failure (stage C). 

4. Discussion 

4.1. Implications of thermal parameters on the grain structure 

Different melt pool shapes might aid in modifying the crystallo-
graphic texture and grain structure in the fabricated parts. Sun et al. [48] 
reported that within a larger melt pool, a < 011 > crystallographic 
texture along build direction is favored, while for a flatter melt pool, a 
common <001> crystallographic texture along build direction is usually 
developed. The grain morphology evolution is determined by the local 
solidification conditions, including the thermal gradient (GL) and 
growth rate (RL) at the liquid/solid interface of the melt pool [49]. When 
the values of GL and RL satisfy the condition for CET, equiaxed grains 
will form in the melt pool [22,23,44]. The volume fraction of equiaxed 
grains in the solidified melt pool can be changed by varying the process 
parameters as exemplified elsewhere [22,50]. 

The existence of CET in the WAAM-fabricated Inconel 625 alloy 
suggests that manipulating the process parameters may break up the 
solidification conditions favouring the epitaxial growth along the build 

direction. Based on the following models, it is possible to roughly 
calculate the thermal gradient (GL) and solidification rate (RL) of both 
produced samples (columnar and equiaxed) during solidification. As GL 
= CL/RL, where CL is the local cooling rate, a prerequisite for quantifying 
GL and RL is the estimation of CL in the melt pool for the present 625 
alloy using Eq. (2), which requires a simplification of the Inconel 625 
alloy into a binary alloy. In the nickel-based alloy, the partition co-
efficients of Mo, Cr and most other elements are close to 1 [44] which 
means that the solid-liquid solute content is kept constant, while the 
partition coefficient of Nb is about 0.2–0.5, which indicates that the 
solid-liquid concentration difference during solidification is relatively 
large, that is, the effect of Nb on dendrite growth is more critical [44, 
51]. Therefore, we finally simplified the alloy into a Ni-3.6Nb binary 
system according to the concentration of Nb in the material. The ther-
modynamic parameters are shown in Table 4 [44,51]. The local cooling 
rate (CL) can be estimated by bringing the measured SDAS into the 
following model [52]: 

SDAS = 5.5

⎛

⎜
⎜
⎝ −

ΓDlln
(

Ceut
C0

)

ml(1 − k0)(Ceut − C0)

⎞

⎟
⎟
⎠

1
3

(
ΔT0

CL

)1
3

(2)  

where Dl is the diffusion coefficient of Nb in the liquid metal, Γ is the 
Gibbs-Thomson coefficient, C0 is the concentration of Nb in the fluid, 
Ceut is the concentration in the liquid at the eutectic point, ml is the liq-
uidus slope, k0 is the binary equilibrium partition coefficient and ΔT0 is 

Fig. 8. Compositional surface analysis of the WAAM - processed Inconel 625. Local SEM morphology and elemental distribution maps of the produced samples: (a–g) 
columnar sample; (h–n) equiaxed sample. 
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the non-equilibrium solidification range. The local cooling rate, CL, was 
estimated by Eq. (2), yielding 5.21 × 102 and 0.82 × 102 K/s for the 
columnar and equiaxed samples, respectively, as listed in Table 5. 

An indispensable step in the quantification of GL and RL for the dis-
cussion of their impact on the morphology of grain shape is the esti-
mation of the length (L) and width (W) of the melt pool, as schematically 

illustrated in Fig. 13a. It should be clarified that the time required to 
solidify from B to C with the distance of the melt pool depth (D) is equal 
to the time required from A to C with the distance of the melt pool length 
(L). If the internal solidification rate is assumed to be constant, RL can be 
determined by RL = DVt/L [52]. With the width of melt pool (W) already 
available from data reported in Section 3.1, it is necessary to estimate 
the value of L. To this end, we adopted the classical theoretical solution 
of the temperature field in the vicinity of a heat source in the welding 
process by Rosenthal et al., which is expressed by Eq. (3) [48]: 

T = T0 +
P

2πKr
exp

(

−
Vt(x + r)

2α

)

(3)  

where T0 is the average interlayer temperatures of the top deposited 
layer, P is the power, K is the thermal conductivity, r is the radial 

Fig. 9. SEM imaging of (a) columnar sample and (d) equiaxed sample. A typical EDS spectrum showing the presence of (b) Spot 1, (c) Spot 2 and (e) Spot 3.  

Table 3 
Chemical composition of precipitates at different positions (wt%).   

Ni Cr Nb Mo C Ti Others 

Spot 1  64.1  21.4  4.6  6.8  0.8  0.5  1.8 
Spot 2  20.8  12.1  50.6  4.2  7.4  2.8  2.1 
Spot 3  45.4  16.5  19.9  7.2  4.8  4.6  1.6  
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distance from the moving point, α is the thermal diffusivity. Fig. 13b 
shows the variation of the interlayer temperature experimentally 
measured by the infrared thermometer with the deposited layers. For the 
columnar sample processed with 125 J/mm, the average temperature of 
each layer increased linearly with the number of layers in the first 10 
layers (from 379 K to 811 K), and there was almost no significant change 
in the temperature of each layer after 10th layer is deposited, with the 
average temperature being of ≈ 818 K. Similarly, for the first 10 layers 
of the sample obtained with 140 J/mm, the average temperature of each 
layer increased linearly with the number of layers (from 443 K to 
819 K), and there was no appreciable change in the temperature after-
wards with the average temperature recorded being of ≈ 849 K 
(Fig. 13b). Both samples show the same trend, i.e., interlayer tempera-
tures remain roughly constant after 10 layers are deposited. As the 
specimens for microstructural and mechanical characterization were 
extracted at layers well above the first 10 deposited ones, we averaged 
the interlayer temperatures in the plateau region in Fig. 13b as T0 for Eq. 
(3). Correspondingly, T0 takes 818 and 849 K for the columnar and 
equiaxed samples, respectively. We then utilized MATLAB to simulate 
and plot the temperature distribution for the two samples. Fig. 13c- 
d depicts the Rosenthal’s solutions for the columnar and equiaxed 
samples, respectively, from which the L/W ratio of length L and width W 
of the melt pool can be estimated. The length of the melt pool (L) is 
backcalculated as the product between the L/W ratio of the melt pool 
measured from the temperature distribution plot and W. Correspond-
ingly, the RL value can be estimated by RL = DVt/L. Finally, the local 
temperature gradient can be obtained through equation GL = CL/RL, 
listed in Table 5. 

Fig. 14 shows the GL vs. RL plot on a reference solidification map of 
Inconel 625. The calculated GL and RL for the columnar and equiaxed 
samples are plotted in the Inconel 625 alloy solidification map, as 

depicted in Fig. 14. It can be seen that the increase in the electric current 
mainly affects the GL value for the Inconel 625 WAAM-fabricated parts. 
More specifically, the GL value is reduced from 2.65 × 105 to 4.10 × 104 

K/m, i.e., one order of magnitude, which enables for the solidification 
conditions in the melt pool to favor the formation of equiaxed grains. 
The solidification map detailed in Fig. 14 details that the calculated (RL, 
GL) values for both columnar and equiaxed samples explained the phe-
nomenon of CET observed in both samples. The corresponding (RL, GL) 
range of values for the work of Hu [44] are also included for comparison 
(see the area outlined by the white square in Fig. 14). From the above 
analysis, it can be concluded that increasing the current will cause the 
LED to increase, resulting in a larger melt pool, slower cooling rate and 
lower thermal gradient at comparable solidification velocities (hence 
smaller GL/RL ratio). This means that it may offer a thermal environment 
satisfying the required solidification conditions for the nucleation of 
equiaxed grains. 

4.2. Relationship between microstructures and the mechanical properties 

In order to have a better understanding on why the yield strength of 
the equiaxed sample is higher than that of the columnar sample, the 
contribution of each strengthening mechanism is calculated. There are 
four main strengthening mechanisms in metallic alloys: solid-solution 
strengthening, strain strengthening (dislocation strengthening), precip-
itation strengthening and refinement strengthening (grain boundary 
strengthening). 

4.2.1. Precipitation strengthening 
The strengthening contribution (Δσp) result from the precipitates can 

be estimated based on the Orowan mechanism [54]: 

Fig. 10. Microstructure of the columnar sample at the top layer, (a) OM image showing the dendritic microstructure and the melt pool boundary, (b) magnified 
image of region 1, (c) magnified image of region 2. 
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Δσp =
0.4MGbln

(
2r
b

)

π
̅̅̅̅̅̅̅̅̅̅̅
1 − v

√
2r
( ̅̅̅

π
4f

√
− 1

) (4)  where M = 3.06 is the mean orientation factor for the fcc polycrystalline 
matrix [34]; G is the shear modulus, 81.4 GPa; v = 0.28 is Poisson’s ratio 
of the Inconel 625 matrix; b is the magnitude of the Burgers vector, 

Fig. 11. Microstructure of the equiaxed sample at the top layer, (a) OM image showing the dendritic microstructure and the melt pool boundary, (b) magnified image 
of region 1, (c) magnified image of region 2. 

Fig. 12. (a) True stress-strain tensile curves of WAAM-fabricated Inconel 625 samples along the build direction (Z-axis); (b) Work hardening behaviour of the 
columnar and the equiaxed samples. 

Table 4 
The thermophysical properties of Inconel 625 alloy.  

Γ[53] (Km) Dl[53] (m2/s) C0 (at %) Ceut (at %) ml (K/at %) k0 ΔT0 (K) K[53] (W/ (m K)) α[53] (m2/s) 

3.65× 10− 7 3× 10− 9 2.33 16 -10.5 0.48 95 30.1 5.5× 10− 6  
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0.25 nm. r =
̅̅̅̅̅̅̅̅
2/3

√
r is the mean radius of a circular cross section in a 

random plane for a spherical precipitate, r is the average radius of 
precipitates, 1300 nm. f is the volume fraction of precipitates, i.e., 0.74 
% and 0.65 % for columnar and equiaxed samples, respectively. 
Consequently, the strengthening contributions from the precipitates Δσp 
for the columnar and equiaxed samples are calculated to be 4.29 MPa 
and 3.99 MPa, respectively. The strengthening contribution from the 
precipitates is extremely small, hence the contribution of precipitation 

strengthening to yield strength can be ignored in this case. 

4.2.2. Grain size effect 
Grain boundaries have been well considered as strong obstacles for 

dislocation motion, and the contribution to the yield strength caused by 
grain boundaries is empirically determined by the Hall-Petch equation 
[55]: 

σy = σ0 + kd− 0.5 (5)  

where σ0 is a friction stress, k is the Hall-Petch coefficient 
(~750 MPa μm1/2 for Inconel 625) [56]. The strength enhancement 
induced by grain boundary strengthening in the present WAAM samples 
can be written as Δσs = kd− 0.5. Using the average grain sizes as deter-
mined by the EBSD data in Section 3.1, the contributions of grain 
boundary strengthening in the columnar and equiaxed sample are 
calculated to be 41.7 MPa and 50.3 MPa, respectively. These results 
show that the effect of grain size variation on the yield strength can be 
almost neglected. 

4.2.3. Dislocation strengthening 
Generally, the introduction of dislocations by plastic deformation 

results in the decrease of the average distance between dislocations and 
consequently dislocations start blocking the motion of each other. As the 
resistance to dislocation motion rises with the dislocation density, the 
material strength increases [57]. During WAAM of the Inconel 625 alloy, 
residual thermal stresses develop and these promote the generation of 
dislocations in the produced parts. This happens due to the 
non-equilibrium, rapid and repeated heating and cooling [58]. There-
fore, the dislocations associated to the processing conditions can also 
contribute to an increase in the material yield strength, as described by 

Table 5 
The measured SDAS and the calculated solidification conditions.  

Sample Vt (mm/s) SDAS (μm) CL (K/s) L/W RL (m/s) GL (K/m) 

Columnar sample  10 9.5 5.21 × 102  1.76 1.97 × 10− 3 2.65 × 105 

Equiaxed sample  10 17.6 0.82 × 102  1.91 2.00 × 10− 3 4.10 × 104  

Fig. 13. (a) Schematic diagram of typical melt pool shape model during WAAM. (b) Trend of average temperature after completion of each deposited layer. (c) and 
(d) are melt pool morphology simulations on the plane surface for columnar and equiaxed samples, respectively, using the Rosenthal’s solution. 

Fig. 14. Plot of GL vs. RL for the columnar and equiaxed samples in the Inconel 
625 solidification map (based on the original map of Hu [44]). The area out-
lined by the white square indicates (GL, RL) values for laser solid forming 
Inconel 625 samples obtained from Ref. [24]. 
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the Taylor equation [59]: 

Δσρ = MαGb
̅̅̅ρ√ (6)  

Where G is the shear modulus (80 GPa), b is the Burgers vector 
(0.25 nm) [60], α is a constant (0.6), ρ is the dislocation density, and M 
is the Taylor factor. In the present study, the dislocation density was 
determined by the analysis of the Kernel Average Misorientation (KAM), 
which was obtained directly from the EBSD data. The defect density 
inside the grains is calculated as ρ = 2θKAM/xb, where θKAM is kernel 
average misorientation, x is the unit length and b is the magnitude of the 
Burgers vector. X is defined as x = ns, where n is the second neighbour 
and s is the step size. Correspondingly, the dislocation density (ρ) of the 
columnar and equiaxed samples is roughly estimated to be 2.06 × 1013 

m− 2 and 2.38 × 1013 m− 2, respectively, suggesting that the changes in 
the process parameters do not drastically modify the dislocation density. 
As proposed by Taylor [61], if each grain in a polycrystalline material is 
assumed to undergo the same plastic deformation, the active combina-
tion of slip systems with minimum energy could be obtained based on 
the orientation of the grain relative to the deformation reference frame. 
The Taylor factor (M), as a sum of the glide shears, then serves as a 
measure of the yield strength of a grain due to its specific orientation. A 
large Taylor factor means that a high stress is required to initiate the 
dislocation slip to accommodate the plastic deformation of the grain 
[62]. Fig. 15a-b displays examples of the Taylor factor maps for the 
grains with tensile direction parallel to the build direction in the 
columnar and equiaxed samples, respectively. A distinct difference on 

the Taylor factors of columnar and equiaxed grains is observed, which is 
more clearly revealed by plotting the accumulative fraction of the Taylor 
factors in the columnar and equiaxed samples (Fig. 15c). The distribu-
tion of the Taylor factors of the equiaxed sample apparently shifts to 
larger values compared to the columnar one. On average, the Taylor 
factor of the equiaxed sample (3.15) is 32 % larger than that of the 
columnar sample (2.39), suggesting that more energy is required to 
deform the equiaxed grains, i.e., the yield strength rises. This is further 
verified by the quantitative calculation using the Taylor Eq. (5) with the 
obtained dislocation density and average Taylor factor. The strength 
enhancement induced by dislocation strengthening of the equiaxed 
sample is 187.3 MPa, which is obviously higher than that of the 
columnar sample, calculated to be 118.6 MPa. As the dislocation density 
is similar for both samples, the significant dislocation strengthening of 
the equiaxed sample can be ascribed to the larger Taylor factor. 

4.2.4. Solid-solution strengthening 
Roth et al. [63] proposed that the solid solution strengthening arising 

from various solute atoms in a multicomponent alloy could be consid-
ered as the superposition in the strengthening of individual solutes, 
which individually have different potencies. The equation is written as: 

ΔσC =
∑

i

(
dσ
̅̅̅̅̅̅̅
dCi

√
̅̅̅̅̅
Ci

√
)

(7)  

where Ci is the concentration of solute i and dσ̅̅̅ ̅̅̅
dCi

√ is the strengthening 

Fig. 15. Taylor factor maps along the tensile direction (BD) for (a) columnar sample and (b) equiaxed sample. (c) Accumulative fraction of Taylor factors for the 
columnar and equiaxed samples. (d) Contribution of different strengthening mechanisms for the yield strength of the two samples. The measured yield strengths are 
also included for comparison. 
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coefficient of solute i. The results of chemical composition analysis in the 
two samples and the solid solution strengthening coefficients for the 
addition of elements are shown in Table 6. By using the Eq. (7) to esti-
mate the solid solution strengthening, the solid solution strengthening 
values of the columnar and equiaxed samples are 173.5 MPa and 
173.6 MPa, respectively. 

Overall, the contributions of different strengthening mechanisms can 
be added linearly [64]. Therefore, the yield strength (σy) of the 
WAAM-processed Inconel 625 alloy can be described as: 

σy = σ0 +Δσs +Δσρ +ΔσC (8)  

where σ0 is ~21.8 MPa [65]. The strengthening increments caused by 
grain boundaries, dislocations, and solute atoms are shown in Fig. 15d. 
Note that the calculated total yield strength of the two samples is 
430 MPa and 355 MPa, respectively. They are in a good agreement with 
the previously measured yield strengths for each sample. Moreover, the 
difference (68.7 MPa) on the dislocation strengthening between two 
samples is within the same order of magnitude of that between the 
measured yield strength (111 MPa). Therefore, the higher yield strength 
of the equiaxed sample when compared to the columnar sample may be 
attributed to its larger dislocation strengthening, arising from the large 
average Taylor factor based on the Taylor equation. 

5. Conclusions 

Through the exploration of both the microstructure and the me-
chanical properties in WAAM fabricated Inconel 625, the following 
conclusions can be drawn:  

(1) The electric current exerts a significant effect on the grain 
morphology and orientation. Under the same traveling speed, 
increasing the current is effective in eliminating the columnar 
grains with crystal direction <001> parallel to the build direc-
tion. Instead, the grains become more equiaxed and a near 
random crystallographic texture is obtained.  

(2) The approximate solidification conditions (GL, RL, CL) during 
WAAM of Inconel 625 alloy were determined and coupled with 
existing criteria for CET during solidification of Inconel 625 alloy. 
It was confirmed that the CET during WAAM could be promoted 
by tweaking the process parameters so that the thermal cycle 
conditions would be modified. The GL value at the solid-liquid 
interface in the melt pool decreases by roughly one order of 
magnitude in the sample fabricated with large current, which 
allows for the nucleation and growth of equiaxed grains.  

(3) With the occurrence of CET in the WAAM-fabricated 625 alloy 
sample, the equiaxed sample exhibits a greater yield strength 
(increase of 36 %) compared to the columnar sample. A quanti-
tative analysis on the various strengthening mechanisms in-
dicates that grain boundary and solid-solution strengthening 
contribute to the yield strength similarly in both samples. How-
ever, the larger average Taylor factor of the equiaxed sample 
offers an enhanced dislocation strengthening as compared to the 
columnar sample, accounting for roughly the same enhancement 
on the measured yield strength. 
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