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Laser wire deposits using Alloy 625 modiﬁed with 0.4 wt% B were manufactured on stainless steel 304 substrates. A layer boundary with a thickness of around 250 μm was formed between the layer cores during deposition. Results show that the solidiﬁcation features in the layer boundary were coarser than the layer core due
to the recalescence mechanism. Continuous eutectics were observed segregating the inter-dendritic regions in
both the layer boundary and the layer core. The eutectics consisted of mainly Laves phase with a small amount of
NbC precipitates. Solidiﬁcation front velocities (SFV) were calculated from the Kurz-Giovanola-Trivedi (KGT)
model. Results showed that they developed in the layer boundary and in the layer core at 0.06 m/s and 0.1 m/s
respectively. Electron backscattered diﬀraction (EBSD) mapping revealed that small equiaxed grains nucleated
in the layer boundary, while large columnar grains were prevalent in the layer core. Pole ﬁgures showed a strong
oriented texture was present along the (100) plane. The columnar to equiaxed transition (CET) model developed
by Hunts was considered and the results were in good agreement with the observed grain morphologies.

1. Introduction
Alloy 625 is one type of solid solution strengthening Ni-based superalloys hardened via the inclusion of refractory elements including
Mo and Nb [1–3]. Alloy 625 is usually applied to repair the damage
sustained in Ni-based superalloy gas turbine vanes and blades due to its
excellent combination of weldability, tensile properties, and corrosion
resistance in aggressive chemical environments and at high temperatures [4–8]. The laser wire deposition process belongs to the family of
direct energy deposition processes and uses a high energy density laser
to fuse a ﬁller wire to a substrate in order to form the deposition. As a
rapid solidiﬁcation layer-by-layer laser additive manufacturing (LAM)
technology, this process has the capability to not only re-build the damaged part with little distortion or dilution, but can also produce net
shape constructions of complicated geometries without the need for
signiﬁcant post treatment [9]. Therefore, the laser wire deposition
technique is drawing more and more momentum for the repair of damaged gas turbine components.
Recently, research on LAM processing of Alloy 625 has been published [10–14]. Abioye et al. [11] manufactured samples via laser wire
deposition with low contact angle, minimal dilution ratio and high
surface quality as a function of processing parameters, giving special
attention to the energy per unit length of track. Dinda et al. [10]
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investigated the microstructural evolution and thermal stability of
samples fabricated by laser powder deposition, and concluded that the
microstructure in the as-deposited condition consisted mostly of columnar dendrites with epitaxial growth from the substrate. Li et al. [14]
work reported upon the microstructure of samples produced via selective laser melting (SLM), and observed that the texture of the material
was mainly along (100) planes with epitaxial grain growth. Although
the aforementioned papers discuss the diﬀerent attributes of AM produced parts they only consider the traditional Alloy 625 composition.
It is known that when repairing γ′ Ni-based superalloy components,
the base metal suﬀers from hot cracks during solidiﬁcation [15–17] and
strain-age cracks during heat treatment [17]. Alexandrov et al [18]
reported that the cracks could be healed via backﬁlling if suﬃcient
eutectic volume was formed during terminal solidiﬁcation. They studied the weldability of nickel-based superalloys with diﬀerent compositions and found evidence of crack healing via backﬁlling of eutectics
when using high Nb ﬁller alloys [18]. One method to achieve higher
amounts of eutectics is to add boron additions to the Alloy 625 composition. This methodology has been validated in previous work, where
the eutectic amount was increased from around 2 vol.% in conventional
Alloy 625 to 12 vol.% in the 0.4 wt% B modiﬁed Alloy “625B” during
gas tungsten arc deposition [19].
In this work we investigated the Alloy 625 modiﬁed with 0.4 wt% B
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to see if the eutectic volume could be further increased and utilized to
backﬁll cracks formed during laser wire deposition. It is known that
microstructure and grain morphology determine the mechanical properties and ﬁnal performance of the built part. Normally during additive
manufacturing columnar grains are formed during deposition due to
epitaxial grain growth [20]. However, due to variation of the thermal
gradient and cooling rate, diﬀerent grain morphologies could be developed, which would lead to diﬀerent mechanical properties
[21].Thus, in the current research, microstructure characterization,
rapid solidiﬁcation behavior and grain morphology during the deposition process were investigated.

Table 1
Chemical composition of 625B wires used for gas tungsten arc deposition
builds, wt%.

625B

Ni

Fe

Nb

Mo

Cr

Al

Ti

Co

Mn

Si

B

C

balanced

–

3.7

9

21

0.4

0.4

1

–

–

0.4

0.02

2. Experimental procedure
Samples for the current study were produced by Liburdi Turbine
Service. Laser wire deposits of Alloy 625 wires containing 0.4 wt% B
(referred to as 625B) were conducted on a stainless steel 304 substrate.
The chemical composition of 625B wires is presented in Table 1. This
chemical composition was conﬁrmed by both a Thermo Scientiﬁc™
ELEMENT 2™ inductively coupled plasma- mass spectrometry (ICP-MS)
and a JEOL 8900 Electron Probe Microanalysis (EPMA) tests. A schematic drawing of the laser wire deposition process performed is shown
in Fig. 1. Ten layers of deposits were built upon the substrate, with
approximately dimensions of 20 mm in height, 3 mm in width, and
50 mm in length. The samples were produced using a LAWS 1000 automated deposition system. The robot was controlled by the WinLAWS
system. An IPG Yb:YAG ﬁber laser (IPG Photonics, Oxford) reaching up
to 1 kW power was used to fuse the material. During deposition, the
laser beam power used was 800 W; the wire feed rate was kept at
150 mm/min; the laser beam spot size was around 1 mm; and the defocusing distance was around 12 cm. Argon was employed as a
shielding gas during the deposition procedure.

Fig. 1. Schematic drawing of laser wire deposition process using 625B wire on a
stainless steel 304 substrate.

Fig. 2. (a). Macroscopic image of as-deposited sample (Fig. 2b is taken from the region in red square); (b). Optical microscope image of as-deposited sample showing
clear layer boundary with thickness of around 250 μm; (c). SEM micrograph indicating larger features in the layer boundary than the layer core; (d). Higher
magniﬁcation SEM micrograph of the layer core and (e) of the layer boundary (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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Fig. 3. a). SEM micrograph in the layer core showing continuous eutectic in inter-dendritic regions; EDS maps of b) Ni map; c) Mo map; d) Nb map; e) Cr map; f) B
map. White circle represents NbC that composed of Nb and Mo, and depleted in Cr.

image analysis software [24] and the average results are presented in
this discussion. According to the similar process of measuring grain size
as per ASTM E112 [25], the dendrite arm spacing was measured
manually by dividing the length of a line by the number of dendrites
within the line. To measure the area fractions of eutectics, the micrographs contrast was enhanced in order to better diﬀerentiate between
the eutectic phases and γ solid solution. This image processing technique allowed the proper delineation required for regular image analysis routine using ImageJ. The grain morphology and texture of the asdeposited samples were studied using electron backscattered diﬀraction
(EBSD) equipped on the same SEM. The samples for EBSD were polished to 0.05 μm in colloidal silica suspension. The Aztec data

The samples obtained after deposition were sectioned along the
transverse direction, followed by sequential grinding steps up to 800
grit using silicon carbide abrasive papers, and standard polishing steps
were used up to 1 μm. The polished samples were electrolytically
etched in a solution of 12 ml H3PO4 + 40 ml HNO3 + 48 ml H2SO4 at
6 V for 5 s to reveal the microstructure [22]. The microstructure of the
as-deposited samples were characterized using a Nikon optical light
microscope with Clemex Vision System, a SU3500 scanning electron
microscope (SEM) equipped for electron dispersive spectrometer (EDS)
analysis. Interaction volumes of 16 μm3 for EDS were calculated using
Monte Carlo simulation from Casino [23]. Five diﬀerent regions were
chosen in order to measure the dendrite arm spacing using ImageJ
139
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Fig. 4. a). SEM micrograph in the layer boundary showing continuous eutectic in inter-dendritic regions; EDS maps of b) Ni map; c) Mo map; d) Nb map; e) Cr map; f)
B map. White circle represents NbC that composed of Nb and Mo, and depleted in Cr.

to the re-melting of previous deposits and at the beginning of solidiﬁcation, has the typical morphology of a laser melted layer-by-layer
additively manufactured microstructure [20]. Fig. 2(b) depicts that the
layer boundary has a thickness of around 250 μm. Fig. 2(b) indicates a
dendritic microstructure with a growth direction parallel to the
building direction. It is understood that cooling in LAM occurs predominately via heat transfer through the solidiﬁed deposits and the
substrate. This results in the heat ﬂow direction to be perpendicular to
the substrate during melt pool solidiﬁcation. This directional growth
behavior during LAM processes has also been observed in previous
studies [10,26].
An SEM micrograph of the transition between the layer core and
layer boundary is highlighted in Fig. 2(c), with higher magniﬁcation

acquisition software employed with the HKL Channel 5 data processing
software was performed for the EBSD analysis. The microstructural
analysis of the deposits in the lower region of the part and near the
substrate were not considered in the presented work due to the high
inﬂuence of dilution from the substrate.
3. Results and discussion
3.1. Microstructure evolution
Fig. 2(a) is a representative optical macroscopic image of the deposit of 625B produced via the laser wire deposition process, the layer
boundary can be clearly observed. The layer boundary, that formed due
140
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Fig. 5. (a). Temperature decay proﬁle for various eﬃciencies during laser wire deposition solidiﬁcation. (b) The KGT model describing the dendrite tip radius as a
function of SFV.

Cr. In the inter-dendritic region, the continuous eutectics consist of
mainly Laves phases with a small amount of NbC. As previous discussed, the Laves phase present was enriched with Nb, Mo and B. The
NbC was composed of Nb and Mo, and depleted of Cr (white circle in
Fig. 4(d) and (e) highlight this observation).

micrographs shown in Fig. 2(d) and (e) for the layer core and layer
boundary, respectively. As depicted, both the layer core and layer
boundary display a dendritic structure and continuous eutectics segregating the inter-dendritic regions. However, the solidiﬁcation features
in the layer boundary were larger than those in the layer core. The
coarsened features in the layer boundary have been attributed to the
recalescence phenomena, meaning that the latent heat ﬂow becomes
retarded by the formation of the primary γ phase at the beginning of
solidiﬁcation, and the temperature gradient and cooling rate decreases
accordingly, leading to the larger observed morphology. The coarsened
morphology, due to the recalescence phenomena, has been noted before
in the melt pool boundaries during pulsed SLM of Al-12%Si alloy [27].
The dendrite arm spacing (DAS) for the layer core and layer
boundary were measured to be 4.8 ± 0.9 μm and 7.2 ± 1.2 μm, respectively. The area fractions of the eutectics in the layer core and layer
boundary are 8.6 ± 1.3% and 7.4 ± 1.5%, respectively. Both eutectic
values are signiﬁcantly higher than the reported 2% measured for Alloy
625 after welding solidiﬁcation [28] and measured 1.6%–2.3% for
Alloy 625 after laser additive manufacturing [10,12,14], and are above
the threshold to obtain crack-free builds in both the deposits and the
substrate [26].
EDS maps of the main alloying elements (Ni, Mo, Nb, Cr and B) were
collected to observe the elemental concentration of the diﬀerent phases
in the layer core, and are presented in Fig. 3. As depicted, the γ matrix
was rich in Ni and Cr. The continuous eutectics in the inter-dendritic
regions were mainly Laves phase with enrichment of Nb, Mo and B. A
small portion of NbC was present composed of Nb and Mo, and depleted
of Cr (highlighted in small circles in Fig. 3(d) and (e)). Laves phase is an
intermetallic compound with the X2Y type structure. In conventional
IN625, X (including Ni and Cr) stands for the solid constituent, and Y
(including Nb and Mo) represents the liquid constituent [17]. In the
current study the addition of B, acting as a melting point depressant,
would substitute in the liquid constituent (Y) and lead to an increase in
the amount of Laves eutectics present during the ﬁnal stage of solidiﬁcation. The feasibility of this elemental substitution of B in Laves
phase has been validated by previous work using density function
theory (DFT) during gas tungsten arc deposition of 625B [19].
EDS maps of the same elements were acquired to analyze the elemental constitution of the diﬀerent phases at the layer boundary, and
the results are summarized in Fig. 4. The results depict the same phases
with similar elemental constitutions in the layer boundary as the layer
core. The γ matrix in the dendritic boundary was again, rich in Ni and

3.2. Rapid solidiﬁcation behavior
The temperature decay proﬁle of one layer during laser wire deposition solidiﬁcation was calculated using Adam’s 2D equation expressed in Eq. (1) [29]

4.13VYgρC
1
1
=
+
Tp−T0
Q
Tm−T0

(1)

Where Tp is the temperature at a given position, T0 is the initial temperature of the deposits, Tm is the melting temperature of the deposits, g
is the workpiece thickness and in this case treated as constant, V is the
scanning velocity relative to the substrate, Y is the distance from the
center of the laser spot, ρ is the density, C is the speciﬁc heat of the
workpiece, and Q is the energy input of the deposition process. The
values of T0 = 293 K (25 °C), Tm = 1623 K (1350 °C), ρ =8.44 g/cm3
and C = 410 J/(Kg.K) were used in this calculation. The energy input is
expressed in Eq. (2):

Q = nPL

(2)

Where PL is the laser beam power, and n is the eﬃciency of the deposition process with variation from 0.1 to 1.
The results are presented in Fig. 5(a) for the laser wire deposition
process with diﬀerent eﬃciencies. The results show that temperature
decay to ambient conditions was within 1 mm relative to the center of
the laser spot. According to Saepen and Turnbull [30], for metal alloys,
the local liquid-solid interfacial morphology was considered to be signiﬁcant if the ambient temperature was reached within a distance of
1 mm. Thus, highlighting the importance of the relationship between
laser wise deposition solidiﬁcation and interfacial morphology development.
The Kurz-Giovanolva and Trivedi (KGT) model [31] was developed
to describe the solid-liquid interfacial morphology variation during
rapid solidiﬁcation. In this work we have applied it to obtain the relationship between the dendrite tip radius and the solidiﬁcation front
velocity (SFV). The KGT model considers the solid-liquid interfacial
stabilization with changing surface tension during rapid solidiﬁcation
141
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Fig. 6. a) EBSD map of as-deposited sample (with coloured orientation image map) showing small equiaxed grains in the layer boundary and columnar grains
prevailing in the layer core; b) Pole ﬁgures of as-deposited sample showing strong texture along (100) planes.

determined through the mass balance across the dendrite tip, G is the
mean temperature gradient at the interface and is estimated to be 106
Km using thermal decay proﬁle as shown in Fig. 5(a).
The parameter ξc in KGT model is expressed in Eq. (4)

under high SFV. The NiCr-B system was selected to study the KGT
model in the current case [26]. The KGT model is expressed in Eq. (3),
1/2

Γ
⎤
R = 2π ⎡
⎢ mGc ξ −G ⎥
c
⎣
⎦

(3)

ξc = 1−

where R is the dendrite tip radius. Based on Kurz and Fisher model [32]
for estimation of dendrite tip radius as a function of DAS, R is calculated
to be about 30 nm and 50 nm for the layer core and layer boundary,
respectively. Γ is the Gibbs-Thompson coeﬃcient and is estimated as
3.42 × 10−7 Km for Ni-B system during rapid solidiﬁcation [33], m is
the slope of the liquidus line in the phase diagram, Gc is the concentration gradient of the solute at the liquid-solid interface and is

2k
[1 + (2π / P )2]1/2 −1 + 2k

(4)

Where P is the Péclet number, k is the partition coeﬃcient and has a
value of 0.008 for B in γ-Ni [34].
The numerically calculated KGT is presented in Fig. 5(b). As depicted, the dendrite tip radius of 30 nm and 50 nm yield SFV values of
around 0.1 m/s and 0.06 m/s for the layer core and layer boundary,
respectively. It is indicated from Fig. 5(b) that at high SFV with a value
142
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Fig. 7. CET model showing equiaxed grains in the layer boundary and columnar grains in the layer core.

Where λ is the DAS, A is material constant. The mean temperature
gradient in the layer boundary can be estimated to be in the magnitude
of 105 K/m.
The solidiﬁcation path regimes for the layer boundary and the layer
core were then predicted in Fig. 7. It is worth noting that, within the
layer core the temperature gradient is higher and solidiﬁcation rate is
lower near the boundary than the inner regions [29]. This results in a
larger solidiﬁcation path region for the layer core. As depicted in Fig. 7,
the solidiﬁcation mode prediction for the layer boundary is almost fully
equiaxed grain growth. According to Thompson and Spaepen [39], as a
melting point depressant element, B could decrease the viscosity of the
liquid at initial solidiﬁcation. The reduced viscosity would decrease the
surface tension and improve the wettability of the system resulting in
more heterogeneous nucleation sites [40]. The increased number of
nucleation sites favors equiaxed grain nucleation and growth, which
was observed in the layer boundary [40]. This mechanism becomes
more pronounced as solidiﬁcation progressed due to the very low
partition coeﬃcient of B in γ-Ni. Therefore, the B addition have shown
to help increase heterogeneous nucleation sites during solidiﬁcation
and results in the formation of equiaxed grains as the dominant solidiﬁcation mode in the layer boundary. Even with the addition of B to
the Alloy 625 composition, the solidiﬁcation morphology of the layer
core was predominantly columnar with a small portion of equiaxed
growth according to the calculated solidiﬁcation path regime. This
predicted was consistent with ﬁnding from the EBSD map shown in
Fig. 6a.

over 1 m/s, the planar feature would be obtained as no dendrite tip
would be formed. With a SFV of around 1 m/s, the planar interface
would break down to a cellular morphology with smallest tip radius.
When the SFV is smaller than 1 m/s, the cellular interface would
transform to a dendritic microstructure [31]. The solidiﬁcation mode,
predicted from the calculated SFV, suggests that a dendritic structure
will form in both the layer core and the layer boundary, which was
supported by the experimental observations.
3.3. Grain morphology
EBSD map was acquired to observe the grain morphology, and a
representative micrograph is presented in Fig. 6. Fig. 6(a) shows that
small equiaxed γ grains occupy the layer boundary, while large columnar γ grains with a small portion of equiaxed grains were present in
the layer core. The thickness of the layer boundary was around 250 μm
and was consistent with the observations shown in Fig. 2(a). The
equiaxed grains found in the layer boundary is the opposite to the typical epitaxial growth that is reported along the building direction of
Nb-bearing superalloys fabricated by LAM [10,35,36]. Previous reports
have shown that only columnar γ grains have been observed and were
detrimental to the mechanical properties of the material along the deposition direction. The corresponding pole ﬁgures are displayed in
Fig. 6(b). The pole ﬁgures highlight a strong texture orientation along
(100) planes which has been reported before in LAM of Ni-based superalloys [35,36].
The columnar to equiaxed transition (CET) model developed by
Hunts [37] was applied to explain the observed grain morphology in
Fig. 6(a), the result are shown in Fig. 7. In order to predict the solidiﬁcation mode in diﬀerent regions, the temperature gradient in the layer
boundary is required. The relationship between primary DAS, the
temperature gradient and SFV is expressed by Eq. (5) [38]

λ = Av−0.25G−0.5

4. Conclusion
The inclusion of 0.4 wt% boron into Alloy 625 results in the production of a signiﬁcantly higher volume fraction of eutectics in laser
wire deposition. The eutectics consist of mainly Laves phase with a
small number of NbC precipitates. The increased volume of eutectics
was suﬃcient to backﬁll the solidiﬁcation defects and support the

(5)
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concept of using B-modiﬁed Alloy 625 to prevent issues associated with
hot cracking during laser wire deposition. The layer boundary with a
coarsened microstructure was formed and associated with the recalescence phenomena. From the KGT model, SFV in the layer boundary and
layer core were calculated to be 0.06 m/s and 0.1 m/s, respectively. Full
equiaxed grain growth was found in the layer boundary, which deviates
from the typical epitaxial growth mode of additively manufactured Nibased superalloys. In the layer core, the solidiﬁed structure was
dominated by columnar growth with a few equiaxed grains. This solidiﬁcation mode was simulated using the CET model to rationalize the
observed grain morphology.
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