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Alloy 625 modiﬁed with 0.4 wt% B was deposited on stainless steel 304 substrate by laser wire deposition. The microstructure was characterized and grain morphology was analyzed in the as-deposited
and two post heat-treated conditions. In the as-deposited condition, continuous eutectics were
observed to segregate in the inter-dendritic regions. The eutectics mainly consist of Laves phase and
small amount of NbC precipitates. It was also found that the solidiﬁcation features in the layer boundary
were coarser than the layer core due to the recalescence mechanism. Small equiaxed grains nucleated in
the layer boundary and eliminated the epitaxial growth which is normally formed during the additive
manufacturing process. In the two-step aging condition, the eutectics were almost fully dissolved in the
layer boundary. This has been associated with the layer boundary's larger elemental diffusion path when
compared to the layer core. Partial recrystallization occurred in the layer core and led to nucleation of
equiaxed grains. The grain size in both the layer boundary and the layer core coarsened during heat
treatment. In the annealed and aged condition, the eutectics observed in the as-deposited condition were
fully re-melted, resulting in the formation of large sized M5B3 borides during re-solidiﬁcation. The
fraction of borides in the layer boundary was lower, with smaller sized precipitates than those in the
layer core. Similarly, to the two-step aged condition, partial recrystallization and grain growth developed
during annealing and aging treatment.
© 2018 Published by Elsevier B.V.
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1. Introduction
Nickel-based superalloys are utilized for high temperature
components, such as gas turbine blades and vanes, due to their
excellent combination of mechanical properties, oxidation and
corrosion resistance in high temperature and aggressive environments [1e3]. Because of the high cost of the parts due to their
complex design and expensive raw materials, repairing techniques are usually favored instead of replacement after the
occurrence of impacting erosions, fatigue cracks and other defects
which develop during service life. Nowadays, laser wire deposition is employed for the repair of damaged gas turbine components. As a layer-by-layer laser additive manufacturing (LAM)
technology [4], the laser wire deposition process can re-construct
the damaged substrate with little distortion or dilution. It also
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boasts of a near net shape building process that can produce
complicated proﬁles and dimensions without the need for signiﬁcant post treatment.
Nickel-based Alloy 625, is one type of solid solution strengthened nickel-based superalloys, its composition includes refractory
elements Nb and Mo [2,3,5]. Alloy 625 is usually chosen as a
repairing material owing to its good weldability and mechanical
properties [6e10]. However, for the repair of components made
from precipitation strengthening nickel-based superalloys, the base
metal is prone to hot cracking issues during deposition solidiﬁcation [1,11,12] and strain-age cracking issue during heat treatment
(for g0 based nickel based superalloys) [1]. In order to circumvent
this problem, Alloy 625 was modiﬁed with 0.4 wt% B in order to
increase the eutectic volume percent formed at terminal solidiﬁcation, so that the additional liquid eutectics could backﬁll any
cracks which are formed [13]. The feasibility of adding B into Alloy
625 to increase the eutectic amount has been demonstrated in
previous research [14,15], where the eutectic fraction was increased
from 2% in conventional Alloy 625 [16] to around 12% in 0.4 wt% B
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modiﬁed Alloy 625 during gas tungsten arc deposition. After a high
temperature heat treatment [15], the eutectics formed during
deposition are re-melted and the coarsened discrete borides are
formed. It is postulated that the re-melting of the eutectics could
heal any potential strain-age cracks, which may develop, during the
heat-treatment stage [17].
In the current research, laser wire deposited samples were made
using Alloy 625 with 0.4 wt% B modiﬁcation. The heat treatment
processes that are standard for the repairing of IGT engine components manufactured of IN738 and GTD111 superalloys were
conducted [18]. The microstructure evolution and grain
morphology development were compared between the asdeposited condition and after two different heat-treated
conditions.
2. Experimental procedure
The samples for this research were produced at Liburdi Turbine
Service. Laser wire deposition using Liburdi LAWS 1000 system on a
stainless steel 304 substrate was conducted using wire manufactured of Alloy 625 with 0.4 wt% B (referred to as 625B) as per
pending patent application [19]. The diameter of 625B wire used in
the study was about 1.14 mm. The chemical composition of 625B
wires was (wt%) 21 Cr, 9 Mo, 3.7 Nb, 1 Co, 0.4 Al, 0.4 Ti, 0.4 B, 0.0 2C
and balance Ni. This chemical composition was conﬁrmed by both a
Thermo Scientiﬁc™ ELEMENT 2™ inductively coupled plasmamass spectrometry (ICP-MS) and a JEOL 8900 Electron Probe
Microanalysis (EPMA) tests.
During the deposition, about ten layers of deposits were constructed on the substrate, with approximately dimensions of
20 mm in height, 3 mm in width, and 50 mm in length. The laser

beam power used was 800 W. Argon was employed as a shielding
gas during the deposition.
After deposition, one sample was subjected to a standard primary aging at 1120  C for 2 h followed by a secondary aging at
845  C for 24 h. Another sample was exposed to a standard
annealing stage for 2 h at 1205  C, followed by the same two-step
aging process.
The as-deposited and heat-treated samples were sectioned
along the transverse direction, followed by sequential grinding
steps up to 800 grit, and standard polishing steps up to 1 mm. The
polished samples were electrolytically etched in a solution of
12 ml H3PO4 þ 40 ml HNO3 þ 48 ml H2SO4 at 6 V for 5s in order to
characterize the microstructure [20]. The microstructure of the
samples was characterized using a Nikon optical light microscope
with Clemex Vision System, a SU3500 scanning electron microscope (SEM) equipped with electron dispersive spectrometer (EDS)
analysis. Five different regions were chosen in order to measure the
dendrite arm spacing and area fractions of secondary phases using
ImageJ image analysis software [21], and the average results are
presented in this discussion. Based on the similar procedure to
measure grain size according to ASTM E112 [22], the dendrite arm
spacing was measured manually by dividing the length of a line by
the number of dendrites contained within the line. To measure the
area fractions of secondary phases, the acquired micrographs were
treated to enhance the contrast and better deﬁne the boundary
between the secondary phases and g solid solution. This image
processing step permitted the proper delineation required for
regular image analysis routine using ImageJ. Interaction volumes of
16 mm3 for EDS were calculated using Monte Carlo simulation from
Casino [23]. The grain morphology of the samples was studied
using electron backscattered diffraction (EBSD) linked to SU3500

Fig. 1. (a) Optical microscope image of the as-deposited sample showing layer boundary with thickness of around 250 mm. (b). SEM micrograph showing larger feature in the layer
boundary than the inner layer region in the as-deposited condition; (c) Higher magniﬁed SEM micrograph of layer core; (d) Higher magniﬁed SEM micrograph of layer boundary.
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SEM machine. The samples for EBSD were polished up to 0.05 mm in
the colloidal silica suspension. The Aztec data acquisition software
employed with the HKL Channel 5 data processing software was
used for the EBSD analysis. The analysis of the samples in the
bottom part and near the substrate are not discussed in the present
work owing to the high inﬂuence of the dilution from substrate.
The samples microhardness was measured by a CM-100AT Clark
Microhardness Indenter using 200 g load. Five different locations
were selected for each condition, and the average results were
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reported in the discussion.
3. Results and discussion
3.1. As-deposited condition
Fig. 1(a) is a representative optical microscope micrograph of the
as-deposited sample. As depicted, a layer boundary with thickness
of around 250 mm can be clearly observed between the two

Fig. 2. a). SEM micrograph in the layer core showing continuous eutectic in inter-dendritic regions for the as-deposited condition; 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.
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deposits. The layer boundary was formed due to the re-melting of
the previous deposit by the subsequent laser scan. Layer boundary
formation is typical during the production of additive manufactured samples produced via layer-by-layer construction [24].
A representative SEM micrograph of the layer core and layer
boundary in the as-deposited condition is shown in Fig. 1(b). The
higher magniﬁed micrographs for layer core and layer boundary are
shown in Fig. 1(c) and (d), respectively. It can be seen from
Fig. 1(b)e(d) that both the layer core and layer boundary show a
dendritic microstructure, and the continuous eutectics are segregated at the inter-dendritic regions. However, the solidiﬁcation
microstructure at the layer boundary is larger than that of the layer
core, with the measured dendrite arm spacing (DAS) for the layer
core and layer boundary of 4.8 ± 0.9 mm and 7.2 ± 1.2 mm, respectively. This coarsened morphology in the layer boundary is associated with the recalescence phenomena. This occurs when the
latent heat ﬂow speed becomes retarded by the formation of primary g phase at the beginning of solidiﬁcation. This results in a
decreased temperature gradient and consequent cooling rate and
leads to the observed larger microstructure. The area fractions of
the eutectics in the layer core and layer boundary were measured to
be 8.6 ± 1.3% and 5.4 ± 1.5%, respectively. Both values are signiﬁcantly higher than 2% of eutectics reported for the conventional
Alloy 625 after welding solidiﬁcation [16]; proving the effectiveness of the B modiﬁcation in Alloy 625 to increase the eutectic
volume percentage during laser wire deposition. This eutectic
amount is believed to be sufﬁcient to guarantee crack free build in
both the deposits and substrate [20].
EDS maps of the major alloying elements (Ni, Mo, Nb, Cr and B)
were acquired to observe the elemental concentration and distribution of the different phases in the layer core in the as-deposited
condition. The maps are presented in Fig. 2. As depicted, the g
matrix is enriched with Ni and Cr, the continuous eutectics at the
inter-dendritic regions consist mainly of Laves phase which are rich
in Nb, Mo and B, and a small portion of NbC that is composed of Nb
and Mo, and depleted of Cr (see circles in Fig. 2(d) and (e)). It is
known that Laves phase is an intermetallic compound with the X2Y
type structure, where X (including Ni and Cr) is the solid constituent, and Y (including Nb and Mo) is the liquid constituent in
conventional Alloy 625 [1]. In the present case, the addition of B as a
melting point reduction element, could substitute into the liquid
constituent (Y) and lead to an increased amount of Laves eutectics

during terminal solidiﬁcation. The feasibility of elemental substitution in Laves phase by B has been proved in previous research
using the density functional theory (DFT) [14]. The EDS maps of the
layer boundary are similar to that of the layer core, and the eutectics
observed in the layer boundary include predominantly Laves phase
with a small amount of NbC.

Fig. 3. EBSD map of the as-deposited sample (with colored orientation image map
inserted in the right) showing small equiaxed grains in the layer boundary and
columnar grains dominating in the layer core.

Fig. 4. (a) SEM micrograph showing the transition between layer core and layer
boundary in the two-step aged condition; (b) Higher magniﬁed SEM micrograph of
layer core; (c) Higher magniﬁed SEM micrograph of layer boundary.
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EBSD mapping was used to observe the grain morphology of the
as-deposited condition, and the results are presented in Fig. 3. As
depicted, small equiaxed g grains are observed in the layer
boundary, while large columnar g grains with small amount of
equiaxed grains are dominant in the layer core. The thickness of the
layer boundary was measured to be around 250 mm and was in
good agreement with the observation shown in Fig. 1(a). The
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observed solidiﬁcation mode, with equiaxed grains in the layer
boundary, differed from the epitaxial columnar grain growth which
typically occurs along the build direction of conventional Alloy 625
during additive manufacturing [25,26]. It is known that the melting
point depressant B can decrease the viscosity of the liquid at the
beginning of solidiﬁcation [27]. This decrease in viscosity reportedly reduces the surface tension and enhances the wettability of

Fig. 5. (a). SEM micrograph in the layer core showing non-continuous eutectic in inter-dendritic regions after aging treatment; 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.
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the system, so that more heterogeneous nucleation events can
develop [28]. The increased number of nucleation sites could promote the equiaxed grain nucleation and growth that is observed in
the layer boundary [28].

3.2. Two-step aged condition
The SEM micrograph showing the transition between the layer
core and the layer boundary after a two-step aging treatment is
shown in Fig. 4(a). Higher magniﬁcation micrographs for the layer
core and the layer boundary are presented in Fig. 4(b) and (c),
respectively. As depicted, the layer core had a dendritic microstructure with DAS measured to be 4.9 ± 0.8 mm, which was similar
to the as-deposited condition. The area fraction of eutectics in the
layer core in the two-step aged condition was 7.8 ± 1.1% and was
comparable to the as-deposited condition of 8.6 ± 1.3%. Previous
study has shown that the onset temperature for the melting of
Laves phase and NbC formed in 625B is 1191.5  C and 1266.7  C,
respectively [14]. This value is higher than the temperature of the
primary aging treatment used within this study of 1120  C, so that
the aging treatment were unable to re-melt the eutectics. However,
the continuous eutectics that formed in the as-deposited condition
were transformed into non-continuous features in the layer core
due to Oswald Ripening occurring during aging. Fig. 4(a) and (c)
shows that a high percentage of eutectic were dissolved in the layer
boundary compared to the layer core, with the area fraction of
remaining eutectics in the layer boundary calculated to be
2.1 ± 1.3%. The dissolution of eutectics in the layer boundary was
associated with its larger microstructure, allowing greater diffusion
to occur due to the larger elemental diffusion path.
EDS maps of the main alloying elements (Ni, Mo, Nb, Cr and B)
were gathered to analyze the potential phase transformation in the
layer core during the two-step aging treatment, the results are
shown in Fig. 5. Results show that the same phases with similar
elemental constitution as in the aged condition was present in the
as-deposited condition. In the dendritic cores, the g matrix was
shown to be rich in Ni and Cr. Whereas, in the inter-dendritic regions, the eutectics consisted of mainly Laves phase and a small
part of NbC. The Laves phase was enriched with Nb, Mo and B. The
NbC composed of Nb and Mo, with depleted Cr concentrations
(highlighted in Fig. 5(d) and (e). The size of NbC precipitates are
larger than those in the as-deposited condition, as shown from
comparison between Figs. 2 and 5. This is due to the coarsening

Fig. 6. EBSD map of the aged condition (with colored orientation image map in the
right) showing coarsened equiaxed grains in the layer boundary and partial recrystallization in the layer core.

effect which occurs during the aging treatment. The remaining
eutectics in the layer boundary also consisted of Laves phase with a
few NbC precipitates of similar chemical constitution to the layer
core.
EBSD mapping was performed to observe the change in grain
morphology after the aging treatment; the result are presented in
Fig. 6. As depicted, the grain size in both the layer boundary and the
layer core coarsened during the aging treatment (see comparison
between Figs. 3 and 6. The layer boundary, as seen previously, was
still comprised of equiaxed grains. In the layer core, however, many
more equiaxed grains were nucleated in the two-step aged condition than the as-deposited condition. These equiaxed grains were
formed due to partial recrystallization occurring during the aging
treatment.

3.3. Annealed and aged condition
The SEM micrographs of the layer core and layer boundary after
the annealed and aged cycles are shown in Fig. 7(a) and (b),
respectively. Fig. 7(a) depicts the discrete borides with an irregular
morphology ranging from 0.5 to 5 mm in size developed in the layer
core after the annealing and aging treatment. The area fraction of
the discrete borides in the layer core was 4.6 ± 1.6%. It is understood

Fig. 7. (a). SEM micrograph of the layer core showing discrete borides after annealing
and aging treatment; (b) SEM micrograph of the layer boundary showing smaller
discrete borides precipitates than the layer core in the same annealed and aged
condition.
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that the annealing temperature (1205  C) was higher than the
melting temperature of the Laves phase (1191.5  C). This led to the
re-melting of the Laves phase, which corresponds to the observed
microstructure. Consequently, no clear dendritic structures can be
observed in the annealed and aged condition (as shown in Fig. 7(a)).
As shown in Fig. 7(b), the size and area fraction of the discrete
borides formed in the layer boundary are lower than in the layer
core with sizes between 0.1 and 2 mm and 1.9 ± 0.8% respectively.
This is attributed to similar reasons as for the aged condition: the
elemental diffusion path in the layer boundary is longer than that of
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the layer core. It is noteworthy that the size of the discrete borides
formed in the current case are lower than the gas tungsten arc
deposition where, under the same conditions, were 2e15 mm in size
[15]. This is correlated with the reﬁned solidiﬁcation microstructure caused by the higher cooling rates during laser wire deposition
than the gas tungsten arc deposition.
EDS maps of the major alloying elements (Ni, Mo, Nb, Cr and B)
were acquired to observe the elemental constitution of the
different phases in the layer core of the annealed and aged condition. The results are presented in Fig. 8. As depicted, the g matrix is

Fig. 8. (a) SEM micrograph in the layer core showing the formation of discrete borides after annealing and aging treatment; 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.
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rich in Ni and Cr. The discrete borides are mainly composed of Mo,
Cr and B. This type of (Mo, Cr) rich borides form due to the remelting of Laves phase in 625B during high temperature heat
treatment and was previously conﬁrmed to be M5B3 type of boride
[15]. The NbC (see circle in Fig. 8(c) and (d)) were enriched in Mo
and Nb, and absent of Cr and Ni. As shown from the comparison
between Figs. 2 and 8, the NbC are larger in size in the annealed and
aged condition than the as-deposited condition, which is attributed
to the coarsening effect during annealing and aging treatment. The
EDS maps in the layer boundary after annealing and aging treatment were similar to the layer core, where discrete M5B3 and a few
NbC were observed.
As discussed above, the annealing temperature used was higher
than the re-melting temperature of the Laves phase. Due to this remelting process it led to the disappearance of the low melting point
constituents existing in the as-deposited and aged conditions. The
annealing time of two hours was sufﬁcient to re-melt all of the
Laves phase, leading to the formation of coarsened isolated M5B3
borides during re-solidiﬁcation. When the repairing of g0 nickel
based superalloys is considered, the re-melting of Laves phase to
produce large amounts of liquid to backﬁll the potential strain-age
cracks formed during the heat treatment is advantageous [17].
EBSD mapping was performed to observe the grain morphology
development in the annealed and aged condition, and the results
are shown in Fig. 9. As depicted, the grain size in both the layer
boundary and layer core after annealing and aging treatment was
larger than that of the aged condition, as shown by the comparison
between Figs. 6 and 9. This is due to the grain growth which occurs
during the additional annealing procedure. The layer boundary is
mainly constituted of equiaxed grains. In the layer core, the mixture
of equiaxed grains and columnar grains can be observed, which is
similar to the aged condition. Suggesting that the annealing temperature of 1205  C was not high enough to enable a full recrystallization. Dinda et al. [25] studied the thermal stability of Alloy
625 made by laser powder deposition. They found that the
columnar grains formed during deposition were partially and fully
recrystallized after heat treatment of 1 h at 1100  C and 1200  C,
respectively. However, as shown in Figs. 6 and 9, the columnar
grains in the layer core developed during laser wire deposition
were only partially recrystallized after both heat treatments at
1120  C and 1205  C. It is postulated that main reason for the difference in results obtained is due to the inﬂuence of different secondary phases. In additive manufactured conventional Alloy 625,

Fig. 9. EBSD map of the annealed and aged condition (with colored orientation image
map inserting in the right) showing coarsened equiaxed grains in the layer boundary
and partial recrystallization in the layer core.

the g00 precipitates and d phase are usually formed when the heat
treatment temperature is higher than the re-melting temperature
of Laves phase [25,29e32]. However, in the current case for 625B,
the M5B3 borides and NbC were formed after the annealing and
aging treatment, resulting in the increased recrystallization
temperature.
3.4. Microhardness of the three conditions
The microhardness values of the as-deposited condition, the
two-step aged condition, and the annealed and aged condition
were measured to be 316 ± 14, 274 ± 12 and 288 ± 12 HV respectively. In the as-deposited condition, the hardness is mainly
controlled by the continuous eutectics in the inter-dendritic regions. These eutectic features became non-continuous in the aged
condition due to the Oswald Ripening of the Laves phase. This
resulted in a lower hardness in the aged condition than the asdeposited condition. In the annealed and aged condition, however, the hardness is dominated by the M5B3 borides and small
amount of NbC precipitates. These two types of secondary phases
could provide a secondary phase strengthening mechanism.
Nevertheless, the hardness of the annealed and aged condition is
lower than the as-deposited condition owing to the coarsened size
of M5B3 and NbC. It was reported that the hardness of laser powder
deposited Alloy 625 reduced from about 260 HV in the asdeposited condition to about 190 HV after heat treatment at
1200  C for 1 h [25]. Consequently, the hardness of all the presented
conditions was superior to the conventional Alloy 625 in similar
conditions.
4. Conclusion
In the current research, the inﬂuence of heat treatments on
microstructure evolution and grain morphology of 625B produced
via laser wire deposition was investigated. The main ﬁndings can be
summarized as follows:
1. In the as-deposited condition, about 8% area fraction of eutectics
was observed. This is sufﬁcient to backﬁll the potential hot
cracks formed during the deposition process.
2. In the as-deposited condition, continuous eutectics were
observed in the inter-dendritic regions in both the layer
boundary and the layer core. The eutectics include Laves phase
and a small portion of NbC precipitates. The solidiﬁcation features in the layer boundary were larger than the layer core due
to recalescence phenomena. The non-epitaxial grain growth
mode was seen, with the layer boundary being ﬁlled with small
equiaxed grains, and the layer core with predominantly
columnar grains.
3. After a two-step aging treatment, most of the eutectics were
dissolved in the layer boundary, attributed to the longer
elemental diffusion path present. Grain growth and partial
recrystallization occurred during the aging treatment leading to
the formation of equiaxed grains in the layer core.
4. In the annealed and aged condition, Laves phase re-melted to
form discrete M5B3 borides. This microstructure evolution
eliminated the potential strain-age cracking problems associated with the reprocessing of these alloys. This was due to the
large volume of liquid formed during heat treatment from the
re-melting of the eutectics. The size and area fraction of borides
in the layer boundary were smaller than the layer core. Partial
recrystallization was observed in the layer core, proving that the
annealing temperature was still lower than the fully recrystallized temperature.

Y. Tian et al. / Journal of Alloys and Compounds 764 (2018) 815e823

5. The microhardness of the as-deposited condition was higher
than both the aged condition and the annealed and aged condition, owing to the continuous feature of eutectics in the asdeposited condition.
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