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Microstructure and phase transformations were investigated in the weld fusion zone (WFZ) of
tungsten inert gas (TIG)-welded IN939 nickel-based superalloy with IN718 and IN625 alloys
used as filler metal. The optical and field-emission scanning electron microscopy (FESEM) and
also energy dispersive spectroscopy (EDS) were utilized for the microstructural study of the
WFZ. The microstructural examination showed that the Nb and Ti elements were microseg-
regated in the inter-dendrite region, causing a significant concentration gradient between the
core and the inter-dendrite region within the WFZ. Observations indicated the formation of the
(Nb, Ti) C carbide phases in the solidification process. With a thickness of about 0.2 lm, some
plate-like d phase was observed in the WFZ of both samples upon heat treatment at 750 �C. The
results of X-ray diffraction analysis (XRD) confirmed the presence of the d phase in the WFZ.
However, the d phase disappeared at temperatures beyond 1000 �C. The occurrence of phase
transformation during the solidification process was identified by differential thermal analysis
(DTA). The WFZ was seen to solidify in the temperature range of 1370�C to 1270�C.
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I. INTRODUCTION

NI-BASED alloys represent an important class of
engineering materials and have been used in various
environments and applications. Among others, exam-
ples of the application of these alloys in the energy
industry include those in hot gas path components,
stationary and rotary gas turbine blades, gas turbine
combustion chambers, etc. Fusion welding is a tech-
nique for manufacturing and repairing such compo-
nents.[1,2] As a casting nickel-based superalloy, IN939 is
precipitation-hardened upon precipitation of the c¢
phase. It was originally designed for long life and
excellent corrosion resistance at elevated temperatures
(up to 800 �C), making it a material of choice for
stationary and rotary blades of gas turbines.[3,4] Super-
alloy welding with some filler metal of different chemical
composition alters the chemical composition of the weld
fusion zone (WFZ) depending on the dilution level. This
leads to the formation of various phases in the WFZ

upon the solidification or post-weld heat treatments
(PWHT).
In superalloy welding, the microstructure of the weld

controls the properties and reliability of the weldments;
it can be greatly enhanced by the segregation and phase
transformations occurring during the solidification
stage.[5] Microsegregation of the alloying elements
during the solidification of the fusion zone tends to
release liquid elements in the inter-dendrite regions,
leading to the formation of secondary phases in these
regions in the terminal stages of solidification. Some of
the important reinforcement elements (e.g., B, Zr) may
be tied up to these particles.[5–7] A Ni-based alloy
consists of a matrix phase and some secondary phase(s).
The most frequently used secondary phases for Ni- and
Fe-Ni-bases superalloys include MC, M23C6, M6C, and
M7C3 carbides, c¢-Ni3(Al, Ti), c¢¢-Ni3Nb, g-Ni3Ti, and
d-Ni3Nb intermetallic compounds.[8] The c¢¢-reinforced
superalloys are susceptible to the formation of a d phase
upon over aging. The d phase is a stable form of the
Ni3Nb with an orthorhombic (D0a) crystal structure.

[9]

An increase in the concentration of Nb contributes to
the formation of the d phase.[10] Formed in the temper-
ature range of 650 �C to 980 �C, this phase has its
characteristics heavily dependent on the formation
temperature. Given that the formation of the d phase
in large amounts results in severe degradation of
material properties, measures must be taken to avoid
it.[2]
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The formation of the d phase has been reported in the
IN625 and IN718 alloys.[9–15] However, no data have
been reported on the formation of this phase and related
phase transformations in the WFZ of the IN939
superalloy welded using IN625 and IN718 as filler
metal. The present work presents a study on the
microstructural characteristics and phase transforma-
tions in the WFZ of TIG-welded IN939 with IN625 and
IN718 as filler metal.

II. MATERIALS AND METHODS

Coupons with dimensions of 2 9 4 9 8 cm and 1 9
10 9 20 were cut from IN939-made gas turbine blades
using a wire electrical discharge machine (WEDM).
Table I shows the chemical composition of the IN939
superalloy and the filler metals used in this study. The
coupons were then subjected to pre-weld heat treat-
ments: annealing at 1160 �C for 4 hours and then
cooling to 920 �C at 2 �C/min followed by air-cooling
(according to a recent development by the authors [16]).
The pre-weld heat-treated coupons were then TIG-
welded manually using a 10-V DC current at 60 A and
wires of each filler metal with a diameter of 1.2 mm.

Transversely to the welding direction, seven sections
of each weldment (Figure 1(a)) were cut and prepared
for metallographic examinations by polishing and etch-
ing. The etching was done via two approaches: (1)
etching in a solution containing 0.3 g of MoO3, 10 mL
of HNO3, 10 mL of HCl, and 15 mL of H2O, and (2)
electro-etching in a solution containing 12 mL of
H3PO4, 40 mL of HNO3, and 48 mL of H2SO4 using a
6-V DC current for about 5 seconds. The specimens had
their microstructures investigated using optical and
field-emission scanning electron microscopy (FESEM)
together with an energy dispersive spectroscopy (EDS)
probe. Cross-sections of the specimens were investigated
in two states: (1) as-welded and (2) post-weld heat-
treated. In this study, the PWHT was applied under two
scenarios, namely an industry-standard scenario and a
special scenario considered in this study (Table II). Prior
to the microstructural studies, the samples were ground
to a particle size of 0.5 mm to remove possible oxidated
layers (Figure 1(b)).

The X-ray diffraction (XRD) studies were used to
identify the phases by using a Siemens D500 diffrac-
tometer operating in continuous scanning mode. The
apparatus radiated Cu K_1 (k = 0.154056 nm) at
different values of 2h in the range of 4 to 120 deg at a
step size of 0.02 deg and a time step of 20 seconds. In
order to determine the mechanical properties of the
weldments, tensile tests were carried out according to
ASTM-E8 and ASTM-E21 at a strain rate of
0.16 mm/min until the yield point and then 1.6 mm/
min. For this purpose, sheets of 2 mm thickness were
cut from the surface of the blocks using a wire
electrical discharge machine (WEDM). Tensile speci-
mens were then prepared form the sheets with dimen-
sions according to Figure 1(c). The depth of the filled
section in tensile specimens was equal to the thickness
of the samples.

The differential thermal analysis (DTA) was per-
formed on a Bahr STA 504 instrument. Weighed to
� 0.5 g, the specimens were thermally cycled from room
temperature to 1440 �C at a heating rate of 5 �C/min
under a flow of argon.
The JMatPro Software was utilized in conjunction

with the Ni-DATA database to predict the existing
phases and phase transformations in the WFZ.

III. RESULTS AND DISCUSSION

A. Microstructural Investigation of the WFZ
upon Standard PWHT

Figure 2 shows the images of the weld region in the
as-welded state. According to the figure, no trace of
solidification cracking in the WFZ was observed while
the dendritic structure of the weld region is visible. The
c¢ solvus temperature is in the range of 1080 �C to
1100 �C,[17] so it is expected that in pre-weld heat-
treated samples, these phase will be completely dissolved
and a new microstructure formed with less susceptibility
for weld cracking.[16]

During the solidification process, grains tend to grow
in a direction perpendicular to the weld pool boundary
as it delineates the direction of the maximum temper-
ature gradient and hence maximum heat extraction,
while columnar dendrites or cells within each grain tend
to grow in the easy-growth direction.[17] The dendrite
spacing on the secondary arm (kS) was about 4 lm.
From the dendrite spacing, one can calculate the cooling
rate via the following equation[5,18]:

kS ¼ KS/
n ½1�

where / is the cooling rate and KS and n are constants.

Using the values of KS ¼ 4:7 � 10�2 mm k1=3 s�1=3,
kS ¼ 4 lm and n = � 0.4,[5] the cooling rate in the
WFZ is about 480 �C/s, which is very high compared to
those experienced in the investment casting (~ 5 �C/s).
The cooling rate of about 550 �C/s has already been
reported for the solidification of the IN738 fusion
zone.[5]

Segregation of the alloying elements in the WFZ was
observed as black points in Figure 2. These were formed
in the inter-dendrite region during the final stages of the
solidification process. The level of segregation of the
alloying elements in the as-welded structures can be
expressed as the partition coefficient between the
inter-dendrite region and the dendrite core: K = CD/
CI, where CI and CD are the concentrations of the
element in the inter-dendrite region and the dendrite
core, respectively.[19,20]

Figure 3 shows an image of the WFZ upon the
PWHT. The specimen welded with IN625 as filler metal.
As seen, upon the PWHT (for both 3- and 4-step PWHT
cycles), a number of plate-like and needle-shaped phases
appeared in the microstructure. These phases were
observed both inside the grains (Figures 3(b) through
(d)) and along the grain boundaries (Figure 3(a)). This
suggests that these phases are rich in the elements
segregated at the end of the solidification process of the
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WFZ. As can be seen, the above heat treatments cyles
have not been sufficient to diffusion of segregated
elements from the inter-dendritic region. After these
processes, plate-like and needle-shaped phases are

formed in the inter-dendritic region. The temperature
conditions of the formation of these phases and their
corresponding transformation will be described in the
following sections.
Figures 4 and 5 show SEM images of the WFZ in the

specimens welded with IN625 as filler metal upon 3-step
and 4-step PWHTs, respectively. The plate-like and
needle-shaped phases and particles with dimensions of
less than 100 nm are visible in these images. Given the
higher temperature and longer time of the aging process
in the 2-step (845 �C/16 h) and 4-step cycles (900 �C/
24 h), rather than the 3-step cycle (800 �C/6 h), the
needle-shaped particles had larger potentials for growth
into plate-like grains. A previous work has reported the
effect of temperature on the morphology of the IN625
weld particles.[21,22]

According to Figure 4, these phases were precipitated
along the grain boundaries and gaps were observed
around the needle-shaped particles (Figure 4(b)). The
intersecting pattern of precipitation and growth of these
precipitants is shown in Figure 5(b). Other researchers
have reported the intersecting network of d particles in
the IN718 weld zone.[23] The nucleation and growth of

Table I. Chemical Compositions of the IN939, IN625, and IN718 Alloys Used in This Work (Wt Pct)

Alloy Al Ti W Ta Cr C Fe Nb Si Zr Co Mo Ni Refs.

IN939 base metal 2.0 3.7 2.2 1.4 22.5 0.15 0.5 1.1 0.2 0.14 19 — bal. 3
IN625 filler metal 0.2 0.2 — — 21.5 0.05 2.5 3.6 — — — 9 bal. 18
IN718 0.52 1.0 — — 18.5 0.03 18.04 5.3 — — 0.13 3.04 bal. 18

Fig. 1—Bead-welded coupons prepared for this study. (a) Schematic view of coupons for metallographic examinations. (b) Coupons in order to
determine the mechanical properties of the weldments. (c) Dimensions of tensile specimens.

Table II. The PWHT Cycles Applied for This Study

Heat Treatments
Type of
Operation

1160 �C/4 h/AC + 845 �C/16 h/AC 2 Step (Standard)
1160 �C/4 h/AC + 1000 �C/6 h/AC +

800 �C/6 h/AC
3 Step (Standard)

1160 �C/4 h/AC + 1000 �C/6 h/AC +
900 �C/24 h/AC + 700 �C/16 h/AC

4 Step (Standard)

700 �C/8 h/AC 1 Step
750 �C/8 h/AC 1 Step
850 �C/8 h/AC 1 Step
950 �C/8 h/AC 1 Step
1000 �C/8 h/AC 1 Step
1293 �C/WQ 1 Step
1315 �C/WQ 1 Step
1350 �C/WQ 1 Step

AC, Air-cooled; WQ, Water-quenched.
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the d phase on the conjugate plane of the c¢¢ phase lead
to the formation of an intersecting network.[22,23]

Results of the EDS analysis on the plate-like particles
are presented in Table III, indicating significant
amounts of Nb. Given the morphology and the result

of the EDS analysis, these particles represent the d phase
(d-Ni3Nb). The superalloy that is precipitation-rein-
forced with c¢¢-Ni3Nb phase is susceptible to the d phase
formation during the processing or operating stages.
The presence of this phase has been reported in

Dendrite

Base 

Weld fusion 

(a)

50μ 50μ

(b)

Fig. 2—Optical micrographs showing the dendritic microstructure of the as-welded WFZ with (a) IN625 and (b) IN718 as filler metal.

(c) (d)

(a) (b)

50μm

50μm 30μm

30μm

The grain boundaryInside the grain 

Fig. 3—Optical micrographs showing plate-like and needle-shaped phases in the WFZ on the specimen welded with IN625 as filler metal and
then subjected to the (a) 2-step, (b) 3-step, (c) and (d) 4-step PWHT cycles.

2166—VOLUME 51A, MAY 2020 METALLURGICAL AND MATERIALS TRANSACTIONS A



Nb-containing alloys, e.g., IN625 and IN718, under
various conditions.[2,9]

Figure 6 shows SEM images of the WFZ in the
specimens welded with IN625 and IN718 as filler metals

upon 3-step PWHTs. According to Figure 6, in addition
to the needle-shaped phases, white particles of approx-
imately 1 lm size can also be seen in the microstructure.
These particles were observed in both specimens.
Results of the EDS analysis on the white particle were
presented in Figure 6(d). According to the results, these
carbides are MC-Carbides (M = Ti, Nb, and Ta).
Figure 7 shows the image of the WFZ of the specimen

welded with IN718 as filler metal, indicating the
presence of plate-like and circular particles in the
microstructure of this specimen. The thickness of the
plate-like phase in this specimen was about 0.2 lm.
Table IV tabulates the results of the EDS analysis on the

(a) (b)Particle free zone

γ′ Particles

δ phase
Needle-shaped phases

Fig. 4—FESEM micrographs of the WFZ of the specimen welded with IN625 as filler metal, subjected to the 3-step PWHT cycle, indicating (a)
the needle-shaped phases and (b) the precipitation of the d and c¢ particles and formation of the PFZ around the d phase.

(a) (b)Intersection of δ particles

ϒʹ

Plate like δ phases

Fig. 5—FESEM micrographs of the WFZ of the specimen welded with IN625 as filler metal, subjected to the 4-step PWHT cycle, indicating (a)
the plate-like d phases and (b) the precipitation of the d and c¢ particles and the intersecting pattern of d particle.

Table III. Quantitative Analysis of the Composition of the

Plate-Like Particles (Fig. 5) Using the EDS Data

Element Al Ti Cr Co Nb Mo Ta Ni

Wt Pct 8.74 12.85 4.54 1.95 31.91 4.40 0.40 bal.
At. Pct 19.00 15.74 5.12 1.95 20.16 2.69 0.13 bal.
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plate-like particles. The morphological evidence and
EDS results prove that this is also an element of the d
phase. The circular precipitates in Figure 6(b) are c¢
particles, with various diameters ranging from 30 to 100
nm. Reference 2 reported c¢¢ particles in the IN718 with
a disc-shaped morphology, a thickness of about 10 nm,
and a diameter of about 50 nm.[2,24] In addition,
discoidal c¢¢ phases with a diameter of 10 to 30 nm
were reported in the IN625 alloy upon aging at 700 �C
for 24 hours.[25] The disc-shaped particles were not the
same as those reported in references for alloys IN718
and IN625, in this study.

In order to study the microstructure of the specimens
across the WFZ, optical and SEM images of the
needle-shaped particles of the d phase (Figures 2, 3,
and 4) were investigated. Besides, electro-etching (deep

etching) was utilized to further examine the geometry of
the plate-like particles of the d phase (Figure 5). This
morphology has been reported for the IN718.[23,24]

Different mechanisms have been proposed for nucle-
ation and growth of the d particles.[23] Two precipitation
mechanisms have been identified for the d phase: (1)
heterogeneous nucleation on the grain or along twin
boundaries, and (2) the heterogeneous nucleation on the
stacking faults in intragranular spaces within the c¢¢
phase [21] (see Figure 3(a)). Precipitation of the d phase
in the IN625 and IN718 has been reported at various
temperatures ranging within 750 �C to 950 �C.[9] Given
that the aging process was performed at temperatures
falling within the above range for both the 3- and 4-step
PWHT cycles (Table II), the formation of the d phase
was somewhat expected.

(a) (b)

(c) (d)

White particles

White particles

AlKα

TiKα

TiKβTiLα CrKα

CrKβ

CrLα

FeKα
FeKβ

FeLα

CoKα
CoKβ

CoLα

NiKα

NiKβ

NiLα

NbLα

NbLβ

MoLα

MoLβ TaLα

TaLβ
TaLβ2

TaLγ1
TaLγ11TaLl

TaMα

keV0

100

200

300

400

500

0 5 10

Fig. 6—FESEM micrographs of the WFZ of the specimen welded with (a) IN625 and (b) IN718 as filler metal, subjected to the 3-step PWHT
cycle, indicating the precipitation of the d, c¢ particles and MC-carbide (c, d).
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Figure 8 also demonstrates the XRD patterns
acquired per the WFZ of the specimen welded with
IN625 as filler metal. This specimen was subjected to the
4-step PWHT. Confirming the previous results (mi-
crostructural analysis of the WFZ), this pattern indi-
cates the characteristic diffraction peaks corresponding
to the d, c¢, and c phases. In the absence of the c¢ and c¢¢
phases, the d phase could be identified by comparing the
integrated intensities along the XRD patterns, while it
was not possible in the presence of the c¢ and c¢¢ phases
due to the overlap of the respective peaks along the
XRD spectrum.[27–29] The overlapping was evident at a
diffraction angle (2h) of about 42 deg (Figure 8).

Figure 9 presents the time-temperature transforma-
tion (TTT) diagrams for the WFZ and IN625, IN718
(outputs of the JMatPro Software). Table V presents the
chemical composition of the WFZ for each filler metal.
According to Figure 8, the c¢, c¢¢, g, d, and laves phases
were expected in the WFZ. Laves phase is an inter-
metallic compound with the A2B type structure, where
A = Fe, Ni, Cr and B = Nb, Mo, and Si. This phase is
the topologically close-packed (TCP) phases.[1] Accord-
ing to the results of the microstructural studies, the
presence of the c¢ and d phases was evident, while the g
and laves phases were not observed. According to the
significant percentage of Ti, Nb and Ta in the chemical

composition of the WFZ (Table V) and their roles in the
formation of the g phase,[3] it was expected that the g
phase can be seen in the microstructures of the these
regions. The reason for the absence of this phase in the
microstructures may be the formation of MC-carbides
during the solidification of the weld that reduces the Ti,
Nb and Ta available to form the g phase later on. The
formation of these carbides which are rich in Ti, Nb and
Ta can be seen in Figure 6. Another explanation that
why no g and laves phases were observed in
WFZ-IN718, may be their very low amounts in WFZ.
In other words, it that can be said that the number of
cross-sections which are investigated in the present work
are not high enough for observation of g and laves
phases, and if more number of cross-sections can be
investigated, then maybe these phases can be observed
in the microstructure.
The chemical compositions of weld fusion zones are

different in comparison with the chemical composition
of alloys IN718 and IN625 (Tables I and V). Therefore,
it can be expected that the TTT diagrams for weld fusion
zones (Figures 9(a) and (b)) should be different in
comparison with the TTT diagrams of alloys IN625 and
IN718 (Figures 9(c), (d)). The comparisons between the
TTT diagrams show that the phase which may from
during the cooling (c¢, c¢¢ and d phases, etc.) are the same
for both filler metals and the fusion zones. Furthermore,
it can be seen that initially c¢ phases form, and
subsequently, the c¢¢, d phases are formed according to
the temperature and time parameters.
As mentioned, the difference in TTT diagrams is the

order by which c¢, c¢¢ and d form. According to the TTT
diagrams of WFZs, first the c¢ phase forms in the
temperature range of 1000 �C to 1050 �C and then d and
laves phase form in the temperature range of 750 �C to
800 �C. However, according to the TTT diagrams of
IN625 and IN718 alloys, first both c¢ and c¢¢ phases start
to form at temperatures around 800 �C for IN625 and
900 �C for IN718. In addition, it can be seen that d
phase will form at temperatures around 850 �C and
950 �C for IN625 and IN718, respectively. The differ-
ences observed in these diagrams can be attributed to
the differences in the chemical compositions and the role
of the constituent elements such as Nb, Al and Ti in the
formation of c¢, c¢¢ and d phases.

B. Phase Transformation and Formation of the d Phase
in the WFZ

Figure 10 shows the differential thermal analysis
(DTA) curves of the WFZ obtained upon heating and
cooling the specimen welded with IN625 as filler metal.
According to this figure, the solidification stage occurred

δ-Plate like

γ′ Particles

Fig. 7—FESEM micrographs of the WFZ of the specimen welded
with IN718 as filler metal, subjected to the 4-step PWHT cycle,
indicating the precipitation of the plate-shaped d phase and c¢
particles.

Table IV. Quantitative Analysis of the Composition of the Plate-Like Particles (Fig. 7) Using the EDS Data

Element Al Ti Cr Co Nb Mo Ta Ni

Wt (Pct) 8.27 4.50 18.24 5.40 39.35 1.80 0.47 bal.
At. (Pct) 18.44 5.66 21.11 5.52 25.48 1.13 0.16 bal.
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in the temperature range of 1370 �C to 1270 �C.
Associated with the formation and dissolution of
different phases, several endothermic and exothermic
peaks were observed at 1275 �C, 1300 �C, 1325 �C, and

1350 �C. According to DTA and diff. DTA curves
(Figure 10), when sample was cooled from 1400 �C, the
exothermic peak was observed, which indicate the
formation of the first nucleation of solid at a

Fig. 8—The XRD patterns for the welds made with IN625 as filler metal and then subjected to the 4-step PWHT cycle showing the precipitation
of the cellular d phase particles and the c¢¢ (and c¢) particles.

Fig. 9—The TTT diagrams of the WFZ of the specimens welded with (a) IN625 and (b) IN718 as filler metal and the TTT diagrams (c) IN625
and (d) IN718.

2170—VOLUME 51A, MAY 2020 METALLURGICAL AND MATERIALS TRANSACTIONS A



temperature of about 1370 �C, can be observed. There-
fore, the solidification starts with the following reaction
at 1370 �C:

L ! Lþ c ½2�

This reaction increases the concentration of the
alloying elements (Nb, Ti, Ta, and Mo) in the remaining
liquid (Figure 11). At 1325 �C, formation of the

MC-carbide occurs via the following eutectic-like
reaction:

L ! L þ c þ MC ½3�

In order for the phase transformations to occur
during the heating and cooling stages, the welded
specimens were heated at different temperatures and
then quenched. The corresponding results are presented
later.

Table V. Chemical Composition of the WFZ, as per the EDS Data (Wt Pct)

Area/Element Al Ti W Ta Cr Fe Nb Mo Co Ni

WFZ-IN625 1.6 2.9 0 3.4 22.03 0.48 2.62 4.83 11.1 bal.
WFZ-IN718 1.73 3.43 1.82 1.03 21.69 5.17 2.49 1.63 12.92 bal.

Fig. 10—DTA & diff. DTA curves of the WFZ of the specimen welded with IN625 as filler metal, during the cooling and heating stages at a
rate of 5 �C/min.
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Figure 12 shows the optical micrographs of the WFZ
on the specimens were welded with IN625 as filler metal
and subjected to PWHT at different temperatures.

Obviously, no microstructural variations were seen until
the heating temperature reached 750 �C. At 850 �C, a
phase transformation to a needle-shaped phase occurred

Fig. 11—The increased concentration of the alloying elements in the liquid phase after the solidification process (calculated by JMatpro
Software).

(a)

(d)(c)

(b)

10μm 10μm

10μm 10μm

Needle-shaped phase

Fig. 12—Optical micrographs of the WFZ of the specimens subjected to PWHT at (a) 700 �C for 8 h, (b) 750 �C for 8 h, (c) 850 �C for 8 h, and
(d) 1000 �C for 8 h. The specimens were welded with IN625 as filler metal.
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in the inter-dendrite region (Figure 12(c)). At 1000 �C,
the needle-shaped phase just disappeared (Figure 12(d)).
As mentioned previously, the solute redistribution
during the solidification of WFZ results in microsegre-
gation across the core and inter-dendrite regions. The
distribution of the alloying elements across the dendritic
substructure in a Ni-based alloy is controlled by the
equilibrium distribution coefficient (K) and the diffusiv-
ity of the element into the solid (Ds). Accordingly, the
alloying elements with K values smaller than 1 tend to
segregate toward the inter-cell or inter-dendrite arm
boundary, while those with K values above 1 tend to
segregate toward the core of cells or the dendrite arms.
In general, elements with similar atomic radii to that of
Ni (e.g., Fe, Cr, and Co) exhibit K values close to unity,

while such elements as Nb, Ti, Mo, Si, and C have less
than 1 equilibrium distribution coefficients (K < 1),
making them of high tendency toward segregation.[1]

The segregation of these elements was also predicted by
JMatPro Software (Figure 11).
The formation of NbC and/or laves phases in the

WFZ is due to the extensive separation of Nb and C in
the solidification process.[1] Indeed, Nb is required for
the formation of the laves phase.[1] On the other hand,
both Al and Ti segregated in the solidification stage,
thereby increasing the concentrations of Al and Ti in the
liquid. This eventually enhances the Al and Ti concen-
trations to sufficient levels for terminating the solidifi-
cation stage with a eutectic reaction involving the
c¢-Ni3Al (L fi c + c¢) or g-Ni3Ti phase (L fi c + g).[1]

(a)

(c) (d)

(b)

Fig. 13—SEM micrographs of the WFZ of the specimens subjected to PWHT at (a), (b) 700 �C for 8 h, and (c), (d) 750 �C for 8 h. The
specimens were welded with IN625 filler metal.
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Therefore, one may propose the following sequence of
phase transformations in the WFZ:

L ! Lþ c ! Lþ cþ Nb; TiCð Þ
! L þ c þ Nb; TiCð Þ þ Laves
! c þ c0 þ c00 þ Nb; TiCð Þ þ Laves ½4�

Figures 13, 14, and 15 show SEM images of the
specimens subjected to PWHT at different temperatures.
The samples were welded with IN625 filler metal. As

seen, at 700 �C, only the (Nb, Ti)C/laves phase was
observed (Figures 13(a) and (b)). According to
Figures 13(c) and (d), along with the (Nb, Ti)C/laves
phase, some needle-shaped particles formed, indicating
the start of the temperature window wherein this
needle-shaped phase was formed. At this temperature,
the c¢¢ phase was unstable and transformed to the d
phase (c¢¢-Ni3Nb fi d-Ni3Nb). Another researcher has
reported this phase transformation at 700 �C.[27] We
believe that the higher temperature (750 �C) obtained in
the present study is attributed to the shorter time of

(a)

(c)

(b)

(d)

PFZ

PFZ

Fig. 14—SEM micrographs of the WFZ of the specimens subjected to PWHT at (a), (b) 850 �C for 8 h, and (c), (d) 900 �C for 8 h. The samples
were welded with IN625 filler metal.
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PWHT in our work (8 hours compared to 100 hours in
Reference 27).

L ! L þ c ! L þ c þ Nb; TiCð Þ
! L þ c þ Nb; TiCð Þ þ Laves
! c þ c0 þ d þ Nb; TiCð Þ þ Laves ½5�

However, for AM IN625 alloy, the presence of c¢¢
precipitates has been reported at 870 �C (above the c¢¢
phase stability temperature).[26] The enhanced concen-
tration of Nb and Mo in the inter-dendrite region can
affect the precipitation behavior of the d and c¢¢ phases
and their stability temperatures.[27] With an increase in
temperature, all inter-dendrite phases underwent a
phase transformation into the needle-shaped phases
(Figure 14).

The segregation and accumulation of the elements in
the inter-dendrite region reduce the concentration of
other elements (e.g., Nb) in neighboring regions,
thereby establishing a precipitate-free zone (PFZ)
(Figures 14(a) and (b)). At 950 �C, the plate-like
precipitates grew while the larger spherical precipitants
were dissolved, leading to increased volume fraction of
fine precipitants and destruction of the PFZ
(Figures 14(c) and (d)).

No needle-like phase was observed at 1000 �C,
suggesting that this temperature represents the dissolu-
tion temperature of this phase (Figure 15). A similar
finding has been reported for the d phase.[1,29] Another
work has ended up reporting a lower dissolution
temperature of 950 �C for longer aging times
(100 hours).[30]

Table VI lists the results of the EDS analysis on the
precipitate presented in Figure 15. As seen, this precip-
itate was rich in Ti and Nb, making it a MC-type
carbide. In addition to the (Ti, Nb) C carbide phases,
the c¢/c¢¢ particles were also observed in the samples
(Figure 15(b)).
Figure 16 shows the FESEM images of the WFZ in

the samples subjected to PWHT at 1293 �C, 1315 �C,
and 1350 �C. The EDS analysis results (Table VII)
confirmed the richness of these carbides in Nb and Ti,
making them (Nb, Ti)C carbides. The figure further
shows that the MC-carbide particles were decomposed
at 1293 �C. Reference 29 has reported the decomposi-
tion of NbC-carbide in IN718 at 1264 �C.

C. Tensile Strength of Weldments

The tensile tests were performed in the temperature
range of 25 �C (room temperature) to 900 �C. The
samples were welded with IN625 filler metal and

(a) (b)

Fig. 15—SEM micrographs of the WFZ of the samples subjected to PWHT at (a), (b) 1000 �C for 8 h. The samples were welded with IN625
filler metal.

Table VI. Quantitative Analysis of the Composition of the WFZ on the Specimen Subjected to PWHT at 1000 �C for 8 Hours,

as per the EDS Data

Element Al Ti Cr C Co Nb Mo Ta Ni

Wt Pct 2.40 40.25 0.77 13.42 0.15 33.80 1.66 6.78 bal.
At. Pct 3.57 33.68 0.59 44.77 0.10 14.58 0.69 1.50 bal.
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subjected to 4-step PWHT. The yield strength (YS),
ultimate tensile stress (UTS), and elongation (EL) are
presented in Table VIII and Figure 17. The YS values
show an anomalous behavior as a function of the
temperature. The yield strength show a decrease
between 25 �C and 700 �C, followed by an increase
(up to 800 �C) and then a rapid decrease at 900 �C. This
bump in YS at high temperatures known as yield
strength anomaly (YSA), has also been observed in
other superalloy.[31–34] It has been suggested that several
mechanisms have been reported for it, especially in
ordered alloys.[35,36] Stress–strain curves from 25 �C up
to 900 �C are shown in Figure 18. According to
Figure 18, the tensile strength properties has decreased
with increasing the temperature, but an increase at
800 �C and then a decrease up to 900 �C. The serrations

can be observed in the region of plastic deformation in
the stress–strain curves at temperature between 600 �C
and 900 �C. This type of plastic deformation instability
in some metals is known as the Portevin–Le Chatelier
(PLC) effect.[37] The mechanism for the formation of
serrations effect is dynamic strain aging (DSA) during
plastic deformation. This phenomenon in turn affects
the interaction of solute atoms (such as C, Mo and Cr)
and mobile dislocations. The serrations type in stress–
strain curves can vary with strain rates and tempera-
ture.[37] At high strain rates and low temperature
serrations of type A, at medium to high strain rate
serrations of type B and at low strain rates and high
temperatures serrations of type C can be observed. The
serrations of type C are more regular.[38,39] Type A
serrations are termed locking serrations which can be
associated with the nucleation of deformation bands in
the specimen. This type of serrations fluctuates above
the general flow curve. Type B serrations correspond to
the hopping propagation of localized bands and con-
sidered locking serrations. These serrations fluctuate
about the mean flow curve in very quick succession.
When band propagation becomes limited, Type C
serrations occur. Stress decrements associated with Type
C serrations are often large and happen below the flow
curve. Type C serrations are termed unlocking serra-
tions. With decreasing the strain rate or increasing the
temperature, the mode of serrations changes in order
from Type A to Type B and then to Type C. While Type

(a) (b) (c)
Decomposing carbide

Fig. 16—FESEM micrographs of the WFZ of the specimens welded with IN625 as filler metal upon PWHT at (a) 1293 �C/WQ, (b)
1315 �C/WQ, and (c) 1360 �C/WQ, showing the decomposition of carbides. The samples were welded with IN625 filler metal.

Table VII. Quantitative Analysis of the Composition of the WFZ on the Specimen Subjected to PWHT at (a) 1293 �C/WQ
and (b) 1350 �C/WQ, as per the EDS Data

Element Al Ti Cr C Co Nb Ta Si Ni

a wt (pct) 5.12 12.48 9.79 12.37 2.65 42.00 1.78 3.69 bal.
at. (pct) 7.65 10.51 7.59 41.54 1.81 18.23 0.40 5.30 bal.

b wt (pct) 1.25 32.23 2.72 17.27 1.01 31.29 3.69 7.66 bal.
at. (pct) 1.60 23.20 1.80 49.59 0.59 11.61 0.70 9.40 bal.

Table VIII. Mechanical Properties Obtained by the Tensile
Tests at Room Temperature to 900 �C

Test Temperature (�C) YS (MPa) UTS (MPa) El (Pct)

25 600 759 5
600 475 676 8.5
700 450 660 10
800 492 610 4
850 325 420 9
900 232 306 11
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A is considered to be associated with aging of disloca-
tions left behind the deformation front, Type B and C
are related to the aging of moving dislocations within
the deformation bands.[39,40]

According to Figure 18, the A-type of serrations at
temperature of 600 �C, the B-type serrations at temper-
atures of 800 �C, 850 �C and 900 �C of type 3 are
observed. The serrations observed at 700 �C are C-type,
which are formed due to the locking of dislocations by
substitutional elements.[40]

According to research done by the authors,[16] the
yield and ultimate strengths (YS, UTS) of the welding
pool were compared to those of the standard IN939
alloy, showing 26 and 20 pct decrease, respectively,
while the elongation (EL) of the welding pool was higher

by 89 pct. According to a study on the samples taken
from 100,000-hours operated gas turbine blades under
high temperature conditions, the presence of d phases
and extreme microstructural degradation, especially
MC-carbides, changes in the size and morphology of c¢
particles and reduction of the tensile properties are
expected.[40] On the other hand, considering the mor-
phology of the d phase on the mechanical properties,[41]

one can attribute part of this reduction to the plate-like
d phases.
Stress–strain curves of welded samples at 25 deg are

shown in Figure 19. According to Figure 19, the duc-
tility of the post-weld heat-treated sample is lower in
comparison with as-weld sample. This could be due to
the microstructural changes that occur during heat
treatment according to the microstructural studies
(Figures 3, 4, and 5). The percentage decrease in the
elongation in the post-weld heat treatment sample is
more than 50 pct compared to the as-welded samples.
The effect of the d phase in reducing of elongation has
also been reported for IN625 and IN718.[42,43]

IV. SUMMARY AND CONCLUSION

Examining TIG-welded IN939 weldments with IN625
and IN718 as filler metal, the following conclusions were
drawn:

1. The microstructures of the weld fusion zone (WFZ)
in both filler metals are consist of the matrix phase
(c) and secondary phases of c¢, d and MC-carbides.

2. An increase in the concentrations of Nb and Ti in
the inter-dendrite region of the WFZ contributes to
the formation of (Nb, Ti)C carbide precipitates.

3. The post-weld heat treatments (PWHT) produce the
d and c¢ phases in the WFZ.

4. The d phase was observed in the WFZ upon PWHT
at 750 �C for 8 hours. This phase was formed as
plate-like ~ 2 lm-thick precipitates at the grain

Fig. 17—Yield strength, ultimate strength, and elongation results of weldment as a function of the test temperature. The samples were welded
with IN625 filler metal and subjected to 4-step PWHT.

Fig. 18—Stress–strain curves of the weldments at different
temperatures from 25 �C up to 900 �C. The samples were welded
with IN625 filler metal and subjected to 4-step PWHT.
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boundaries and inside the grains. At 1000 �C, this
phase was dissolved in the matrix. Some precipi-
tate-free zone (PFZs) were observed around the d
phase particles.

5. The c¢ particles with diameters ranging from 30 to
100 nm were observed in the WFZ.

6. The solidification of WFZ was seen to occur at
temperatures ranging between 1370 �C and 1270 �C.

7. The MC-carbide started to decompose at temper-
atures above 1290 �C.

8. Performing the standard PWHT on TIG-welded
IN939 alloy made by IN625 and IN718 filler metals
reduces the tensile properties of weldments at ambient
temperature due to the formation of brittle d phase.
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