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Effect of Mo on δ phase precipitation and tensile properties
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Abstract

Cast alloy IN625 is a candidate Ni-based alloy for advanced ultra-supercritical (A-USC)
power plants. In order to investigate the influence of Mo on δ phase precipitation, the heat
treatment experiments on the Mo series of alloys were carried out at 750◦C (the service
temperature of A-USC power plants) up to 17,000 h, and effects of δ phase on the tensile
properties were also studied. The results show that lots of δ phase precipitated after long-
term aging at 750◦C and the Mo content has a weak effect on the precipitation of the δ phase.
With the increasement of δ phase content, the strength of alloys after aging at 750◦C for up
to 5,000 h increased nearly linearly with the increasing aging time while the elongation was
affected by δ precipitation to a relatively limited extent. It is suggested that the δ phase serves
as a strengthening phase in cast alloy IN625.
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1. Introduction

Pulverized coal combustion (PCC) power plant
dominates the power industry and maintains its su-
periority for the foreseeable future. An increase in
the operating efficiency of PCC power plants is nec-
essary for meeting the demand for clean and afford-
able energy. One of the most effective ways is to
increase the steam parameters. Therefore, advanced
ultra-supercritical (A-USC) power plants are being de-
veloped with a steam temperature of 700 to 760◦C and
pressure of 27.6 to 34.5MPa. Ni-based alloy is selected
as a candidate material for such service conditions [1–
3], such as IN625. This is because of its high strength,
excellent fabricability and outstanding corrosion re-
sistance [4–9]. Due to the large castings in A-USC
power plants [4], cast alloy IN625 is highly needed,
but the comparative study is scarce [10]. Meanwhile,
the δ phase is easy to precipitate in cast alloy IN625
after long term aging at 700–760◦C (the service tem-
perature of A-USC power plants) [10]. So, studies on
cast alloy IN625, such as the one presented in this pa-
per, are needed to investigate its potential application
in A-USC power plants.
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Ta b l e 1. The nominal compositions of cast alloy IN625
with different Mo content (wt.%)

Alloy Nb Mo Cr C Ni

8Mo 3.8 8 21.5 0.05 Bal.
9Mo 3.8 9 21.5 0.05 Bal.
10Mo 3.8 10 21.5 0.05 Bal.

δ phase is an important phase in alloy IN625 and
IN718. It has a significant effect on mechanical prop-
erties. In previous reports, the presence of the δ phase
led to an increase in strength and loss in ductility in
wrought alloy IN625 [11–15], but it had a beneficial
effect on the rupture ductility in wrought alloy IN718
[16–19]. According to our work [10], the δ phase in
cast alloy IN625 plays the same role on the mecha-
nical properties as in wrought alloy IN625, and the
precipitation of δ phase is strongly affected by Nb
content. However, there is no available data on Mo’s
effect on δ precipitation in cast alloy IN625. Consider-
ing the above mentioned, this work aims to determine
the effects of Mo on δ phase precipitation in cast alloy
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Ta b l e 2. Element segregation ratio in cast alloy IN625 with different Mo content (wt.%)

Alloy 8Mo 9Mo 10Mo

Element Nb Mo Cr Ni Nb Mo Cr Ni Nb Mo Cr Ni

CD 1.9 7.0 23.2 67.9 1.9 7.5 23.0 67.6 2.0 8.8 22.3 66.9
CI 5.7 10.5 20.7 63.1 5.8 10.1 21.0 63.1 6.3 13.7 20.8 59.2
K 3.00 1.50 0.89 0.92 3.05 1.34 0.91 0.93 3.10 1.56 0.93 0.88

Fig. 1. SEM micrographs of the δ phase in cast alloy IN625 with different Mo content after aging at 750◦C for up to 10,000 h:
(a) 8Mo/1000 h, (b) 9Mo/1000 h, (c) 10Mo/1000 h, (d) 8Mo/5000 h, (e) 9Mo/5000 h, (f) 10Mo/5000 h, (g) 8Mo/10,000 h,

(h) 9Mo/10,000 h, and (i) 10Mo/10,000 h.

IN625 and the associated tensile properties are also
discussed.

2. Materials and methods

Table 1 lists the nominal compositions of the ex-

perimental alloys used in this paper. The experimental
alloys were prepared by vacuum induction. The alloys
were solution-treated at 1200◦C for 1 hour, followed
by water cooling and then aged at 750◦C for up to
17,000 hours.
Metallographic samples were prepared for observa-

tion in a JSM-6301F Scanning Electron Microscope
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(SEM). Tensile tests at 700◦C were carried out on
a Shimadzu AG-250KNE test machine. The cylindri-
cal, threaded tensile test rods with a gauge length of
ø 5 mm × 25mm machined from the thermally ex-
posed bars were prepared as Standard GB/T 4338-
-2006 [20]. Each data are an average of at least two
values of the tensile test.

3. Results and discussion

Table 2 gives the EDS-measured compositions
(wt.%) at different positions and partition coefficients
of the Mo series of as-cast alloys. The segregation level
of alloying elements in as-cast structures can be ex-
pressed by the partition coefficient between the inter-
dendritic region and the dendrite core: K = CD/CI,
where CI and CD are the concentrations of the el-
ement in the interdendritic region and the dendrite
core, respectively. Unlike in our previous work on the
Nb series of alloys, the content of Mo has little im-
pact on the element segregation level. Both series of
alloys show the same equiaxed structure before aging
treatment, and no δ phase precipitation is observed
[10, 21].
The micrographs in Fig. 1 show the microstruc-

tures of the 8Mo, 9Mo, and 10Mo alloys after aging at
750◦C for up to 10,000 h. Following aging for 1000 h,
lots of needle-like δ phases precipitated in the Mo se-
ries of alloys, while few γ′′ phase precipitates were
observed. The amount of δ phase precipitation does
not seem to be affected by the increasing Mo content.
Identification of the δ phase is based on our previous
work [10, 21]. Prolonged aging of the experimental al-
loys at 750◦C up to 10,000 h resulted in a significant
increase in volume fraction of the δ phase precipitates
for all the alloys. The increasing fraction of the δ phase
precipitates corresponds to an increase in the aging
time. However, the volume fractions of the δ phase
precipitates for alloys aged 10,000 h and 17,000 h ap-
pear to be the same.
Few γ′′ phase precipitates were observed after ag-

ing at 750◦C for up to 17,000 h. It is also noticed that
Mo has a slight effect on δ phase precipitation, while
the δ phase precipitation is strongly affected by Nb
segregation [22]. The volume fraction of the δ phase
was measured from the scanning electron microscope
micrographs using Image-Pro Plus 6.0 software (Me-
dia Cybernetics Inc.). The results are shown in Fig. 2.
It was visualized that the volume fraction of δ precip-
itation after aging at 750◦C increased with the aging
time.
The values of the precipitation kinetics parameters

were calculated to describe the effect of Mo on δ phase
precipitation more intuitively, as shown in Fig. 2. At
a given aging temperature, the relationship between
the weight percentage of δ phase and aging time can

Fig. 2. δ phase volume fraction evolution as a function of
aging time and Mo content in cast alloy IN625 with differ-
ent Mo content after aging at 750◦C for up to 17,000 h.

Fig. 3. Relationship between ln[− ln(1− Vδ/Vs)] and ln(t)
in cast alloy IN625 with different Mo content after aging

at 750◦C.

be described by the Avrami equation, Eq. (1):

Wδ =Ws [1− exp(−αtn)] , (1)

where n is a constant that depends on the nucleation
and growth of δ phase, α is the rate of δ precipitation,
and Ws is the saturation level for the δ precipitation
[23]. In this work, Wδ and Ws are replaced by Vδ (the
volume percentage of δ phase) and Vs (the saturation
level for the δ precipitation), respectively. The values
of the precipitation kinetic parameters obtained by
fitting the experimental data (Fig. 3) to Eq. (1) are
listed in Table 3. The effect of Mo on δ phase precip-
itation can be approximately described by the values
of n and α. It is observed that as the content of Mo
increases, the value of α increases while the value of n
decreases. Here, it is worth mentioning that the values
of n and α change slightly when compared to those in
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Ta b l e 3. Parameters for precipitation kinetics of δ phase
in cast alloy IN625 with different Mo content after aging

at 750◦C

A 8Mo 9Mo 10Mo

α 1.362E-6 3.51E-6 3.667E-6
n 0.845 0.792 0.798

Fig. 4. The tensile results at 700◦C of cast alloy IN625
with different Mo content after aging at 750◦C for different
time: (a) yield strength, (b) ultimate tensile strength, (c)

elongation, and (d) area reduction.

Fig. 5. The tensile results at 700◦C of cast alloy IN625
with different Mo content as a function of δ phase: (a) yield
strength, (b) ultimate tensile strength, and (c) elongation.

Nb series of alloys. This may be due to the weak in-
fluence of Mo on the degree of Nb segregation. Hence,
the experimental results show that the precipitation
of the δ phase is not affected by Mo content.
Figure 4 presents the tensile properties at 700◦C of

the Mo series of alloys as-heat treated and after aging
at 750◦C for up to 5000 h. It is observed that the yield
strength (YS), ultimate tensile strength (UTS), elon-

gation (EL), and area reduction (AR) after solution
treatment appear to be insensitive to the varied ad-
ditions of Mo. However, both YS and UTS increased
considerably with aging time. This is similar to that
in the Nb series of alloys after aging at 700 and 750◦C
[10]. As opposed to the increase in strength, the val-
ues of EL and AR decreased with the increasing aging
time. In general, aging for longer duration results in
an increase in strength and loss in ductility.
As presented in Fig. 5, YS, UTS, EL, and AR val-

ues are plotted as a function of the δ phase volume
fraction. It can be observed that both YS and UTS
presented a similar behavior. They increased almost
linearly with the δ phase volume fraction for all al-
loys. As for EL and AR, the values decreased with the
increasing amount of δ phase. It is noticed that the
majority of the elongation values are between 10 and
20%, except for those obtained at the as-heat treated
condition with no δ precipitates. All the above results
are found to be in accordance with our previous work.
This verifies our former conclusion that δ phases serve
as a strong phase in cast alloy IN625 [21].

4. Conclusions

The effects of Mo on δ phase precipitation and
the tensile properties in cast IN625 alloy were investi-
gated in this paper. It is found that the increasing Mo
content has a weak effect on the precipitation of the
δ phase due to its little effect on Nb segregation. It
was observed that the yield strength, ultimate tensile
strength, elongation, and area reduction after solution
treatment appeared to be insensitive to the varied ad-
ditions of Mo. Both yield strength and ultimate ten-
sile strength increased nearly linearly with aging time,
which is primarily associated with the precipitation of
the δ phase. The elongation was affected by δ precipi-
tation to a relatively limited extent. δ precipitation is
believed to serve as a strengthening phase in the Mo
series of cast alloy IN625.
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