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The melt superheating treatment is carried out for DZ125 superalloy during directional solidification.
Under the same thermal gradient and solidification velocity, the microstructure evolution of directionally
solidified DZ125 superalloy is systematically investigated by changing the melt superheating tempera-
ture. The results show that the dendrite is refined with the melt superheating temperature increasing
from 1500°Cto 1650 °C. However, it becomes coarse after the melt superheating treatment at 1750 °C. The
dendrite segregation first reduces with the increase of melt superheating temperature between 1500 °C
and 1650 °C, but becomes more severe when the superheating temperature is higher than 1650°C. The
carbide morphology presents script-like when the melt superheating temperature is below 1600 °C. Fur-
ther increasing the melt superheating temperature, it is mainly blocky and nodular. Moreover, the reason
of microstructure evolution with melt superheating treatment is discussed. The results are useful for
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promoting the development of high quality directionally solidified superalloy.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

As a precipitation hardened directionally solidified Ni-base
superalloy, DZ125 has been widely applied as structural mate-
rials in advanced aeroengine for gas turbine blades and vanes
operating at high temperature. The high temperature capabili-
ties of superalloys are decided by the solidification microstructure
on a large scale. In order to improve the solidification structure,
many studies have been done in many aspects [1-7], especially
in solidification processing and alloy composition. The addition
of refractory elements allows remarkable improvement in high
temperature creep resistance [6]. However, this gives rise to a
large-scale increase of the production cost and the appearance of
topologically close-packed phases. The high thermal gradient direc-
tional solidification can achieve finer dendrite arm, reduce element
segregation and increase stress rupture life [1,3], but it is limited
[8].

Recently, it has been found that under the same solidification
condition, the melt structure has obvious influence on solidifi-
cation microstructure and mechanical property of alloy [9-11].
The structure of alloy melt is not only related with the compo-
sition and temperature but also with the thermal history of melt
[12-14]. It has been shown that the melt structure, the solidifi-
cation microstructure and the performance of Al-Si alloy, Mg-Si
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alloy and Ti-Al alloy can be significantly modified by the melt
superheating treatment [11,15]. It was also found that the wet-
tability of Sn-0.7Cu alloy was improved after melt superheating
treatment [10]. However, until now, the researches mainly focus on
simple alloys. For Ni-base superalloy, most attention has been paid
on traditional casting superalloy [16] and single crystal superal-
loy [17-19] grown by different methods, such as gradient method,
Bridgman technique with spontaneous nucleation and with seed
[20], and Czochralski method [21]. Yin et al. [16] have found
that the grain is refined after melt superheating treatment. For
DD3 single crystal superalloy, the melt superheating treatment
can refine dendrite arm, reduce element segregation and improve
stress rupture property [19]. Directional solidification superalloy
is important commercial alloy. Nevertheless, hitherto, there are
few researches about the influence of melt superheating treatment
on the microstructure of directionally solidified Ni-base superalloy
with complex phase. Therefore, a systematic research is needed
to study the relationship between melt superheating treatment
and solidification microstructure of directionally solidified Ni-base
superalloy with complex phase.

In this paper, under constant thermal gradient and solidification
velocity, the melt superheating treatment during directional solid-
ification is carried out for DZ125 directionally solidified Ni-based
superalloy by changing the melt superheating temperature. The
purpose is to study the influence of melt superheating treatment on
microstructure and microsegregation of DZ125 directionally solidi-
fied Ni-based superalloy and to develop a new casting process route
to refine microstructure and reduce segregation.
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Table 1
The chemical composition of DZ125 superalloy (wt.%).

Superheating temperature (°C) Alloy composition

Cr Co w Mo Al Ti Ta Ni
1500 8.59 9.48 6.87 2.50 5.37 1.19 4.19 Bal.
1600 8.60 9.42 6.75 2.51 5.42 1.20 4.18
1650 8.59 9.47 6.68 2.46 5.50 1.16 4.16
1750 8.55 9.52 6.72 2.51 5.46 1.20 4.28

2. Experimental

The chemical composition of the experimental superalloy DZ125, as measured
by using a SPECTRO MAXx Direct-reading Spectrograph (DIA2000SE), is shown in
Table 1. Cylindrical bars of DZ125 with 7.0 mm diameter and 80 mm length were pre-
pared by liquid metal cooling directional solidification technique under high purity
argon atmosphere. During the melt superheating treatment process (see Fig. 1), the
sample was first superheated to melt superheating temperature Ts. After kept at T
for a period of time (t;), the sample was rapidly cooled down to Ty and then held at
To for another space (ty,) to guarantee the uniform of melt temperature and the same
thermal gradient for all experiments. Finally, it was withdrawn into the Ga-In-Sn
liquid metal bath to complete the crystal growth. In the present paper, four Ts, i.e.
1500°C, 1600°C, 1650°C, 1750°C were selected. The Tp was 1500 °C. The held peri-
ods at Ts and Ty were ts=(t; —t;)=30min and t, =(t4 — t3) =30 min, respectively.
After 30 min at Ty to keep the thermal gradient unchanged, all samples were with-
drawn into the liquid Ga-In-Sn alloy at the same rate of R=50 pm/s. Because Tp and
R were the same for all different T, the thermal gradient G will remain invariable
for all experiments.

The microstructure was observed by Leica DM-4000M microscope and TESCAN
VEGA\\LMH scanning electron microscope. The microsegregation was measured
by JXA-8100 electron probe microscope. The primary dendrite arm spacing was
measured over the central region of the solidified samples, where the steady-state
growth conditions were achieved. Primary dendrite arm spacing (A, ) was estimated
from transverse section using the relationship A1 =(A/n)®> (where n is the num-
ber of primary dendrite in a known area A). Secondary dendrite arm spacing was
measured from longitudinal sections and well-aligned dendrite trunks. Secondary
dendrite arm spacing (1) was calculated by using A, =L/N;, where L was the length
of well-aligned dendritic trunks (from the middle part of the first to the N, +1 sec-
ondary dendrite arm) and N, was the number of secondary dendrite arms along the
segment L. The segregation ratio of every element was determined as the extreme
concentration in interval area over that in crystallizing core [22].

3. Results
3.1. Dendrite arm spacing

The morphology of primary dendrite for different melt super-
heating temperatures is shown in Fig. 2. It can be clearly seen
that the primary dendrite arms are continuously refined with
the increase of melt superheating temperature when it is less
than 1650°C. However, further increasing the melt superheating
temperature, the primary dendrite arms become coarse. For the

Melt temperature/°C

Time/min

Fig. 1. Melt superheating treatment regulation.

selected four melt superheating temperatures 1500°C, 1600°C,
1650°Cand 1750°C, the corresponding primary dendrite arm spac-
ings measured are 141.4+3 wm, 132.9+2 um, 125.0+1 wm and
147.3 + 4 pm, respectively. The maximum reduction rate of Aq is
11.6%. Fig. 3 shows the morphology evolution of secondary den-
drite for different melt superheating temperatures. Obviously, the
variation of secondary dendrite arms is similar to that of the pri-
mary dendrite arm, i.e. the second dendrite arm spacings first
decrease until to 1650 °C and then increase. Meanwhile, the second
dendrite arm spacings measured are 33.1+1.5um, 29.0+1 pum,
25.1+1 pm and 30.5 + 1.3 pm, respectively. The maximum reduc-
tion rate of A, is about 18.3%. On this basis, Fig. 4 presents the plot
of primary dendrite arm spacing and second dendrite arm spacing
as a function of melt superheating temperature. This is different
from the results of single crystal superalloy DD3. The dendrite arm
spacing of DD3 is continuously refined with the increase of melt
superheating temperature [19].

3.2. Dendrite segregation ratios

Fig. 5 illustrates the variation of element segregation ratios with
the increase of melt superheating temperature. It can be clearly
seen that the segregation ratios of Mo, Ti and Ta are all larger than 1,
while those of Co and W are smaller than 1, and that for Aland Cr are
very close to 1. Meanwhile, it can be inferred that the melt super-
heating treatment reduces the segregation of Mo, W, Ta and Ti, but
has no obvious influence on the dendrite segregation ratios of Al, Cr
and Co when the melt superheating temperature is below 1650 °C.
But, the segregation becomes severe when the melt superheating
temperature is 1750°C.

3.3. Carbide morphology

The typical carbide morphology (white zone) of the direction-
ally solidified superalloy is shown in Fig. 6. In the case of 1500°C,
which means no melt superheating treatment, the morphology of
the MC carbide phase is script-like (Fig. 6(a)). When the melt is
superheated to 1600°C, the morphology of carbide phase has no
obvious variation, except for the decrease of the size of MC carbide
(Fig. 6(b)). As the melt is superheated to 1650 °C, the morphology
of MC carbide mainly presents blocky and nodular (Fig. 6(c)). When
the melt is further superheated to 1750 °C, the morphology of MC
carbide is still mainly blocky and nodular, but the amount of carbide
decreases (Fig. 6(d)).

4. Discussion

The above experimental results indicate that suitable melt
superheating treatment can refine dendrite structure, reduce den-
drite segregation and improve carbide morphology. From Table 1, it
can be seen that the melt superheating treatment has no influence
on composition of DZ125 when the melt superheating temperature
is less than 1750 °C. In addition, all the experiments are processed
at the same thermal gradient and solidification velocity after melt
superheating treatment. Therefore, the variation of solidification
microstructure for the elevated superheating temperature cannot
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Fig. 2. Primary dendrite morphology for different melt superheating temperatures (a) Ts = To = 1500 °C; (b) T =1600°C; (¢) Ts =1650°C and (d) Ty =1750°C.

be owing to the external solidification parameters and alloy com-
position, but should be attributed to the change of internal melt
structure.

The alloy melt consists of clusters which have the structure simi-
lar to that of solid phase when the melt temperature is a little higher
than the liquidus. These clusters are very stable even though they
are not in thermodynamic equilibrium. Popel et al. [23] discovered
that the melt structure transformed from a microinhomogeneous
to a homogeneous state when the melt superheating temperature
passed critical temperature. For Ni-base superalloy, which contains
carbide, there are two critical temperatures. The superalloy melt
consists of interacting Nis (Al, Ti)-like cluster, residual MC carbide
and other high-melting particle when the melt temperature is a
little higher than the liquidus [16,24]. When the melt temperature
reaches the first critical temperature (t,y;), the melt structure is
complex cluster of high-melting-point particle surrounded by Nis
(Al Ti)-like cluster. The complex cluster is destroyed, the structure
and the composition of melt become more homogeneous, when the
melt temperature is higher than second critical temperature (t,y2)
[25].

The equilibrium of melt structure needs a relaxation time which
is much longer than the thermal equilibrium relaxation time [26].
As a result, the melt structure partly remains its high temperature
structure when it is quickly cooled from Ts to Ty. Consequently,
after melt superheating treatment, the composition, distribution
and the structure of clusters in the melt are different from that
without melt superheating treatment even if the temperature of
alloy melt is decreased from T to Tj.

It is evident that the change of alloy melt structure will influ-
ence the solidification process [27]. Kolotukhin and Tjagunov [25]
studied the influence of melt superheating temperature on solid-
ification process of superalloy with various contents of carbon. It

was found that the freezing range decreased with the increase of
Ts when Ts was less than t,y,. However, further increasing the T,
the freezing range became large. The non-linear variation of freez-
ing range is related to the difference of the disappearing critical
temperature of Niz (Al, Ti, Nb)-like cluster and MC carbide or (Ti,
Nb) C cluster [25]. Zu et al. [28] also found that the undercooling
degree of nucleation increased and solidification time reduced with
increasing the melt superheating temperature. It is well known
that the freezing range is one of the factors that influence the den-
drite arm spacing. Therefore, under the same thermal gradient and
solidification velocity, one possible explanation is that the varia-
tion of freezing range leads to the change of dendrite arm spacing.
The difference of dendrite arm spacing change between DD3 and
DZ125 should be attributed to the difference of alloy composition.
The t.y; increases with the decrease of carbon concentration [25].
The carbon concentration of DD3 is less than DZ125. That is to say
that the t,yy of DD3 is higher than DZ125. Therefore, the dendrite
arm spacing of DD3 can be continuously refined even if the melt
superheating temperature is up to 1780 °C.

The value of solute distribution coefficient of alloy element, k,
is closely related to its activity coefficient, which is the function
of the interaction among atoms and clusters in alloy melt. So the
variation of the interaction among atoms and clusters in alloy melt
will affect the solute distribution coefficient. The melt structure
of alloy is related with the thermal history of the sample. After
melt superheated treatment, the composition, distribution and the
structure of clusters in the melt are different from that without
melt superheating treatment even if the temperature of alloy melt
is decreased from Ts to Ty. This leads to the change of interac-
tion among clusters and atoms in alloy melt. Consequently, the
solute distribution coefficient of the alloy elements after the melt
superheating treatment is different from that without melt super-
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Fig. 3. Secondary dendrite morphology under different melt superheating temperatures (a) Ts = To = 1500 °C; (b) Ts = 1600 °C; (c¢) Ts = 1650°C and (d) Ts =1750°C.

heating treatment. The segregation situation is related with the
solute distribution coefficient. Therefore, the segregation situation
is obviously changed after melt superheating treatment. The non-
linear variation of segregation situation is possibly related to the
difference of the disappearing temperature of Nis (Al, Ti, Nb)-like
cluster and MC carbide or (Ti, Nb) C cluster.

Generally speaking, the crystal growth from the melt needs suf-
ficient solute supersaturation, enough growth space and time. For
the dendritic structure at lower value of G/R, the residual melt exists
in the interdendritic region, creating a favourable condition for the
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Fig. 4. Primary and secondary arm spacing as a function of melt superheating tem-
perature.

growth of carbide branches and resulting in script type morphol-
ogy [29].If the alloy melt is superheated above critical temperature,
the MC carbide will be dissolved and the distribution of alloy ele-
ments will tend to be more homogeneous [16,30], which will make
the nucleation and growth of carbide difficult. Therefore, the for-
mation of carbide is postponed. The growth space and time are
decreased. The reduction of microsegregation decreases the con-
tent of formation elements of carbide in the interdendrite area.
They are unfavourable conditions for the growth of carbide. There-
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Fig. 5. Relationship between dendrite segregation ratios and melt superheating
temperature.
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Fig. 6. Carbide morphology of DZ125 superalloy for different melt superheating temperatures (a) Ts =To = 1500 °C; (b) Ts =1600°C; (¢) Ts =1650°C and (d) Ty =1750°C.

fore the morphology of carbide presents from script-like to blocky
and nodular. That is to say the reason for the variation of carbide
morphology is the change of the carbide growth condition when
the melt superheat temperature increases from 1500°C to 1750°C.
Therefore, the reasons for the change of dendrite arm spacing,
alloy element segregation ratios and carbide morphology may be
attributed to the variation of melt structure. The variation of den-
drite arm spacing and alloy element segregation ratios is resulted
from the change of freezing range and solute distribution coeffi-
cient. The change of MC carbide morphology and size are related to
the disappearance of MC carbide clusters in melt and the reduction
of alloy element segregation after melt superheating treatment.

5. Conclusions

The effect of melt superheating treatment on microstructure
of DZ125 superalloy during directional solidification has been
investigated. The results indicate that the dendrite is refined and
segregation is reduced with the melt superheating temperature
increasing from 1500 °Cto 1650 °C. Further superheated to 1750 °C,
the dendrite is coarse and segregation situation becomes seri-
ous. With the increase of the melt superheating temperature, the
morphology of MC carbide changes from scrip-like to blocky and
nodular.
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