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Abstract: The solidification process of a conventional superalloy, IN718, was investigated by confocal scanning laser microscope
(CSLM). The liquid fraction during solidification was obtained as a function of real time and temperature in reference with the in-situ
observation. The characteristics of L—y transformation were analyzed and the y growing rate of each stage was also calculated.
Scheil equation was employed to predict the segregation behavior, and the predict results are in consistence with the experimental
results. As a result, the confocal scanning laser microscope shows a great potential for solidification process research.
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1 Introduction

IN718 alloy is a kind of precipitation-strengthened
wrought superalloy widely used in the gas turbine
industry[1-2], Because of its excellent balance of
properties and reasonable cost, IN718 is accounting for
more than 50% of commercial superalloy productions in
the world[3]. With the development of land-based power
generation and aircraft propulsion, scaling-up of
components has become the necessity. The size of IN718
ingot produced by VIM-ESR-VAR triple melting has
increased dramatically over the past 10 years in response
demands[4—6]. However, the
segregation problem, mainly niobium segregation, is a
big obstacle for producing large size IN718 ingots.
Particularly, some macro-segregations defects such as
freckles and white spots formed during the solidification
process will lead to entire failure for the whole ingot. So,
the driving force for studying the solidification behavior
of IN718 superalloy still exists.

In the previous studies, a lot of methods have been
employed to investigate the solidification behavior of
IN718 superalloy, including DTA, high temperature

to market solute

freezing and computational modeling. For example,
KNOROVSKY et al[7] obtained transformation
temperatures by DTA and presented a solidification
diagram for an idealized IN718. WANG et al[8] used
high temperature freezing method to keep the initial
liquid state of alloy, expecting to analyze original
solidification process. Thermo-calc and JMatPro
software were also employed to calculate the liquid
composition and equilibrium diagrams of IN718. These
methods provide a variety of valuable solidification
information and can be used to predict segregation
during melting or casting[8—9].

Recently, confocal scanning laser microscope
(CSLM) offers a great capability for real-time and
continuous observation of phase transformation at high
temperatures. This method has already been adopted for
study of solidification process of low carbon
steel[10—11], stainless steel[12] and metallic glass[13].
Therefore, it is of great interest to perform an in-situ
observation of solidification process of IN718 superalloy.
Furthermore, the microstructure and segregation
behavior of the solidified CSLM sample are
characterized in this study, in comparison with the
simulated results using Scheil equation.

Foundation item: Project(08dj1400402) supported by the Major Program for the Fundamental Research of Shanghai Committee of Science and Technology,

China

Corresponding author: SHAN Ai-dang; Tel: +86-21-54747441; Fax: +86-21-54748974; E-mail: adshan@sjtu.edu.cn

DOI: 10.1016/S1003-6326(11)60704-8



MIAO Zhu-jun, et al/Trans. Nonferrous Met. Soc. China 21(2011) 236—242 237

2 Experimental

It is noticed that the detailed characteristics of
CSLM have been described in the previous studies[10].
The shallow undulation of sample surface caused by
phase transformation and small difference of reflectivity
between transforming phases could be sensitively
detected by CCD image sensor of CSLM. And it is
possible to observe phase transformation process at high
temperatures up to 1 600 °C[11]. Simultaneously, the
real-time pictures were recorded on hard discs at a rate of
30 frames per second. Fig.1 shows the basic components
of a confocal scanning laser microscope (1LM21H from
Lasertec Corporation), which includes microscope,
metallurgy furnace, monitor, computer, protective air
system, vacuum pump and circular water system. For
this model, magnifications up to 2 450 times are
available, using a He-Ne laser with a wavelength of 633
nm.

. . A x
Protective air system -

~ Metallurgy furnace
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Fig.1 Components of confocal scanning laser microscope

The IN718 superalloy used in this study was
prepared by 10 kg-vacuum induction furnace and
chemical compositions (mass fraction, %) of the IN718
are listed in Table 1. Samples for CSLM study were
machined into a round column shape (4 mm in diameter
and 3 mm in height). Before the in-situ observation, the
samples were mirror polished and put into an alumina
crucible. Then, the crucible was placed into the heating
position of metallurgy furnace with thermocouple
attached. After evacuating the gases in the furnace
chamber by vacuum pump, ultra pure argon (99.999%)
was purged into the chamber continuously in order to
avoid oxidation of the sample surface.

Table 1 Chemical compositions of IN718 superalloy (mass
fraction, %)

C P B Al Ti
0.05 0.004 0.0011 0.52 1.00
Mo Nb Cr Ni Fe
3.10 5.33 19.5 53.0 Bal.

Since the purpose of this investigation was to
explore the solidification process, DSC test was
conducted to identify the temperatures of phase
transformation during solidification. Fig.2 shows that the
primary crystallization (first peak) takes place at 1 337.4
°C. The second peak and third peak were associated with
the MC carbide and the Laves phase. According to the
above analysis, the CSLM sample was heated to 1 400
°C in 8 min, and then held for a further 5 min at 1 400 °C
before cooling at 100 °C /min to 1 100 °C. Finally, the
furnace was power-off at 1 100 °C to let the sample cool
to room temperature. The accuracy of measured
temperatures is a key issue in CSLM observation.
According to the work of SHIBATA and EMI[14],
almost no difference was found between sample surface
and crucible bottom when the temperature was below 1
100 K. But as the temperature increased, the difference
gradually appeared. When the measured temperature was
1 670 K at the bottom of crucible, the actual temperature
at the center of sample surface was 1 650 K. Here, the
difference between actual temperatures and measured
temperature was treated as systematic error and was not
taken into consideration.
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Fig.2 DSC curve of test alloy

Afterwards, the OM and SEM samples were
prepared by mechanical polishing and electro-etching in
a mixture solution of 11% (volume fraction)
hydrochloric acid, 33% nitric acid and 56% glycerin at a
voltage of 6 V for 8 s. The solidified microstructures
were examined by scanning electron microscope (SEM:
Tescan-Vega) equipped with an energy dispersive X-ray
micro-analyzer (EDX: Bruker).

3 Results and discussion

3.1 Solidification process

Fig.3 illustrates the solidification process of IN718
alloy at a cooling rate of 100 °C/min, which was
obtained by using CSLM. The variations of temperature
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Remaining liquld
Fig.3 Solidification process in-situ observed by
CSLM at different temperatures and time: (a) 1 331.1
°C, 1 s; (b) 1 3248 °C, 4 s; (c) 1 314.1 °C, 10 s;
(d) 1308.9 °C, 13 s; (¢) 1 303.4 °C, 16 s; (f) 1 298.2
°C, 19°s; (g) 1 293.0 °C, 22 s; (h) 1 289.0 °C, 24 s;
(1) 1278.2°C,31s

and real time are also displayed on the continuously is inferred that the solidification of IN718 alloy has
recorded pictures. In the previous study, the crucible commenced below the surface of the opaque melt and is
provides a favorable site for heterogeneous nucleation in gradually being revealed on the melt surface. With the

AISI304 stainless steel[12]. Similarly, seen from Fig.3, it decrease of temperature, the solid-liquid interface is
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moving heading to the inter-dendritic region and areas of
liquid pool become smaller and smaller. But, some
remaining liquid still exists in the final solidification
stage of primary crystallization. It is believed that these
remaining liquid areas are the most segregated regions
and severe segregation also leads to the reduction of
solidifying temperatures for IN718 superalloy. Therefore,
it is normal to find that remaining liquid cannot solidify
for a long time in the CSLM observation. Unfortunately,
the formation of Laves phase in the inter-dendritic region
cannot be observed because of the equipment capability.

We can see from the previous analysis that it is
reasonable to acquire the liquid volume fraction on the
free surface by calculating the liquid area fraction of
each picture recorded in CSLM observation. Here,
AutoCAD software was used to calculate the liquid
volume fraction and yield the relationship between liquid
volume fraction and time as well as liquid volume
fraction and temperature. Avrami equation[15] was
utilized for fitting the above curves and results are
available in Fig.4.
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Fig.4 Fitted curves of liquid volume fraction as function of
temperature (a) and time (b)

For the liquid fraction (fi) as a function of
temperature (6, °C):

fi =1-exp[-2.21x1077(0-1270)*°] (D

In reference with Fig.3(a), it is known that the

transition temperature from liquid to y is 1 331.1 °C.
Moreover, the applied cooling rate was 100 °C /min,
which means that time (¢, s) is dependence of
temperature (6, °C) as the following relationship:

9:1331—% )

So, the liquid fraction as a function of time can be
obtained:

fi =1—exp[-2.21x107" (61—§t)4-5] (3)

It is obviously seen from Fig.4 that there are three
stages for L—y solidification from the given curves.
They are here named as initial stage, stable stage and last
stage, respectively. After linear fitting of three stages,
comparison can be made to demonstrate the
characteristic of each stage, as shown in Fig.5. Firstly, in
the initial stage of L—y solidification process, the solutes
segregated little by little in the front edge of L/y interface,
resulting in the reduction of liquidus temperature. The
L—y phase transformation can only happen with the
further decrease of temperature. So, y growing rate is
0.004 s at this stage. Secondly, L—y transformation
goes to a more stable stage. At this stage, the L/y
interface is moving in a stationary speed and the y
growing rate is 0.083 s', almost 20 times that of initial
stage. Finally, when the remaining liquid becomes less,
the transformation comes to the last stage. The
segregated large size solutes (such as Nb and Mo) in the
remaining liquid cannot diffuse across the L/y interface,
so the concentration of segregated element is rising
dramatically, which leads to the low speed growth again.
At the last stage, y growing rate is 0.016 s~
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Fig.5 Three stages for L—y transformation

3.2 Microstructure analysis on solidified CSLM
sample
Fig.6(a) shows the typical microstructure of
solidified CSLM sample. It can be seen that a lot of
white blocky Laves phase exist in the inter-dendritic
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region. MC carbides are also detected around the Laves
phase, also in the inter-dendritic region. Figs.6(b)—(d)
present the EDX spectra of three different spots and
related chemical compositions are listed in Table 2. The
results indicate that Nb and Mo are severely enriched in
the Laves phase. On the contrast, Nb and Mo are
obviously poor in the dendrite core. MC carbide is
mainly composed of two elements: Nb and Ti.

In order to verify the element segregation behavior
along the Laves phase, composition distribution along
marked line in Fig.7(a) is obtained by EDX. From
Fig.7(b), it is clear that Cr and Fe segregate into the
dendrite core while Nb and Mo tend to accumulate in the
inter-dendritic region. Additionally, three parts can be
divided according to the elements composition profile:
Laves phase, segregation zone and dendrite core. It is
noted that the Laves phase contains 28.2 % Nb (mass
fraction), almost five times nominal composition of the
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IN718. Compared with Laves phase, Nb content shows a
falling tendency in segregation zone but still be enriched
at a high level. However, only 3.4% Nb (mass fraction)
is remained in the dendrite core, which is much lower
than nominal composition of the alloy. Similarly, Mo
shares the same segregation pattern with Nb. The results
of EDX examinations indicate that serious segregation
happens in solidified CSLM sample, especially for Nb.

3.3 Segregation simulation using Scheil equation
Following the above study, it is noted that a lot of
strengthening elements are enriched in inter-dendrite
areas. So, segregation modeling is very valuable for
predicting the compositions during solidification. In this
study, we use a simple model, known as Scheil
equation[16], which is widely used nowadays for its
simplicity and  capability dealing  with
solidification research. Assuming there is no solid state

in
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Fig.6 Microstructure of solidified sample after CSLM experiment (a) and EDX spectra of Laves phase (b), dendrite core (c) and MC

carbide (d)

Table 2 Chemical compositions of representative locations in solidified CSLM sample (mass fraction, %)

Location Ni Cr Fe Nb Mo Ti Al
Spot 4 35.17 14.48 13.53 28.23 7.01 0.98 0.6
Spot B 52.95 21.01 18.89 3.51 243 0.71 0.5
Spot C - - - 92.39 - 7.61 -
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Fig.7 Composition profile along Laves phase by EDX: (a)
EDX scanning line; (b) Element mass fraction

diffusion and no dendritic side branching, and
thermodynamic equilibrium is maintained at the moving
solid/liquid interface during solidification[8], the
alloying element composition profile can be described by
the following relationship:

Cs = koCo(1— £5)"™ (4)

where Cs (mass fraction, %) is the instantaneous solid
composition forming at the correspondent solid fraction
(fs); ko is the distribution coefficient for the element; C
is the nominal element mass fraction of IN718
superalloy.

The value of kj can be obtained by measuring the
concentration of element (Cs) at fg= 0. The results listed
in Table 3 indicate that ky,of Nb or Mo is less than unity
while &y of Cr or Fe is greater than unity. Meanwhile, Cr
and Fe share the similarity for segregation behavior.

Fig.8 shows the simulated variation of Cs for four

Table 3 Distribution coefficient of elements in IN718
superalloy

Nb Mo Cr Fe
0.64 0.80 1.09 1.08

In the
calculation process, it is defined that solidification ends
when the solid fraction (fs) reaches 0.99. As a result, it is
found that with the proceeds of solidification, Nb and
Mo show a rising tendency while Cr and Fe show a
falling tendency. Compared with previous EDX results,
Scheil equation can be successfully applied to describing
the segregation profile in IN718. Especially for Mo, Cr
and Fe, the simulated results perfectly match with the
experimental results. As for the most segregated element
(Nb), there is a little difference in the Laves phase
between simulated results and experimental results.

elements according to the Scheil equation.
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Fig.8 Variation of Cg during solidification

4 Conclusions

1) The confocal scanning laser microscope offers
unique opportunity and exhibits great potential for the
research of solidification process. According to the
in-situ observation results, the liquid fraction (f.) during
solidification can be expressed as a function of
temperature (6, °C).

2) Three stages can be defined for L—y
transformation of IN718 alloy: initial stage, stable stage
and last stage. When solidified at the cooling rate of 100
°C /min, the y growing rates of three stages are 0.004 s ',
0.083 s ' and 0.016 s, respectively.

3) The segregation behavior of the solidified CSLM
sample is simulated by Scheil equation, which is in good
agreement with the experimental result.
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