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Abstract: An advanced single crystal superalloy was studied with different homogenization-solution heat treatments. The alloy
microstructures and elements segregation were analyzed. The results show that no incipient melting appears when the alloy is
directly heated up to 1338 <€; when it is directly heated up to 1350 <€, obvious incipient melting occurs at the beginning while
gradually fades away with holding time; for 1328 <€, although there is no risk of incipient melting, the homogenization efficiency is
far from satisfactory. It is concluded that for advanced single crystal superalloys, elevating temperatures of each step is much more

effective than prolonging duration to get better heterogeneous effect; as the single crystal superalloy owns a dynamic

homogenization-solution heat treatment window, there is no need to always keep the temperature below the incipient melting
temperature of the as-cast condition, but keeping it below the incipient melting temperature of the alloy at the temporal homogenous
state is necessary. Based on above conclusions, a new approach is introduced to design effective homogenization-solution heat
treatments for advanced single crystal superalloys, and it has been successfully used on the alloy in this study.
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To cater for the continuous development of high temper-
ature performance of advanced turbine blades and vanes,
increasing amounts of dense refractory elements, including
Mo, Re, Ta, W and Nb, are added to newer generations of
single crystal superalloys™. However, other than solid so-
lution strengthening, those dense refractory elements also
lead to severe dendrite segregation, which greatly influence
the strengthening effect of those alloying agents and the al-
loy properties®?,

A proper homogenization-solution heat treatment can ef-
ficiently eliminate segregation and promote chemical ho-
mogeneity. For the first and second generation single crys-
tal superalloys, it is not so difficult to design a suitable
homogenization-solution heat treatment thanks to the small
quantity of refractory elements addition™*"™. However, with
higher refractory element content, it becomes increasingly
more difficult for higher generations of single crystal sup-
eralloys to acquire satisfactory compositional and micro-
structure homogeneity. Designing more efficient homoge-
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nization-solution heat treatments becomes a new chal-
lenge!®*8°1,

To design efficient homogenization-solution heat treat-
ments for advanced single crystal superalloys, an advanced
single crystal superalloy was studied with different ho-
mogenization-solution heat treatments in this paper. After
analyzing the experimental results by aid of dynamics and
thermodynamics calculation, a suggestion about designing
the homogenization-solution heat treatment was offered,
which might be a more promising choice for the advanced
single crystal superalloys.

1 Experiment

To cater for the segregation characteristic of advanced sin-
gle crystal superalloys™®*2 21.0wt% of refractory elements,
including 6.0wt%Re, were added into the single crystal super-
alloy. A certain amount of Ru was also employed to promote
the dissolving of those refractory elements in the matrix and
restrain the precipitating of unstable phase. The single crystal
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bars of @15 mmX170 mm were cast with a crystal selection
method in a directionally solidified furnace with high temper-
ature gradient. DSC specimens of @4 mmX2 mm and ho-
mogenization-solution heat treatment specimens with @15 mm
X10 mm were cut from above mentioned single crystal bars.
The heating curve of as-cast alloy was obtained using DSC,
whose prepared heating rate was 10 €/min. The DSC curve is
showed in Fig.1.

Generally, there are two methods to determine the start-
ing temperature of 3’ solution™***):

1) Directly read the temperature where the first endother-
mic peak starts to climb up, which is usually referred to as T;.
According to Fig.1, the value of T; is 1338 €.

2) Make the extension of DSC baseline and the tangent
line through the maximum slope point on the first endo-
thermic peak. The intersection of those two lines is regard-
ed as the extrapolating starting point of y’ solution, which
can be referred to as T,. The value of T, is 1350 <€ accord-
ing to Fig.1.

On the basis of above DSC curve, 1338 and 1350 <€ were
chosen for this research. As comparison, another lower
temperature, 1328 <€, was also picked, which was closer to
those general temperature of first homogenization-solution
heat treatment.

The specimens were directly heated up to 1328, 1338 and
1350 €. After preserving for 2 h and 6 h at each tempera-
ture, the specimens were taken out rapidly and air cooled to
room temperature. Microstructures of the specimens were
examined by metallographic and field emission microscope.
The results were analyzed by the aid of dynamics and
thermodynamics calculation.
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Fig.2 shows the metallographic structures after different
homogenization-solution heat treatments. With duration
time, the dendrite boundary gets fuzzy and eutectic de-
creases gradually. This speed gets more rapid at higher
temperature. When heat treated at 1328 <€ and 1338 <€, no
incipient melting occurs, and eutectic still exists after 6 h.
At 1350 <€, a mass of incipient melting appears after 2 h,
while largely disappear after 6 h.

Fig.3 shows y/y’ microstructure at interdendrites after
different homogenization-solution heat treatments. After
being heat treated at 1328 <€ for 2 h, the y’ at interdendrites
can be divided into three parts based on different size scales:
(1) extremely coarse y' existing in the eutectic; (2) very fine
7' far from eutectic; (3) intermediate section between above
two regions where y’ with medium size spreads. After 6 h,
the specimen still contains considerable eutectic, while
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Fig.1 DSC curve of the as-cast alloy
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Fig.2 Metallographic structures of specimens after different homogenization-solution heat treatments
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Fig.3 y/y’ at interdendrites after different homogenization-solution heat treatments

there no longer exists any obvious boundary to distinguish
" with different size scales. Meanwhile, when the speci-
mens are homogenization-solution heat treated at 1338 €
and 1350 <€ such boundary also can’t be observed.

It is worth mentioning that although a mass of incipient
melting appears after holding at 1350 <€ for 2 h, that defect
fades away with holding time. After 6 h, not only the quan-
tity of incipient melting points decreases, the size of an in-
dividual incipient melting also shrinks, seen in Fig.2.

3 Discussion

For the as-cast single crystal superalloys, the components
are highly segregated and the y’ precipitates are coarse, ir-
regular shaped and incoherent. As the y/y" interface plays a
major role in the high temperature properties, it’s always
desirable to have fine, uniformed cubical shaped precipi-
tates throughout the alloy. For this reason, the solidified al-
loys need to undergo homogenization-solution heat treat-
ments.” For newer generations of single crystal superalloys,
good homogenizations can also reduce the precipitation of
TCPs."™™ However, with increasingly more refractory ele-
ments are added into newer generations of single crystal
superalloys, the homogenization becomes more difficult
3589 As a result, the homogenization-solution heat treat-
ments of newer generations of single crystal superalloys
have to be particularly studied to tap the most potential of
those alloys.

3.1 Dynamic window of homogenization-solution heat
treatments

As the principal purpose of homogenization-solution heat
treatment is to dissolve the irregular y’ and homogenize al-
loy elements, the temperature of homogenization-solution
heat treatment has to be above the y’ solvus end temperature
and below the melting point of the alloy. The temperature
range between the lower and upper bound is known as the
window of homogenization-solution heat treatment 1.

DSC curve of as-cast alloy is shown in Fig.1. During heat-
ing process, there are two obvious endothermic peaks. The
first smaller peak indicates the solution of y’, including the y' in
dendrites and interdendrites. The following larger one indi-
cates the melting of the y. These two endothermic peaks have a
large scale of overlap whose width can’t be distinct from the
curve. That is because the refractory elements such as Mo, Re,
Ta, W are prone to participate in dendrites and elements like Al,
Ta, Nb are prone to participate in interdendrites. The severe
segregation makes the phase transformation temperatures of y'
—y and y—L vary a lot from dendrites to interdendrites. This
is one of the reasons why it is more difficult to design a proper
homogenization-solution heat treatment regime for advanced
single crystal superalloys.

However, according to this paper, the temperature inter-
vals of y’—y and y—L phase transformation can vary with
the homogenization process. When the alloy is homogeni-
zation-solution heat treated at 1350 <€, a large scale of in-
cipient melting appears after 2 h, while after 6 h, the incip-
ient melting degree decreases apparently. Not only the
quantity of incipient melting points decreases, the size of an
individual incipient melting also shrinks with holding time.
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That is because the refractory elements diffuse from den-
drites to interdendrites and other elements diffuse in the
opposite direction, inducing the increase of melting tem-
perature of interdendrites.

The variation of ' solvus end temperature and incipient
melting temperature with the homogenization at 1338 <€ was
calculated with a simulating software JMatPro, see Fig.4. It is
demonstrated that both the y’ solvus end temperature and the
incipient melting temperature increase with homogenization.
That is to say, the homogenization-solution heat treatment
window is dynamic for single crystal superalloys.

The dynamic characteristic of homogenization-solution
heat treatment window doesn’t draw much attention for the
first and second generation single crystal superalloys since
their solutes are easy to diffuse and alloying elements can
be homogenized sufficiently at temperatures below the
melting temperatures of the as-cast alloys. However, with
increasingly more refractory elements added, the alloying
elements can’t diffuse sufficiently at the temperatures lower
than as-cast melting points. That dynamic characteristic has
to be brought to the forefront. To acquire a more efficient
homogenization-solution heat treatment, the temperature
can be set below the melting point of the alloy at the tem-
poral homogenous state, other than always set it below the
melting point of the as-cast condition.

3.2 First step temperature of homogenization-solution
heat treatments

For the single crystal superalloy containing a high
amount of refractory elements, there is a large overlap scale
of the y’ solution peak and y melting peak owing to severe
segregation. That scale can’t be distinct from the DSC
curve. Even at a temperature slightly higher than the start-
ing point of the first endothermic peak, incipient melting
may occur. It is one of the reasons why most newer genera-
tions of single crystal superalloys are homogeniza-
tion-solution heat treated with first stage temperatures close
to 1300 € 191871 which are followed by stages coming
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Fig.4 Variation of y’ solvus end temperature and incipient melt-
ing temperature after being homogenized at 1338 <€ for

different durations
towards the top temperature step by step. However, such
long-term and complicated homogenization-solution heat
treatments may not be so necessary.

According to Fick’s second law (seen eq.1™®) and the
computational formula of diffusion coefficient (seen
eq.2"),

aC/ot=D-(6°C/&°X) ())
where D is diffusion coefficient; t is diffusion time; C is the
volume concentration of solute; x is diffusion distance.

D =D, -exp(-AE/KT) 2)
where D, is solute diffusion constant; AE is the activation
energy of element diffusion; T is absolute temperature.

Eq.3 can be acquired:

0C /ot =D, exp(AE /KT )-(6°C/o°x) (3)

From equation (3), such information can be got: with a
constant concentration gradient, the element concentration
at a certain point in the diffusion process is proportional to
the diffusion time, while the increase of temperature causes
an exponential increase of diffusion coefficient. Hence it
can be seen that to get a better homogenizing result, ele-
vating temperature is much more effective than prolonging
time.

We measured the solute concentrations at dendrites and
interdendrites with electron probe and calculated the parti-
tion coefficients with formula (4):

ki = CD,i /CID,i 4)
where Cp; and Cp; are the atomic concentrations of alloy-
ing element i at dendrite and interdendrite, respectively.

The variations of partition coefficients with temperature
are shown in Fig.5.

From Fig.5, it can be seen that the homogenization de-
gree can be promoted by increasing homogenization time
and temperature. For W, Mo, Ta and Nb, it is hard to iden-
tify which is more important, time or temperature. However,
for the element Re, which is considered to be the most dif-
ficult to diffuse ?®? prolonging homogenization-solution
time for 4 h doesn’t make any difference on partition coef-
ficients, and elevating temperature is more effective appar-
ently. This agrees very well with the previous thermody-
namic analysis.

3.3 Designing of the homogenization-solution heat
treatment for advanced single crystal superalloys

Basing on above analysis, a new procedure can be intro-
duced to design an effective homogenization-solution heat
treatment for an advanced single crystal superalloy, as
shown in following steps: (1) decide the starting point of
the »' solution endothermic peaks on the DSC heating curve,
denoted by Ts; (2) set the temperature of the first step below
T,. Test the temperature to see if it can induce incipient
melting; (3) quickly heat specimens to temperatures higher
than T, and hold for 6 h, which is the general duration for
the highest temperature of homogenization-solution heat
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treatment; (4) observe the microstructures of above speci-
mens. Decide the temperature range without incipient
melting. The highest temperature can be set as the top tem-
perature of homogenization-solution heat treatment, denot-
ed by T, (5) set several steps between T, and T,, to keep
the heating rate within an acceptable range. With above ap-
proach, a homogenization-solution heat treatment regime is
designed as follows:
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1338 €/2 h+1345 €/2 h+1350 €/6 h+air cooling

The microstructures after homogenization-solution heat
treatment are shown in Fig.6. It can be seen that no eutec-
tic and incipient melting exist. The ' is fine and homoge-
neous throughout the alloy. What’s more, the total dura-
tion time is only 10 h, which are much less than those
convention ones.
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Fig.5 Variations of partition coefficients with temperature after solution heat treated for 2 h and 6 h: (a) W, (b) Mo, (c) Ta, (d) Nb,
and (e) Re

Fig.6 Microstructures after homogenization-solution heat treatment: (a) metallographic microstructure, (b) y/y" in the dendrite core, and

(c) y/y' in the interdendrite

4 Conclusions

1) For the single crystal superalloy used in this study,
when the temperature is directly raised to 1338°C, which is

the practical starting temperature of y’ solution, the micro-
structure is homogenized rapidly and no incipient melting
occurs.

2) As there is a large scale overlap of the y’ solution
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