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Abstract: Ni-based superalloy single crystals were grown by different methods
(gradient method and Bridgman technique with spontaneous nucleation and
with seed). In all crystal growth experiments using the Bridgman technique, the
temperature gradient along the vertical furnace axes was constant (G = 33.5
°C/cm). The obtained single crystals were cut, mechanical and chemical polish-
ed, and chemically etched. Using a metallographic microscope, the spacing of
the primary and secondary dendrites was investigated. The dendrite arm spa-
cing (DAS) was determined using a Quantimet 500 MC. The obtained results
are discussed and compared with published data.
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INTRODUCTION

Ni-based, single crystal aloys have applications in advanced gas turbines
and jet engines, due to their improved mechanical properties, creep resistance,
thermal fatigue resistance and high melting point as compared to the conven-
tionally prepared Ni-based superaloys. The use of these expensive materials as
gas turbine components requires stability of the microstructure as well as of the
chemical composition. During fabrication and repair of the components, micro-
structural changes may occur, which can affect the mechanical properties. The
main crystallization parameters having a considerable influence on the micro-
structure and physical properties of the materia are the temperature gradient (G),
the crystal growth rate (R), and the concentration of the alloying elements (cg).1

Ni-based superalloys are biphasic compounds, consisting of a face-centered
cubic y matrix and y' precipitates. Dendrites are the most common growth
morphology during the solidification of metals, alloys and other substances.2 Ni-
-based superalloys single crystals also have a dendritic structure. Due to the need
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to predict and control the microstructure of cast aloys, dendritic growth has been
extensively studied. Since metallic alloys are opaque and have a high melting
point, which impedes precise control of the solidification condition, direct obser-
vation of growing dendrites in transparent anal ogues has become a powerful tool
for investigating microstructure formation under controlled conditions.3

A number of studies have indicated the effect of microstructure and, par-
ticularly, of dendrite spacing upon mechanical properties.4 Dendritic structures
can be more important in the prediction of mechanical properties than grain size.
The improved mechanical characteristics of cast structures having smaller den-
drite spacings are largely due to the shorter wavelength of the periodicity of the
microsegregation. Much of the initial research devoted to dendritic coarsening
was focused on the measurement of the secondary dendritic arm spacing, 4o, and
the proposal of a mechanism aimed at describing the evolution of this secondary
arm spacing.® The aim of this study was to investigate the properties of the
primary and secondary dendrites of Ni-based superalloy single crystals in order
to improve the application of the superalloy.

EXPERIMENTAL

The composition of the superalloy 444 (Ed Fagan Inc., USA) was (in mass %): 8.6 % Cr,
1.98% Ti, 5.1% Al, 11.1 % W, 0.91 % Nb and 72.31 % Ni.

Single crystals of the Ni-based superalloy were grown by the Bridgman (spontaneous
nucleation or from a polycrystalline seed) technique®” and the gradient method.®

The temperature gradient along the vertical furnace axes for the Bridgman technique was
constant (G = 33.5 °C/cm).

All the samples were longitudinally cut, then mechanically and chemically polished, and
finally selectively etched.”

All photographs were obtained using a metallographic microscope (PM10-35ACS,
Olympus, Japan). The magnifications were 20.

Using an automatic device for quantitative picture analysis, Quantimet 500 MC (Leica
Cambridge Ltd., Cambridge, UK), and the linear measuring method applied to the samples of
superalloy, the dendrite arm spacing (DAS) were determined.

RESULTS AND DISCUSSION

The process of single crystal growth by the gradient method was performed
in the standard way.6 The seed used to commence the crystallization was a fine-
-grained material of the same alloy. The experiments were performed at different
cooling rates (V), which remained almost constant during the experiment. The
best result was obtained with a cooling rate of 3.4 mm/min. Polycrystalline struc-
ture was approximately 10 mm from the top of the seed, and after that it was a
single crystal to almost the end of the sample. Although the temperature gradient
along the vertical furnace axes was not constant, the growing rate increased
during the experiment by afactor of approximately 10.
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The crystal growth by the Bridgman technique was performed in two dif-
ferent ways. a) the growth commenced from a completely molten alloy (spon-
taneous nucleation) or from a polycrystalline seed, formed by a relatively slow
nucleation and b) the growth started from a polycrystalline seed, which had a
more coarse structure than the seed used in the gradient method.

The temperature gradient along the vertical furnace axes was fixed and the
same for both types of Bridgman techniques (G = 33.5 °C/cm). The crystal
growth rate was changed from 1 mm/min to 11 mm/min in order to obtain the
best value. It was found in the literature that other authors* worked in a similar
way, but fixed the crystal growth rate while changing the temperature gradient. In
addition, these authors had a transparent material, while in this study area aloy
was employed.

A microphotograph of the sample grown by the Bridgman technique with
spontaneous nucleation, with the crystal growth rate of 2 mm/min, is shown in
Fig. 1. Samples grown by Bridgman technique with seed were grown with uni-
form rate or with different rates (the rate was changed in the process of crystal
growth), in order to investigate the properties of dendrite spacing. The micropho-
tographs of the same crystal grown by the Bridgman technique with seed at
growth rates of 6 mm/min and 2 mm/min are shown in Figs. 2 and 3, respectively.
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Fig. 1. Photograph showing the primary den-  Fig. 2. Photograph showing the primary den-
drite spacing in a Ni-based superalloy single  drite spacing in a Ni-based superalloy single
crystal obtained by the Bridgman technique  crystal obtained by the Bridgman technique

with spontaneous nucleation. The crystal with seed. The crystal growth rate was
growth rate was 2 mm/min and the length of 6 mm/min and the length of the single
the single crystal was 11.5 cm. The photograph  crystal was 6.36 cm. The photograph was
was taken at 1215 mm from the beginning of taken at 2 cm from the seed with a
the crystal with a magnification of x24. magnification of x24.

It is clear that all the samples were single crystals and the various crystal
growth methods can serve as a tool for a better understanding of the processes
into non-transparent materials. For Ni-based superalloys, a single crystal with a
dendritic structure is the common type of structure, as the process of thermal
homogenization always follows the process of crystal growth.8 Crystal growth
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was in the [001] direction of the all samples, which is in accordance with lite-
rature data.3

8 Fig. 3. Photograph showing the primary den-
drite spacing in a Ni-based superalloy single
§ crystal obtained by the Bridgman technique
with seed. The crystal growth rate was 2
mm/min and the length of the single crystal
was 3.5 cm. The photograph was taken at
1 cm from the end with a magnification of
L x24.

The morphology of the solidification interface has been a very important
subject for investigation by many scientists. The primary spacing A1 is one of the
parameters which can correlate the growth conditions with the resulting micro-
structures. Most of the theoretical studies reach the analogical result, which gives:®

)1 = AGMR 1)

where G is the temperature gradient and R the crystal growth rate. A is a para-
meter that depends on the alloy composition, while m and n are 0.5 and 0.25,
respectively. An analysis of the primary dendrite spacing (11) alows a better
understanding of the mechanism of crystal growth. For the Bridgman technique,
for a given growth condition, the velocity of 2 mm/min is the velocity of spon-
taneous nucleation. On doubling the crystal growth rate from 2 to 4 mm/min, the
primary dendrite spacing remains the same value (295 ), although the velocity
has a higher value. This result is in accordance with the result from the litera-
ture.3 On further increasing the growth rate, almost the same result was obtained,
although the authors stated that some larger dendrites of the array became un-
stable and the tertiary arms of these dendrites grew to form new primary den-
drites, thereby decreasing the average primary spacing. It is supposed that this
phenomenon cannot be observed as the present system was more complicated
and many motions in the system were smothered. In addition, the Bridgman me-
thod with spontaneous nucleation additionally smothers the system.

Applying the Bridgman technique with seed, the effect of an increasing
change of the average primary spacing was observed when the crystal growth
rate of the same crystal was changed from 11 to 2 mm/min. The differences from
125 to 288 p can be explained if the dendrites, after an unstable period, form a
stable dendrite configuration. An attempt was made to decrease the primary den-
drite spacing by employing a crystal growth rate to 1 mm/min, no interesting
differences could be observed and the value of 11 given above is the lower limit,



Ni-BASED SUPERALLOY SINGLE CRYSTALS 65

A1,min. The same sample grown at 6 and 2 mm/min is shown in Figs. 2 and 3,
respectively. No significant differences in the primary dendrite spacing could be
observed, probably due to the properties of the system (more complicated than
that used in the literature).3

An automatic device for quantitative picture analysis, Quantimet 500 MC,
and the linear measuring method were applied to the samples of the superalloy,
whereby the dendrite arm spacing (DAS) and the distribution of DAS values
(histograms) were obtained. The obtained results are shown in Figs. 4-8.
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Fig. 4. 8 Photograph showing the secondary dendrite
spacing in a Ni-based superalloy single crystal obtained
by the Bridgman technique with spontaneous nucleation 0
and b) the histogram of the distribution of the secondary L

dendrite spacings. The crystal growth rate was DA fpon]
2 mm/min and the magnification x20. (b)
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Fig. 5. @ Photograph showing the secondary dendrite
spacing in a Ni-based superalloy single crystal obtained E
by the gradient method and b) the histogram of the
distribution of the secondary dendrite spacing. The _—
crystal growth rate was 3.4 mm/min [pm]
and the magnification x20. (b)
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Fig. 6. @) Photograph, showing the secondary dendrite =
spacing in aNi-based superalloy single crystal obtained
by the Bridgman technique with spontaneous nucleation |
and b) the histogram of the distribution of the secondary [ (U IR
dendrite spacing. The crystal growth rate was 4 mm/min DAS [um]
and the magnification x20. ()
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Fig. 7. @ Photograph showing the secondary dendrite &
spacing in a Ni-based superaloy single crystal obtained Y]
by the Bridgman technique with seed and b) the his- i
togram of the distribution of the secondary dendrite SRR ;lsl"“[":;“] S
spacing. The crystal growth rate was 6 mm/min
and the magnification x20. (0)

In accordance to Fleming's investigation,? the secondary dendrite spacing is
a function of the temperature gradient and the crystal growth rate. This type of
Relation can be express as:

42 = C(GR)™ 2
where 1> is the secondary dendrite spacing, C a constant, G the temperature gra-
dient, Rthe crystal growth rate and n = 1/3.

The results obtained from the Quantimet 500 MC measurements are sum-
marized in Table | and Fig. 9 represents the linear fit for the Relation (2).
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Fig. 8. @ Photograph showing the secondary dendrite E
spacing in Ni-based superalloy single crystal obtained
by the Bridgman technique with spontaneous nucleation
and b) the hlﬂogram of the distribution of the wcondary : o 30 G0 s 120 150 18 210 M0 170 300
dendrite spacing. The crystal growth rate was 11 DAS [pm]
mm/min and the magnification x20. (b)
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TABLE I. Secondary dendrite spacing values of Ni-based superalloy single crystals obtained
from Quantimet 500 MC measurements

Growth Crystal growth Minimum  Maximum  Average Distinction
method rate, mm/min  distance, mm distance, mm distance, mm %
Bridgman spont. 2 0.003 0.314 0.114 1.351
nucleation
Gradient method 34 0.006 0.291 0.084 1.810
Bridgman spont. 4 0.018 0.328 0.064 2.036
nucleation
Bridgman, 6 0.014 0.178 0.075 1.662
with seed
Bridgman spont. 11 0.016 0.238 0.063 1.996
nucleation
w5 o " X ILlir'uaaau'ﬁ‘r.ofn
2,00 ~
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I N
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o, 0,3 0,4 s 0,6 7 0E 0,8 1 Flg 9. Linear fit of n for the Relation
Tog R framn fmin] A, = C(GR)™.
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It is clearly seen from Fig. 9 that n is very close to 1/3, which is in accor-
dance to Fleming's investigation? that the secondary dendrite spacing is function
of the temperature gradient and the crystal growth rate. In the present experi-
ments, the temperature gradient was fixed for both Bridgman techniques but the
crystal growth rate was changed.

CONCLUSIONS

1. Single crystals of Ni-based superalloys were grown by the gradient me-
thod and by the Bridgman technigue (spontaneous nucleation or from a polycrys-
talline seed). Comparing the applied techniques, the largest single crystal part of
a sample superaloy was obtained by the Bridgman technique with spontaneous
nucleation.

2. For the given growth conditions for the Bridgman technique, 2 mm/min is
the velocity of spontaneous nucleation.

3. The primary dendrite spacing remained constant (295 p), although the
velocity changed from 2 mm/min to 4 mm/min, which is in accordance with pu-
blished data.

4. The results for the secondary dendrite spacing, obtained by Quantimet 500
MC measurements, confirmed the presumption that the secondary dendrite spa-
cing is afunction of the temperature gradient and the crystal growth rate.

Acknowledgements. We are grateful to Dr. B. Jordovi¢, Technical Faculty, Cagak, for
measurements at Quantimet 500 MC. This work is supported by the Ministry of Science and
Technological Development of the Republic of Serbia under Project 141028.
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[MPOCTUPAE ITPUMAPHUX U CEKYHJAPHUX JEHJAPUTA
MOHOKPUCTAJIA CVIIEPJIET'YPE HA BA3U HUKJIA

CJIOBOJJAHKA KOCTI/I"ﬁl, AJIEKCAHIAP TOJYBOBUR n AHJIPEJA BAJTYITHZ

1I/IHc1Buu7yu7 3a gusuxy, IIpezpesuya 118, i.ip. 68, 11080 3emyn u 2Texuwoumo—mezﬁaﬂypmrcu akyaitein,
Kapnezujesa 4, 11000 beozpao

MoHoKpHcTanu cynepierype Ha 6a3u HUKJIA cy pacid nomoly pasinduTux Merona (rpajiu-
JjeHTHa MeTO/ia U TEeXHHKa 110 BpHiIMaHy ca CIIOHTAHOM HYKJICAIHjOM H Ca KIIHILOM). Y CBUM eKcIIe-
PHMEHTHMa pacTa KpUcTalla o TeXHHUIM bpruiMana TeMmnepaTypHH TPaAnjeHT qy>K BEpTUKAIHE Oce
nehin je 6uo xoucranran (G = 33,5 °C/cm). [IoGHjeHH MOHOKPHCTAIH Cy CEYCHH, MEXaHHYKH W
XEMU]jCKHU TIOJIUPAHH, U XEMHjCKH Harpu3aHu. IIpumapHu U ceKyHAApHH JEHAPUTH Cy MCIMTHBAHU
kopuihemeM Meraiorpadekor mukpockomna. [Ipocrupama kpaka aenapura (DAS) cy oxpehusana
kopuihiemeM kBaHromerpa Quantimet 500 MC. JloGujeru pesynrati Cy JUCKYTOBAaHH M YIIOpe-
henu ca nomanmma U3 IUTEpaTYypE.

(Mpumsseno 5. maja, peeuanpano 11. jyna 2008)
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