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a  b  s  t  r  a  c  t

The  cellular  pattern  evolution  during  directional  solidification  of a nickel-base  single  crystal  superalloy
has  been  studied  in different  crystallographic  orientations  using  re-oriented  seed  crystals.  Under  the
same thermal  gradient  and  solidification  velocity,  the microstructures  of  differently  oriented  cellular
single  crystals  are  schematically  investigated.  It is  concluded  that  the  cellular  growth  direction  is  less
vailable online 26 July 2011
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affected  by  the  seed  orientation  and  depends  on  the  heat  flow,  and  is  usually  along  heat  flow  direction.
Cellular  interface  stability  and  microstructure  are  greatly  influenced  by the  crystallographic  orientation.
When  increasing  the  misorientation,  the  cell  spacing  increases  correspondingly  and  the  cellular  growth
interface  becomes  more  unstable.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Single crystal superalloys are extensively used as blades
n air-engines and land based gas turbines for its excellent
igh temperature strength and creep strength. The superior
echanical properties of nickel-base superalloys are derived

argely from the microstructure and precipitated phase [1–3].
any researchers have focused on the dendrite growth [4–7],

ue to the advanced mechanical properties of dendritic struc-
ure for industrial blades. Actually, cell is another important

icrostructure for nickel-base single crystal superalloys. The
ellular growth state can be well indicated by the growth
irection, growth interface and cellular envelop. Consequently,
nderstanding of the development of solidified cells is of great

mportance.
For the array of cellular growth, many simplified analytical

odels have been proposed [8–10]. These models are mainly as
unction of growth rate (R) and thermal gradient (G), which lead
o expressions on the basis of the growth of symmetric cells.

ickel-base superalloys with face centered cubic (fcc) crystallo-
raphic structure have a preferred growth direction, which would
lay an important role during the crystal growth. Ma  [11] and
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He [12] indicated that the crystal orientation affected the stabil-
ity of planar interface for nickel-base superalloys. It is established
that crystal orientation determines the dendritic growth direction,
while the growth direction of cellular crystal is almost depen-
dent on the heat flow direction [13,14]. Plenty of studies have
validated that the solidification rate can greatly affect the cellu-
lar microstructure. However, few references are concerned about
the effect of crystal orientation on cellular growth [15]. Thus, in the
present paper, influence of crystal orientation on the cellular inter-
face stability and microstructure was investigated in a nickel-base
superalloy.

2. Experimental

A first generation nickel-base single crystal superalloy DD407 was used in this
work. The nominal composition of this alloy is listed in Table 1. Single crystal sam-
ples were produced by means of seeding technique in a directional solidification
vacuum furnace. Differently oriented seeds with a diameter of 4 mm were cut from
mater single crystals. Both of the seeds and the master alloy used in the experi-
ments are DD407. The thermal gradient at the solid–liquid interface was measured
to  be 360 K/cm, and a withdrawal rate of 6 �m/s  was  selected to obtain cellular
interface. After drawing downward to 40 mm length, quenching was performed
immediately.

All  specimens for metallographic examination were cut parallel or perpendic-
ular to the withdrawal direction. Then the sections were etched with a solution of
14 mL  HCl, 21 mL  H2O and 8 g FeCl3 for optical observation. Micrographic exam-

inations were made on a LEICA DM4000M microscope. The orientation of each
crystal was  examined by a rotation X-ray diffraction method on a D/MAX-2400
X-ray diffractometer. Energy dispersive spectroscopy (EDS) was  conducted using a
ZEISS SUPRA 55 field emission scanning electron microscope (SEM) to investigate
the solute distribution.

dx.doi.org/10.1016/j.jallcom.2011.07.057
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zhxb001@163.com
dx.doi.org/10.1016/j.jallcom.2011.07.057
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Table 1
Nominal composition of the Ni-base superalloy DD407.
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Element Cr Co Mo  

(wt.%) 7.82 5.34 2.25 

. Results and discussion

.1. Influence of crystal orientation on cellular growth direction

Fig. 1 shows the different initial transitional zones of melt-back
eeds. Single crystals were obtained by remelting the master alloy
nd a bottom seed. Half of the seed was unmelted to grow new crys-
al. The relationship between growth direction of the seed and heat
ow direction was depicted in Fig. 1. The unmelted seeds exhibit
ifferent growth directions, which are related to the preferred ori-
ntation. It has been indicated that the primary dendrite growth
irection is along 〈0 0 1〉 direction for superalloys. In Fig. 1(a), the
0 0 1〉 direction deviates from heat flow direction with a small
ngle, while cellular direction is almost along heat flow direction.
owever, as shown in Fig. 1(b) and (c), when the primary dendrites
f the seeds deviate from the heat flow direction with larger angles,
he formed cellular arms still grow along the heat flow direction. It
s obviously different from the dendrite growth which was found
n the previous experiments [13,14]. The cell growth direction is
etermined by the heat flow and irrelative to the preferred orien-
ation of the seed. Esaka et al. [16] depicted the growth direction of
ell and dendrite in succinonitrile (SCN) in the case of constrained
rowth. The growth direction changes from heat flow direction to
he preferred orientation with increasing of growth velocity at a
onstant thermal gradient. It also revealed that the anisotropy pro-
ressively increased with the increasing growth velocity. Cells grow
n the direction perpendicular to the solid–liquid interface as the
rowth direction is not constrained to 〈0 0 1〉 by anisotropy.

.2. Influence of crystal orientation on the interface stability

The cell microstructures at the quenched liquid–solid regions
re shown in Fig. 2. It can be seen that the crystal orientation has
reat influence on the cellular interface. The interface becomes
ore instable with increasing misorientation between the pre-
erred orientation and heat flow direction under fixed cooling rate.
n Fig. 2(a), the misorientation of the crystal is 4◦ and the 〈0 0 1〉
irection is close to the heat flow direction, and the cellular tip

s semicircular and symmetrical. Although the cellular arms grow

Fig. 1. Optical micrographs of three different initial transitional zones
 Al Ti Ta Ni

8 6.02 1.94 3.49 Bal.

along the heat flow direction, the cellular tips become spiculate and
incline to the preferred orientation as the misorientation increases
to 8◦ (Fig. 2(b)). When the misorientation increases to 19◦ (Fig. 2(c)),
the cellular tips deviate from the heat flow with a larger angle and
become more asymmetrical. The cell arms are coarser and side-
flanges are found in the growth front direction, suggesting that the
interface becomes more unstable.

Previous experimental results have revealed that the cellular
growth is mainly influenced by G and R. The cellular interface would
become more unstable with increased R and decreased G [17–19].  It
was found that the instability of cellular interface of SCN increases
with the increasing of misorientation [20]. Furthermore, as the mis-
orientation increases, the cells could grow along 〈0 0 1〉 and side
branches propagate faster in the direction close to the one of the
heat-flow. Trivedi and Mason [21] has investigated the effects of
interface kinetics anisotropy on the cellular direction in the pivalic
acid-(PVA)-ethanol system in which significant anisotropy in inter-
face kinetics and interfacial free energy are present. The results
indicate the cellular growth is governed by the relative effects of
heat flow and anisotropic property of the crystal. As compared with
the results that observed in the model alloys, the cellular growth
of nickel-base superalloy is influenced by the anisotropy of inter-
face energy, for which the cells continuously grow with a rough
interface. In our case, the anisotropy of surface energy would add
a contribution to the appearing slope of the cellular tips.

3.3. Influence of crystal orientation on the cellular microstructure

Fig. 3 illustrates the cellular microstructures of single crystals
with different orientations. Hexagonal cells uniformly distribute
throughout the whole transverse planes. It is found that the cel-
lular microstructure of single crystals changes from fine to coarse
ones, and the cell spacing increases with the increase of misori-
entation. It is well known that the cell spacing is determined by
the heat emission condition at the solidification interface, which

mostly depends on cooling rate during directional solidification.

Kurz and Fisher [22] proposed a theoretical model to charac-
terize the cell spacing based on imposed processing parameters. It
demonstrated that the cell spacing was mainly dependent on G and

 for differently oriented seeds. (a)  ̊ = 4◦; (b)  ̊ = 8◦; (c)  ̊ = 19◦ .
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Fig. 2. Influence of misorientation on the cellular interface: (a)  ̊ = 4◦; (b)  ̊ = 8◦; (c)  ̊ = 19◦ .

iented

R
o
l
w

Fig. 3. Microstructures of differently or
, meanwhile no parameter was related to crystal orientation for
ne alloy. The numerical results from Hunt showed that the cellu-
ar spacing was correspondingly influenced when surface energy

as introduced, which was because the thermal gradient and low
 cells: (a)  ̊ = 4◦; (b)  ̊ = 8◦; (c)  ̊ = 19◦ .
growth velocities were quite sensitive to the amount of anisotropy
[23]. Grugel and Zhou [24] described the relationship between the
dendrite spacing and crystal orientation through the transition of
G and R along the heat flow direction. However, the model is not
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Fig. 4. Distribution of different solute elements along different dire

t to the present experimental results, in which the function is
ased on simple model alloys. Nickel-base single crystal superal-

oys are complex alloys that contain several solute elements and
omplicated precipitated phases. The influence of interface energy
nisotropy is evident, but the value could not be accurately mea-
ured in present time. Therefore, more systematic researches are
eeded for the foundation of the relationship between cell spacing
nd misorientation.

Fig. 4 illustrates the solute distribution in front of the solidi-
cation interface. Two lines are marked in Fig. 2(c) that line 1 is
he distribution pattern of solutes perpendicular to the withdrawal
irection, and line 2 is the distribution pattern of solutes perpendic-
lar to the cell tip growth direction. 30 points selected in every line
ere measured. Al, Ti and Ta are positive segregation elements that

egregate to the interdendritic regions, while W and Co are negative
egregation elements that segregate to the dendrite cores. The data
n line 1 reveal that the concentration of positive segregation ele-

ents from point 1 to 30 tends to increase (Fig. 4(a)). However, for
egative segregation elements, the concentration along point 1 to
0 decreases gradually (Fig. 4(b)). As can be observed in Fig. 4(c) and

d), all the solutes almost uniformly distribute along line 2 direction.
oth of the solute distribution patterns illustrate that the concen-
ration distribution in the transverse direction of the cell growth
nterface is asymmetric.
 at the quenched interface: (a) and (b) in line 1; (c) and (d) in line 2.

As solute enrichment at different positions influences the crystal
growth, extensive work has been done to predict the microseg-
regation in cellular and dendritic microstructures. Our previous
research [25] has found that the solute distribution is influenced
by crystal orientation in dendritic single crystals. The results of Ma
showed that the solute segregation profiles in 〈0 0 1〉 orientation is
flatter than that in 〈0 1 1〉 orientation across a dendritic cell, which
illustrate the solute segregation in 〈0 1 1〉 direction is more severe
[26]. The solute distribution in the vicinity of the cell tip is impor-
tant during the crystal growth process. For cell tips direction with
deviation from the heat flow direction, the solute elements in a mis-
oriented cell section no longer uniformly distributed along radial
direction in the crystal. Furthermore, non-symmetrical distribution
of the solute in the misaligned cells was observed, which resulted
in a higher growth rate of the side branches. The concentration gra-
dient in front of the growth interface of the cells is larger than that
at the opposite direction, which leads to the coarse flange in the
growth direction and depressed flange at the back of the cellular
trunks. An analysis of solute distribution around dendrite trunks
for title dendrite was  studied, and similar growth phenomena for

secondary branching and solute distribution were checked [27].

To describe such tip growth behavior in cellular structure with
misorientation, the anisotropy of crystal growth should be taken
into account. The curvature undercooling in the growth depends
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n both the magnitude and anisotropy of the solid–liquid inter-
acial energy, while the surface energy is extremely sensitive to

inor variations in alloy composition and these changes are not
asy to predict [28]. Meanwhile, it was found that the magnitude
f anisotropy has a marked effect on growth direction when the
rowth rate is low [29]. Studies are in progress to quantitatively
nalyze the cellular growth and the magnitude of the effect of
nisotropy.

. Conclusions

In this work, we have studied the influence of crystal orientation
n the cellular growth during directional solidification of a nickel-
ase superalloy. Although the cellular growth direction is along
eat flow direction and less affected by the seed orientation, the
ell tip growth is influenced by the crystal orientation and inclines
o 〈0 0 1〉 direction. Larger misorientation increases the cell spac-
ng and aggravates the instability of the cellular interface, which is
ecause that the solute distribution around the cells is affected by
rystal orientation.

cknowledgements

This work was jointly supported by the National Natural Sci-
nce Foundation of China (50931004, 50827102), the National Basic
esearch Program of China (2010CB631202, 2011CB610406), China
ostdoctoral Science Foundation funded project (20100481361)
nd the Research Fund of the State Key Laboratory of Solidification
rocessing (NWPU) of China (09-BZ-2010).
eferences

[1] L.N. Wang, Y. Liu, J.J. Yu, Y. Xu, X.F. Sun, H.R. Guan, Z.Q. Hu, Mater. Sci. Eng. A
505 (2009) 144–150.

[

mpounds 509 (2011) 9645– 9649 9649

[2] C.T. Liu, J. Ma, X.F. Sun, J. Alloys Compd. 491 (2010), 552-526.
[3] A. Picasso, A. Somoza, A. Tolley, J. Alloys Compd. 479 (2009) 129–133.
[4]  C.N. Wei, H.Y. Bor, L. Chang, J. Alloys Compd. 509 (2011) 5708–5714.
[5]  F. Long, Y.S. Yoo, S.M. Seo, T. Jin, Z.Q. Hu, C.Y. Jo, J. Mater. Sci. Technol. 27 (2011)

101–106.
[6] C.S. Wang, J. Zhang, L. Liu, H.Z. Fu, J. Alloys Compd. 508 (2010) 440–445.
[7] G. Liu, L. Liu, C. Ai, B.M. Ge, J. Zhang, H.Z. Fu, J. Alloys Compd. 509 (2011)

5866–5872.
[8]  Z.X. Min, J. Shen, Z.R. Feng, L.S. Wang, L. Wang, H.Z. Fu, J. Cryst. Growth 320

(2011) 41–45.
[9] X.F. Ding, J.P. Lin, H. Qi, L.Q. Zhang, X.P. Song, G.L. Chen, J. Alloys Compd. 509

(2011) 4041–4046.
10] L. Li, R.A. Overfelt, J. Mater. Sci. 37 (2002) 3521–3532.
11] D. Ma,  W.  Axmann, P.R. Sahm, J. Beech, H. Jones, Solidification Processing 1987,

in: Proc. Third Int. Conf., The Institute of Metals, London, 1988, pp. 160–163.
12] G. He. PhD. Thesis, Northwestern Polytechnical University, Xi’an, 1994.
13] X.B. Zhao, L. Liu, Z.H. Yu, W.G. Zhang, H.Z. Fu, Mater. Charact. 61 (2010)

7–12.
14] X.B. Zhao, L. Liu, W.G. Zhang, Z.H. Yu, H.Z. Fu, Mater. Chem. Phys. 125 (2011)

55–58.
15] Shu-Zu Lu, J.D. Hunt, J. Cryst. Growth 123 (1992) 17–34.
16] H. Esaka, H. Daimon, Y. Natsume, K. Ohsasa, M.  Tamura, Mater. Trans. 43 (2002)

1312–1317.
17] H.Z. Fu, X.G. Geng, Sci. Technol. Adv. Mater. 2 (2001) 197–204.
18] J. Teng, S. Liu, R. Trivedi, Acta Mater. 57 (2009) 3497–3508.
19] S.H. Kim, J.M. Kim, H.J. Lee, S.D. Son, J.H. Lee, S.M. Seo, C.Y. Jo, Defect and

Diffusion Forum 273–276 (2008) 361–366.
20] A.G. Borisov, O.P. Fedorov, V.V. Maslov, J. Cryst. Growth 112 (1991) 463–466.
21] R. Trivedi, J.T. Mason, Metall. Trans. A 22 (1991) 235–249.
22] W.  Kurz, D.J. Fisher, Acta Mater. 29 (1981) 11–20.
23] J.D. Hunt, S.-Z. Lu, Metall. Mater. Trans. A 27 (1996) 611–623.
24] R.N. Grugel, Y. Zhou, Metall. Trans. A 20 (1989) 969–973.
25] X.B. Zhao, L. Liu, W.G. Zhang, G. Liu, J. Zhang, H.Z. Fu, Mater. Lett. 63 (2009)

2635–2638.
26] D. Ma, U. Grafe, Mater. Sci. Eng. A 270 (1999) 339–342.
27] L.L. Wang, X. Lin, G.L. Ding, L.L. Wang, W.D. Huang, J. Mater. Sci. Technol. 23
29] Y. Natsume, K. Ohsasa, H. Esaka, T. Narita, Mater. Trans. 44 (2003)
824–828.


	Influence of crystal orientation on cellular growth of a nickel-base single crystal superalloy
	1 Introduction
	2 Experimental
	3 Results and discussion
	3.1 Influence of crystal orientation on cellular growth direction
	3.2 Influence of crystal orientation on the interface stability
	3.3 Influence of crystal orientation on the cellular microstructure

	4 Conclusions
	Acknowledgements
	References


