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Abstract Solid–liquid interface morphologies of a

nickel-base single crystal superalloy AM3 were investi-

gated under high thermal gradient. The critical velocities of

planar–cellular and cellular–dendritic transition were

greatly increased by high thermal gradients. A high thermal

gradient was of great benefit to dendrite refinement.

Experimental results showed that the primary and sec-

ondary dendrite arm spacings decreased with increasing

cooling rate. As expected, the segregation of elements was

suppressed and the size of the gamma prime (c0) phase

decreased significantly with increasing withdrawal rates.

The shape of c0 in interdendritic region kept cuboidal at

higher withdrawal rate. It was found that the withdrawal

rates had little influence on the crystallographic orientation

in high thermal gradient directional solidification.

Introduction

In the past years, directional solidification (DS) techniques

were successfully applied to the production of single

crystal blades, which has been extensively used in aero-

engines [1, 2]. The aims of producing single crystal blades

are to eliminate grain boundaries that limit creep rupture

properties and to ensure [001] orientation growth with

minimum of Young’s modulus. However, the DS process is

so complex that the formation of cellular and dendritic

structures with concomitant microsegregation and misori-

entation is deleterious since these solidification features

influence mechanical properties obviously. Complicated

morphologies of directional solidification structures attract

a lot of theoretical studies. Numerical simulations have

been used to evaluate the directional solidification for

columnar-to-equiaxed transition [3], dendrite growth [4],

Tang and Xue [5] introduced the interface evolution of

directional solidification of a binary alloy with different

boundary heat fluxes by phase-field method. Also,

numerous studies [6–8] have reported the dendrite arm

spacing as a function of the processing parameters. In DS,

the thermal gradient (G) and cooling rate (GV) are two of

the most important factors, which affect the interface

morphology and dendrite growth characteristics [9].

However, for industrial as-castings, large single crystal

components for industrial gas turbines (IGT) and conven-

tional cooling method (for instance, high rate solidification

technique (HRS)) lead to a limited thermal gradient less

than 100 K/cm [10, 11]. Low thermal gradient results in

coarse-dendrite and severe segregation, which greatly

influence the performance of the castings. In recent years,

the development of liquid metal cooling (LMC) has sig-

nificantly improved the thermal gradient. Researches [12,

13] show that fine dendrites could be obtained under a high

cooling rate with high thermal gradient.

With increasing cooling rate, the solid–liquid interface

changes from planar to cellular, and then to dendritic

morphology. The transition velocities are greatly depen-

dent on G and GV in directional solidification, so that the

investigation of the morphology evolution under high

thermal gradient is important. It is known that the preferred

orientation of nickel-base superalloys is h001i, which has

the smallest Young’s modulus [14, 15]. During the growth

of turbine blades, off-axial orientations may occur and

usually deviate from h001i by up 12�–15�, even in the case

of planar growth. The deviation of crystallographic
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orientation greatly influences the mechanical properties.

Most of the engineers recognize that the crystals with

misorientation less than 5� or 10� can be acceptable [16].

Therefore, the effect of withdrawal rate on crystal orien-

tation under high thermal gradient should be clarified.

The aim of this work is to study the influence of the

withdrawal rate on the interface morphologies and micro-

structures in a directionally solidified superalloy under high

thermal gradient. The changes of the crystal orientation

during the directional solidification are also discussed.

Experimental

DS experiments were performed on a nickel-based super-

alloy AM3. The chemical compositions in weight percents

were: Cr 7.82, Co 5.34, Mo 2.25, W 4.88, Al 6.02, Ti 1.94,

Ta 3.49, C 0.006, and Ni balanced. Cylindrical samples

were cut with 4 mm in diameter. In the directional solidi-

fication process, samples were heated by a dual resistant

heating technique and cooled by melting liquid metals to

obtain higher thermal gradient. Single crystals were

obtained by remelting the alloy followed by growth with

the bottom seeding technique. The thermal gradient at the

solid–liquid interface was measured to be 360 K/cm. The

withdrawal rates were selected to be eight different values:

3.5, 6, 10, 50, 100, 200, 400, and 600 lm/s. The h001i
orientation of the seed was prearranged to keep a constant

misorientation of 8� distant from the cylindrical axis.

The samples were etched in a solution composed of

14 mL HCl, 21 mL H2O, and 8 g FeCl3 for optical

observation. The observation was carried out using a

LEICA DM4000M microscope. The primary and second-

ary dendrite arm spacings (k1 and k2) were measured in

transverse planes and longitudinal planes, respectively.

Quantitative analyzing of the microstructures was per-

formed by Sisc IAS V8.0 image analysis system. The tri-

angle method was used by joining the three neighbor

dendrite centers and sides of the triangle [17, 18]. In this

way, at least 200 k1 values and more than 50 k2 were

measured for each specimen. Each of the value reported

here was the calculated average value. At the same time,

the errors of the values were calculated. The microstructure

was examined after etching by another corrosive (nitric

acid: hydrofluoric acid: glycerin = 1:2:3) using scanning

electron microscope (SEM, ZEISS SUPRA 55). The size of

c0 phase was determined by A ¼
ffiffiffiffiffiffiffiffiffiffi

ST=n
p

; where ST is

accumulative total c0 area of whole viewing field of

micrograph (in dendrite core or interdendrite) and n is the

number of c0 variation. X-ray diffraction (XRD) analysis

was employed for the identification of the crystal orienta-

tion which was described elsewhere [19]. The concentra-

tions of the elements in the dendrite core and interdendritic

regions were determined on a JAX-8100 electron probe

microanalysis (EPMA). Line scans were performed to

measure the compositions [20], and the intervals points of

measured points were chosen as 10 lm along the lines.

Results and discussion

The evolution of interface morphologies

Figure 1 shows typical interface morphologies in longitu-

dinal sections of samples under high thermal gradient.

Planar and cellular interface are observed at withdrawal

rates of 3.5 and 6 lm/s, respectively. The interface mor-

phologies change in the sequence of cellular–dendrite,

coarse-dendrite, and fine-dendrite with increasing with-

drawal rates, as shown in Fig. 1a–h. At withdrawal rates

lower than 4 lm/s, the crystal solidified with planar

interface. It is noteworthy that most of previous works

[21, 22] found that the critical velocity for planar–cellular

transition was less than 2 lm/s for the first generation

single crystal superalloys in conventional thermal gradient

system, indicating that high thermal gradient can stabilize

the solidification interface. At a solidification rate of

10 lm/s, the cellular crystal became unstable, then cellu-

lar–dendritic transition occurred, meanwhile some side

arms appeared at the edge of the cellular trucks. At rates of

4–10 lm/s, solid–liquid interface showed cellular mor-

phology. As expected, the dendrites became smaller as the

withdrawal rate increased. It must be pointed out that

superfine dendrites can only form under high thermal

gradient and large withdrawal rate.

The dendrite arm spacings

Table 1 shows the values of k1 and k2 with increasing

withdrawal rate. As expected, the minimum spacing for

both primary and secondary dendrite arms was observed in

samples with the most rapid withdrawal rate. It showed that

k1 firstly increased, then decreased, and its maximum value

occurred at cellular–dendritic interface. The value of k2

decreased with increasing cooling rate. The superfine

structure can be found when the withdrawal rate reached

600 lm/s. The values of k1 and k2 were 51 and 12 lm,

respectively, which were much smaller than that of the

dendrite produced by conventional HRS process.

Dendrite arm spacing is an indication of casting quality

in directionally solidified structures. In the past, the aver-

age spacings of dendrites or cells for lots of alloys have

been measured. Many analytical models have been estab-

lished [6, 7, 23]. The widely accepted relationship for k1 as

a function of G and V is concluded that
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k1 / G1=2 � V1=4 ð1Þ

For the present experiment, Fig. 2 shows the dependence of

k1 as a function of G and V.

Guo et al. [22] and Du [24] had investigated the effect of

solidification cooling rate on k1 on NASAIR 100 and

CMSX-2, respectively. Similar results showed that the

primary dendrite arm spacing decreased with increased

cooling rate. In the cellular growth process, k1 increased

with the cooling rate. However, k1 decreased with

increased cooling rate. There existed a maximum value at

the cellular to dendritic transition range.

Compared with the conventional directional solidifica-

tion systems, the LMC technique greatly increased the

Fig. 1 Solid–liquid interfacial morphologies under various withdrawal rates a V = 3.5 lm/s, b V = 6 lm/s, c V = 10 lm/s, d V = 50 lm/s,

e V = 100 lm/s, f V = 200 lm/s, g V = 400 lm/s, h V = 600 lm/s

Table 1 Values of k1 and k2 at different withdrawal rate

V, lm/s 6 10 50 100 200 400 600

k1, lm 122 138 116 102 78 59 51

k2, lm – 46 23 21 16 13 12
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thermal gradient of the solid–liquid interface. At a constant

withdrawal rate, the primary dendrite arm spacing

decreased significantly with the increased G, as shown in

Table 2. Quested et al. [27] have found that with increasing

G and GV, it would be possible to obtain better perfor-

mance for high Cr superalloy.

Microsegregation of the dendrite structure

Figure 3 shows the segregation behavior of alloying ele-

ments in the crystals with increasing withdrawal rate. A

segregation coefficient k0 is usually defined as the ratio of

the concentration of the element in the dendrite core to that

in the interdendritic region. The value of k0 less than 1

indicates that the elements segregated to the interdendritic

regions and these elements are positive segregation ele-

ments. While k0 values greater than 1 indicate that the

elements segregated to the dendrite cores and these ele-

ments are negative segregation elements. With smaller

segregation coefficient, the degree of segregation to the

interdendritic region would be greater. From Fig. 3, it can

be seen that Al, Ti, and Ta segregate to interdendritic

regions, Co and W segregate to dendrite cores. W has the

biggest tendency to partition to dendrite cores.

The inherent characteristics of dendritic solidification

are the difference in composition. However, high thermal

gradient directional solidification can reduce this differ-

ence. All the elements exhibited greater degree of segre-

gation at 200 lm/s. At a withdrawal rate of 600 lm/s, the

segregation coefficient of most elements approached to 1,

except for W and Ti. Dendritic segregation behavior for W

and Ti was less affected by the withdrawal rate, which was

similar to the DS IN738LC [28]. The results revealed that

the degree of the segregation decreased with the increase of

withdrawal rate, which were similar to the research of Liu

on the CMSX-2 [13]. However, these results are different

from the segregation tendency reported for a third gener-

ation single crystal alloy, CMSX-10, were a greater degree

of segregation with increasing withdrawal rate [29].

The morphologies of c0 phase in the dendrite structure

The solidified crystals have a matrix, c phase, with a dis-

ordered face-centered cubic (fcc) structure, containing a

dispersion of ordered intermetallic precipitate particles of

the type Ni3(Al, Ti) (c0). Figure 4 shows the c0 phase

morphologies at different withdrawal rates. Large and

cuboidal c0 phase was found in dendrite cores and inter-

dendritic regions at low withdrawal rate. With the increase

of withdrawal rate, the c0 phase in the dendrite cores tended

to be sphere at the highest withdrawal rate (Fig. 4l), while

the c0 phase in the interdendritic regions was still cuboidal

(Fig. 4k). This is different from the study of Guo et al. [22],

Fig. 2 Measured primary dendrite arm spacing k1 plotted as a

function of the product of G-0.5V-0.25

Table 2 Influence of increasing thermal gradient G on the primary

dendrite arm spacing k1

Alloy G (K/cm) V (lm/s) k1 (lm) Reference

PWA-1484 30 100 440 [25]

PWA-1480 90 100 215 [26]

AM3 360 100 102 This work

CMSX-2 1000 100 38 [13]

Fig. 3 Relationship between

segregation coefficient of the

elements k0 and withdrawal rate:

a k0 of positive elements, b k0 of

negative elements
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Fig. 4 Morphologies of c0 in

interdendritic region and

dendritic region at different

withdrawal rates:

a, b V = 10 lm/s,

c, d V = 50 lm/s,

e, f V = 100 lm/s,

g, h V = 200 lm/s,

h, i V = 400 lm/s,

j, l V = 600 lm/s;

a, c, e, g, i, and k interdendrite,

b, d, f, h, j, and l dendrite core
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which found that the shape of c0 phase tended to be sphere

at higher cooling rate. The size of c0 particles decreased

with the increasing withdrawal rate, as shown in Fig. 5.

Moreover, the size of c0 in the dendrite cores was smaller

than that in the interdendritic regions.

The nucleation undercooling of c0 is low at low with-

drawal rate, so there are less nuclei and long time for these

nuclei to grow. However, with the increasing withdrawal

rate, the nucleation undercooling of c0 was increased,

which caused a larger number of nuclei and less time to

grow. So the size of c0 was decreased at high withdrawal

rate. Al, Ti, and Ta are forming elements of c0 phase, which

were enriched in interdendritic regions and led to a lower

degree of coherency. It is supposed that there is a larger

supersaturation, and thus enhanced growth kinetics for c0 in

interdendritic regions [30]. Therefore, the size of c0 in in-

terdendritic regions is larger that in dendritic cores. The

initial morphology of c0 is spherical nuclei [22], the c0 in

the dendritic cores do not have enough time to ripen and

kept spherical at high cooling rate.

The variation of crystal orientation

Recent researches on some model alloys have shown that

the dendrite growth direction is between heat flow direction

of solidification and the preferred orientation of the crystal

[31]. In order to investigate the effect of withdrawal rate on

the crystal orientation, the preferred orientation of the seed

used in the experiments tilted from DS direction about 8�.

Figure 6 shows the relationship between withdrawal rate

and the crystallographic orientation for single crystal

superalloy AM3. It can be seen that the crystallographic

orientation had no obvious change with the increasing

withdrawal rate. The deviation angle between the preferred

orientation and the DS direction had the maximum value at

400 lm/s. It means that higher cooling rate did not result in

larger orientational deviation angle under high thermal

gradient. In general, during the process of DS with bottom

seeding technique, the orientation of the seed is the one of

most important factors to determine the orientation of the

single crystal.

Conclusions

A series of DS experiments were performed on a multi-

component nickel-base superalloy AM3 under high thermal

gradient. The microstructure and crystallographic orienta-

tion evolution of single crystals were investigated. The

following conclusions can be drawn:

(1) A DS system with high thermal gradient was

sufficient to increase the critical interface velocity.

The solidification interfaces of AM3 changed in the

sequence of planar, cellular, coarse-dendritic and

fine-dendritic with increasing withdrawal rate.

(2) A higher thermal gradient led to smaller dendrite arm

spacings. Also, the primary and secondary dendrite

arm spacings decreased with increasing withdrawal

rate. The microsegregation of the elements was

suppressed and the size of c0 decreased at higher

cooling rates. The shape of c0 was cuboidal in the

interdendritic region while the c0 in the dendrite cores

became irregular with the increasing withdrawal rate.

(3) As the preferred orientation of the seed deviated from

the DS direction within 8�, the increased withdrawal

rates had little effect on the crystal orientation under

high temperature gradient.
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Fig. 5 Influence of withdrawal rate on the size of c0
Fig. 6 Influence of withdrawal rate on crystallographic orientation
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