Directional and Single-Crystal Solidification of Ni-Base
Superalloys: Part |. The Role of Curved Isotherms on Grain

Selection

N. D’SOUZA, M.G. ARDAKANI, M. McLEAN, and B.A. SHOLLOCK

The development of crystallographic texture during directional solidification has been quantitatively
analyzed in columnar castings of the Ni-base superaloys, CMSX4 and CM186LC, produced with a
range of cooling rates and liquidusfront curvatures. It isproposed that the more diffuse crystallographic
texture developed in CMSX4 relative to CM186L C results from a combination of the differing local
orientation stability condition and the alloys' solidification characteristics. The implications of these
additional factors on the evolution of the axial grain texture, the grain orientations produced in single-
crystal processing, and the stability of spurious grains in processing CMSX4 are discussed. An
experimental method is presented to quantitatively analyze the grain selection process in the case of
curved liquidus isotherms by retaining the stereology of the primary (001) dendrite growth direction
and the local thermal gradient vector. This can account for the stability of spuriously nucleated edge

grains in a single-crystal matrix.

[. INTRODUCTION

THE development of directional and single-crystal cast-
ing technology for the production of turbine blades has been
akey factor in the evolution of the gas turbine for aerospace
applications.¥ Versnyder and Shank!¥ pioneered these
closely related processes, which led to improved ductility,
creep rupture, and thermal fatigue resistance. Walton and
Chalmers? reported the existence of a preferred crystallo-
graphic orientation in columnar-grained castings produced
in a positive thermal gradient and attributed this preferred
orientation to anisotropic growth rates of dendrites associ-
ated with grains of different orientations. In cubic alloys,
grainswith (001) aligned parall€el to the temperature gradient
havethefastest growth rate and overgrow the slower growing
orientations. This grain selection mechanism is of practical
importance, since

(1) superaloy directional and single-crystal castings are
invariably produced with a dendritic growth front mor-
phology; and

(2) the natural (001) axial texture coincides with the direc-
tion of minimum Young's modulus leading to reduced
thermal stresses and enhanced thermal fatigue resistance
of gas turbine blades in service.

There have been several proposals of the factors control-
ling solidification texture. Walton and Chalmerd? have sug-
gested that the (001) fast growing directionsin cubic crystals
are a consequence of the anisotropy of the surface energy.
Direct observations of (001) dendritic growth in the organic
analogue, succinonitrile, by Huang and Glicksmant® sup-
ported this conclusion. Goss*l suggested that dendrites grow
in the direction having the highest therma conductivity;
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however, in cubic systems, such as superaloys, the thermal
conductivity is isotropic.”! Lee et al.l¥ have investigated
the fast growing directionsin fcc (Al, Pb), bee (Fe, Cr), hep
(Zn), and bct (Sn) systems, suggesting that the strain energy
(thermal stresses) arising in the dendrite because of the orien-
tation-dependent Young's modulus is aso an important fac-
tor. It is proposed that the (111) dendritic growth in
chromium, where the thermal conductivity is isotropic and
the anisotropy of the surface energy criterion predicts the
existence of the (001) fast growing direction, results from
such thermal stresses.

Quested and McLean® have related the morphology of
the growth front in directionally solidified (DS) superalloys
tothe G/V ratio and the scal e of the dendritesto the solidifica-
tion conditions. (G is the temperature gradient in the melt
ahead of the solidifying front and V is the rate of solidifica
tion.) More recently, Gandin et al.[”¥ have characterized
the evolution of grain orientations during the directional
solidification of an INCONEL* alloy, showing that the sharp

*INCONEL isatrademark of INCO Alloys International, Inc., Hunting-
ton, WV.

(001) axial texture produced is consistent with the competi-
tive grain growth concept of Walton and Chalmers.?

Recent developmentsin single-crystal superalloy technol-
ogy have focused on the following.

(1) The development of novel alloy compositions with
increased temperature capability. The progressive
increase in creep strength and maximum stress-bearing
temperatures have been achieved by a combination of
increases in the volume fraction and solvus temperature
of the 7 precipitate and increasing concentrations of
refractory solid solution strengthening elements (W, Mo,
and Re). However, thisimprovement in mechanical per-
formance has been accompanied by increasing difficulty
in achieving and maintaining the optimum single-crystal
orientation and structure. In particular, high pressure
turbine blades produced from second generation super-
alloys such as CMSX4 in the commercia foundry using
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helical grain selectors show amuch wider range of axial
orientations of up to 18 deg.[¥

(2) Extension of single-crystal technology from small aero-
space components to the much larger parts required for
industrial gas turbines (IGT) for electricity generation.
Scaling-up the processis not straightforward. The larger
mass of the castings and their lower surface to volume
ratio have avery direct effect on the heat-transfer charac-
teristics of the process, leading to lower temperature
gradients (G) at the solid-liquid interface. This, in turn,
requiresalower solidification rate (V) in order to exceed
thecritical G/V ratio to prevent equiaxed solidification.t®
These lower values of G and V are likely to accentuate
theintrinsicinstabilitiesin an extended semisolid region.
Also, in large IGT-scale castings, or in cluster molds of
complex components (e.g., hozzle guide vanes), there
is much less control of the heat flow characteristics that
can result in curved isotherms, which may increase the
deviation of the final axial texture from (001) and pro-
duce conditions for freckling and spurious grain for-
mation.*°

It is manifest that much of the potential benefit of single-
crystal castings will be lost if the specifications for crystal
orientation and defect concentration are relaxed. The present
investigation characterizes the grain structures and orienta-
tions produced during processing of two modern superalloys,
CMSX4 and its DS derivative CM186LC, in conditions
where the curvature of the liquidus isotherms was varied.
The two principal objectives of the study are the following:

(1) to understand the role of the curved liquidus isotherms
in the competitive grain growth process from the point
of view of directional solidification and the stability of
spurious grains in single-crystal processing; and

(2) to clarify the role of alloy constitution in altering the
efficacy of the competitive grain growth process.

Columnar grain growth leading to the evolution of acrys-
tallographic texture occurs in a number of metallurgical
processes, e.g., vacuum arc remelting (VAR). Where the
solid-liquid interface is highly curved, asin VAR processes,
the columnar grains generally grow normal to the local solid-
ification front.'*'2 Indeed, from the inclination of the
columnar grains across the specimen section, Ward et al.[*3]
have deduced the shape of the solidification front. The attain-
ment of an axial texture during directional solidification has
been the subject of investigations in a range of Ni-base
superalloys. Directional solidification of IN750 and CMSX4
has been shown to result in an axial texture within 12 deg
of (001).189 |t is therefore a matter of interest to ascertain
the following:

(1) theextenttowhichtheaxial textureafter agiven solidifi-
cation length is dictated by thelocal heat flux conditions
at the solidification front; and

(2) the role that the dendrite tip morphology plays in the
intrinsic dendritic growth process, which subsequently
affects grain selection in the presence of a positive ther-
mal gradient.

Both of these factors would be expected to have an influ-
ence on the competitive grain growth process. In thisinvesti-
gation, the role of curved liquidusisothermswill be studied.
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Fig. 1—Schematic diagrams of the solidification rigs used for (a) high
thermal gradient directional solidification (experiments 1 through 5, Table
1) and (b) low thermal gradient directional solidification (experiment 6,
Table I) and single-crystal growth experiments (experiments 7 through 10,
Table I). Dimensions are in millimeters.

[I. EXPERIMENTAL METHODS

Directional and Single-Crystal Solidification

Directional and single-crystal SX solidification experiments
encompassing a range of cooling rates were carried out using
a Bridgman crystd growth apparatus (Figure 1) with Radio
Frequency (RF) heating of precast ingots (=12-mm diameter)
using graphite susceptors in an atmosphere of flowing argon.
An important aspect of this investigation is the quantitative
analysis of the compstitive grain growth mechanism at curved
liquidus isotherms, which result from a radial component of
the thermal gradient, in addition to the vertica component
directed downward through the solid ingot to a water-cooled
copper chill plate. Two methods were adopted to generate this
radia component of the thermal gradient.

(1) Directional solidification was achieved by trandation of
aliquid metal zone of ~30-mm length along the length
of theinitial charge. Adjustment of the radiation baffles
at the base of the hot zone, which also corresponds to
the position of the solid-liquid interface, increased the
radial component of heat flux from the solidified ingot.
The experimental configuration, which is shown sche-
maticaly in Figure 1(a) was used in experiments 1
through 5 in Table I. In these experiments, the charge
was completely melted and allowed to be quenched at
the chill plate to randomly nucleate grains; the texture
was then alowed to develop aong the length of the
DS ingots.

(2) The vertical component of the therma gradient was
reduced by isolating the base of theingot from the water-
cooled chill with various thicknesses of aluminapowder
between the ingot and the chill plate. This was used in
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Tablel.

Matrix of Directional and Single-Crystal Solidification Experiments

Nature V X 10° L Ap G
Experiment Alloy of Ingot (ms™) (mm) (um) (K mm™1)
1 CMSX4 DS 19 0 185 100+ 2
2 CMSX4 DS 4.1 0 165 11+ 4
3 CMSX4 DS 6.2 0 160 133
4 CM 186LC DS 19 0 185 10 = 2
5 CM 186LC DS 6.2 0 177 10+ 3
6 CMSX4 DS (initial) 3.0 80 302 3+1
DS (final) 275 3+1
7 CMSX4 SX (initial) 3.0 20 315 3+1
SX (final) 286 3+1
8 CMSX4 SX (initial) 3.0 40 315 3x1
SX (final) 293 3+1
9 CMSX4 SX (initial) 19 80 295 4+1
SX (final) 267 5+1
10 CMSX4 SX (initial) 41 80 272 3x1
SX (final) 227 6+ 2

L = length of alumina powder, Ap = primary dendrite spacing, and SX = single crystal.

experiments 6 through 10 in Table I. In experiments 7
through 10, seed single crystals were used to initiate
single-crystal growth. Figure 1(b) shows the starting
configuration of the single-crystal seed, graphite suscep-
tor, recrystallized alumina mold, and external copper
windings. A susceptor with a sharp change in thickness
was used to further control the temperature gradient
and ensure that only part of the single-crystal seed was
melted. This configuration led to a range of thermal
conditions along the length of the ingot. For the initia
15 mm of withdrawal, the lower portion of the mold
could only radiate weakly to the hot susceptor, which
in combination with insignificant vertical heat flux to the
chill resultsin significantly curved isotherms. However,
beyond a withdrawal length of 15 mm, the descending
mold can radiate strongly to the cooler surroundings,
leading to an increased vertical component of the heat
flux at the growth front, which steadily acquires a more
planar profile. During partial melt back, the overflow
of liquid metal into the gap between seed crystal and
mold led to nucleation of stray grains at edges of the
casting, whose stability relativeto the seed crystal during
subsequent directional solidification was investigated.

The temperature gradient (G) in experiment 1 (Table I)
was measured directly from thermocouples embedded in
the material being DS. The value of G measured directly
correlated well with that deduced from the primary arm
spacing (Ap). The relation Ap « G™Y2 X VY derived by
Hunt™ has been shown by Quested and McLean® and
more recently by Pollock and Murphy!*¥ to account for the
variation of Ap, with the solidification conditionsfor arange
of superalloys. Moreover, thevariation of Ap withthe product
G Y2 x VY4 for all superalloys considered to date fall on
a common curve. The present results are fully consistent
with this behavior. Consequently, Ap has been taken as an
indication of G for most of the ingots examined (Table I).
The uncertainties in G due to errors in measurement of Ap
are indicated.

The solid-liquid interface shapes were determined for a
range of solidification conditions using atungsten (W) deco-
ration technique. When the molten zone reaches the thin
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layer (~250 um) of W powder that is placed between two
segments of the alloy charge, they rapidly settle uniformly
on the solid-liquid interface interrupting the continuation of
dendritic growth (Figure 2(a)). The initial W particles were
irregular in shape and had an average size in the range of
30 to 80 um. A similar size distribution of the W particles
residing on the dendrite tips along with an unaltered cruci-
form dendrite tip morphology (Figure 2(a)) suggests that W
particles have not undergone significant dissolution, thereby
indicating that the W addition has not altered the solidifica-
tion conditions and the local G at the liquidus isotherm.
Indeed, in VAR of an IN718 alloy, the melt pool shape was
identified by observing dark regions of W by a macroscopic
examination of longitudinal sections through the ingot. In
this case, good agreement between the experimentally deter-
mined melt pool shape and that determined by grain orienta-
tion measurements suggested that the W additions did not
affect the alloy solidification conditions.[*®! Figures 2(b) and
(c) show photographs of such W decorated surfaces with
low and high curvatures, respectively (curvature is defined
as 1/R), and Figure 2(d) showsthe curvature on alongitudinal
portion of the interrupted ingot. The shape of the solid-liquid
interface approximates to a spherical surface. The curvature
of the solid-liquid surface can be calculated from the vertical
distance between the perimeter and the central portion of
the curved surface and the radius of theingot. The relation of
the surface inclinations at various portions on the transverse
section to the local curvature is given in the Appendix.
Specimens were prepared for metallographic and grain
orientation characterization by mechanical and electropol-
ishing to remove any surface deformed layers produced dur-
ing preliminary cutting, grinding, and polishing. These
samples were examined by means of the electron back scat-
tered diffraction techniquein a JEOL* 840 scanning electron

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

microscope, equipped with SINTEF hardware and CHAN-
NEL + software for automatic grain indexing and mapping.
The samples were tilted so that the angle between the elec-
tron beam and the surface normal was 70 deg. The surface
was scanned using an average incremental step size of 20
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Tungsten Particles

Fig. 2—(a) Tungsten particles on dendrite tips on the interrupted solidification surface; (b) and (c) specimen sections showing interfaces of low and high
curvatures, respectively; and (d) secondary electron image showing a longitudinal section of (c).

to 100 um depending on the grain size, so that at least 25
to 50 (sampling) grid points were analyzed per grain. All
of the grain orientations were specified with respect to a
coordinate system based on the ingot geometry; the Z-axis
was parallel to the macroscopic growth, and the X and Y
axes were paralld to arbitrary, orthogonal transverse direc-
tions that were identified on the grain maps that were con-
structed to show the spatial location of grains on a given
section. In addition to the specimen reference axes described
previously, the other reference axes are the three orthogonal
crystal axes, or the three (001) directions. In the case of a
transverse section, therefore, with respect to the specimen
and crystal reference axes, from the definition of the Euler
angle rotations, the second Euler angle (P) represents the
deviation of the primary (001) dendrites from the macro-
scopic growth axig'® (Appendix). The grain orientations
were displayed as {001} pole figures (PFs) and inverse pole
figures (IPFs).

The compositions of the Ni-based superalloys, CMSX4
and CM186LC, used in this study are listed in Table I1.

1. RESULTS

A. Development of Columnar Grain Texture during
Directional Solidification

1. Effects of interface curvature and solidification
length

The montage in Figure 3 shows longitudinal sections of
an ingot of CMSX4 directionally solidified at 1.9 X 107°
ms~* in conditions that produced a solid/liquid interface
with a distinct curvature (experiment 1, Tables | and Il1).
The | PFsshowing orientations of grainsat different distances
from the ingot base are also shown. As solidification pro-
ceeds, there are two distinct trends.

(1) The number of grains progressively decreases and their
morphology develops from being equiaxed to being

- Chill (0 mm) 001

=
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Fig. 3—(a) Grain maps aong longitudinal sections and (b) inverse pole
figures at different distances along an ingot of CMSX4 DS at 1.9 X 10°°
ms~t in a temperature gradient of 10 K mm~* (experiment 1, Table I).

Tablell. Alloy Composition

Alloy Cr Co Mo W Ta Re Al Ti Hf Ni C T °C Ts°C
CMSX4 6.5 9 0.6 6 6.5 3 5.6 1.0 0.1 bal 0.00 1387 1347
CM186LC 6.0 9 0.5 8 3.0 3 5.7 0.7 14 bal 0.07 1380 1320
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Tablelll. Shape of Solid-Liquid Interlace for Selected
Solidification Conditions

Experiment L (mm) H (mm) LS(mm) R (mm) V¥, (Deg)

1 0 0.64 40 28 12
7 20 1.79 30 19 25
7 20 1.07 55 30 15
6,9, 10 80 2.60 30 14 36
6,9, 10 80 1.07 50 30 15

L = length of alumina powder, H = height difference across
solid - liquid interface, LS = length of ingot solidified, R = radius
of curvature, and V¥, = maximum interface inclination.

(b)
O1 A 34
&2 O

Fig. 4—(a) and (b) Grain map of a transverse section and corresponding
inverse pole figure at 60 mm from the start of directional solidification at
3 X 107° ms™ ! in a temperature gradient of 3 K mm~* (experiment 6,
Table I).

columnar with the long grain axis being parallel to the
ingot withdrawal direction.

(2) The orientationsin the initial quenched aloy are essen-
tially random. As the columnar grains develop, a few
grain orientations persist. These cluster around the (001)
pole but deviate significantly from it, although there
were grains in the original quench zone that were ori-
ented with (001) closely aligned with the macroscopic
growth direction.

The maximum interface inclination to the macroscopic
direction of solidification V..., measured by the W decora-
tion technique for each condition, is listed in Table 1. For
the particular case of experiment 1, ¥, is about 12 deg.
It is noteworthy that most grains in the DS ingot produced
in experiment 1 have primary (001) orientations within 15
deg of the macroscopic direction of solidification (®) after
a solidification length of 40 mm.

The influence of the curved liquidus isotherms on the
grain selection leading to texture evolution is further exem-
plified by experiment 6. By isolating the ingot from the
water-cooled hearth, the initial stage of solidification had
little longitudinal heat loss leading to a value of ® of about
36 deg (Table I11). As directiona solidification proceeds,
radiation from the solidified ingot to cool surroundings
enhances longitudinal heat loss and reduces the interface
curvature so that W, decreases to about 15 deg. Figure
4 shows an |PF indicating the range of orientations after
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(b)

Fig. 5—(a) and (b) Grain map and accompanying inverse pole figure of
atransverse section for CM SX4 corresponding to adirectional solidification
length of 40 mm at 1.9 X 10 % ms ! in a temperature gradient of 10 K
mm~?; (b) CM186LC (experiments 1 and 4, Table I).

solidification of 60 mm. Grains with (001) deviating by up
to 40 deg from the macroscopic solidification direction that
were generated in the early stage of directional solidification
have persisted. In this case, only the final transverse section
has been shown, rather than the montage as in Figure 3,
since in both cases directional solidification is initiated by
the melting of the ingot base, producing a random grain
orientation distribution.

2. Different alloy behavior

The grain orientations in CMSX4 and CM186L C, solidi-
fied under similar conditions at a solidification rate of 1.9
X 107° ms™! (experiments 1 and 4, Table 1), have been
compared. Figure 5(a) shows a representative area from a
transverse section of CM SX4 after a solidification length of
40 mm together with the IPF showing the grain orientations
for the entire section. Figure 5(b) correspondsto CM186LC
solidified in similar conditions to CMSX4. In both cases,
directional solidification was initiated by the random nucle-
ation of grains where the molten alloy contacted the water-
cooled copper chill, resulting in asimilar grain size distribu-
tion and random axial orientations encountered for both
aloys.

Despite the similar solidification conditions, there are two
distinct differences between the two IPFs.

(1) thedeviation of theaxial orientationsfrom (001) ismuch
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Fig. 6—(a) Grain map of CMSX4 single-crystal growth showing matrix and spurious edge grains on a transverse section (experiment 9, Table 1). (b) Inverse
pole figure and (c) {001} pole figure for grainsin (a). (d) Grain map after further 10 mm of crystal growth.

greater for CMSX4 (up to 15 deg) than of or CM186LC
(within 8 deg).

(2) A decreased grain density is apparent in the case of
CM186LC. In CMSX4, grains with (001) significantly
deviating from the ingot axis continue to grow after 40
mm of directional solidification.

B. Sability of Spurious Grains during Sngle-Crystal
Growth

During growth of a single crystal of CMSX4 from a
seed, spurious edge grains were formed where molten metal
flowed down the mold/seed gap and solidified. The competi-
tive growth of the seed orientation and the nucleated grains
aong the ingot length during directional solidification has
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been investigated under anumber of solidification conditions
that lead to quite different curvatures of the solid/liquid
interface. Because there are few grains in a transverse sec-
tion, it is possible to fully characterize the grain orientations
inrelationto thelocal inclination of the solid/liquidinterface.

Figure 6(a) shows a transverse section of a seeded single
crystal in which two spurious grains have nucleated at the
edge of the single crystal (experiment 9, Table I). Grain 1
has a near (001) axia orientation with ® = 7 deg (Figure
6(b)), while grain 2 and the seed crystal orientations are
more remote from (00l) (& = 22 and 14 deg, respectively).
The axial orientation of the as-received seed crystal deviated
from (001) by 14 deg. Part of a transverse section corres-
ponding to a further solidification length of 10 mm (Figure
6(d)) shows the overgrowth of grain 1, despite it having a
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TablelV. Deviation of the (001) Poles Nearest the Growth Axis of CM SX4 from the Local Thermal Gradient at Two
Positions of the Growth Front 40 mm Apart (Experiment 9, Table I)

Grain (Position) Figure ®° e 280010 WV,0° £80m@acr
1(A) 6(a) 7 34 33 14 overgrown
1(B) 6(a) 7 31 28 11 overgrown
M (SX) 6(a) 14 36 16 11 prevails

2 (A) 6(a) 22 29 22 15 10*

2 (B) 6(a) 22 34 20 14 10*

N (SX) 6(a) 14 31 24 13 4*

3 (A) 7(a) 26 36 52 15 overgrown
3(B) 7(a) 26 33 47 14 overgrown
S (SX) 7(a) 14 31 36 13 prevails

4 (A) 7(a) 44 36 20 15 30 overgrown
4 (B) 7(a) a4 31 20 13 34 overgrown
R (SX) 7(a) 14 29 36 12 prevails
5(A) 7(a) and (d) 26 36 (7(a)) 36 (7(a)) 14 (7(d)) 22 (7(dy)

5 (B) 7(a) and (d) 26 33 (7(a) 36 (7(a)) 12 (7(d)) 24 (7(d))
Q (SX) 7(a) and (d) 14 31 (7(a) 42 (7(a)) 11 (7(d) 24 (7(d))

6 (A) 7(a) 18 36 (7(a) 38 (7(a) 15 (7(d)) 28 (7(d))

6 (B) 7(a) 18 34 (7(a) 38 (7(a)) 13 (7(d)) 25 (7(d))

P (SX) 7(a) and (d) 14 32 (7(a) 42 (7(a) 12 (7(d)) 24 (7(d))

W = a initid solidification front, L&y = at initid solidification front, ¥, = after 40-mm solidification, and £ &y =

after 40-mm solidification. * The relevant grain map has been omitted, being similar in nature to Fig. 6(d).

near (001) axial orientation, and the persistence of grain 2,
which is oriented with (001) far from the macroscopic
growth axis. The full (001) pole figure shown in Figure 6(c)
identifies the surface normals to the solid-liquid interface at
positions where the spurious grains occur. (These are indi-
cated by A, B, M, and N). The deviation of the local normals
from (001), designated £ &y, aretabulated in Table IV. This
shows that locally grain 2 and SX have similar misorienta-
tions from (001) that are both less than £ &gy for grain 1.
Figure 7(a) shows the stray edge grains 3, 4, 5, and 6 nucle-
ated on another portion of the transverse section of Figure
6(a) (experiment 9, Tablel). The corresponding | PFis shown
in Figure 7(b). A transverse section after a solidification
length of 10 mm (Figure 7(c)) shows the overgrowth of
grain 3. However, within the given solidification length,

(1) thelength of boundary between grains 4 and 5 increases
(Figure 7(c)), and
(2) a boundary between grains 4 and 6 is formed (Figure

7(0)).

This can only occur if within the 10-mm solidification
length, the consumption of the single-crystal matrix by grain
4 occurred. Taking account of the inclination of the solid-
liquid interface confirms that the stable growth correlates
with arelatively low value of £y, as shown in Table IV,
rather than the angle between the macroscopic growth axis
and the orientation of the primary (001) dendrite (& = 44
deg for grain 4). However, beyond a solidification length of
10 mm, grain 4 is overgrown by grain 5 and the single
crystal. At this height (40 mm), the solidification conditions
have progressively changed to increase the radius of curva-
ture of the solid-liquid interface. Recalculating the values
of £ & for the shallower solid-liquid interface (Table V)
showsthat grains 5, 6, and single crystal have similar values,
while grain 4 has a much larger deviation of (001) from the
local surface normal.

METALLURGICAL AND MATERIALS TRANSACTIONS A

IV. DISCUSSION

A. Role of the Curvature of the Liquidus Isotherms in
Competitive Grain Growth

Thepracticeof directional solidification and single-crystal
processing makes use of baffles and radiation shields to
ensure that the solid-liquid interface is relatively planar.
Under these conditions, the competitive grain growth mecha-
nism of Walton and Chalmerd? has been very successful in
accounting for the orientations produced during directional
solidification of superalloys. However, in the present experi-
ments, where curved solid-liquid interfaces have been delib-
erately generated, stereological considerations associated
with three-dimensional grain orientations and local thermal
gradient vectors have to be addressed while quantifying the
competitive grain selection process.

In CM SX4, the overgrowth of the near (001) axial orienta-
tions (grain 1, Figures 6(a) and (d)) and the remarkable
stability of significantly off (001) axial orientations (grain
4, Figures 7(a) and (c)) are apparently not consistent with
the classical grain selection process in which orientations
are related to the macroscopic direction of solidification, as
would be the case for planar isotherms.[? However, when
the grain orientations are related to the local normals to the
solid-liquid interface, through the angle £ &g, it is clear
that stable grain growth generally occurs where there is a
small local deviation of (001) from the surface normal (i.e.,
when £ &, issmall). In the special case of planar isotherms,
the thermal gradient isuniaxial and normal to theingot cross
section and the angles £ &gy, and @ are identical. It follows
therefore that an exact (001) axial texture is to be expected
only in the case of planar liquidus isotherms; for curved
interfaces, there will be a range of orientations that are
locally stable. Gandin et al.’® have al so reported that the final
axial texture attained during the directional solidification of
the INX750 superalloy was within 12 deg of (001), even
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Fig. 7—(a) As Fig. 6(a) (experiment 1, Table I). (b) Inverse pole figure for transverse section shown in (a). (c) Grain map for transverse section 10 mm

from (&). (d) Grain map for transverse section 40 mm from (a).

though they make the assumption of planar liquidus iso-
therms. They have attributed this scatter to a compromise
between the probability of nucleating a grain with a (001)
axial orientation (o« sin @, for 0 < ® < 7/4) and the grain
selection process that eliminates the larger misorientations.
However, in the present investigation, we have found that
the larger the deviation of the local solid-liquid interface
from planarity, the larger will be the range of orientations
that can occur in the DS texture (IPF in Figure 4). In broad
terms, a planar solidification front leads to a sharp (001)
texture; a curved solidification front will lead to a diffuse
texture.

B. Differences in Textures of CMSX4 and CM186LC

CMSX4 and CM186L C have very similar chemistries and
physical properties. In particular, the factorsthat will control
heat flow are almost identical . Consequently, the same solidi-
fication conditions arelikely to lead to similar profiles of the
solid-liquid interface during solidification. However, quite
different textures are produced in the two aloys; a sharp
(001) texture in CM186LC and a very diffuse texture in
CMSXA4.

More detailed inspection of the orientations of grainsin
atransverse section of DS CM SX4 produced in experiment
1 shows that grains with (001) deviating significantly from
the macroscopic axial direction are not restricted to the edges
of theingot where W isrelatively large. In the central region
of the ingot cross section (Figure 5(a)), where the isotherms
were nearly planar (0 < « < 6 deg), an exact (001) axial
texture was absent and there was an average deviation of
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about 15 deg. Moreover, the presence of afew unfavourably
oriented grains (2, 9, and 10) with 2@y, ~ 25to 35 deg
suggest that orientationsthat are stable at the ingot perimeter
can extend and persist in the center of the casting in the
case of CMSX4 but not in CM186LC.

It has been shown that dendritic growth occurs far from
the limit of constitutional undercooling.[®l In the case of
directional solidification, when the dendrite tips are advanc-
ing into a positive thermal gradient, the tips of the dendrites
favorably oriented with respect to the local G lead the tips
of the unfavorably oriented dendrites, and the thermal and
solute fields of the leading dendrites subsequently retard the
growth of their neighbors.? This leads to overgrowth by
rapid development of (010) and (001) secondary dendrite
arms normal to the solidification direction and of (001)
tertiary dendrites branching from these secondaries parallel
to the solidification direction.’? Consequently, dendrites sta-
bilized at the edge of the casting will extend through the
semisolid region into the melt and continue to grow in com-
petition with other dendrites emanating from different parts
of the solid-liquid interface. The distance over which edge
grains are likely to propagate will be related to the dendrite
length and the value of W. The dendrite length Ly is simply
related to the alloy melting range T,, and the temperature
gradient at the solid-liquid interface G: Ly = (T.,/G). For
typical solidification conditions used in this study, the den-
drites in CMSX4 and CM186L C have lengths up to 10 to
15 mm and can extend to the centers of the castings consid-
ered here. A comparison of the competitive grain selection
process in CMSX4 and CM186LC is valid, since in both
cases, the starting grain orientation distribution and grain
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Fig. 8—DTA curves for CMSX4 and CM186L C showing liquidus, solidus, and carbide formation temperature.

densities are equivalent. This arises, since the chill zone that
initiates grain selection leads to a random grain orientation
distribution and an equiaxed grain morphology. Therefore,
the observation in Section 111-A-2 must reflect a more
efficient grain selection mechanism by which dendrites of
favored orientation overgrow the misoriented dendrites in
the case of CM 186L C than in CM SX4, under similar thermal
environments. Differential thermal analysis (DTA) curves
(Figure 8) show the aloy melting range for both aloys. The
kink in the DTA curve for CM186LC, which is likely due
to MC carbide formation iswell below the liquidus tempera-
ture, and from the average G reported in Table |, the carbides
are formed at least 1 mm behind the dendrite tip. We specu-
|ate that the nucleation and growth of secondary and tertiary
dendritesrequired to achieve overgrowth ismorerapid in the
high fluidity of the carbon- and hafnium-rich interdendritic
liquid of CM186LC than in CMSX4. Further work is
reguired to clarify this issue.

C. Some Processing Implications

1. Spurious grain growth during single-crystal casting

The most damaging defects, which lead to casting rejec-
tion, are spurious grains. The present experiments have
clearly shown that for stable growth, the grain must exhibit
comparable or better stability than the matrix crystal with
respect to competitive grain growth. It is not possible to
specify a spurious grain orientation that will grow; rather,
it is the orientation in relation to the inclination of the local
solid-liquid interface that is important. The vaues of
£ Boy Must be at least comparable for the matrix and stray
crystal. Clearly, the curvature of the solid-liquid interface is
important in determining which grains will persist during
crystal growth, aswasdemonstrated previously in the experi-
ments in which the interface curvature changed. However,
the extent to which edge grains will grow toward the center
of the casting and, consequently, be more damaging, is
aloy specific.

2. Implications for single-crystal casting technology

If single-crystal turbine blades are to be produced with
the natural (001) axial orientation, it is important to control
the range of axial orientations in the DS starter block. The
range of single-crystal orientations produced is governed by
the sharpness of the (001) texture produced in the starter
plate prior to use of agrain selector. In alloys giving a small
range of orientationsinthe DS starter block, asin CM 186LC,
the central zone of the DS stub will be sharply (001) so
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that a centrally placed grain selector will ensure that single
crystals closeto (001) are produced. However, in alloys such
as CM SX4, adiffusetexture pervadesthe entire DS structure
leading to a wide range of single-crystal orientations. Since
the combination of high levels of refractory solid-solution
strengthening additions and low carbon content, characteris-
tic of modern single-crystal alloy development, reduces the
efficiency of grain overgrowth, it is inevitable that orienta-
tion control will become increasingly difficult.

V. CONCLUSIONS

The range of orientations produced during directional
solidification of CMSX4 and CM186LC increases with
increasing curvature of the solid-liquid interface. A wider
range of axial orientations develops during the directional
solidification of the alloy CMSX4 than in the case of its
DS derivative, CM186LC.

The stability of spurious grains during single-crystal pro-
cessing of CMSX4 can be related to the parameter
£ &ozy, which definesthe deviation of (001) from thelocal
surface normal.

It is proposed that minor differencesin alloy composition
significantly ater the interdendritic liquid composition,
which reduces the efficiency of secondary and tertiary
dendrite development in CMSX4, alowing edge-stabi-
lized grains to extend throughout the casting.

APPENDIX

Figure 9(a) isaschematic diagram showing two transverse
sections (gray) aong the length of the ingot and the corres-
ponding profile of the liquidus surface, which is approxi-
mated by a spherical cap. In the two-dimensional sketch,
the liquidus curve intersects the two transverse sections at
points C and D. It is required to determine the orientation
of thelocal thermal gradient vectors CA and DA with respect
to a reference coordinate system. The specimen reference
coordinate system comprises the macroscopic growth axis
(Z) normal to the transverse section and two arbitrary orthog-
onal axes (X, Y) in the plane of the transverse section (Figure
9(a)). The following terms are used in the analysis.

The term R = the radius of curvature of the liquidus
surface; (r, ) = radial and angular coordinates on a trans-
verse section; a = ingot radius; hand H = vertical distances
from C and D, respectively, from the center of the liquidus
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Fig. 9—(a) and (b) Schematic diagrams used for cal culating the misorienta-
tion of the primary (001) pole from the loca thermal gradient (G) at a
specific position on the transverse section.

surface (point B); and ¥ = inclination of the local thermal
gradient vector, G, with the ingot axis.

Using the origin O, the coordinates of points A through
D can be written as follows:

A =10,0,(R— h) B =1[0,0, —h]
C=1[rcosé,rsing 0] D=[acosd asn 6 (H— h)
Since ZAOQOC is aright angle:
(R—h)2 + r2 = R whichleadstoh =R — /RZ — r2,

sinceh <R (1]
r r
tanq,_R—h_\/RZ—rz (2]
Since £AED is aright angle:
2 2
(R— H)? + @ = R, which leadsto R = % 3]

From Eq. [2], ¥ = W, Whent = a. Therefore, from Egs.
[2] and [3]:

a 2aH
\/RZ—aZZ Ja2 — H?
From the right angled AAOC:

R—h=Rcos¢yandr = Rsin ¢ [5]

The local thermal gradient vector (CA) can then be written
as follows:

(4]

tan Vo =
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CA = —r[cos 6 + sin ] + (R — hk (6]

The direction cosines (DCs) can therefore be expressed as
follows:

Cosay = ——1 80 _ TrCosO__ cpsnw
Y2+ (R-hy R
—rsné —rsné . .
= = = — \If
COS a, \/r2 TR R sin 4sn
008 @3 = (R—h) _Rcos\If:COS‘P 7]

Jr2+ (R—hy? R
The DCs of the local thermal gradient vector DA can be
obtained from Eq. [7] by puttingr = aand ¥ = V.

It is required to determine the angle between the local
normal to the surface and the primary (001) pole (Figure
9(b)). The {001} pole figure displays the orientation of the
three (001) poles with respect to the specimen reference
axis, from which the primary (001) pole can be identified.
From the values of the DCs with respect to the same speci-
men reference axes, the local G can be plotted on the same
PF. Subsequently, the reguired misorientation between the
local G and the primary (001) pole can be determined from
a WuIff net.
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