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The convergence-fault mechanism for low-angle
boundary formation in single-crystal castings

R. E. NAPOLITANO*
Metallurgy Division, National Institute of Standards and Technology, Gaithersburg, MD, USA

R. J. SCHAEFER
Metallurgy Division, National Institute of Standards and Technology, Gaithersburg, MD, USA

A set of nickel-based superalloy single-crystal investment castings was evaluated for
crystal perfection. Defect structures near the seed emergence point and other geometric
features were examined using X-ray topography. Topographic images were compared with
metallographically observed dendritic structures to establish a convergence-fault criterion
for the location of low-angle boundaries. To support the phenomenological description of
low-angle boundary formation through convergence-faulting, a tip-growth model for
simulation of the growth of the dendritic network was developed. This model predicts the
local primary growth direction from among three possible [001] directions and identifies
regions of convergent growth. A connectivity parameter is defined and used to map the
locations where convergence-fault formation is most likely. Predictions are compared with
experimental observation. © 2000 Kluwer Academic Publishers

1. Introduction understood. In 1989, Agapow al. reported that the
Continued advancement in the development of singleeverall shape of the dendritic growth front, as dictated
crystal gas-turbine engine components relies on achiewy the thermal gradient, is an important factor in the
ing better control of the single-crystal casting pro-formation of low-angle boundaries [2]. In that study,
cess. As turbine blade geometries for advanced enginesmosaic-like structure was associated with a dendritic
become more complex, process requirements beconfeont which is concave toward the liquid, and the rel-
more stringent and production yield emerges as a limative misorientations were attributed to the situation
iting factor. Many types of performance-limiting crys- where different parts of the front were advancing with
tal imperfections, such as freckles, spurious grains, redifferent dendrite tip conditions. The effect of local so-
crystallized grains, and low-angle boundaries may bdidification conditions was further pointed out by Paul
observed in a single-crystal casting. Given the cost conet al. who measured very high liquid undercooling val-
straints associated with design and development, casties in regions of a casting where the solid was forced
ing designers must rely on simulation of the castingto grow laterally across a platform [3]. The high local
process to assess the potential yield for a given develocities and the rapid rate of latent heat release were
sign. Such assessment requires techniques which caoncluded to be responsible for distortions in the crystal
be used in conjunction with numerical thermal modelslattice, leading to a mosaic structure of subgrains. The
for prediction of important microstructural features andeffects of temperature gradient and isotherm velocity on
defects. The development of these modeling strategiesingle-crystal perfection were studied by Bektal.
depends on an understanding of the forces and intessing gamma-ray diffractometry on cylindrical speci-
actions which play important roles in the formation of mens grown from seeds [4]. Depending on the thermal
various types of defects. constraint, boundaries between small groups of per-
The mechanisms for formation of several types offectly aligned dendrites were observed. The grouping
grain defects are known in a general sense, and son dendrites was attributed to lateral growth as the solid
progress has been achieved in quantifying them. For exemerged from the seed. Siredsyal. observed similar
ample, the formation of freckle channels by convectivestructures at early stages of growth, where primary den-
instabilities in the mushy zone has been modeled fodrites arrange themselves into rows along one or two of
multicomponent superalloys [1]. In this work, we are the secondary axes [5]. This alignment of primary stems
concerned with the formation of low-angle boundariesinto rows along the secondary directions was also ob-
during solidification. In the past decade, these grain deserved by Rappaz and Blank, who attributed the struc-
fects have been studied in some detail, but the mechdure to the growth of a series of tertiary branches orig-
nisms which account for their formation remain poorly inating from a single secondary arm [6]. Accordingly,
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these rows of dendrites initially form with a high de- multiplication and extension within a given casting ge-
gree of perfection which deteriorates significantly with ometry. By employing a connectivity parameter for the
growth [5, 7]. Degradation of the crystal as growth pro-dendritic network, self-convergence patterns are pre-
ceeds may be due to the rearrangement of the primangicted, indicating likely locations for low-angle bound-
array, establishing regions of hexagonal and square aary formation.

rangement, within regions of more random order, as

observed by Siredest al. [5].

Inthefirstpartofthisinvestigation,weexaminelow-T s of test i de f ickel-based al
angle boundary formation in nickel-base alloy single-, WO S€tS Ol test caslings, made irom nickel-based al-

crystal castings with the objective of correlating theiron Rene Ng us_ing standzrd single-crysta:jl i]{“’eﬁ_m?”t
formation with the dendritic branching geometry, thus©@sting production procedures were used for this in-
providing a means for defect prediction. The branchin vestigation. Ong set was a radially arranged cluster of
geometry itself, however, is not easily predicted, sinc ourcastlngswhllet_he otherwasat.angentlallyarrang.ed
it is influenced by the thermal conditions, the crystalCIUSter Ofﬁ'ght castings, anSPOWE.m F'g('jl' On; chastmg
orientation, and the mold geometry. In the second parf[rom each group was used for this stu Y, an .t € ge-
of this study, we use a tip-growth model to simulateometry and dimensions of each are described in Fig. 2.

the growth of the dendritic structure through branchThe ra@ally oriented casting, designated specimen R
was a simple slab shape with arectangular cross-section

and a 45-degree expansion zone. The tangentially ori-

ented casting, specimen T, also had a rectangular cross

section, however it had an expansion zone with @ 30

incline on one side and a 4fncline on the other. Ad-

ditionally, the tangential casting design included a plat-

form, which was placed at a 1@ngle on the side where

the expansion zone angle was 3@d a 20 angle on the

side where the expansion zone angle wasibis plat-

form extended 6 mm beyond the front and back faces

of the casting and approximately 25 mm beyond the
(a) (b)

side faces of the casting. For both castings, a seed crys-

tal was used which was oriented such that the primary
Figure 1 The layouts of the (a) radial and (b) tangential casting clustersdendrite axis and one secondary axis would lie within
within the cylindrical directional solidification furnace. the plane of the largest flat surface.
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Figure 2 The geometry of (a) the radial casting and (b) the tangential casting. The dimensions given are in millimeters.
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Figure 3 The sectioning plans for (a) the radial and (b) the tangential castings.

The specimens were etched to reveal the dendritisurface of specimen T is shown in Fig. 4. Freckles
structure at the surface and examined optically, at magare humerous on the outward facing side (side-A) of
nifications up to 4&. Because of the crystal orien- specimen T, but none are visible on the inward fac-
tation, primary dendrite directions were easily distin-ing side (side-B). The freckles observed on side-A ini-
guishable on the casting surface, permitting visual meatiated along a horizontal line near the top of the ex-
surement of grain orientations. To further reveal theirpansion zone and propagated outward as they moved
dendritic structures, specimens R and T were sectionedpward. This line also delineates an apparent change
for metallographic analysis, as shown in Fig. 3. Specin the geometry of the dendritic network. Below this
imen T was sectioned through the midplane and thefine, primary dendrites dominate the structure, and sec-
transversely with a series of cuts, 3 mm apart, fromondary arms were not observed to extend beyond the
the seed emergence point through the expansion zonadjacent primary dendrites. Beyond this location, how-
This type of serial sectioning was also performed forever, some significant secondary growth was observed,
the platform region of specimen T. Specimen R was seindicating adjustments in primary spacing and dendritic
rially sectioned through approximately one third of thearray geometry.
expansion zone. It was then sectioned parallel to the Visual measurements of primary dendrite orientation
sloping walls of this region. Samples were mountedat the casting surface, indicate misorientations less than
and polished to 0.0am, etched, and examined metal- 10° in regions below the platform but much higher in
lographically. regions above the platform. A map of the measured

X-ray topographic analysis was performed on se-orientations is shown in Fig. 5. The highly misoriented
lected metallographic specimens to evaluate the deregions above the platform are due to spurious grains,
gree of perfection in the dendritic structure. Thiswhich may have nucleated in the platform region or
method involves irradiating an area of the specimemay have grown from dendrite fragments, which have
with monochromatic parallel X-rays and positioning been transported to this region through convective flow.
the film, or other imaging detector, in a location con-In any event, we will not consider these defects fur-
sistent with a particular diffraction condition. An im- ther since we are presently concerned with low-angle
age of all regions of the specimen, which satisfy theboundary formation. In the lower portion of the cast-
prescribed diffraction condition, is produced. All to- ing, nearly all observed low-angle boundaries could be
pographs shown here were obtained using the 200 redsually traced all the way down to a mold wall or a
flection. Using this technique, various grain defectsfreckle grain. Several individual freckle grains are vis-
can be identified and their position can be comparedble within each of the freckle channels. In some lo-
with mold geometry, seed location, and the branchingations, it is apparent that a low-angle boundary was
patterns which comprise the dendritic structure. Thdormed when a freckle grain was permitted to grow for
topographic analysis was performed using 8 keV synan appreciable distance before being extinguished by
chrotron radiation monochromated with an asymmetthe more favorably oriented primary crystal. These ob-
rically cut Si {111} double-crystal. Topographs were servations suggest that the freckle grain came to rest
recorded on high contrast film as well as video tape. near the primary front with an orientation very close

to that of the primary grain. In such cases, the freckle
grain may compete with the primary front, resulting

3. Results in a low-angle boundary. Freckle grains which come
3.1. Visual surface examination and optical to rest in a channel well behind the primary front and
metallography those which are not oriented near the primary crystal

Several types of grain defects were readily visible onorientation, however, cannot compete and are quickly
the etched surfaces of the castings, including frecklextinguished. High-angle boundaries may also be pro-
chains, low angle boundaries, and spurious grains. Thauced if the freckle grain is ejected from the channel
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Figure 4 The surfaces of the tangential casting after etching to reveal the dendritic structure. Grain defects such as freckle chains, low-angle boundaries,
and spurious grains are visible.

Figure 5 The orientation of the primary dendrites, as measured on the surface of specimen T. The angular values given indicate the primary direction
projected onto the plane of the casting surface. (a) Outward facing side, (b) inward facing side.
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Figure 6 A series of parallel transverse views of the microstructure for
(a) the tangential and (b) the radial casting. For each series, the views
shown are for sections which are 5, 10, and 15 mm from the seed emer-
gence point, progressing from bottom to top. For each view, the upper
border is a section plane while the other three borders indicate the casting
surface.

into the bulk liquid and the thermal/solutal conditions
permit growth of the randomly oriented grain [8]. In any
case, whenever freckles are present, they must be con-
sidered as potential sources of low and, in some cases,
high angle boundaries. Of the boundaries which extend
downto the mold wall, only one was observed to initiate
near a mold surface anomaly. Defects in the mold wall
itself, therefore, were ruled out as the primary cause of
boundary formation. The mold geometry, however, may
influence boundary formation by locally constraining
growth of the solid, resulting in complex growth pat-
ternsinthe primary array and a wide range of tip condi-
tions over the entire dendritic envelope. These patterns
may result in a self-convergent growth front, particu-
larly in areas of nonuniform cross section, such as the
expansion zone, making boundary formation likely in
these locations.

Our evaluation of the effect of the mold geometry
on the dendritic structure begins with the determina-
tion of the local primary growth direction. Near the
mold wall in the expansion zone, the dominant den-
drite growth direction was observed to be different for
the two castings. For specimen R, the primary dendrite§igure 7 The dendritic structure in casting R as viewed on a plane par-
were observed to grow in a stair-step fashion straighf‘"e' to the mold_ wall in the expansion zone. The images have begn

. - compressed vertically to reveal the dendrite alignment, with the dendrite
up the SIOpmg surface of th_e mo"?' Wa!l’ with _On_ly V_ery cores in dark contrast. Each image includes an area of 7 mm on the hor-
short secondary branches in telirection. This indi-  j;ontal axis by 40 mm on the vertical axis. Distance from section plane
cates that the dominant secondary direction is along th@ mold wall: (a) 0 mm, (b) 10 mm, (c) 20 mm.
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y-axis. For specimen T, however, examination of thealigned into rows along the radial direction of the fur-
sloping surface of the mold wall showed that growthnace, regardless of the casting geometry, as a result of
had progressed in stair-step fashion along the outsidteir origin from the dendrites which spread across the
corners, and secondaries then spread along#rds,  sloping surface in the expansion zone. Fig. 6 also in-
through the thickness of the casting from side-A to side-dicates that the degree of ordering among the primary
B, toward the center of the furnace. As a consequencdendrites is very high near the mold wall but that it
of these differences, the general alignment of the dendeteriorates rapidly as the front grows away from the
drites seen in transverse sections of specimens T and\Rall. This property is also illustrated in Fig. 7, which
was different, as illustrated in Fig. 6. In both castings,shows the microstructure on a series of sections taken
the primary growth direction is normal to the image, parallel to the mold wall of specimen R. The wall is
but the dendrites are ordered into rows within the planeriented at 45to the primary direction. Thus, these fig-
of the section. These rows are oriented alongytlie  ures actually show a series of branching corners which
rection for specimen R but along thedirection for  formed as the dendritic solid propagated up the wall in
specimen T. In both cases, the primary dendrites ara stair-step fashion. The images in this figure have been

Figure 8 Laterally oriented dendrites, growing from the outer edge of casting T, toward the centerline, were observed on the outer surface of the
side-B platform. On side-A, only vertically growing dendrites were observed.

Figure 9 The difference between the dendritic structures within the two sides of the platform on specimen T illustrates the influence of geometric
constraint on the conditions at the advancing front. On side-A, a complex branching pattern is generated due to the high undercooling that develops
as a result of the constraint of the mold corner. On side-B, the temperature gradient points outward, allowing the front shape to follow the isotherm
shape, minimizing the undercooling. The resulting dendritic structure is well ordered and dominated by growth in the primary direction.
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compressed in the vertical direction to more clearlythe platform region reveals further differences between
illustrate the deterioration of layer perfection. At the the two sides of the casting. The structures observed on
mold wall, virtually every layer extends through the en- each side of the platform, as viewed onanplane ap-
tire length of the figure without interruption. At 10 mm, proximately halfway from the centerline to the casting
layers extend for significant distances but jogs are visedge, beyond the region of lateral growth, are shown
ible in most. At a distance of 20 mm from the mold in Fig. 9. On side-A, the dendrites branch out into the
wall, perfection of the dendritic array is very poor, par- platform, up along the front face, and back toward the
ticularly in several localized regions where no evidencecasting midplane where they converge with secondary
of layering remains. The observations in the expansioranches growing in the opposite direction. On side-B,
zone indicate that when the dendrites first grow upwardhe entire platform is characterized by primary den-
from the sloping mold surface, they are geometricallydrites growing along the direction in a coordinated
well-aligned into rows as a result of their origin from fashion.
secondary branches which grow in the radial direction
of the furnace. However, the farther the dendrites grow
upward from the sloping mold walls, the more the align-3.2. X-ray topography
ment into rows deteriorates. This loss of alignment isTopographs from sections taken parallel to the sloped
not in itself a defect, but it suggests crystallographicsurface of the expansion zone of specimen R, at dis-
variation within the dendrites, which would form the tances of 0 and 20 mm from the mold wall are shown
basis for an accumulation of primary direction changein Fig. 10. These indicate that the crystallographic per-
which can lead to low-angle boundary formation. fection of the casting is highest near the mold wall in
We now turn our attention to the platform region in the expansion zone and that it decreases rapidly with
specimen T. The surface dendrites provide clear evidistance from this surface. Along the wall, continuous
dence that the geometry of the platform had very dif-structures, representing single dendrites which prop-
ferent effects on the two sides of the casting. On side-Bagate up the mold wall by successive branching, are
many dendrites were observed growing laterally inwardvisible and remain in contrast over long distances, as
on the surface of the platform near the side faces of thehown in Fig. 10a. These correspond to the well ordered
castings, as shown in Fig. 8. These were not observegws of primary dendrites shown in Fig. 7a. At a dis-
onside-A. Analysis of the internal dendritic structure in tance of 20 mm from the mold wall, Fig. 10b, no such

(a) (b)

Figure 10 X-ray topographs of the sections shown in Fig. 7, taken parallel to the mold wall in the expansion zone of casting R. (a) Along mold

surface, (b) 20 mm from wall. The thin white lines were intentionally scribed for reference purposes.
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Figure 11 X-ray topography within the expansion zone from the midplane of specimen T reveals several well defined defect features, or regions
of similar orientation divided by low-angle boundaries. The angles given are relative tilt values about the hongamta. (The dimensions are
approximate due to minor distortion which results from misorientation about axes other that this tilt axis.

structures are observed. Diffracting features are smathe presence of these structures. Fig. 12 shows several
and more randomly positioned than those along the suidefect structures observed on atransverse plane approx-
face, demonstrating that the deterioration of geometriémately 5 mm into the expansion zone, in specimen T.
alignment of dendrites, seen in Fig. 7c, was accompaio illustrate the persistence of these defect structures,
nied by a deterioration of crystallographic alignment. the topographic images of a single feature, as observed
Topographs from the midplane of the expansion zonen the first five transverse sections in the expansion
of specimen T indicate the presence of well definedzone, are shown in Fig. 13. The relative variation of
defect structures which are made up of small packetsisorientation along the growth direction between each
of dendrites, as shown in the series of topographs if the defect structures, shown in Fig. 12, is plotted in
Fig. 11. These structures were observed to extend frorRig. 14. This figure shows that the relative misorien-
the expansion zone surface through the entire length dhation between the defect structures remains constant,
the expansion zone, and may continue much further. Tosuggesting that, once the boundary is formed, there is
pography of the serial transverse sections also reveatw further orientation variation. This is consistent with

1648



Figure 12 Topography of a transverse section reveals several defect features which have formed in very early stages of growth, within 5 mm of the
seed emergence point. The approximate location of each feature on the sectioning plane is indicated. The structure shown is from the lower left image
in Fig. 6a. The different features were brought into contrast by tilting the specimen about the ve)taoas(

the fact that only those low-angle boundaries observedtructure within the platform itself. Side-B does not
on the first serial section are observed throughout thexhibit such a boundary between the platform and the
expansion zone. These observations indicate that noulk. Instead, there are some internal structures, includ-
distinct boundaries were formed away from the molding an L-shaped boundary at the lower portion of the
wall, even though the dendritic array was evolving andplatform.
the overall crystal perfection was observed to be dete-
riorating.

X-ray topographs from the serial sections in the plat-4. Discussion of results
form region of specimen T also reveal the presence oThe primary type of defect observed in the expansion
defect structures which propagate for long distancegone is the low angle boundary, where, during the pro-
in thez direction. Additionally, like the metallographic cess of branching and spreading, the dendritic grain has
investigation of the platform region, topographic analy-become locally misoriented. The mechanisms which
sis revealed significant differences between side-A andnhay lead to the development of such misorientation in
side-B of specimen T. Two series of topographs, takera dendritic grain are not well understood, yet we can
from the section shown in Fig. 9, are shown in Fig. 15.consider misorientation to evolve in one of two ways.
The platform on side-A is clearly at a different ori- A dendrite could experience a change in orientation as
entation from the bulk casting. The entire platform isa direct response to some applied force to the primary
separated by a vertical boundary, but there is little substalk, which could be thermal (dendrite not aligned with
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Z=10mm

Figure 13 Several grain defects were observed to persist throughout the expansion zone, as shown above for the structure pictured in Fig. 12b. The
orientation and definition of various features, however, vary with growth distancez Vidiee given is the distance from the seed to the section plane.

local gradient), chemical (asymmetric solute field), oranism of boundary formation involves convergence of
mechanical (fluid flow). Alternatively, orientation shifts two parts of the growing crystal, we refer to this type
could result from a process where the most favorablef boundary as a convergence-fault. Regardless of the
growth conditions are selected from a multitude of per-mechanism which triggers the orientation shift, it is
turbed orientation states. The existence of such perlear that disjointed grains will be prone to the forma-
turbations is suggested by the optical and topographition of these convergence-faults. These defects can be
observations of specimen R (Fig. 10), which show thaformed on a large scale, with dimensions on the order
it is possible for dendrites which are initially growing of the casting size, or on a very fine scale, where the dis-
with very good geometric and crystallographic align- jointed regions include only a few dendrites. Whatever
ment to gradually and unsystematically become lesshe mechanisms responsible for dendrite misorienta-
well aligned. The development of a distinct boundary,tion, they will tend to produce low-angle boundaries
however, requires some mechanism for the accumulalong convergence-faults.

tion of these local orientation variations into clearly dis-  We will now examine the formation of convergence-
tinguishable regions of differing orientation. Whether faults from the standpoint of interactions between den-
alocal orientation adjustment is the result of an appliediritic branching patterns, mold geometry, and thermal
force or of the selection from a number of perturbedconditions. Early in the solidification process, as the
states, however, it is probable that such an adjustmeritont moves through the expansion zone, the mold ge-
would be different for dendrites propagating in spatiallyometry and orientation in the furnace have a significant
separated or disjointed parts of the casting, where theffect on the ordering of the primary dendritic array,
applied forces or selecting factors are different. If theand the primaries tend to arrange themselves into rows
geometry of the casting permits these disjointed growttalong the dominant secondary direction, which is the
front segments to rejoin, the dissimilar orientations ofsecondary direction of highest growth rate. The hier-
the two segments may result in a low-angle boundanarchical formation of these structures is affected by
along the surface of impingement. Because this mechthe constraints of the mold geometry, resulting in the
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Figure 14 A plot of the relative angular variation through the expansion
zone for the defect structures shown in Fig. 12. Labels a through d refe|
to features shown in Fig. 12. Feature a was used as a reference.

defect structures observed topographically. Evidence
of this convergence-fault mechanism can be seen i
Fig. 12. The section shown is a one-quarter cross sec
tion through the expansion zone of specimen T, where
the top edge of the section is the casting midplane, the
right edge is the casting centerline, the left edge is the
surface of the expansion ramp and the bottom edge i
the outboard face. The sectioning plane shown is ap
proximately 5 mm above the seed, which is located im-
mediately beneath the upper right corner of the section
Recall that the dominant secondary direction is througt
the thickness, from side-A toward side-B which is bot-
tom to top in this figure. Because the seed is located a
the midplane, however, the through thickness growttr
cannot occur at all locations. When the front emerges
from the seed, side-A is cooler than side-B, and the
solid spreads along the side-A face and begins to prop
agate through the thickness of the casting. While the
solid spreads across this face, however, growth pro
ceeds in other directions from the seed, as well. The
impingement planes, which divide regions of differ-
ing dendrite ordering, are indicated by discontinuities
in the observed branching geometry and may be assc_
ciated with convergence-faults. Because the dendrite ©
involved in the emergence from the seed are relatively Y
few, the regions formed by the resulting growth patterns
may be very small yet complex in shape. @
The interactions between the thermal field, the mold
geometry, and the dendritic branching geometry are
also evident in the defect structures which form in the
platform region of the casting (see Figs 8, 9 and 15). Tc
understand these interactions, shown schematically ii
Fig. 16, we first make some generalizations regardin%;

(b)

the shape of the liquidus isotherm as it moves througfi'9!"® 15 X-ray topographs from a section plane near that shown in
. . ig. 9. The angles given indicate relative tilt about (a) the horizomjal (

the tangential casting. Because freckle channels tend is or (b) the vertical axisz}. For each view, side-A is on the right and

migrate toward the highest points of the interface [9]side-B is on the left.

and the freckles observed in specimen T all migrated

toward side-A, we conclude that the through-thickness

thermal gradient is from side-A to side-B. Furthermore,x-z plane is shown in Fig. 16b along with the geometry

the freckles that migrated outward toward the side facesf the moving solidification front. Clearly, the condi-

indicate that the isotherms are concave upward, as illugions on the outboard side differ greatly from those on

trated in Fig. 16a. As this type of front interacts with the the inboard side of the casting. As the front approaches

platform geometry, there are two geometric features ofhe platformt =t;, a significant degree of undercool-

the mold to consider. The cross sectional change in thang develops in the liquid within the platform on the
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Figure 16 (a)The general shape of the isotherms as estimated from the microstructure of the casting, (b) A schematic representation of growth into
the platform region, illustrating the difference in the dendritic patterns due to the effect of the platform geometry and the through-thiciergss grad

outboard side. The shape of the mold, however, preThe front is free to follow the isotherms and is never
vents growth into that region. As the front passes theonstrained geometrically, as it is on side-A. Operating
mold cornert =t,, lateral growth into the platform is under thermal constraint only, the dendritic branching
very fast due to the high undercooling. In a fashion sim-pattern, shown in Fig. 9b, is well ordered, in contrast
ilar to that observed in the expansion zone, an irregulato that shown in Fig. 9a. The other important geomet-
dendritic pattern, like that shown in Fig. 9a, is devel-rical feature to examine is the relationship between the
oped at = t3 due to the competition between different angle of the platform in thg-z plane and the isotherm
growth directions. On the inboard side of the casting, aangle. If the curvature of the liquidus isotherm is rela-
quite different situation is observed. Under simple ther4ively high, the dendritic front first reaches the platform
mal constraint, the undercooling in the platform is only at the corners of the casting. The spreading of the den-
that necessary to drive the motion of the dendrite tipsdritic front into the platform, thus, proceeds from the

(b)

(d)

Figure 17 A three-dimensional view of the simulation sequence showing growth around a simple mold corner. The cubic domain has an edge length
of 100 mm.V =0.2 mm/s,G; = 1.5 K/mm,Gyx =Gy =0.
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outside toward the centerline. This accounts for the lat- The dendritic crystalis modeled as a network@i1)

eral growth patterns observed on the surface of the inneedles. The tip of each needle is assumed to behave
board side of the casting, in Fig. 8. For a front with lessas a primary dendrite tip and is permitted to grow inde-
curvature, the spreading will proceed from the centerpendently, along its axis. The tip velocity dependence
line outward, and the primary dendrites will be aligned

along thez axis.

5. Convergence-fault model

While the separate consideration of the geometric ef
fects discussed above may provide a qualitative undel  [RNEEEE——— | _____ L =
standing of the formation of various microstructural z 3

features, a quantitative description necessitates a mo Seed
rigorous analysis of the interaction between these ef z.ocation)
Xs; ¥ss Zg

fects. To address this problem, a dendritic growth mode Y
was developed to predict the structures of the dendritit

network resulting from the competitive growth which /

occurs in a dendritic array as the array adjusts to cross

sectional changes. By modeling the growth of the solia

as a series of branching events, the dendritic s'm‘lcu'"‘ﬁgure 19 A schematic representation of the platform geometry used
is simulated and several effects of mold geometry angbr the simulations.

thermal conditions are reproduced. The convergence-

fault defect structure is then predicted through analysis

of the simulated dendritic structure.

(b)

Figure 20 Time-sequences showing the simulated primary dendrite
structure, illustrating the effect of thecomponent of the thermal gra-
(a) (b) dient. The platform slope is 11.3 degrees, and the seed is located at (0.8,
0.5,0).G;=1.5,Gy =0, and the isotherm velocity is 0.2 mm/s. (a) For
Figure 18 Two dimensional views of thg = 0.5 plane for the growth Gy < 0, the dendrite tips are not constrained by the mold geometry and
sequence shown in Fig. 17, showing the internal branch structure and thare free to grow at their self-consistent temperature, resulting in a well-
predicted shape of the dendritic solid as it propagates around the moldrdered structure, (b) F@y > 0, significant undercooling develops due
corner. The temperature gradient is 1.5 K/mm inzlgrection, and the  to the geometric constraint imposed by the mold. The corresponding
isotherm velocity is 0.2 mm/s. (a) Unfiltered: all branches shown, (b)dendritic structure exhibits convergent growth within the platform, at
Filtered: only branches with a length greater theare shown. the indicated location.
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on local undercooling is assumed to be well describedhe model to a particular casting geometry, the lattice
by a power-law approximationy = A(AT)", of the  must be superimposed over the internal volume of the
tip velocity solution given by the analysis of Kurz mold and a seed location must be specified. Once one
et al [10,11]. For all simulations presented here,or more seed needles are placed on the lattice, the solid
A=14 x 107> m/sk?> andn=2 [12]. The possible is grown in a thermal field derived from thermal sim-
growth directions for the needles are limited to theulation results or specified as a particular temperature
three(001) directions and their negatives. When a givenfunction, T(x, v, z, t).

branch reaches a specified lengthfour branches are  To illustrate the model, we now consider the sim-
generated with growth directions along the f@g001) ulation results shown in Fig. 17, for a dendritic front
axes orthogonal to the parent branch. Each new branajrowing around a simple 90nold corner, with a fixed

is then free to grow and branch independently accordthermal gradient. This 3-D sequence provides a picture
ing to its local temperature. Specification of the cubeofthe overall shape of the growth front but does not per-
directions and a branch spacing is equivalent to conmit analysis of the local primary direction. To obtain
straining the network to grow on a cubic lattice, wheremore specific information, we examine a 2-D section
the lattice vectors are [, [0A0], and .O0]. To apply  of the simulation domain, as shown in Fig. 18a. The

Figure 21 Two-dimensional views of thg = 0.5 plane showing the effect @y on the tip undercooling in the platform region for the simulation
shown in Fig. 20. The shading scale gives undercooling (K).

290

320

Figure 22 Plots of the connectivity parameter from the simulations shown in Fig. 20, indicating a vertical convergence-fault in the platform when
Gy > 0.
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local primary direction is revealed by eliminating from
the display any branch which has been growing for any
distance less than Fig. 18b. The relatively simple ge-
ometry used for this simulation results in a dendritic
structure which grows outward with a convex front at
all points.

A more interesting shape of the dendritic front will
result from a slightly more complex geometry as shown
in Fig. 19. The platform geometry is specified by the
five quantitiegx1, z1, Z», Z3, Z4}, all normalized by the
cube edge dimension, which is 10 mm for all simula-
tions to follow, unless otherwise noted. The crystallo-
graphic directions are along the coordinate axes, and
the seed is a single needle originating on and growing
normal to the planeg=0. The location of the seed on
this plane is specified by andys. For this illustration,
the isotherms are assumed to be planar and to move with
constant velocity, with the gradient having components
Gy, Gy, andG;. To relate the predicted structure to the
formation of convergence-faults, we introduce a pa-
rameter for the connectivity of the dendritic network.
Here, we do not attempt to model the various forces
which may lead to dendrite misorientation. Instead, we
assume that when two branches collide, the probability
that they will have developed some relative misorienta-
tion is proportional to the sum of the lengths that must

300
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(a) (b)
Figure 24 Plots of the connectivity parameter in the platform region for
Figure 23 Two-dimensional views of the simulated structure showing the simulations shown in Fig. 23, including another intermediate value of
the effect of they component of the temperature gradient on the primary Gy. The indicated boundary changes from a vertical one to an L-shaped
structure in the platformGy =0, G, =1.5 K/mm,V =0.2 mm/s, and  one asGy increases to a point where the isotherm slope is greater than
the geometry is identical to that shown in Fig. 20. The views shown arethe platform slope, allowing the solid to first enter the platform at its
for the (a)y = 0.5 and (b)x = 0.2 planes. highest point. This transition occurs between (a) and (b).
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be traced backward from the two colliding tips along
each of their respective growth histories to find a com-
mon point. Whenever a branch collides with another,
this connectivity parameter is computed and plotted at

Figure 26 Atime-sequence of the simulation shown in Fig. 25, revealing
the convergent growth patterns on the- 0.5 plane. Before growth can
progress across the platform in the negativdirection, the front is
intercepted by solid which is emerging from regions of the platform
which are further toward the bacly & 0.5). The dots in the platform
region, thus, represent growth in the direction normal to the viewing
plane. (af =48s, (b)t =64 s, (ct =67s, (dt=70s, (ex=75s, (f)
t=80s.

Figure 27 A two-dimensional view of the primary structure within a
simulated platform with the dimensions and general thermal conditions
Figure 25 A three-dimensional growth sequence @& =Gy =G, = of the side-A platform of casting T. The structure reveals convergent
1.5K/mmandV = 0.2 mm/s. The geometry isidentical to thatin Fig. 20. growth in this region as observed experimentally and shown in Fig. 9.
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the location of impingement. In addition to the primary nificant and considerable liquid undercooling develops
structure and connectivity, maps of tip undercoolingin the platform before the dendritic structure can grow
can be generated. around the corner. A grayscale map of tip undercool-
The effect of thex component of the gradienGy,  ing from this example is given in Fig. 21, showing that
is shown in Fig. 20. The two-dimensional sections forthis geometric constraint can result in very high un-
two time sequences are shown. These are both taketercooling in the platform. Growth in the platform re-
aty=0.5. In Fig. 20a, the temperature gradient pointsgion is, therefore, very fast. Since the platform is at
toward the platform side of the casting. In this case, geoan angle to the =0 plane, the solid first enters the
metric constraint is minimal, and the envelope contain-platform at its lowest location, along the front face of
ing the primary dendrite tips maintains a shape roughlythe domain. Once the solid enters the platform at this
equal to that of the isotherms. This situation permitsforward location, growth is very rapid and the crystal
very orderly solidification of the platform region with spreads up the platform toward the rear of the domain.
a consistent primary direction. In Fig. 20b, the gradientThis explains the observation of the solid region which
vector points away from the platform side of the cast-emerges in the center of the platform in Fig. 20b. That
ing. In this configuration, geometric constraint is sig-is, it is an indication of growth up the platform from

O M 1320 O T 430

Figure 28 A plot of the boundaries indicated by the connectivity parameter compared with x-ray topographs showing observed low-angle boundaries
in the platform. FoIGyx < 0 andGy great enough for the isotherm slope to be greater than the platform slope (side-B), growth down the platform

results in the characteristic L-shaped boundary, which is reproduced by the model. For a lower @GjundfGy > 0 (side-A), a vertical boundary
is observed in experiment and, once again, is reproduced by the model.
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front to back in the domain. With this type of growth was, indeed, the direction. The model also predicts
sequence, there must be some location along the plasome of the features observed in the interior of the plat-
form where the front to back growing region convergesform, shown in Fig. 9a. The actual platform geometry
with the interface advancing across the platform. Theand branch spacing from casting A were used to gen-
convergence between these disjointed regions is presrate the simulated structure shown in Fig. 27. Finally,
dicted by the connectivity parameter, plotted in Fig. 22,Fig. 28 shows that the two types of boundaries observed
which shows that a convergence-fault is indicated forin the platform of the test castings are qualitatively re-
the conditions simulated in Fig. 20b but not for thoseproduced by the model. Wheb, <0 andGy, is great
in Fig. 20a. In these plots, the value of the connec-enough so that the isotherm slope in the inykeplane
tivity parameter gradually increases in thdirection, is greater than the platform slope, L-shaped boundaries
even for a perfect array of primary dendrites exhibit-are produced by the model. Wh&y > 0, a planar
ing no convergent growth patterns. This is expectedoundary is produced. This is in agreement with exper-
since two adjacent primaries will continually generateimental observation, as shown by the x-ray topographs,
secondaries which impinge upon each other. Since thalso shown in Fig. 28.
shortest connecting circuit always includes the parent
branch for the two primaries, the connectivity param-
eter will continue to increase. Such gradual increase6. Conclusions
in the connectivity parameter are, thus, not indicationsThe low-angle boundary structure in a single-crystal
of convergence-faults. Instead, convergence-faults areasting is directly related to the shape of the dendritic
indicated by discontinuities in the connectivity param-envelope as it spreads through the mold. As the front
eter, as in Fig. 22b. advances, primary dendrites may experience slight de-
The effect ofGy on the dendritic structure is shown viations in orientation which may or may not lead to a
in the 2-D views of they = 0.5 plane in Fig. 23. In the low-angle boundary in the final casting. When the den-
first two plots,Gy is low enough to allow the front to dritic front moves as a continuous smooth envelope,
first penetrate the platform on the front surface, whichthese deviations can be accommodated gradually and
is its lowest point. In the latter two plot&§y is higher ~ may not result in a detectable boundary in the final
and the solid enters the platform along the back sureasting. If the front becomes disjointed, however, then
face, which is its highest point. Subsequent growth igdifferent parts of the front may respond to local condi-
down the platform, towards the front of the casting. Thetions independently, allowing the possibility that large
associated plots in Fig. 24 show that the two possibleelative misorientations may develop. If the different
growth patterns result in two different types of connec-regions are permitted to rejoin, the accumulated mis-
tivity boundaries. When the solid enters the platformorientation will result in a low-angle boundary at the
at the lowest point, the boundary is generally verti-surface of convergence. This convergence-fault mech-
cal. When the solid enters the platform at the highesanism is likely to operate where geometric constraint
point and grows downward, an L-shaped boundary iglictates the shape of the growth front. This is most
observed and the magnitude of the connectivity paramimportant near mold corners as well as near the emer-
eter is much higher. gence point of the seed or grain selector, where many
We now consider a combination of the two simple low-angle boundaries are observed. Based on the geo-
cases above. For the same geometry, a temperature graetric sensitivity of this mechanism, casting designers
dient vector in the [111] direction is specified. Fig. 25 must carefully consider the response of the growing
shows the resulting 3-D growth sequence. Once agairgendritic solid to the geometry of the mold and the
the geometric constraint allows high liquid undercool-thermal conditions, if these convergence-faults are to
ing to develop in the platform. In this case, however,be avoided.
the solid first penetrates the platform at the back of the The tip-growth lattice model presented here is one
domain, atits highest location. Growth out into the plat-technique for evaluating the primary structure which
form and down toward the front occurs rapidly. The two will evolve in a casting of a given geometry for a given
solid fronts then “zip” together along the edge of theset of thermal conditions. With this technique, local
platform. A two-dimensional view of the same simu- primary direction can be identified, a map of tip un-
lation is shown in Fig. 26, foy = 0.5. Here, the solid dercooling can be generated, and convergent growth
in the platform emerges from the rear and convergegatterns can be predicted.
with the part of the front which is advancing across the The severity of the convergent growth can then be
platform. In this case, the boundary is clearly indicateddetermined using a connectivity parameter which pro-
by an obvious change in local primary direction, wherevides an indication of the likelihood for the forma-
the dots represent growth normal to the viewing planetion of a convergence-fault in a particular location.
To summarize the capabilities of the tip-growth Admittedly, this connectivity parameter is an oversim-
convergence-fault model, we examine three exampleplified descriptor of the dendritic array and only a first
where the model has reproduced features observed @rder indicator for convergence-fault location, since it
the test castings. The first example, shown in Fig. 23, isddresses only the branching geometry of the array. A
the prediction of lateral growth in the side-B platform more complete parameter would include the cumulative
of specimen T. This prediction is consistent with theeffects of the thermal and flow fields relative to the local
microstructure shown in Fig. 8, revealing that primary growth direction. Despite the simplicity of the connec-
growth direction on the surface of the side-B platformtivity parameter used, the model predicted several of the
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defect structures observed in the single-crystal castings4
indicating that the branching geometry of the dendritic

array, as described by the connectivity parameter, is a
primary factor in convergence-fault formation. 5
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