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Experimental measurements of sidebranching in thermal dendrites under terrestrial-gravity
and microgravity conditions
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We perform sidebranch measurements on pure succinonitrile dendrites grown in both microgravity and
terrestrial-gravity conditions for a set of supercoolings within the range 0.1-1.0 K. Two distinct types of
sidebranch regions, uniform and coarsening, exist, and are characterized by the distance from the tip at which
the region begar);, and the average spacing of sidebranches within that regjoriThere does not appear
to be any significant dependence on either gravity level or supercooling @hen \; are normalized with
respect to the radius of curvature of the tip, The apparently constant normalized proportionality factor
betweenD;, \;, and R, regardless of the relative importance of diffusion and convective heat transport,
demonstrates self-similarity between dendrites of different length scales propagating under various heat trans-
fer conditions. However, when the form of the sidebranch envelope is defined by a power law relating the
amplitude and relative positions of the sidebranches normalized to the radius of the tip, the form is seen to have
significant variations with supercooling between the terrestrial gravity and microgravity growth dendrites.
Furthermore, both the amplitude coefficient and exponent from the power-law regressions of the microgravity
data are statistically differerif5% confidence levgkthan their terrestrial counterparts.
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[. INTRODUCTION tions of dendritic growth, are usually comprised of two in-
dependent components. The first concerns the transport of
Morphologically complex solidification microstructures, heat and solute from the solid-liquid interface into the melt.
such as dendrites, appear in a large number of common eiihe second involves the interfacial physics, which comple-
gineering materials in which the existing thermal and solutaments the heat transport, and selects the unique growth rate
fields within the melt provide the necessary physical condi-and tip radius of curvature from a manifold of solutions that
tions for the advancement of a morphologically unstablesatisfy the heat transfer and conservation of energy at the
solid-liquid interface. If the solidification conditions fall solid-melt interface. Full discussions of the theoretical and
within a regime of low thermal gradients and low crystalline experimental developments of dendritic growth are found in
anisotropy, then dendrites form as dictated by heat transpoktanger’s review articl¢1], Pelce’s booK2], and Glicksman
within the system and capillary effects at the solid-melt in-and Marsh’s review articlg3]. There are also introductions
terface. Solidification environments that provide the necesin the recent articles by Juric and Tryggvasptl, and
sary conditions for dendritic morphologies are often encounBisang and Bilgrani5], although not recent enough to in-
tered in typical metallurgical processes, such as casting andude the latest developments in three-dimensional or adap-
welding. Consequently, it is necessary to understand the bdive grid phase field modeling.
sic process of dendritic growth in order to improve process- Until recently, neither the heat transfer nor the interfacial
ing conditions for optimization of solidification microstruc- selection aspects of theory could be tested critically on the
tures. More importantly, it is essential to understand theEarth because of the effects of gravity-induced convection,
process of dendritic sidebranch growth, because in moswvhich modifies the transport processes and alters the growth
commonly utilized structural engineering materials, the evokinetics [6]. Several of the authors of this paper obtained
lution of sidebranches ultimately segregates solute into itbenchmark data on dendritic growth using succinonitrile
final distribution, dictating in part the mechanical, electrical,(SCN) in a microgravity environment where convective ef-
and chemical properties of the as-solidified material. Therefects were essentially eliminat¢@d—9]. The data and subse-
fore, in order to relate the microstructural features within aquent analysis of the dendritic tip growth speédnd radii
given material to its macrostructural properties, it is first nec-of curvature at the dendrite tifR, demonstrated that al-
essary to comprehend the physics underlying the complethough basic theory yields predictions that are reasonably in

process of sidebranch evolution. agreement with the results of experiment, several significant
discrepancies occuytl0]. Some of the discrepancies can be
Il. BACKGROUND understood by a careful consideration of the diffusion of heat

from complex three-dimensional dendritic structufdq].
At the steady state, the primary tip of the dendrite may beThe data and analysis for assessing the interfacial physics are
defined by two measurable parameters, namely, the radius tdss definitive.
curvature at the tipR, and its growth velocityV. Unique Key to the evaluation of the transport physics was the
predictions of these two measurables, by both current theanalysis of the effect of latent heat generation in the side-
ries of dendrite growth, and large-scale numerical simulabranch region beyonet12 tip radii behind the tip. Dendritic
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sidebranches are also intimately related to the interfacial se- Uniform ET;emperature
. . e el a
lection rules, as the same physics that initiates and supports \/\):\4
sidebranch formation is the source of the interfacial selection Camera Xenon

or scaling rule. Thus a complete theory or simulation of den- Growth : & 0
dritic growth must include sidebranches, and experiments Chamber .[ T
that describe dendritic growth must characterize dendritic | —t AR
sidebranching in addition to the measurements of tip velocity \ | Optca s * |4 Y
and radius of curvature. In this paper, after a brief back- : :
ground and literature review, we present a detailed examina- ‘
tion of dendritic sidebranching characteristics of the bench- .
mark SCN microgravity data.

One way to quantify the sidebranch structure is by mea-
suring the sidebranch spacing which is the distance per-
pendicularly between adjacent sidebranches. Sidebran
spacing is an easily identifiable and quantifiable parameter,

which defines the characteristics of a particular dendrite. It ) . .
also adds important information about the final microstrucN9 relationships are phenomenological and represent an at-

ture, which governs the properties of the material. It has beeffMPt t0 assign a simple, quantifiable parameter to a complex
determined empirically that a linear scaling relationship ex-PrOC€ss. , .

ists between the sidebranch spacing and the radius of curva- 1€ assumption that the process of conduction regulates
ture of the dendrite tip. Moreover, this scaling relation re-the transport of heat, is common to the theories describing
mains constant over a wide range of supercoolings. Fopidebranch evolutiorifor example, see Ref$17-21). As
instance, a study conducted by fimann et al.[12] on xe- stated earlier, in any experiment conduqted terrestnqlly, the
non dendrites revealed that, independent of supercoolin#’,resen(:e of gravity creates buoyancy-driven convective heat
sidebranches in close proximity to the tip tend to grow withfansport due to the interaction of the gravitational field with
a characteristic spacing af,/R= 3.2+ 0.4. Pinus and Taylor the thermally induced density gradients within the liquid.

[13] conducted a similar study of SCN, and determined thafrhis additional mode.of heat transport in most cases domi-
a similar scaling relationship exists withy/R=2.9+0.3 nates the effects of diffusion. As a consequence, convection
R .9+0.3.

Experiments on SCN by Glicksman and Huajigl also N complicate the assessment of the majority of theoretical

revealed a comparable scaling law independent of supercoo"ll-nalyses that do not account for it. The main purpose of this

ing with \o/R=2—5. The measurements made in these inStudy is to characterize dendritic sidebranch structure by al-
° ring the heat transport conditions through controlled

vestigations were on sidebranches close to the tip, in a regiotlT] i th itud . d i
where the thermal fields surrounding the sidebranches intef1@nges in the magnitude of gravity and supercooling.

act relatively weakly. A more developed and stronger inter-
action of thermal fields occurs between_ adjacen'_t S|d_e- Ill. EXPERIMENTAL APPARATUS AND PROCEDURE
branches that are further behind the tip, resulting in
coarsening. Coarsening is a process governed by capillarity In March of 1994, the first of several planned flights of
in which sidebranches with higher curvatures tend to remeltthe isothermal dendritic growth experimefiDGE) took
benefitting sidebranches with smaller curvatures. This coarglace aboard the space shuttle Columi83S-62. The ap-
ening region is preferentially located many radii behind theparatus used to grow pure succinonitrile dendrites orbited the
tip, due to the fact that the thermal boundary layers for thesearth aboard the United States Microgravity Payload-2, in a
remote sidebranches have more time to grow and interadtigh-quality microgravity environment for 11 days, thereby
than the newly created interfacial regions near the tip. Due tallowing dendritic growth with diffusion-limited heat trans-
this coarsening process, there is larger variability in the sideport. The same apparatus was used terrestrially to obtain an
branch spacing in the coarsening region compared to thatarth-based counterpart to the microgravity data. In micro-
seen in the more uniformly spaced region located closer tgravity, 58 dendrite growth cycles were performed at super-
the tip. This investigation will quantify the existence of side- coolings ranging from 0.1 to 1.0 K. ReferengE)] details
branch scaling relationships in both the near-tip and coarserthe microgravity experiment; however, for completeness, we
ing regions, since both are observed experimentally and hawgive a brief outline of the experimental procedures.
a significant impact on the resulting microstructure. The experiments conducted in this investigation were per-
Several solidification models, including stagnant filmformed using pure SClfichemical formula NQ<CH,),-CN,
models[15] and mesoscopic numerical simulatidd$], de-  purity ~99.999% in a stainless steel and borosilicate glass
fine a hypothetical “grain envelope” that defines the bound-growth chamber surrounded by a temperature bath controlled
ing surface for the macroscopic heat flux generated by &€ *=0.002 K. A detailed schematic of the IDGE growth
single equiaxed dendrite. A grain envelope is prescribed bghamber is shown in Fig. 1. SCN is an ideal material for
delineating the common smooth surface connecting the tipsonducting solidification experiments because of its low
of all the sidebranches and the primary tip. To provide usefumelting point (58 °C), optical transparency, and metal-like
information for use in these models, it is the purpose of thesolidification characteristics. The process for growing a den-
present investigation to quantify the mathematical nature ofirite is initiated by first melting the SCN within the chamber,
this dendrite envelope and to expose any scaling relatiorand lowering the temperature of the bath to the desired su-
ships that potentially may exist within its shape. These scalpercooling. Then, after the SCN has stabilized at the speci-

\Dendrite

FIG. 1. Schematic of IDGE growth chamber and temperature
c;ﬁ)ntrol bath used for the growth and optical observation of dendritic
owth.
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FIG. 2. Geometrical method used to measure the sidebranch

amplitude and position. The coordinate system has an origin situ- FIG. 3. Plot of the distance to the first detectable sidebranch
ated at the tip of the dendrite and, thus, moves with respect to thecaled by the tip radius for various supercoolings. Over a large
laboratory frame of reference. That is, the coordinate system rerange of supercoolings, this dimensionless parameter describing the
mains fixed with respect to the dendrite tip. nature of the sidebranching is relatively constant.

fied temperature, a thermoelectric cooler located at the top ajscilloscope measurement apparafdsscribed previousjy
a nucleation tubdthe “stinger”) is activated. After nucle- in each 35-mm image. Typically there were three images per
ation of the dendrite crystal at the top of the stinger, thegrowth cycle, with measurements made on both the left and
dendrite propagates along the length of the tube until itight sides of the dendrite, with the resulting values normal-
emerges in the main volume of the supercooled SCN meltized using the measured tip radius. These six sequential mea-
After attaining steady state growth, 35-mm photographs argurementgthree from each sideof the steady state dendrite
taken from perpendicular views at predefined time intervalsare then combined to produce an average and a standard
These images characterize the dendritic growth process, frogteviation. This process was repeated for various supercool-
which the growth velocity, tip radius, and sidebranch infor-ings to form the complete IDGE data set shown in Fig. 3.
mation are extracted. Within the statistical variation of this data set, defined as one
The 35-mm IDGE negatives are analyzed using astandard deviation, there does not seem to be any correlation
microscope-vernier arrangement to determine the interfacketween supercooling and the scaled distance to the first
shape, sidebranch information, and growth velocity vectorsidebranch. Stated differently, if a variation with supercool-
for each dendrit¢22]. An image capture system is used to ing exists within the data, it is less than the statistical varia-
locate the edge of the dendrite to produce a seix@j co-  tion represented by the error bars. Thus it can be stated that
ordinate pairs representing the solid-liquid interface. Athe distance to the first sidebranch, when scaled to the radius
fourth-order polynomial fitting function is then regressed toof the tip, does not vary with supercoolings, and can be
this data set in order to determine the radius of curvature ofepresented as
the tip. This process was previously described by LaCombe
et al.[23] and Kosset al.[10]. Do=CoR. (1)
Sidebranch spacing and amplitude are measured with re- ) ) ) )
spect to the axial centerline of the dendrite, as depicted ifi'€"€Do IS the distance to the first detectable sidebrai,
Fig. 2. The first observable sidebranch is defined as the firdf the scaling constant, arilis the measured radius of the
protrusion from the dendrite tip that can be measured usingendrite tip. Based on analysis of the data in Fig. 3, in a
the vernier-oscilloscope measuring apparatus. The first ddérrestrial environmentCo-;)=12.7+2.3, and in micro-
tectable sidebranch defines the beginning of the uniformi@ravity, Co(g-0)=11.8- 1.7. Using a two-tailed test with a
spaced sidebranch region. The beginning of the coarsenirfgPnfidence level of 95% on both data sets, and the assump-
region is defined as the location of the first sidebranch whosHon of equal variances, we conclude that the scaling con-
amplitude is less than its neighbor in the direction of the tip.Stants for the microgravity and terrestrial data sets are not
All distances between sidebranches are measured from tigistinguishable.
to-tip parallel to the axial centerline. Also important to note
is that all measured linear distances are corrected geometri- Distance to first detectable coarsening

cally to account for optical magnification and stereographic The distance to the first detectable sidebranch in the

projection. coarsening region is defined as the first sidebranch encoun-
tered, when moving away from the tip, whose amplitude is
IV. RESULTS AND DISCUSSION less in magnitude than the previous sidebranch. This defini-
tion provides a repeatable method of accurately quantifying
the scale at which the coarsening process occurs from the tip.
The distance to the first detectable sidebranch was med-o discern the effects of convection on the coarsening pro-
sured for both the terrestrial and microgravity data for vari-cess, this analytical approach was applied to both the terres-
ous supercoolings. For a particular growth, the distance tt¢rial and ground-based data sets using the same vernier-
the first detectable sidebranch was measured via the verniepscilloscope measuring apparatus. Again, this was performed

First detectable sidebranch
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FIG. 4. Plot of the distance to the first detectable coarsening FIG. 5. Graph of the average normalized sidebranch spacing
normalized by the tip radiuB ., vs supercooling for both terrestrial within a region extending 25 radii behind the tip. There is no sta-
and microgravity based data. It cannot be concluded from this datgstical difference between the microgravity and terrestrial data, nor
whether a correlation exists between the magnitude of gravity angs there any significant correlation between supercooling and the
D.. Additionally, it cannot be assumed that the magnitude of sunormalized sidebranch spacing within this regime.
percooling affectd . to any noticeable degree.

. . . L radii. As earlier, a series of six measurements were com-
on a series of three images taken sequentially in time for gineq  hroducing an average and a standard deviation. This

given growth for the right and left halves of the dendrite., o5 repeated for growths performed under different super-
These six measurements were averaged, also prOduc'ngceolings, resulting in the data shown in Fig. 5. The data

corresponding st.andard deviation for the distaqce to first der'eveal that, to within one standard deviation, no definitive
tectable coarsening branch for each growth. This process Wg,re|ation exists between gravity and the average side-
repeated fo_r d|ﬁ_‘erent supercoolings, and resulted in the da anch spacing within this region. Again, all plotted error
set shown in Fig. 4. It cannot be concluded that any reng,, 5 represent one standard deviation, and when considering
exists with supercooling for either the terrestrial or micro-yhe annarent constant behavior of the data throughout the
graylty data sets to within 'expenmental error and Sar_npleentire range of supercoolings, it is statistically viable to con-
variation. If such an effect is physically present, then it is | ,qe that a self-similar scaling law holds as

less than the standard deviation of the measurements. Again,
the same type of scaling relationship can be applied to each A=C,R. 3
data set, namely,

D.=C.R 2 Here\, is the sidebranch spacing in the uniform region, and
c=CcR. 2 _ _ ) .
C, is the scaling constant. The terrestrial scaling constant for

In this caseD. is the distance to the first detectable coars-the sidebranch spacing in the uniform regionGg-1)

ening, andC, is the scaling constant. Application of E@)  =2.81*0.31, and in microgravity iC,g—0)=2.98+0.32.
to the data yields a terrestrial scaling constantOgfy—) To a 95% confidence level, these coefficients are statistically
=33.3+7.4 and a microgravity scaling constant ©fy— identical. Note that these results are in agreement with the

=30.2+6.9. Employing thet test with a 95% confidence SPacings reported by Pinus and Tayflo8], in which a scal-
level reveals that these two scaling constants are statisticalfpd constant ofC,y-1)=2.9+0.30 was reported for SCN.
equivalent. These results support, in a statistical sense, thahese data are also consistent with spacings in xenon den-
there is no correlation between gravity or supercooling andlrites reported by Hilimannet al. [12].

the scaled distanc®., to the first coarsening event.

Sidebranch spacing in coarsening regime

Sidebranch spacing in uniform regime To quantify sidebranch behavior further behind the tip

Sidebranch spacings scaled to the tip radius were meavhere coarsening processes are more common, spacings be-
sured for both the microgravity and terrestrial data setgween sidebranches in the region extending 25-50 radii be-
within the uniform region. This region is defined as encom-hind the primary tip were evaluated for both the terrestrial
passing the first detectable sidebranch and the first detectakd@d microgravity data sets. To be consistent with the average
coarsening branch. As shown previously, the first detectablboundary defined for the uniform region at 25 radii and to
coarsening occurred approximately 30—33 radii behind thenaximize the number of measured sidebranches, the coars-
tip. However, to simultaneously ensure that the uniform re-ening region was defined to begin at 25 radii behind the tip,
gion did not contain a coarsening event, and that it was conand end 50 radii behind the tip. Statistical averaging of the
sistent for each growth, the uniform region was defined tadata as described previously was performed for growths at
begin at the first detectable sidebranch, and end 25 radii berarious supercoolings, and is summarized in Fig. 6. Again, to
hind the tip. This ensured, to a large extent, that coarseningithin one standard deviation, the sidebranch spacing ap-
effects were minimal in the uniform region to within one pears to be independent of the supercooling. This conclusion
standard deviation of the coarsening region boundary at 36an be justified with either the microgravity or terrestrial data
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_FIG. 6. Plot of the normalized sidebranch spacing averaged F|G, 7. When sidebranch tip positions are scaled by the radius
within a region defined between 25 and 50 radii behind the tip. Ingf the tip, a power-law behaviadotted ling accurately describes
this region, a significant amount of thermal interactions betweenhe shape of this sidebranch envelope. This regression scheme was
sidebranches is present. Therefore, coarsening is prevalent, maparformed on all microgravity and terrestrial data to obtain a scaling

festing itself, on average, as a larger sidebranch spacing than that|ationship that yields average values for the preexponeand
obtained in the uniform region. Furthermore, a larger scatter in thgne exponens.

data is present, due to the coarsening process in this regime. Again,

no significant trend between supercooling or the magnitude of grav- . . . .
ity is observed in these data, sidebranch data from a single dendrite, along with the corre-

sponding power-law fit. This analysis was performed for all
é)f the photographs taken for a given growth for both the left
and right halves of the dendritthe absolute value of thg
coordinates were taken so that the power regression could be
M coa™ CeoalRs (4)  performed. The values ofx and g were then averaged for
each growth and plotted vs supercooling, as seen in Figs. 8
where \ .oy is the sidebranch spacing in the coarsening re@nd 9. Itis observed that these two scaling parameteasd
gime, andC,is the scaling constant. Application of Eg) B also appear to be independent of the supercooling, to
results in a terrestrial scaling constant Ofggg—1)=3.48 within §tat|st|cal d|sper_S|o.n, for both the microgravity and
+0.38 and a microgravity scaling constant Gfgag-o, terrestrial data sets. It is important to note that this scaling

=3.28+0.45. Notice that both the sidebranch spacing and itdvariance only occurs when the coordinates of the side-

variance in this region are significantly larger than they weré®ranch tips are normalized to the radius of the tip, which
in the uniform region due to the influence of coarsening.s'mply provides a measure of the dendrite size. In this sense

After performing at test on these data, it can be concluded€ Observe a self-similarity for not only the spacing between
that the spacing in the coarsening region is statistically |arge§|debranches, but also for the §|debranch amplitude. Accept-
than the spacing in the uniform region. However, as stated'd the constant behavior of either of these two parameters
above, when comparing the terrestrial and microgravity scalVith supercooling leads to the possible use of the parameters
ing constants within the coarsening region usingttiest, it < and_,B for characterizing both _the microgravity and terr(_a_s-
is found that these two scaling relationships are statisticallj'ia! sidebranch envelopes. This can serve as an empirical

identical. It can therefore be concluded that convection and
supercooling have little or no effect on the normalized side-
branch spacing in the coarsening region.

sets. To express the self-similarity of sidebranches in th
coarsening regime, we use the linear form

3.0

25

Sidebranch envelope 2.0

In order to characterize the shape of the envelope pro-
duced by the sidebranches, the approach of Dougherty and
Gunawardan24] and also of Li and Beckermari25] was

1.5

Pre-Exponential Term (o}

applied. Specifically, th& coordinate of the sidebranch tips I
were linearly regressed in the form of a power law given by 05| = Microgravity
L o Terrestrial
Z X B 5 0.0 1 n 1 " 1 n 1 L 1 L 1
R-AR| - (5) 0.1 0.2 03 04 05 06 0.7 08
Supercooling (K)
Here,Z is the coordinate back from the tij,is the orthogo- FIG. 8. Preexponent for both the microgravity and terrestrial

nal coordinate,x is the preexponential term, an@lis the  data sets, vs supercooling. From these data two significant observa-
exponential term. The coordinate system is defined such th@bns can be made) there is no noticeable relationship between
the origin is at the tip, and th& axis is aligned with the supercooling and, and(2) there is a statistically significant differ-
primary growth direction. Figure 7 shows an example of theence between the microgravity and terrestrial preexponents.
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FIG. 9. Exponenjs for both the microgravity and terrestrial data 30 L
sets, vs supercooling. Again, two observations can be drélyB8 L
remains remarkably invariant to the level of supercooling, é)d 20 L
the averages for the terrestrial data is significantly lower than the
microgravity exponent. wlk /. Microgravity -
. . . — Terrestrial
tool to describe, in an average sense, a complex stochastic o
phenomenon. An analysis of this form yields a power rela- 0 10 20 30
tionship for the average microgravity envelope of the form XIR
d (1.174-0.071) FIG. 10. The average sidebranch envelope for terrestrially
(ﬁ) =(1.81* 0.13)(§ (6) grown and space-flight-grown dendrites as obtained through the
mic mic power-law scaling scheme. This graph reveals that there is a sig-

) ) ) nificant difference between the two envelopes. More specifically,
The corresponding power relationship for the average envene microgravity envelope is narrower and the terrestrial envelope is
lope, under terrestrial conditions, takes the form wider. This observation is attributed to the interaction of gravita-
- 5| (1087:0.038 tionally induced convection and the developing sidebranch arms.
(—) =(2.04i0.23)(—) . (7) o i
R/ err R/ err those of another whose projections overlap. By parsing the
data we included only those dendrites where this was not an
Performing a two tailed test onay,ic and aye, With a 95%  issue. This limited the number of growths that could be ana-
level of confidence reveals that the preexponential coeffilyzed, but ensured the reliability of the data. Li and Becker-
cients are significantly different in these environments. Simi-mann[25] did not discuss this aspect of the measurements,
larly, using the samé-test analysis, the same conclusion isso how this issue was addressed is uncertain. Furthermore,
drawn for B,ic and B, It is inferred from this analysis that only “active” sidebranches were included in their regres-
a statistically significant difference exists in the morphologysion. An active sidebranch is one that is actively growing,
of the sidebranch envelope between dendrites growing oand not shrinking due to coarsening. Our analysis included
earth and in microgravity. Thus the modes of heat transporall sidebranches, both active and inactive, because in our
available to the dendritic crystal affect its sidebranch envedefinition these represent the true sidebranch envelope. Even
lope shape. Interestingly, a similar conclusion cannot behough a sidebranch is “inactive,” it is still present and af-
drawn in either the microgravity or terrestrial data when confects the thermal field and the process in general. It is not
sidering only the level of supercooling, as clearly seen inclear why Li and Beckermann excluded inactive side-
Figs. 8 and 9. It is also interesting to point out that when outbranches when attempting to quantify the shape of the actual
data from the same microgravity flight were independentlyenvelope. Therefore, these two data sets cannot be reason-
analyzed by Li and BeckermafR5], a slightly different ably compared with any level of confidence, and such a dis-
value for o was obtained. Specifically, they obtained acrepancy in the coefficients can be expected as a direct con-
value of aic=1.5 (no standard deviation reporfedHow-  sequence. For general comparison, a similar analysis of
ever, their measured value @, was 1.164, which is al- pivalic acid dendrites(another model material, with fcc
most identical to the exponent achieved by this presenstructurg grown under terrestrial conditions with a 1% eth-
analysis. It is contended here that this differencexjf. is  anol impurity by Dougherty and Gunaward&2#] resulted
directly a result of our method of parsing the data sets. In thén a power law fit with 1.250B,¢,<1.67.
present analysis, only dendrites that were growing with the To graphically represent the difference between the mi-
sidebranch planes perpendicular to the primary arm and pacrogravity and terrestrial sidebranch envelopes, a graph of
allel to the projection plane were used. This eliminated thehe average envelopes defined by E@.and (7) is pre-
potential for a double projection of sidebranches cast fronsented in Fig. 10. This plot indicates that in microgravity, the
superimposed sidebranch planes. When a three-dimensiorgitlebranches possess, on average, an ampligmged by
object is projected onto a two-dimensional surface, it is dif-the tip radiu$ somewhat reduced in magnitude from the ter-
ficult to discern between sidebranches from one plane ancestrial sidebranches. Although sidebranching is a complex
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process, it is suggested by these measurements that this dfleveral orders of magnitude in the thermal gradient.
ference is real and is a direct consequence of melt-flow in- (2). When measuring the sidebranch envelope, i.e., the
teractions with the sidebranches. It is further suggested thamooth surface connecting the primary tip and the tips of the
flow in the melt induced by gravity interacts with the tem- sidebranches, it is found that the shape of this surface may be
perature field enveloping the dendrite in such a way thatlescribed in the form of a power law. This regression
perturbs the envelope shape significantly from its pure diffuscheme reveals that the power-law coefficients are invariant
sive form. More importantly, one should recognize that theto the supercooling in both microgravity and terrestrial
change in shape of the envelope is not related to changes growth conditions. The observed behavior of these power-
the sidebranch spacing because this parameter, as revealad coefficients strengthens the applicability of self-
earlier, is identical under terrestrial and microgravity condi-similarity and scaling laws when describing the sidebranch
tions. Therefore, it must be concluded that the change irnvelope. However, this must be approached with caution,
shape of the envelope is directly connected to a variation iprimarily because the data reveal that the average shape of
sidebranch amplitude, and not to the sidebranch spacing. the sidebranch envelope is, in fact, sensitive to the modes of
heat transport. The evidence supporting this observation is
the statistical difference between the power-law coefficients
N ] for dendrites grown in microgravity versus terrestrial condi-
Dendritic growth experiments, conducted under both teryions. |t is concluded that the alteration in the shape of the
_restrial and _microg_ravity conditions, have I_ed_ to the foII_ow- normalized envelopénduced by gravityis a manifestation
ing conclusions with regard to the self-similarity of side- of sigebranch amplitude variations induced by flow field in-

branch parameters. o _ teractions, and not due to changes in the sidebranch spacing.
(1). To within the statistical spread in the data, no mea-

sured correlation with the magnitude of gravity or thermal
supercooling exists fofa) the scaled distance to the first
detectable sidebranckl) the scaled spacing between side-
branches in the uniform and coarsening regions, @ndhe This work was generously supported by NASA under
scaled distance to the first detectable coarsening. Scaling ai§ontract No. NAS3-25368 and the NASA Graduate Student
of these sidebranch parameters with the dendritic tip radiuResearchers Program. Additional thanks are due to E. A.
reveals a self-similar behavior for dendrites grown in dra-Winsa, D. C. Malarik, and their teams at NASA’s Glenn
matically different heat transport environments, differing by Research Center at Lewis Field for their engineering design
more than one order of magnitude in the supercooling, andnd support of the experiments.

V. CONCLUSIONS
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