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PHYSICAL REVIEW B VOLUME 59, NUMBER 1 1 JANUARY 1999-|

Parameter-free test of alloy dendrite-growth theory

Craig B. Arnold® and Michael J. Aziz
Division of Engineering and Applied Sciences, Harvard University, Cambridge, Massachusetts 02138

Matthias Schwarz and Dieter M. Herlach
Institut fr Raumsimulation, Deutsches Zentrunn fwft- und Raumfahrt, D-51170 Ko, Germany
(Received 18 May 1998

In rapid alloy solidification the dendrite-growth velocity depends sensitively on the deviations from local
interfacial equilibrium manifested by kinetic effects such as solute trapping. The dendrite tip velocity-
undercooling function was measured in dilutgZ{) over the range 1-25 m/s and 50-255 K using electro-
magnetic levitation techniques and compared to theoretical predictions of the model of Trivedi and colleagues
for dendritic growth with deviations from local interfacial equilibrium. The input parameter to which the model
predictions are most sensitive, the diffusive sp¥gdcharacterizing solute trapping, was not used as a free
parameter but was measured independently by pulsed laser melting techniques, as was another input parameter,
the liquid diffusivity D, . Best-fit values from the pulsed laser melting experiment\gye-26 m/s andD,
=2.7x10"° m?/s. Inserting these values into the dendrite growth model results in excellent agreement with
experiment with no adjustable paramet§¢&0163-18269)02101-3

I. INTRODUCTION \Vj
Ko+ v

The physical state of solid matter strongly depends upon k(V)= D, @
the conditions of formation. Normally, a system cooled be- 1+ l
low its melting temperature will crystallize under local equi- Vb

librium conditions. However, if a system is cooled beyond its

melting temperature into the metastable regime of an under- Here,k. is the equilibrium partition coefficient andp is
cooled melt, a great variety of solidification pathways area parameter called the atomic diffusive speed, which is the
enabled. In particular, one can form metastable solid stategrowth rate at whickk is in mid-transition betweei, and
such as supersaturated solid solutions, disordered superlattiggity- This model has been experimentally verified for planar
structures, grain refined alloys, crystalline structures of metalnterfaces using pulsed laser melting techniques on a variety

: ~12
stable nature, or even metastable quasicrystalline and amd?f different alloy systems:

; 5
phous phasesWhen an undercooled melt solidifies, the re- l\{tl_odels for ?Ntolﬁtal c(ijerrdrzltled grfoM(fj‘l e&siume tgithﬂt]eth
jection of latent heat into the solid/liquids/l) interface continuous gro model nolds Tor dendrites an at tne

causes an increase in the temperature near the interfa r_]ly dlffere_tnces between the_h|ghly curved dendnte_ t|p.and

Since the temperature in the bulk of the melt is below th;t e planar interface are the Gibbs-Thomson depression in the
; . " ) melting temperature and the solution for the diffusion field

meltl_ng temperature, the result IS a negative t_emperatur%head of the moving interface. Their predictions for the re-

gradient” ahead of the interface. Similarly, there is a Changqationship betweenV and undercooling £T) depend very

in the concentration of alloys upon solidification that cause

- . . ) Sensitively on the value of the input parametgy for both
an additional concentration gradient ahead of the mterfacemanags and dendritic interfaces.However. until now. in

Both of these effects t(_erjd to destabilize a planar s/l interfacgangrite growthV, has been used as a free parameter to fit
and can lead to dendritic growth. the dendrite velocity-undercooling ddfaThe objective of

Deviations from local equilibrium at the s/l interface oc- ipe present work is to measure independeMjy and the
cur during rapid interface motion. Experiments have demongendrite velocity-undercooling function in the same alloy
strated a kinetic undercooling of the solidification front dur- system, thereby eliminating this key free parameter and pro-
ing rapid dendritic growth in undercooled melts of pureviding a rigorous test of theory. Additionally, we measure
metals® Alloy dendrite growth models introduce a kinetic independently the bulk liquid diffusivityD, thereby fixing
undercooling term to account for this effé¢t® the remaining free parameter used in the theory.

In addition to a kinetic undercooling, deviations from  The most dramatic effect of the solute trapping transition
chemical equilibrium at the s/l interface appear in rapidis a sharp increase in the dendrite growth velocity at a critical
growth of solutal dendrites in alloy¥ Kinetically sup-  velocity of V,~5 m/s and a concentration-dependent critical
pressed partitioning at the interface is well described by theindercooling, similar to that shown in Fig(eh. This effect
continuous growth model for solute trapping of Aziz and has been studied for dilute () and is interpreted as a tran-
coworkers’™ In the dilute concentration limit of alloys the sition from solutally controlled growth at small undercool-
velocity (V) dependence of the partition coefficierk) (is  ings to a pure thermally controlled dendrite at high
given by undercooling$.
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In the present work an electromagnetic levitation tech- ) Temperature
nique is used to undercool bulk melts ofgyr; and to mea- Intensity i
sure the growth velocity as a function of undercooling. A /\
large undercooling range becomes accessible by this tech- I /ATA
nique owing to the complete avoidance of container wall v
induced heterogeneous nucleation. In addition, pulsed laser —/ - Time‘
melting experiments on thin films were used to measure in- ™ Time
dependentiW/p andD, . The NigZr; alloy was chosen for
the present studies because of several considerations. Itis
characterized by a small equilibrium partition coefficiépt Asi
which is on the order of 1?. Therefore, a strong solute & bS]
trapping effect is expected at growth velocities that are ob- E"#‘“‘“@' """ { ) &
servable both in the undercooling experiments as well as in diode 2| &
the laser resolidification experiments. Secondly, the precipi- T ©
tation of solvent-rich compounds, which would interfere
Wlth.the measurement, IS no.t strongly favored thermody- FIG. 1. Upper right: Temperature-time profile as measured con-
namically. An additional requirement for an accurate mea-

. N tactless by pyrometry on an undercooledd®ri, sample freely sus-
surement of the partition coefficiektis the use of Ruther- pended in an electromagnetic levitation coil. Lower right: Electro-

ford backscattering spectrometfRBS) depth profiling,  ;gnetic levitation coil showing the position of metal droplet with
which requires that the solute be significantly heavier thanhe pyrometer for temperature measurement and the photodiode for
the solvent for good resolution. Finally, dilute Ni-base alloyshe velocity measurement. Lower left: The undercooled sample is
such as NjgZr; show an excellent undercooling behavior in externally nucleated by touching it at its lower bottom by an alu-
experiments of containerless processing in an electromagnina needle. The photosensing device measures thettmeeded
netic levitation coil due to its high melting temperatdfe. by the array of dendrites to propagate through the observation win-
dow of the optical system. Upper left: Intensity versus time profile

PyrometerD

HF-
Coil g

Trigger ¢

Il. EXPERIMENT for the photodiode. The growth velocity is obtained from the ratio
o ) of the solidification patt\s taken by the solidification front and the
A. Levitation experiments time intervalAt.

Electromagnetic levitation is used for containerless under-
cooling of bulk drops® The experiments are conducted in angas and radiation. As a consequence, solidification takes
ultrahigh-vacuur{UHV) chamber which was evacuated to a place under quasiadiabatic conditions in levitation
pressure of 10’ mbar and backfilled with a purifietpurity ~ experimentg® Since the undercooling in the present experi-
better than 99.9999%He-H, gas mixture(20 vol% H,).  ments is large, most of the melt solidifies under nonequilib-
Alloys of NiggZr, were prepared from constituents of Ni and rium conditions during recalescence. Only a small volume
Zr; both of a purity better than 99.99%. These alloys werefraction of remaining liquid crystallizes under near-
melted in situ by a radio frequency levitation coil into equilibrium conditions at temperatures betwelgnand Ts.
spheres of about 6 mm diameter with mass approximately The undercoolingAT=T,—T, is directly determined from
g. The location of the drop in the coail is shown in Fig. 1. such a temperature-time profile.

The conditions of containerless processing in a high pu- Finally, the experimental setup for the velocity of the
rity gas atmosphere ensure high purity sample preparatiogrowing dendrite array is also shown in Fig. 1. At a prese-
The temperature of the freely suspended drop is measured lacted undercooling value, crystallization of the undercooled
its top by a two-color pyrometer with an absolute accuracymelt is stimulated at its lower end by touching it using an
of =5 K and a measuring frequency of 100 Hz. The com-alumina stimuli needle. The solidification front starts at this
plete avoidance of container-wall induced heterogeneouwell defined point at the surface of the sample and the array
nucleation and highly pure environmental conditions lead toof dendrites grows radially into the melt. A rapid photosens-
reproducible maximum undercoolings T =255 K priorto  ing technique consisting of Si-photodiodes, an electronic am-
nucleation. plifier, a transient recording system and an optical observa-

Figure 1 also shows a temperature vs time profile as medion lens is used to measure the timd needed by the
sured for the undercooled drop. After the onset of nucleatiorsolidification front to propagate through the observation win-
at a temperaturé,,=T,— AT the rapid release of the heat of dow. This technique is capable of measuring relative tem-
crystallization during fast growth of dendrites results in aperature changes with a frequency of 1 MHz. The growth
recalescence event. During this period, there exists a stesfelocity V is then easily determined by the ratibs/At
rise in the temperature up to a temperature between the liwhereAs is the distance traveled by the s/l interface during
quidus T, and solidusT temperatures. A very pronounced time At.}” At the largest undercoolings typical recalescence
recalescence event is observed in the present levitation ekimes ofAt,.»~ 100 usec are measured. Because of the rapid
periments because the undercooled melt acts as a heat sigikowth rates the thermal diffusion lengtf2xthermal
for the released latent heat. Furthermore, heat transfer fromiiffusivity/velocity) remains negligibly small during recales-
the freely suspended drop to the environment is very limiteccence, permitting the velocity of the dendritic growth front to
since it has no contact with a liquid or solid medium. Heat isbe inferred from the time-resolved photosensing measure-
conducted only by thermal conductivity in the environmentalments.
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FIG. 3. Laser melting setup. When partially molten, the sample

FIG. 2. Sample for pulsed laser melting and plane-front resoiS treated as two resistors in parall®lyss=10 V, Rsoureé= Rioad
lidification. (a) Cross section of sample with possible short-circuit =500
pathways for electrical conduction showh) Conduction through a
plasma,(2) photoconduction through oxide layer, af8) capacitive ~ cation velocities between 2—3 m/s. A second laser (ser
coupling to a molten layer of silicon below the exposed oxide layerA =488 nm) was used to probe the transient reflectance
(b) Plan view of patterned sample showing largéw ratio for ~ while a dc voltage source supplied the sample bias for the
resistance measurement and large central pad for reflection megransient resistance measurement. Both the resistance and re-
surement. flectance measurements were acquired on a multichannel
_ digitizing oscilloscopgTektronics model TDS 62t a rate
B. Pulsed laser experiments of 2GSamples/sec. This sampling rate is sufficiently fast to
The diffusive speed and liquid diffusivity are indepen- resolve events occurring on the nanosecond time scale.
dently measured by a pulsed-laser resolidification technique The initial and final concentration profiles of Zr were ob-
described elsewhefe A thin film (~270 nm of Ni  tained using RBS grazing-angle technidaéor this experi-
(99.99% purity was prepared by electron beam evaporationment, it was necessary to use relatively high energy 3 MeV
at 3 A/sec under high vacuum conditiofisase pressure He'™ to fully resolve the Ni and Zr peaks resulting in a
~4x10 " mbap on a thermally oxidized Si wafer (200 nm depth resolution of 11.5 nm. In addition, the absolute cali-
Si0,) [see Fig. 2a)]. Prior to deposition the substrate was bration of the spectra is critical for proper analysis of the
sputter cleaned with Arions (1.5 keV, 55 mA for approxi-  segregation behavior. All samples were self-calibrated using
mately 5 minutes. To help improve film adhesion to the subthe °*Ni, Si, and O edges. The latter two elements were
strate the ion beam was left running during the first minute otisable because the photolithographic patterning exposed
e-beam Ni deposition. The surface Sif@yer provides elec- some bare oxide to the RBS beam.
trical isolation of the film from the silicon substrate, permit-  Finally, the analysis of the liquid diffusivity and diffusive
ting time-resolved lateral electrical resistance measuremengPeed was performed by comparing the measured final con-
(“transient conductance measurementsf the melt depth ~ centration profile to one predicted by computer simulation.
during melting and solidification. In addition, the reduced The simulation utilized a Crank-Nicholson algorithm to
thermal conductivity of the oxide layer permits us to controlsolve the one-dimensional diffusion equation for the molten
the flow of heat out of the film during solidification by vary- portion of the sample while taking into account the segrega-
ing the oxide thickness. Therefore coarse grained contrdion at the interface. The values of the liquid diffusivity and

over the interface velocity is possible using different oxidethe diffusive speed are then determined by a best fit between
thicknesses. the experimental and simulated curves. We have utilized a

The Zr is introduced to the film by ion implantation of normalizedy? test to determine the best fit between the two

90zr* . The energy and dose are chosen to yield a peak Zgurves according to the equation

concentration between 0.5 and 1 at. % centered3@ nm N _ )

beneath the free surface. After the films are prepared, the , 1 D [exp(X;) —sim(x;)]

wafers are photolithographically patterned and sectioned for X 7N—1 < [uncertx)]?

the transient conductance measureméh@M). Figure Zb)

shows the pattern used for this experiment. The pattern is Here,N is the total number of data points, is the depth

designed to provide a large length-to-width ratib/\v  for a particular data poini, expf) is the experimentally

~65.5) to make contact resistances negligible and to provideieasured concentration, six)(is the simulated concentra-

a large uniform area for the reflectance measurement. tion, and uncerX) is the uncertainty in the measured con-
The geometry of the laser resolidification experiment iscentration at that depth. In this case, the uncertainty derives

shown in Fig. 3. The laser melting was performed with afrom the statistical uncertainty in the RBS measurement.

single 28 ns excimer laser pulse (KN==248 nnj at flu-  Thus the uncertainty should be the square root of the number

ences between 0.4-0.7 JknSuch fluences yield solidifi- of counts in a given channel. However, the uncertainty
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FIG. 4. x? plot showing best-fit values fo¥p,=26 m/s and
D, =2.7x10"° m?/s and their uncertainties. The dark line sur-
rounds the region of best fit. Thinner lines denote contours of less
satisfactory agreement.

AT(K)

cannot be less than the background level for the RBS spec-
trum. For this particular experiment, the background level . . ; . ,
was 0.012 at. %. As with al}? tests, the lower value fog? 0 50 100 150 200 250
corresponds to the best fit between the two curves. Figure 4 Undercooling AT (K)

shows a contour plot 0f? as a function of the diffusive
speed and the liquid diffusivity. The minimum value occurs
for the values oWp=26 m/s andD| =2.7x 10 ° m?/s with
the region of good fit denoted with a solid line.

FIG. 5. Dependence on total bath undercooling of various quan-
tities. (a) The dendrite growth velocity, as measured ongRli;
alloy (dots. The solid line gives the prediction of dendrite growth
theory using the valuegy, =26 m/s andd, =2.7xX 10" ° m?/s from
Fig. 4. For comparison, the dotted line represents the calculated
IIl. EXPERIMENTAL RESULTS AND DISCUSSION growth velocity if no solute trapping is taken into account. The
dot-dashed lines give the results of calculations for vaWgs 50
m/s andD_ =5.0x 10~ ® m?/s, values that are within typical ranges
Figure 5a) shows the experimental results for the mea-for metallic systems but are not near the minimyfhin Fig. 4.
surements of the dendrite growth velocity as a function ofThese latter two curves demonstrate the importance of an accurate
undercoolingAT on dilute NigZr; alloy. The results of the knowledge ofV, andD, for modeling alloy dendrite growth. All
measurements are represented by the closed dots. At sma#rves in(b)—(d) useVp=26 m/s andD =2.7x10"° m?/s. (b)
undercoo"ngs the growth Ve|0city is rather s|uggish_ How_The dendrite tip radius calculated on the basis of the marginal sta-
ever, when the undercoolin§T approaches a critical value DPility analysis of growing dendritesc) The concentrations and -
of AT,~160 K a steep rise of the growth velocity with cg of the liquid and so_lld at the |nterf§ce_ §omputed W|th|r_1 dendrite
increasing undercooling is observed. Qualitatively similargrOWth theory.(d) Semilog plot of the individual undercooling con-

behavior in the velocity versus undercooling relation Wastl’lbuthI’]S: thermal undercoolind T, constitutional undercooling

previously observed in dilute Ni-B allofs. AT, curvature undercoolind T, , and kinetic interface undercool-

For an analysis of the experimental data we apply current'® ATy These curves are calculated using HGs—(6).
theories of alloy dendrite growth in undercooled méfts.
Correspondingly, the total undercoolidgl is expressed as AT :2£ (5)
the sum of four different terms, T

A. Analysis of dendrite growth velocities

AT=AT+AT +AT, +ATy, (2 A \Y
T,=—. 6
where the individual contributions are: the thermal under- K M ©
cooling AT, ; the kinetic constitutional undercoolingT,,

LS o ; . Here, Iv(x)=xexpKE;(x) denotes the Ivantsov function
e e rhoae, W €, the frst_exponental _itegrl funcions
P ges 1n (Vr)/2D+ is the thermal Pelet number withr the radius at

the solid due to_sol_ute_ trapping; Fh? curvature uqdercoolinqhe tip of a dendrite anB® the thermal diffusivity;m, is the
%T I8 ea;‘rde tehf :‘e";‘:gg gerface friction undercoolimgTy. 00" ot the equilibrium liquidusy, (V) is the slope of the
P kinetic liquidus;cg is the nominal concentration of the alloy;

AH; P.=(Vr)/2D, denotes the solutal Bet number withD
ATi=—IV(Py), (3)  the liquid diffusion coefficient;I'=0/AS; is the Gibbs-
Cp Thomson coefficient witho the solid-liquid interface ten-
sion,AS;=AH;/T_ the entropy of fusionAH; the enthalpy
m, (V)/mg

(4) of fusion and T, the liquidus temperature; andu

ATc=meCo| 1 2 . . S
=(AH:Vo)/(RyT{) denotes the interfacial kinetic growth

S 1-(1-k(V)IV(PY)]
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coefficient for pure solute witR, the universal gas constant. 1
If we assume the validity of the collision limited growth =42 (13

model!® the factorV, in the expression fop is set equal to

the speed of soun¥g as an ultimate limit of the growth Equation(9) emphasizes the importance kfV) for the
velocity, Vo=Vs. This means that the atomic vibration fre- stability analysis of a rapidly growing dendrite. This means
quency, which is of the order of 30 Hz, gives the relevant that the parameteré, andD, not only affect the constitu-
time scale for the attachment kinetics of the atoms at the stional undercooling but also the marginal stability of a grow-
interface and not the atomic diffusion frequency which ising dendrite in an essential way.

much slower. The collision limited growth model has been The validity of Eq.(13) has been supported by previous
shown experimentally to be a good approximation for mod-measurements of the growth velocity as a function of under-
eling the interface undercooling of Ni-based alloys formingcooling for pure Ni and Ni-Cu alloy. Recent advances in

fce structure’® so-called “solvability theory” show that the marginal stabil-
The interfacial tensiornr is estimated using the negent- ity criterion is not rigorous and lead to the modification of
ropic model developed by Spaegeft Eq. (13) by an anisotropy parameter. This factor is assumed
to be unity for cubic systems, thereby permitting the contin-
_AG T 7 ued use of Eq(13). However, there is experimental and
U—aNi;gsz;:; ' @) theoretical evidence that in alloys;* may depend on the

undercooling as well as on compositit> Because Eq.
with N_ Avogadro’s numbery,, the molar volume and, a  (13) has been shown to hold for both pure Ni and Ni-30 at.
factor that depends on the structure of the solid phase. Sineg Cu in Ref. 3, we assume that the addition of a small
a NiggZr; solid solution crystallizes into fcc structure, amount of Zr to pure Ni does not have a significant effect on
@=0.86. o*. Our measurements do not have the sensitivity to discern
The quantitym, (V) in Eq. (4) merits special attention. It 3 temperature dependencesit: if the dependence af* on
represents the dependence of the slope of the kinetic liquiduglative undercooling is assumed comparable to that in
curvé on the velocity. As the velocity increases, the liquidusxenon?® then the predicted change in théAT) relationship
and solidus lines approach each other and coincide in th@; rough|y equa| to the uncertainty of the present measure-
casek(V) =1 For dilute solutionsn (V) is determined by  ments. In effect, because we are assumitigto be constant
and given by Eq(13), our experiment can be considered a
1-k(V) +k(V)In(k(V)/Ke) (g test of marginal stability theory. Once they become avail-
1—Kke ' able, predictions of solvability theory for alloys may also be
compared with the data. We expect any differences to be
It is worth noting that Eq(8) is the same expression as minor in the vicinity of AT, which is the most important
developed by Aziz and Boettinger in their model of a tran-region for the purpose of this study.
sition from a low mobility to a high mobility interface in the To obtain numerical values for the theoretical prediction
absence of solute drdg. for V(AT), the values ofVp andD, are taken from inde-
Equations(2)—(6) describe the undercooling in terms of pendent laser resolidification experiments on thin films. The
the product of the growth velocity times the dendrite tip best fit values o¥/p=26 m/s andD =2.7x10 % m?/s were
radius. For a unique calculation ¥fas a function of under- used. The numerical values of the various parameters used in
cooling, AT, we utilize the criterion of marginal stabil#y>®  the calculations are listed in Table I. There are two other
which gives an independent expression of the dendrite tiparameters which are not measured independently in this ex-

m(V)=mg

radius: periment. These were obtained from the literature but are not
known very well. (1) Vg, the speed of collision-limited
I —AH; 2meCo(1—k(V)) -t growth at infinite driving force, which we assume to be equal
M= w275 ch P& T k(v v(Py Fefe| to the speed of sound according to Turnbull's collision-

(9) limited growth model, and take it to be 4000 rfsThe
_ predictions are highly insensitive to the precise valu&/gf
WhereC'p is the specific heat for the liquide is defined as  provided thatV, remains much higher than the maximum
measured dendrite sped@) The equilibrium partition coef-
K| ficient is known to be very small, of order 18, but it has
KL+ Ks (10 not been measured accurately. We measured the liquidus
curve over the range 0-3 at. % Zr using differential scanning

with «; and «_ the thermal conductivity of the liquid and calorimetry; we then obtained a value kf by fitting a pa-

solid, respectively; rabola to three points along the reported solidus céfve,
combining the result with our measured liquidus curve, and
&§=1-[1-(2m/Py?]" 17, (1)  extrapolating to the dilute limit. The resulting value lof
=3x10" 2 was used in our solidification simulations. On the
2k(V) scale of the scatter in the experimental data, the predictions
§e=1- 2k(V)— 1+ (1+ (27 P,)?) 2’ (12)  of the model at low undercoolings are not highly sensitive to

the value ofk, input.
and the value of the “stability parameter” taken from the  The solid line in Fig. %a), obtained with the numerical
marginal stability criterion, values of the parameters as described above, results in an
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TABLE |. Material parameters used for the calculation of the dendrite growth veldcitlye tip radiug,
and the concentration in liquid at the interfagieas a function of undercooling T for NiggZr, alloy. m, was
determined by differential scanning calorimetBSC) studies on three different sampleNZrg 5, NiggZry,
and Nig Zr; 5. D1 was calculated using measured values of the electrical resistivity in the undercooled melt
regime of Ni-Zr alloys(Ref. 35 and assuming the validity of the Wiedemann-Franz lawvas calculated
using Eq.(10) with values from Refs. 36 and 37.

Parameter Symbol Dimension Value
Heat of fusion AH; (J/mo) 17 156
Specific heat of liquid C'p (J/mol K) 412
Liquidus temperature T (K) 1714
Slope of equilibrium liquidus me (K/at. %) —14
Thermal diffusivity D (m?/s) 9x10°®
Effective thermal conductivity ” none 0.27
Equilibrium partition coefficient Ke none 0.08
Limiting speed

of collision-limited growth Vo (m/s) 4000
Diffusion coefficient D, (m?/s) 2.7x10°°
Atomic diffusive speed Vp (m/9 26

a/alues determined by high-temperature DSC measureniBefs 38.
bReference 28.
‘Reference 27.

excellent agreement with the measured data@AT). In is exclusively governed by the thermal gradient since the
order to test the reliability of this analysis an additional concentration gradient disappeared due to complete segrega-
V(AT) curve was calculated for values @, andD, which  tion free solidification. The behavior of the tip radius as a
correspond to worse fits of the laser resolidification experifunction of undercooling also reflects the fact that the chemi-
ment but still fall within the range of observed pairs of nu- cal diffusion coefficient and the thermal diffusivity differ by
merical values oV, andD, for metallic system&-*?Itis  about three orders of magnitudef. Table ). Therefore, the
clear that such numbers lead to strong deviations between tle®ncentration boundary layer is much thinner than the ther-
calculated and experimentally measured dendrite growth vemal boundary layer ahead of an advancing s/l interface.
locities as a function of undercooling. This result emphasizes We investigate the change in the concentration of the lig-
the importance of reliable values foi, andD, for a quan- uid as a further analysis of solute trapping and its conse-
titative description of the dendrite growth velocity versusquence on the growth of dendrites in undercooled melts. The
undercooling relation. concentration in the liquid just in front of the interfacg is

The dotted line in Fig. &) gives the prediction of den- quantitatively determined within alloy dendrite growth
drite growth theory ifk is assumed to be independent\af  theory by
Deviations between the data and the prediction become ap-
preciable forAT>100 K. At undercoolingsAT>160 K, Co
these deviations become very pronounced. This further indi- cl = T-(A—K(V)V(Py" (14
cates the need to accurately take solute trapping into account. ¢

This behavior can be understood by considering the de- o ) ) )
pendence of the radius of curvature at the dendrite tip on the The concentration in the solid at the interfacg is then
undercooling. Figure () showsr as a function of under- found by applying the definition of the partition coefficient,
cooling AT. At small undercoolings AT<100 K), r de- Cs=K(V)C{ . The results of computations using Ed.4)
creases very rapidly with increasing undercooling. In thisare exhibited in Fig. &) as a function of undercooling. At
regime the concentration gradient ahead of the s/l interfacemall undercoolings the Zr concentration in the liquid rises
controls the tip radius. The higher the velocity the deeper due to the rejection of the solute atorery limited equi-
the concentration gradient and, consequently, the smaller tH#rium solubility in the solid phaseand the concentration
tip radius. At very small undercoolings, solute trapping be-profiles follow the equilibrium values. This means there is
gins moderately which leads to slight deviations from chemi-strong partitioning in front of the advancing interface for
cal equilibrium at the interface. This trapping causes arundercoolingsAT<70 K. If the undercooling is increased
equivalent reduction of the concentration gradient with a corinto the regimeAT>70 K, deviations occur that progres-
responding change in, which is now passing through a sively increase with undercooling. At large undercoolings
minimum. If undercooling is further increased solute trap-AT>AT,=160 K, c;" andck approach the nominal concen-
ping becomes even more important and the tip radius intration cy of the alloy. This means that at such large under-
creases since the concentration gradient flattens out until thmolings we have reached a regime of complete solute trap-
absolute stability of a solutally controlled dendrite is ping.
reached. At this undercooling the tip radius goes through a We use the above information to understand the velocity-
maximum. Beyond this maximum, the size of the tip radiusundercooling relation. At small undercoolings the interface
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movement is sluggistilow mobility of the interface¢ and 250
controlled by the redistribution of solute in front of the in-

terface. When solute trapping becomes important, the con-
centration gradient becomes weaker until it disappears for

200

150

undercoolings abovAT.,=160 K. In this large undercool- g E
ing regime, the constitutional undercooling loses its influ- 8 100 8
ence and the growth velocity is only controlled by the ther- 2 [ b
mal gradient in front of the s/l interface. This enables the & s <
interface to move much fastémrigh mobility of the interface , &
since the thermal diffusivity is three orders of magnitude s : Laser! 500

greater than the chemical diffusivity. Thus, the growth ve- [ ' : 5 5

locity steeply rises in the transition regime aroukd,,. 50 Lot i L 26

The transition from solutally controlled to thermally con-
trolled dendrite growth is also reflected in Figidbwhere
the individual undercooling contributions are plotted as a FIG. 6. Transient resistance and reflectance of thin film sample
function of the undercooling. These plots are calculated usduring pulsed laser melting. In addition, the laser intensitsb.
ing Egs.(3)—(6). One can see that the curvature undercool-units) as a function of time is showiiRs denotes the resistance of a
ing, AT,, is of minor importance for undercoolingdT fully solid film at its melting temperature, whilAt e, shows the
>160 K. The thermal undercoolinddT,, and the kinetic ~melt duration of~100 ns. The inset depicts the parasitic conduc-
undercooling AT, continuously increase with the total un- tance produced from a sample with a broken conduction circuit.
dercoolingAT. Here the rise of the kinetic undercooling is T_he conductance persists during the presence of the laser pulse but
less pronounced than that of the thermal undercooling. Théies shortly thereafter.
constitutional undercoolind T, behaves quite different. At
small undercoolingfAT<<120 K, AT, strongly rises with
AT. However, when the total undercooling exceed¥
=120 K, AT, decreases and eventually approaches a con-
stant value, determined by the difference in slope betwee
the equilibrium liquidus and the kinetic liquidugAT,
—(m_—m_(V))cy]. Here, crystallization is almost com-
pletely partitionless, i.ek>1.

Time (ns)

film begins to resolidify. This is characterized by a decrease
in the resistance as the film returns to the solid state.

If the interface is planar and parallel to the free surface
en we can model the sample resistance as two resistors in
parallel: a liquid metal resistor and a solid metal resistor,
each with a resistande given by

R(t)= —~ — 15
( ) d(t) w’ ( )
B. Measurements of the diffusive speed and the liquid

o s whered(t) is the time-dependent thickness of t{s®lid or
diffusion coefficient

liquid) layer, p is the resistivity of the phase, ahdW is the
Although Fig. 4 shows the final results for our fit ¥, length-to-width ratio of the patterned sample. We then apply

andD, to the experimental data, we need to look carefully atKirchoff's laws to the circuit as shown in Fig. 3 to convert

the analysis before we can fully understand these resultshe resistance versus time data into the melt depth versus

There are three important pieces of information we need tdime data. We obtain the equation:

obtain from the experimentd) a melt history which gives

the position of the interface as a function of tinf&) a con- R D Rs 1
centration profile as a function of depth for the sample before L Rsampié t)
laser irradiation, an@3) a concentration profile as a function Du(t)= Re— R, ) (16)

of depth for the sample after laser irradiation. We can use the
first two pieces of information to simulate a final concentra-whereRg is the resistance of a fully solid film at the melting
tion profile using the technique described in Sec. Il B andtemperatureR, is the resistance of a fully liquid film at the
compare this profile to the experimentally measured profilemelting temperatureD is the total thickness of the metal
We use the sharp change in the reflectance and resistantien, and Rg;mpidt) is the resistance of the sample as mea-
when a material undergoes a transition from a solid to asured. In the above equation, boiy and R, need to be
liquid state in order to measure the melt hists7y>*°The  determined by the experimerRg is easily found if we use
measurement of the reflectance provides the exact time whehe information contained in the reflectance profile. The re-
the film first begins to melt. Furthermore, the resolidificationflectance profile tells us the time when the film resolidifies
of the surface is characterized by another sharp jump in reand therefore, the resistance at this time&Ris In an ideal
flectivity followed by a gradual rise as the solid film cools. experiment, the resistance at the beginning of the melt
The resistance measurement provides information about the&hould be the same as the resistance at resolidification since
depth of the interface as a function of time. Figure 6 showsn both cases, the film is a solid at its melting temperature.
the measured reflectance curve that exhibits both of theddowever, as we can see in Fig. 6, this is not the case for our
transitions as well as the measured resistance curve. Wheyystem. We observed a suppression in the sample resistance
the film begins to melt, the resistance rises since the resistiwat the beginning of the melt.
ity of liquid metal is higher than that of solid metal. For Ni,  The reason for the suppression in the resistance is related
the resistivity increases approximately 30% upon meltingto an alternate conduction path that is excited by the laser
Eventually, the interface reaches a maximum depth and thpulse. The inset in Fig. 6 shows the resistance curve for a
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sample for which the normal conduction path in Figh)zhas 300 .
been broken. In this case, when we irradiate the sample witr e ]
the same fluence as in Fig. 6, we still observe conductance 250 f ]
despite the broken film. Once the laser intensity decreases_. ; ]
the conductance decreases until the circuit returns to its opel§
state. Three possible conduction pathways are shown in theg 150 | ]

200 4\ Artifact
[ 1 ( Region

cross section of the sample in Fig@R These includg1) a i ]

formation of a plasma above the surfa¢@) excitation of =~ 8 100 ff---orrmmmmmmemmoea o ommn oo 3 _
electron-hole pairs in SiQ and(3) melting of silicon below s =3 m/s ] - Region of
the oxide. If a plasma were to form, we would expect to see ~ *° LT LT TEREIEEREEREEER N SRR 7

some sharp effect in the reflectance trace owing to the ol L ] B'r'ggfggﬁn
change in reflectivity induced by the plasftaHowever, 0 20 40 60 80 100 120

Fig. 6 does not show any clear sign of plasma formation. Time (ns)

Additionally, the band gap in SiQis approximately twice
the photofnsen\e/r?i’o?(”d ng'J‘rI? 8—f10 e\/hcompaaed toa pho:gnRegion of interes{40—100 nm, from which V, and D, are de-

energy of > ev 1or r. Therefore p! otoconduction wou duced, is free of conductance artifact and of nonplanar growth.
require a multiple photon effect which should make this axiact region deeper than 100 nm is solute-free and therefore not

relatively minor effect. of interest; surface region shallower than 40 nm is nonplanar
We believe pathway3) to be the most probable source growth and therefore not tractable.

for the parasitic conductance. If there is enough transmission

of energy through the oxide layer, either by having a thincogled liquid Ni by more than 500 K with pulsed laser
oxide layer or a high initial energy, it is possible to melt a melting33 Therefore we cannot measure the liquid resistivity
thin layer of the underlying silicort. Upon melting, the Si  at the melting point directly in this experiment, and in order
becomes conductive with a resistivity approximately that ofty determine the melt history we must make assumptions
the Ni fim (p=80 mWcm). When the resistance of the gphout its value. We assume that the ratio of liquid resistivity
metal film changes rapidly upon irradiation, the local voltageto solid resistivity at the melting point in our films has the
changes can be capacitatively coupled into the underlyinggme valuep, /ps=1.299, as forbulk pure Ni. This as-
conductive Si layer. This alternate conductive path wouldsymption i.e., scattering from interfaces and extended de-
tend to lower the apparent resistance of the circuit, therebyacts is negligible compared with phonon scatteyifgs
producing the suppressed peak we see in Fig. 6. This effegfeen shown to work well for pulsed laser melting of thin
was not reported in previous laser melting experiments offims of pure Ni** Here the additional assumption is that
metals,”** however, these earlier experiments employedsp|ution scattering from the small amount of solute that we
lower melting-point metal¢éand correspondingly lower laser have, which is confined to a restricted portion of the entire
intensities for meltingor different laser wavelengthXeCl,  fjjm, is negligible compared to phonon scattering at the melt-
A=308 nm or ruby A =694 nm). ing point. With this assumption we can rewrite Eq. 16 in

In order to use the resistance curve to determine the meferms of Rg and p, /ps, resulting in an equation with no
history, we assume that the resistance on the resolidificatiog,ore unknowns:

side of the curve is artifact-free because by the time solidi-

FIG. 7. Melt history deduced from conductance shown in Fig. 6.

fication starts the laser pulse has long ended. To find the pL Rs

resistance of the fully solid film at the melting point, we _D(R—gt)_l)

determine the moment at which resolidification is complete D (t)= Ps sampl (17)
from the reflectance curve and look up the solid resistance at 1— PL

that moment. With this method we must make assumptions Ps

for the initial melting portion of the melt history. However,
our results are not sensitive to these assumptions, as the In using this equation we are making the additional as-
melt-in speed must be very high and all the important solutsumption that the resistivities of the fully solid and fully
effects occur during the solidification interval when the in-liquid thin film at the melting point, and not merely their
terface has encountered the solute profile, which occurgatio, are the same as those for bulk material. This is tanta-
within 100 nm of the surface. mount to using the length-to-width ratio in our photolitho-
The resistance of the liquid film at the melting point is graphically patterned samples as an adjustable parameter.
harder to obtain from the experiment. Noise and parasiti®ecause the patterned lines are narrow, small variations in
conductance prevent us from using either the reflectance dine width (caused, for example, by small variations in etch
the conductance technique to determine the first momerstrength from run to runcan cause small variations irfW.
when the film has fully melted. Once the film is fully molten The value that we obtain from fitting to Eq15), L/W
and the parasitic conductance paths go away, in principle i£69.7, is close to the “nominal” value of 65.5 and is
might be possible to determine the resistance of the liquid aithin the uncertainty of measurements made on micro-
the melting point if one could identify the moment that so- graphs of actual samples.
lidification commences. However, the moment at which the Figure 7 shows the actual melt profile as calculated by the
liquid film crosses the melting point may be different be-above analysis. For the earlier time stages, we have used a
cause liquid undercooling may occur before solidification ofsimulated profile that was calculated using a one-
a fully molten film, as shown by Atwatest al. who under-  dimensional heat-flow code that has been well calibrated for
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6 +———7+—+1T——+7+— measured profiles starting at approximately 40 nm below the
| Interface ;  CGM Analysis ] surface can be explained by interfacial breakdown commenc-
[ Breakdown “\ Region ] ) ; > €Xp oy .
0.5 o MYy 3 ing at this point. We believe this to be the cause of the
[ egion J g . ) N
< i i Initial Profile ] divergence, although we were unable to verify this by ob-
o 04f f\ : \' 3 serving a cellular microstructure in TEM. Such observations
< - Breakdown 1 [ 1 - -
c [ Simulation Final Profile ] are quite difficult because the lateral scale of the breakdown
2 03[ 3 is predicted to be only in the nanometer rartfpr example,
£ . ] Hoglundet al. observed 60 nm cells in Si-grand ion mill-
£ 02f CGM - ] ing results in sputter-induced surface rippling with features
o . ] in the same size range.
01 [ 4 In order to lend more plausibility to our interpretation in
. ] the absence of a direct observation of a cellular microstruc-
0.0 Lo PP R ..o ture, we performed a simple simulation of the apparent one-

-50 0 50 100 150 dimensional concentration-depth profile caused by segrega-
Depth (nm) tion during interfacial breakdown. The simulation is merely a

FIG. 8. Zr concentration vs depth profiles befglight dashep si_mplifi(_:ation for the mu_ch more _Com_plicated th_r_ee-
and after (+) resolidification, used to determing, and D, . dimensional problem associated with diffusion and partition-

Heavy-dashed curve is a simulation with CGHq. (1)] over the NG at an unstable interface, which is beyond the scope of
entire depth using the values ¥§, =26 m/s andD, =2.7x10° this work to fully address. We assume that the interface re-
m?/s. The solid curve assumes CGM for depthdd nm and an Mains planar foz>40 nm and therefor& is given by the
effective k(t) given by Eq.(16) for depths<40 nm. The same CGM [Eq. (1)]. In the near surface “interface breakdown”
values forVp andD, are used witt=3.5 ns. region >40 nm), we simulate growth using a planar in-
terface with an effectivé that is higher than the value given
pure Ni films on oxidized Si wafer€ This region, in which by the CGM. In the breakdown region, where the amplitude
we cannot determine the melt history experimentally for the®f @ Sinusoidal interface shape perturbation is expected to
reasons describe above, is denoted the “artifact region.’9"0W exponentially in time, we assume that the effeckve
During the initial melting segment of the experiment, thelncreases exponentially with time as the lesser of unity and
interface moves very quickly through the region of interest
with a velocity of V> 17 m/s. A significant amount of liquid k(1) = K(to) X =t
diffusion occurs before the interface returns during resolidi- eff 0 ’
fication. The interface velocity during solidification is ap-
proximately 3 m/s, which is sufficiently fast for measurablewheret, is the time at which the solidification front passes
solute trapping effects to occur. z=40 nm andr is a free parameter determined by fitting the
The final step in this experiment is to perform one-data. The solid line in Fig. 8 shows the result of this simu-
dimensional diffusion simulation$to determine the diffu- lation. The use of this approximation in the near surface
sive speed and the liquid diffusivity. Figure 8 shows theregion and the CGM in the deeper region provides a quali-
initial concentration profile and the post irradiation concen-tatively good fit over the entire depth range. For the purposes
tration profile along with two simulation curves representingof obtainingVp andD, , we disregard the near-surface re-
our best fit values folp and D, . The dark-dashed line gion of the curve and limit our quantitative analysis to the
shows a simulation using the CGM over the entire region ofegion over which the interface is believed to be planar. The
resolidification. It is evident from the figure that although thecost of limiting our region of interest is an increased uncer-
simulation fits the depth profile for the deep region fairly tainty in the value oV, determined by the technique. The
well, it does not reproduce the data in the near surface regiosize of the surface peak in a post irradiated concentration
(z<40 nm. It is likely that this discrepancy in the data is profile is strongly dependent ovip . Therefore by ignoring
because our assumption of a planar interface throughout s#his region of the plot, we end up with larger, but still toler-
lidification does not apply. With an interface that is planarable, error bars oWp .
and parallel to the free surface, Zr is transported toward the Ignoring the surface region in the simulation curves in
surface by segregation at the interface during solidificationFig. 8, we may still distinguish between a good fit and a poor
If the interface becomes unstable and breaks down into, fdiit in the deeper region. In order to quantify this fit we have
example, a cellular structure, some Zr transport will be parapplied ax? test between the experimental curve and the
allel to the surface and less Zr will ultimately reach the sur-simulated curve in the region 40 mez<<100 nm. Addi-
face. Our depth profile measurements detect a lateral averagjenally, because there is a small peak in the experimental
over~2 mm and are unable to resolve lateral variations orcurve in this region from an Au impurity localized at the
the submicron size scale of cellular breakdown. Ni/SiO, interface, for the comparison shown in Fig. 4 the
Interface stability under laser melting has been studiedlepth range 67—-83 nm was excluded from the chi-square
quantitatively by Hogluncet al. for the Si-Sn systeni* In analysis.
their samples an initially planar interface became unstable at
approximately 50 nm below the surfac_e, resu_lting_in the IV. SUMMARY
laterally-averaged measured concentration profile diverging
at this point from the profile simulated assuming a planar (1) DendriteV(AT) measurements in Kér) were made
interface. In our case, the divergence between simulated anwiith electromagnetic levitation and rapid photosensing tech-

(18)
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nigues. The results show qualitatively the transition from arately, none of them are treated as adjustable parameters in
thermal to a solutal dendrite as solute trapping effects set irthe comparison with experiment.

(2) The quantitative predictions of alloy dendrite growth  (6) Laterally-averaged segregation in the region where in-
theories forV(AT) at highV, where nonequilibrium inter- terface breakdown occurred can be modeled roughly as a
face kinetics are important, depend sensitively on the nuplanar interface with a partition coefficient increasing expo-
merical value ofVp characterizing solute trapping. nentially with time until it reaches unity.

(3) Pulsed laser melting of thin films of Kr) was used
to determineVp andD, independently. Interface breakdown
in the near-surface region prevents us from deriving useful
information aboutVp andD, from that region but does not The authors thank Dr. K. Eckler for stimulating discus-
prevent us from determining/p, and D, from the non- sions. Work at Harvard University was supported initially by
breakdown region. Best-fit values avg =26 m/s andD NSF-DMR-92-08931 and subsequently by NASA-NAGS-
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