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Crystal growth in undercooled melts of the intermetallic compounds FeSi and CoSi
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Alloy melts of the intermetallic compounds FeSi and CoSi were deeply undercooled using the melt

fluxing technique. Crystal-growth velocities were measured as a function of undercooling by a high-

speed photosensing infrared device. The experimental results were analyzed in the framework of den-

drite growth theories with special emphasis placed on the kinetic interface undercooling. This analysis

gives insight into nonequilibrium e6'ects occurring during rapid solidification of undercooled melts of in-

termetallic compounds due to short-range difusion-limited dendritic growth.

I. INTRODUCTION

Recent investigations of rapid solidification phenorne-
na in undercooled metallic rdelts have attracted attention
from both theoreticians and experimentalists alike.
These investigations provide information about the for-
mation of rnetastable solids such as supersaturated and
disordered states. If a melt can be undercooled by a sub-
stantial amount below the melting temperature, great
driving forces for crystallization arise leading to rapid
solidification of even bulk melts, which, in this case, are
slowly cooled. Such experiments are of special interest be-
cause they permit direct observation and measurement of
the crystal-growth velocities, which in turn determines
the physical conditions of the formation of nonequilibri-
um solid states.

The conditions as underlying in undercooled melts im-
ply an unstable solidification front due to the negative
temperature gradient ahead of the solid-liquid interface
leading to free dendritic growth. Theories of free dendri-
tic growth in undercooled melts have been developed,
which correlate the growth velocity V with the under-
cooling hT and the dendrite tip radius. ' They have
been extended for the case of rapid solidification ' to in-
corporate deviations from local equilibrium at the
solidification front due to interface attachment kinetics
and, for alloys, due to a velocity-dependent partition
coefficient k(V). These theories are able to describe
dendrite growth velocities as a function of undercooling
without any adjustable parameters.

From the experimental point of view, techniques have
been developed to directly measure dendrite growth ve-
locities as a function of undercooling in bulk melts ' un-
dercooled by employing the electromagnetic levitation
technique or the melt Auxing method. ' Measurements
on pure Ni and Cu-Ni alloys give experimental evidence
that during rapid dendritic growth in undercooled melts
deviations from the local equilibrium occur which be-
come progressively more important with increasing un-
dercooling or crystal-growth velocity. " In addition, in-
vestigations on dilute Ni-B alloys more clearly revealed
the importance of such nonequilibriurn effects during rap-
id dendrite growth on the formation of supersaturated
solid phases. The results of these experiments indicate a

strong increase of the crystal-growth velocities in the vi-
cinity of a critical undercooling where the stability limit
of solutal dendrites is reached. This result is explained by
solute trapping effects and is interpreted by a transition
from diffusion to thermally governed dendrite growth in
the vicinity of a critical undercooling. '

In addition to the theoretical studies of solute trapping
in rapid dendritic solidification of alloys, Boettinger and
Aziz recently developed an analogous model to describe
trapping of disorder during rapid solidification of in-
termetallic compounds. ' Similar to the case of chemical
segregation, the formation of a superlattice in interrnetal-
lic compounds requires short-range diffusion of atoms. If
the growth velocity approaches the speed of atomic
diffusion disorder becomes progressively entrapped lead-
ing to disordered compounds. Such metastable chemical-
ly disordered materials are interesting from a practical
point of view, since they are less difficult to rnachine or
forge at room temperature to near net shape. Subsequent
annealing would bring out the chemical order and the as-
sociated high-temperature properties. Although rapid
quenching techniques such as melt-spinning, ' laser sur-
face resolidification' ' and drop tube experiments' have
yielded chemically disordered structures of intermetal-
lics, no direct measurements of growth velocities in un-
dercooled intermetallic compounds have so far been re-
ported from these experiments.

In the present work, measurements of crystal-growth
velocities as a function of undercooling are reported for
intermetallic compounds of FeSi and CoSi alloys. These
materials were selected for the investigations since they
form intermetallics with a congruent melting behavior so
that any confusion due to simultaneously occurring
solute trapping is excluded. Furthermore, these alloys
have an equiatomic composition which would give an
order-disorder transition of the second order. ' This
makes the analysis within the disorder trapping model
easier. The interrnetallic alloys of FeSi and CoSi can be
undercooled significantly using the melt fluxing tech-
nique. They both form a simple cubic-ordered structure
called 820 which consists of two sublattices. The experi-
mental results were analyzed within a dendrite growth
theory which introduces a kinetic undercooling that de-
pends on an order parameter for the order-disorder tran-
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sition. %'hile an analysis of the FeSi results reveal mainly
ordered growth in the entire range of achievable under-
cooling of b.T=300 K, the analysis of the CoSi results
may indicate disorder trapping at the largest undercool-
ing of 320 K reached in these experiments.

II. EXPERIMENT

The experiments were accomplished using a glass-Aux
undercooling facility' under a 80-kPa He-20%%uo Hz atmo-
sphere. Samples of composition Fe50Si5O and Co5OSi50
were alloyed by radio-frequency induction melting from
Co, Fe, and Si constituents all of purity better than
99.998%%uo. Each sample had a mass of approximately l g
and was immersed into a Duran glass slag in an A1203
crucible. Heating was performed by induction heating of
an outer graphite crucible. The absolute temperature was
measured by a two color pyrometer at an accuracy of +5
K and a measuring frequency of 100 Hz. The recales-
cence time during solidification was measured by a spe-
cially designed infrared photodiode device that has a
quartz lens and a S153P photodiode of a sensitive area of
2.8X2.8 mm and a response time of 50 ns. This device
was constructed and installed so that the whole image of
the sample could be focused onto the sensitive area of the
photodiode. Both the pyrometer and the photodiode de-
vice were simultaneously coupled to a W+W/SMR-2
transient-signal memory recorder with a sampling rate of
10 MHz.

As the recalescence front was a sharp visible interface
between hotter and colder parts of the sample, which
swept across the sample surface, the recalescence velocity
was taken to a first-order approximation as the ratio of
the sample size to the recalescence time. Under such a
definition, the measured recalescence velocity showed a
rather large scatter. This is since nucleation can take
place simultaneously at more than one site and the
solidification pathway is unknown. The actual recales-
cence velocity should therefore be the lower limit of all
the diferent data obtained for a certain undercooling.
This corresponds to the cases when a single nucleation
event at the periphery of the sample surface takes place,
and when the solidification pathway is perpendicular to
the direction of observation. This means that a large
number of heating and cooling cycles were necessary to
get the true physical information. A total of about 100
recalescence events for each sample system were ana-
lyzed, and altogether 10 samples were processed. This
procedure was verified by calibration measurements on
pure Ni using the same arrangement, and comparing the
results with those previously obtained from experiments
performed in the electromagnetic levitation facility. '"
In these experiments the solidification path is very well
defined by seeding the nucleation externally using a
trigger needle. Unfortunately, this technique is less con-
venient for FeSi and CoSi alloys because of their high
electrical resistivity. Further experimental details of the
measurements are given elsewhere. After the under-
cooling and solidification experiments, each sample was
investigated with respect to its composition by energy-
dispersive x-ray (EDX) analysis, revealing that the actual

concentration deviates less than 0.5 at. % from the nomi-
nal concentration.

III. EXPERIMENTAL RESULTS

Figure 1 shows the measured crystal-growth velocity V
(dots) as a function of undercooling b, T of FeSi interme-
tallic alloy. A continuous increase of V with AT is ob-
served up to the largest undercooling of hT =300 K with
a maximum velocity of 2.5 m/s. Figure 2 shows the
equivalent results obtained for CoSi intermetallic com-
pound. The dependence of the growth velocity V on the
undercooling 8 T is similar to that observed for the FeSi
alloy. However, at the largest undercoolings (b T )300
K) a steep rise of the growth velocity occurs with max-
imum growth velocities of nearly 6 m/s. In comparison
to the growth velocities measured in pure metals or sim-
ple solid solutions, ' '" the growth velocities of the in-
termetallic compounds are approximately one order of
magnitude smaller.

IV. DENDRITIC GROWTH IN MELTS
OF INTERMETALLIC COMPOUNDS
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FIG. 1. Crystal-growth velocity V as a function of undercool-
ing AT for intermetallic FeSi compound. The dots give the ex-
perimental results; the thick solid line corresponds to the pre-
dictions of Lipton-Kurz-Trivedi (LKT) theory (Refs. 1 and 2) if
local equilibrium at the solid-liquid interface is assumed. For
comparison, the thin solid line shows results of calculations if
constitutional effects are taken into account due to a slight shift
of the composition by 0.5 at. /o from the nominal composition.

For the analysis of the growth behavior we refer to
models developed to describe rapid dendritic growth in
undercooled melts. According to the Lipton-Kurz-
Trivedi (LKT) model, ' the total undercooling is ex-
pressed as the sum of di6'erent contributions. Under the
assumption of local equilibrium at the solid-liquid inter-
face the total undercooling hT can be expressed by

AT=ET, +AT„.
The constitutional undercooling is neglected since the in-
termetallic compounds FeSi and CoSi show a congruent
melting behavior as observed in the respective



3424 M. BARTH, B.WEI, AND D. M. HERLACH 51

6

5

4
v [m/s]

2

measured

0

50 100 150 200
hT [K]

250 300 350

FICx. 2. Crystal-growth velocity V as a function of undercool-
ing AT for intermetallic CoSi compound. Notation is the same
as in Fig. 1.

temperature-time profile of each heating and cooling cy-
cle. AT, and AT„denote the thermal and the curvature
undercooling, respectively. These are given by

(la)

hT =2—,I
R

(lb)

= V, 1 —exp
EHf ATk

k~ TTI.
(lc)

66 is the Gibbs free-energy difference between the under-
cooled melt and the solid state and k~ is Boltzmann's
constant. In Eq. (lc) the validity of the linear approxima-
tion for the Gibb's free-energy difference is assumed, thus
b,G=bHf b, T/Tz. In the case that the atomic attach-
ment kinetics at the interface are collision limited, the
prefactor V, corresponds to the speed of sound V, as an
ultimate upper limit of crystal-growth velocity. This

where AHf is the heat of fusion, C' is the specific heat of
the under cooled melt, IU is the Ivantsov function,
P, = VR/(2a) is the thermal Peclet number' R is the den-
drite tip radius, a is the thermal diffusivity, I =o/b, Sf is
the Gibbs-Thomson coefficient, ASf is the entropy of
fusion, and o. is the solid-liquid interface energy.

At large undercoolings or high growth velocities an ad-
ditional undercooling term has to be included, which de-
scribes the kinetic undercooling of the interface
ATk=TI. —hT, —T;, where TL is the liquidus tempera-
ture of the alloy and T, is the solid-liquid interface tem-
perature. Following the rate theory of crystal growth '

the interface undercooling is deduced by calculating the
transition rates of atoms going from the liquid to the
solid state, R& and, vice versa, the rate of atoms going
from the solid to the liquid state, R, giving
V=5(R' —R, ). The thickness 5 of the interface is typi-
cally a few interatomic spacings. This yields

V(T)=V, 1 —exp
b, G
k T

means that the attachment of atoms onto the interface is
governed by the atomic vibrational frequency
Uo=k'T/h, which is of the order of 10' Hz (h is
Planck's constant). This results in an interface undercool-
ing b. Tk = V/p where p=hHf V, /(O'T~) is the kinetic
growth coefncient. Measurements on pure Ni melts give
evidence for collision-limited growth kinetics. On the
other hand, growth of a superlattice structure in interme-
tallic systems is expected to be governed due to short-
range atomic diffusion. In this case where the atomic
attachment kinetics are controlled by diffusion processes,
the prefactor V, is given by the atomic diffusion speed Vd
which is determined by

AG.
Vd =6v exp

8
(ld)

where AG, denotes the activation energy for atomic
diffusion. This leads to an interface undercooling hT& be-
ing much larger than in the case of collision-limited
growth.

Equations (1) give relationships between the undercool-
ing AT and the product of V times R in terms of the
thermal Peclet number I', . For a unique determination of
V as a function of 5T the criterion of marginal stability
is used which yields an expression for the dendrite tip ra-
dius R:

with

n=
Ql+ I/cr*P

where o'= I/(4' ) is the stability parameter.
Previous measurements of the dendrite growth veloci-

ties on undercooled pure metals and simple solid solu-
tions showed that the experimentally determined growth
velocity-undercooling relation is well described within
dendrite growth theory. Calculations were performed us-
ing Eqs. (1) and (2) and assuming that the kinetic inter-
face undercooling ATk is controlled by the conditions of
collision-limited atomic attachment kinetics. " In the
present case of intermetallic compounds it is expected
that the interface undercooling is governed by short-
range atomic difFusion, since the atoms must sort them-
selves out onto the various sublattices. In more detail, at
lower undercoolings growth should be difFusion limited,
while at progressively higher undercoolings (or increased
growth velocity) the entrapment of disorder becomes
more likely so that a transition from ordered to disor-
dered growth is predicted to occur. This situation is en-
tirely analogous to the entrapment of solute in dilute al-
loys at high growth velocities as described by the model
of solute trapping and experimentally observed in den-
drite growth of dilute Ni-8 alloys. '

To describe a transition from ordered to disordered
growth of undercooled intermetallic compounds, we refer
to the model developed by Boettinger and Aziz. ' '

This model gives an expression for the velocity-dependent
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interface temperature T; which is dependent on an order
parameter g, defined as the concentration xz of alloy
component A on sites of sublattice cx minus the corre-
sponding concentration x„,g =x„—x ~, yielding

dT Rg T
dV AH

1 f(rl) 1 h(g)
V, f(g)+g(g) Vd f (q)+g (g)

(3)

Equation (3) describes the transition from a sluggish in-
terface motion at small growth velocities V« Vd to a
highly mobile interface at large growth velocities
V » Vd. The functions f, g, and h are defined as follows:

f (rj)= —(M+1+(1+g)M lnM),
r

'rI Rg +i 1+q
1

M(1+q)M lniM ln
AH g 1 —g

(3a)

(3b)

M(1+g)
1 —q

(3c)

0, =46,H;„/(1+g, ) . (3d)

Equation (3) is valid for intermetallic binary compounds
of equiatomic composition, which show a (virtual)
second-order transition from an ordered to a disordered
state with a transition temperature T, above the melting
temperature Tz . Under this assumption the critical tran-
sition temperature T, and the critical growth velocity V,
for disorder trapping are given by

where M=e xp(Q, q /RgT;). Rg is the gas constant and
0, is a thermodynamic parameter for the Gibbs free en-
ergy of the solid. This parameter is correlated to the (neg-
ative) heat of mixing b,H;„and the equilibrium long-
range order parameter g, by

locity. The interface temperature T; is obtained from

The curvature undercooling AT„ is determined by apply-
ing Eq. (lb) and using Eq. (2) to calculate the dendrite tip
radius R. In order to determine the kinetic undercooling
ATk, first the growth velocity is calculated by assuming
local equilibrium at the interface and using Eqs. (1) and
(2). The results of these calculations are given by the
thick solid line in Fig. 1. It is apparent that the assump-
tion of local equilibrium at the solid-liquid interface leads
to a large overestimation of the growth velocities in com-
parison to the experimental results. If it is assumed that
the interface attachment kinetics are controlled by
collision-limited growth, only a small kinetic undercool-
ing 6Tk & 1 K results, which does not explain the experi-
mental findings. A possible inhuence of constitutional
effects due to a slight shift of the composition from the
nominal concentration was tested. The V(b, T) relation
was calculated taking into account a constitutional un-
dercooling and constitutional effects in the marginal sta-
bility analysis. To do this the same formalism is applied
as was used in Ref. 12. The results of these calculations
are represented by the thin lines in Fig. 1 using the values
of the thermophysical parameters given in Table I. It is
obvious that constitutional effects due to a change in the
composition within 1 at. /o corresponding to the uncer-
tainty of the EDX measurements cannot explain the devi-
ation of the calculated results from the experimental
behavior. This finding is in agreement with a microstruc-
ture analysis of the Fe~oSiso sample and a reference sam-
ple made of Fe54Si46. While in the latter case segregation
in the grain boundaries is clearly visible, no segregation
could be detected in the former case.

Therefore, as previously supposed, a large interface un-
dercooling should occur due to short-range diffusion-

(4a)

V, = Vd
T. —1
~L

(4b)

As can be seen from Eq. (4) the higher the value of T, the
larger the critical velocity at which disorder trapping
occurs. Since T, scales with the heat of mixing one ex-
pects low critical velocities in the case of alloys showing a
small hH;„.

TABLE I. Numerical values of thermophysical properties
used for the analysis of the growth velocity measurements. The
values marked by an asterix (+) are taken from Refs. 30 and 31.
The slope of the liquidus line, mI, and the equilibrium partition
coefficients, kz, for alloys deviating in concentrations by 0.5
at. % from the nominal composition were calculated from the
phase diagrams given in Ref. 32. The Gibbs- Thomson
coefficient I is determined on the basis of calculations of the in-
terface energy within the negentropic model 33. The remaining
parameters are estimated in such a way to give a best fit to the
experimental results.

V. ANALYSIS OF THE EXPERIMENTAL RESULTS

The analysis of the experimental results obtained from
the measurements on the FeSi and CoSi intermetallic
compounds is based upon the application of Eqs. (1)—(4).
The assumptions of Eq. (3) are fulfilled since the investi-
gated alloys are equiatomic in composition.

A. The intermetallic compound FeSi

For the analysis of the experimental results we calcu-
late the interface temperature as a function of growth ve-

Parameter

AHf
cf
+L
a
r
V,
Vd

AH;„
ml
kE

Dimension

kJ/mol
J/(K mol)

K
m /s
Km
m/s
m/s

kJ/mol
K/at. %%uo

FeSi

35.2*
42*

1683*
5X10

2.8X 10
3000*

15
—42.2

—10
0.05

CoSi

35.2
42

1693*
5X10-'*
2.8X10

3000*
5

—19.8
—10

0.05
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FIG. 3. The interface temperature T; as a function of the
growth velocity V for FeSi. The line labeled TI —b, T, gives the
equilibrium interface temperature; its slope is very small indi-
cating a negligible contribution of the curvature undercooling
6T, in comparison to the kinetic undercooling
ETk = Tl. —hT„—T;.

controlled growth at the interface. The actual kinetic un-
dercooling is inferred from the difference of the measured
data and of the calculated curve V = V ( b, T) under the as-
sumption of local equilibrium (thick solid line in Fig. 1) at
the interface. To do so the experimental results were
fitted by a power law of the second order. The difference
between this fit and the curve calculated within the LKT
approach gives the kinetic undercooling from which the
interface temperature can be inferred. The results are
shown in Fig. 3 where the interface temperature T; is
plotted versus the growth velocity V. The curvature un-
dercooling AT, is less than a few percent of the kinetic
interface undercooling ETk which is represented by the
difference between the TI —AT, curve and the interface
temperature T;. The steep slope of the interface
temperature-velocity curve indicates a sluggish interface
movement due to short-range diffusion-limited growth.
In this velocity regime the melt solidifies as an ordered
superlattice structure without the occurrence of
significant disorder trapping.

Using the data given in Table I and applying Eqs. (3)
and (4) the velocity dependence of the order parameter g
is calculated, the results of which are plotted in Fig. 4.
An appropriate value of the equilibrium order parameter
at a velocity V=O m/s, g=0. 9 was selected. A value
close to 1 is verified by the observation that the velocity-
undercooling results at small growth velocities can be
well described employing Eqs. (1)—(4) and using g=0.9.
Even in the case where g is changed by +0. 1 the
modifications to the calculated results are within the un-
certainty of the measurements. The velocity-dependent
order parameter is seen to slightly decrease with increas-
ing growth velocity. In particular, no sharp drop of the
order parameter can be observed. This indicates that the
maximum measured growth velocities of about 3 m/s are
not sufficient to cause significant disorder trapping in the
FeSi intermetallic compound. The order parameter de-
creases from the equilibrium value of g=0.9 to about
0.75 at the maximum growth velocity of 3 m/s. The

qe
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0.5 1.5 2 2.5
v tm/s]

FIG. 4. The order parameter g as a function of the growth
velocity V for FeSi. The order parameter is obtained from the
results shown in Fig. 3 and by applying the model of disorder
trapping by Boettinger and Aziz (Ref. 13). It decreases slightly
from the equilibrium value of 0.90 to 0.75 at the largest growth
velocity measured.

analysis suggests that the critical velocity for disorder
trapping in FeSi intermetallic compound is much higher
than 3 m/s. The value given by Eq. (4b) is predicted to be
35 m/s.

B. The intermetallic compound COSi

For the analysis of the results of the measurements on
CoSi the same procedure was applied as for FeSi. Calcu-
lations of the velocities as a function of undercooling as-
suming local equilibrium at the solid-liquid interface [us-
ing Eqs. (1) and (2)], similarly leads to an overestimation
of the growth velocities. The predictions given by the
thick solid line in Fig. 2 also deviate from the experimen-
tal results as with the case of the FeSi alloy. Also the in-
terface undercooling ATk &2 K as calculated under the
assumption of collision-limited growth is not able to de-
scribe the experimental results. A sudden change of the
temperature characteristics of the measured V(hT) rela-
tion is found at a critical undercooling of approximately
300 K or at a critical velocity of about 4 m/s. At under-
coolings larger than this critical undercooling the veloci-
ty rises sharply with a temperature dependence as do the
calculations which use the assumption of local equilibri-
um at the solidification front. A similar behavior has
been reported for dilute Ni-B alloys in which this sharp
increase of the growth velocity at a critical undercooling
has been attributed to the onset of solute trapping. '

However, in the present case of the intermetallic CoSi a1-
loy, such a behavior cannot be explained by solute trap-
ping since this alloy shows congruent melting. Similar to
the case of FeSi, constitutional effects due to deviations
from the nominal composition can be excluded as demon-
strated by the thin solid line in Fig. 2. It can be seen that
this does not lead to an improvement of the description
of the experimental results. It follows that constitutional
effects are not present. For a further analysis it is there-
fore assumed that the transition at the critical undercool-
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FIG. 5. The interface temperature T; as a function of the
growth velocity V for CoSi; it decreases with increasing velocity
similar to FeSi, however, in contrast to FeSi, T; levels off once a
critical velocity of 4 m/s is approached.

ing of 300 K might be caused by the onset of disorder
trapping.

Figure 5 shows the interface temperature of CoSi alloy
as a function of the growth velocity. As in the case of the
FeSi alloy the curvature undercooling is negligible in
comparison with the kinetic interface undercooling. The
latter is obtained from the difference between the
TI —AT, curve and the measured data. The interface
temperature T; decreases continuously with growth ve-
locity until a growth velocity of about 4 m/s is reached.
At higher values of U the interface temperature shows
only a slight dependence on v. This transition is indica-
tive of a change from a sluggish interface motion at small
growth velocities to a highly mobile interface at large
growth velocities.

If the change of the growth characteristics at a velocity
of 4 m/s is attributed to the onset of disorder trapping
the critical velocity of disorder trapping is assumed to be
of the order of 4 m/s. Using Eq. (4b) and assuming a
typical value for the atomic diff'usion speed Vd =5 m/s,
the critical temperature T, for the order-disorder transi-
tion is estimated to be 1.80 TL . In such a case where the
critical temperature T, is not too far above the melting
temperature, the equilibrium order parameter g, at the
melting temperature might be of the order of 0.75. This
is verified by the observation that the velocity-
undercooling results at low growth velocities are well de-
scribed with Eqs. (1)—(4) and using this value of the equi-
librium order parameter. By taking this value as a refer-
ence, Fig. 6 shows the dependence of the order parameter
g on the growth velocity. This relation is obtained from
the results given in Fig. 5 and by applying Eqs. (3). The
order parameter decreases from its equilibrium value of
rl, =0.75 at V=0 m/s to g=O at a velocity V=4 m/s.
This means that at such a velocity disorder trapping sets
in leading to a disordered structure of the solidified in-
termetallic compound.

Comparing the results obtained from the analysis of
the data of FeSi and CoSi it seems evident that the criti-
cal velocity for the onset of disorder trapping in FeSi is

~ s ~ I i s & ~ I
1

0.8

0.4

0.2

0

1 2 3
v [mis]
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FIG. 6. The order parameter q as a function of the growth
velocity V for CoSi. g shows a stronger dependence on V in
comparison to FeSi and approaches zero at velocities V) 4
m/s.

much higher than that for CoSi. Obviously, the max-
imum undercooling, AT= 300 K, achieved in the case of
the FeSi alloy, was not sufficient to generate growth ve-
locities necessary for the onset of disorder trapping. In
the case of the CoSi alloy, a maximum undercooling of
AT=320 K has been reached causing maximum growth
velocities which are a factor of 2 times larger than those
of the FeSi alloy. The present analysis for the CoSi alloy
is based upon the assumption that the experimentally ob-
served change in the temperature characteristics of
V(b, T) at b, T =300 K or at V=4 m/s corresponds to the
onset of disorder trapping. This also implies according to
Eq. (4a) that the enthalpy of mixing should be a factor of
about 2 and the atomic diffusive speed a factor of about 3
times smaller for CoSi than for FeSi. Whereas a measured
value for the enthalpy of mixing is reported for FeSi, no
value for AH;„ is known for CoSi. Also, to the best of
our knowledge, no data of the atomic diffusion velocities
of Fe and Co in liquid Si are available yet in the litera-
ture. The numerical values of these parameters were
chosen such that the experimental results of the velocity-
undercooling measurements could be described within
the framework of the models of dendritic solidification in-
corporating nonequilibrium effects due to disorder trap-
ping.

To support the assumption that the break in the
velocity-undercooling relationship of the Co-Si sample
can be attributed to an onset of disorder trapping, it
would be important to detect antiphase domain boun-
daries in samples undercooled to more than the critical
undercooling at AT =300 K. The presence of such anti-
phase domains boundaries can be taken as an evidence of
disorder trapping. ' Unfortunately, there are two
reasons which make such an analysis for the undercooled
CoSi sample extremely difficult. First, the B20 crystal
structure does not allow the clear distinction between su-
perlattice and fundamental diffraction patterns. Second,
the samples are slowly cooled after solidification so that
primary formed antiphase domains may easily be des-
troyed by coarsening.
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VI. SUMMARY AND CONCLUSIONS

The present work reports measurements of the growth
velocity as a function of undercooling for melts of the in-
termetallic compounds of FeSi and CoSi. The experimen-
tal results were analyzed within current theories of den-
dritic growth. The analysis leads to the conclusion that a
large kinetic interface undercooling is necessary to de-
scribe the results. Such a large interface undercooling is
explained by short-range difFusion-limited attachment
kinetics at the solidification front which are necessary to
sort the atoms themselves out onto the various sublattices
of the intermetallic alloys. The model of disorder trap-
ping by Boettinger and Aziz' is used to deduce from the
interface undercooling-velocity relation the dependence
of the order parameter on the solidification velocity. For
FeSi intermetallic compound only a weak dependence of
the order parameter on the solidification velocity is
found. In contrast to this, the analysis of the results for

CoSi may suggest the onset of disorder trapping at a ve-
locity of 4 m/s that leads to a sharp decrease of the order
parameter from its equilibrium value of g, =0.75 to
g =0. Independent measurements of the enthalpy of mix-
ing by, e.g. , levitation calorimetry and reliable values
for the atomic diffusion speed investigated by, e.g. , laser
surface resolidification experiments in combination with
transient electrical resistivity measurements would al-
low a verification of the results in the present analysis.
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