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REésumé - La vitrification, par trempe laser a impulsions picosecondes,
des alliages Fe-B contenant au moins 5 at.% de Best expliquée quantitati-
vement par la transition d'une croissance cristalline limitée par colli-
sion atomique, & une croissance limitée par diffusion atomique. La ligne
To pour la solidification de la phase c.c. dans le liguide, sans redis-
tribution des constituants, est calculée en utilisant la théorie des
solutions réguliéres et le diagramme des phases.

Abstract - Glass formation in picosecond laser quenching of Fe-B alloys
containing a minimum of 5 at.% B is explained guantitatively by a transi-
tion from collision-limited to diffusion-limited crystal growth. The 'r
line for partitionless growth of the fcc phase from the liquid is
calculated from regular solution theory and the equilibrium phase diagram.

1 - INTRODUCTION

The process of energy deposition, heating and cooling in pulsed laser processing has
been discussed in detail by Bloembergen {1] and others [2-4]. Figure 1 illustrates
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Fig. | - Schematic diagrams illustrating the mechanism of pulsed laser quenching.

the main stages of this process in a typical picosecond pulsed laser experiment:
(i) energy deposition in a layer on the order of the absorption depth (200 25 whlch
spreads by heat conduction over a layer of thickness (2Dthtp) of about 500 b
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(Dgp: thermal diffusivity; : laser pulse length); since energy losses due to
evaporation are negligible [4]), this layer melts and its temperature rises to several
thousand degrees; (ii) during the melt-in period, this overheat is spent as heat of
fusion of more substrate crystal to a total thickness of about 1000 R; due to the
very high thermal gradients, the estimated melt-in velocity is extremely large

(~1000 m/s}; (iii) when the maximum melt depth is reached, the crystal melt intex-
face reverses direction; depending on the relative rates of crystal growth and heat
removal, the molten layer solidifies as a regrown crystal or a glass. The competi-
tion between the latter processes are analyzed in detail in this paper for the Fe-B
system.

2 - THERMAL PARAMETERS

Although a number of sophisticated analyses of the heat flow during laser quenching
are available, the order of magnitude of most of the relevant gquantities can easily
be estimated from essentially dimensional arguments. They are listed in Table I,
together with the corresponding values for melt spinning. The starting point is

Table |

THERMAL PARAMETERS IN MELT QUENCHING

Laser Quenching Melt Spinning
Melt temperature Tm(K) 103 lO3
Melt thickness d(m) 10_7 5 XlO-5
Temperature gradient VT (K/m) 1010 2 XlO7
Cooling rate T(K/s) 1o 4 x10°
Melt lifetime T(s) :LO-9 not applicable
Isotherm velocity uT(m/s) . 100 0.2
Heat-flow limited crystal
growth velocity uh(m/s) 230 0.5

1

that for both processes the melt temperature, T , is on tge order of 103K, but the
melt thickness, d, in laser quenching is much less (1000 A) than in melt spinning
(50 pm). The temperature gradient for heat removal can then be estimated as

vT =T,/d, and the cooling rate as T =Dy VT/d (Dyp : thermal diffusivity, about

10 5m2/s for iron its alloys). The lifetime of the melt is then T =T /T; this
quantity is only relevant for laser quenching, and has in fact been checked experi-
mentally by time resolved reflectivity measurements on Si, which has thermal
characteristics similar to those of the metals [5,6]. The velocity of the isotherms
in the specimen (the guantity to be compared to the crystal growth velocity later)
is u, =T/VT.

3 - THERMODYNAMICS AND KINETICS OF CRYSTAL GROWTH

The crystal growth velocity is determined by the balance of the removal of the heat
of crystallization, AH, and the kinetics of the atomic processes at the interface.
The heat flow limited crystal growth velocity is:

_ KVVT

= (1)
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(<: thermal conductivity; V molar volume). 1 Table I lists typical values for
Fe, using AH =15 kJ/mole, K =50 W/m-K, and V=7.1 X10~6 m3/mole.

The crystal growth velocity depends on the interface kinetics and the thermodynamic

driving force as follows [2]:
AG
u = uo[l —exp(RT>] (2)

where AG is the free energy difference between crystal and melt, and the prefactor,
u,, depends on the nature of the atomic rearrangement needed for incorporation of a
liguid atom into the crystal. If only simple collision of liquid atoms with the
crystal surface is required (as in pure metals), the atomic jump frequency is the
vibrational frequency in the liquid, so that Uy in this case is close to the speed of
sound, ug, in the liquid. In the analysis below, a rough, estimated value of

3500 m/s, independent of temperature, is used for ug. If incorporation of the atoms
in the crystal requires diffusional jumps (i.e., changes of nearest neighbors), ug
is approximately equal to D/A (D: diffusivity in the liquid; A: jump distance, taken
as 2.6 x10719 m in Fe-based alloys). Note that diffusion-limited crystal growth
does not necessarily imply long-range atomic transport; changes in short-range order
that require changes in coordination can also only occur by diffusional jumps. The
diffusivity used in the analysis below has the Fulcher-Vogel form, typical of liquid
metal alloys:

i _.B
D= Do exp( T—T;) (3)

with D_=1.4 x1078

mz/s, Té =581K, and B =1300K.

The value of B is a rough estimate, similar to that observed in measurements on other
metallic glasses and consistent with the free volume model [7]. Do and T were then
calculated by assuming D=5 x10~2 m2/s at the melting point of iron (1807K), and
D=10"16 m2/s at the crystallization temperature of B-rich Fe-B glasses (650K) [8].

Since the isotherm speed is several 100 m/s in the ps laser quench, the crystal
growth velocity, u, must be at least this hjigh to prevent glass formation. The time
required to crystallize a monolayer at this speed, A/u, is less than 1 ps. The
distance an atom can diffuse in that amount of time, (DA/u)l/Z, is then less than an
interatomic distance. Crystallization must therefore be partitionless, i.e., without
change in composition. 1In alloys, partitionless crystallization at a particular com-
position is thermodynamically possible only below a temperature, T,, at which the
free energies of melt and crystal are equal.

Assuming a simple regular solution model for both melt and crystal, the driving free
energy for partitionless crystallization of an Fe-B alloy melt to a supersaturated
b.c.c. phase is

o o -
A = Gc —Gg = xFeAuFe +xBAuB +xFexB(hc £2,) (4)
(Go, Gg: free energies of crystal and liquid, respectively; Xpar Xpt atom fractions
of Fe and B; Ec’el: regular solution interaction parameters).
The standard free energy difference can be approximated by:
o] o (o]
07 =AU ey =ASE (T =Tue) (5
(ASf I entropy of fusion, and TM Ik melting temperature of element i). The To
’ ’

temperature is found by setting AG equal to zero, which gives:
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The interaction parameters can be determined by equating the chemical potentials of
Fe and B at the equilibrium liquid and crystal compositions, which can be found on
the phase diagram. For the Fe-B systems, €, ~€p was calculated to be -92 kJ/mole,
independent of temperature. The other parameters can be found in all standard

£ H =7. ; =21. : = :
references [9] Asf,Fe 7.6 J/K mole ASf,B 21.8 J/K mole; TM,Fe 1807K

TM B =2300K. The result is shown in Fig. 2. Note that only the b.c.c. phase is
r
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being considered here; the f.c.c. Fe phase does not nucleate or grow. Inserting
Eg. (6) into Eg. (4) gives an expression for the driving force.

AG = (xFeAsf’Fe +XBASf,B) (T -TO) (7)

Some authors [10,11] have assumed that partitionless crystallization is always a
very fast process, and that therefore glass formation below the T, line is prohi-
bited. The Fe-B system is one of many in which this has experimentally been dis-
proved.

4 - EXPERIMENTAL RESULTS

Fe-B glasses have been prepared by melt spinning in the 12-28 at.%B range [8,12,13].
Below 12 at.%B a b.c.c. supersaturated solution is formed. It is interesting to
note that upon heating glasses with less than 18 at.%B first crystallize to the
metastable b.c.c. solution, which then converts to the stable phase mixture of 0-Fe
and Fe,B [8]. Our calculation shows that the composition corresponding to Ty =660K
(the crystallization temperature for an 18 at.%B glass) is 16 at.%B. Considering
the approximate nature of the regular solution models, this agreement is quite
satisfactory.

Glass formation in the Fe-B system has been studied under ps laser quenching condi-
tions, using the following experimental technique [14,15]. On a copper substrate,
first coated with a 1 pm thick Al film, a 1000 R thick compositionally modulated
film consisting of alternate layers of Fe and Fe76B24 was deposited by dual target
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DC sputtering. The repeat length of the modulation was about 20 A. By varying the
relative thicknesses of the Fe and FeygB,, layer, films with average compositions
between O and 24 at.%B were prepared. These samples were irradiated with a 30 ps
Nd:YAG (A =1.06 um) laser pulse, with a beam diameter of about 100 pm and an average
fluence of about 0.8 J/cm“. The composition modulation wavelength was chosen on the
order of the mixing length (DT)1/2 in the liquid during the lifetime of the melt

(Tt =1 ns, Table I), to ensure homogeneity. After dissolution of the Al film in
dilute NaOH, the irradiated film could be investigated directly by transmission
electron microscopy without further thinning.

These experiments showed that ps laser quenching results in glass formation in alloys
containing at least 5 at.%B. Alloys containing less than 5 at.%B crystallized as a
b.c.c. solid solution. The solidification morphology of the 4 at.%B contained a
small amount of glass/crystalline mixture near the top surface of the film [16];

this could have been the result of an interfacial instability that became possible
at the last stages of solidification due to the decrease in the crystal growth
velocity [17]; the associated redistribution of B then could result in glass forma-
tion in the B-rich regions.

5 - ANALYSIS

The sharp transition from partitionless crystal growth to glass formation at 5 at.%B
can most easily be explained by a transition from a collision-controlled to a
diffusion-controlled crystal growth mechanism. The short-range order in a metal-
metalloid glass such as Fe-B, and hence also in the very undercooled melt, is known
to be quite strong: each metalloid is surrounded by metal atoms only, in a coordi-
nation shell similar to that found in the intermetallic compounds [18,19]. The
short~range order around the B atom in the b.c.c. solution, either substitutional or
interstitial, is clearly very different. Reconstruction of the cluster containing
the B atom therefore requires diffusive jumps. The formation of a glass with a
minimum of 5 at.%B suggests that the size of this cluster is 20 atoms (i.e., each B
atom and 19 of its nearest neighbors, which corresponds to the first and about half
the second coordination shell of the B-atom [20] ). The Fe atoms outside these
clusters are assumed to make collisional jumps. The kinetic factor in Eg. (2) for the
crystal growth speed can therefore be written for xB <0.05:

e D -
u = (20 x;) ¥+ (1-20 xj)u, . (8)

For xpg20.05, the crystal growth speed is equal to the diffusive speed D/A.

Figure 2 shows contours of the crystal growth speed, u, as a function of interface
temperature and composition. The abrupt transition at 5 at.%B is obvious. Figure 3
shows as a function of composition, the total distance grown by the crystal if cooled
at a constant rate form the liquidus temperature to 600K. The scale on the left
hand side is for the "master curve" representing the product of this distance and
the cooling rate. On the right hand side, the actual growth distances in melt
spinning and laser quenching are shown. At 5 at.$%B, the growth distance in ps laser
quenching is on the order of 10 R; most of a 1000 & thick layer is therefore trans-
formed to a glass, as observed in our experiments. At 12 at.%B, the growth distance
in melt spinning is on the order of 1 um, consistent with the experimentally
observed glass formation in 50 um thick ribbons. Figure 4 illustrates the same
points in a slightly different way. For pure Fe and the 4 at.%B alloy, the crystal
growth velocity rises above the isotherm velocity in ps laser quenching, thus pre-
venting glass formation. For 5 at.%B, the crystal growth velocity rises above the
isotherm velocity in melt spinning, but remains below the one in laser quenching.
This is consistent with glass formation at this composition under the latter condi-
tions, and failure to form a glass under the former. The crystal growth velocity
for the 12 at.%B alloy lies below the isotherm velocity for melt spinning, in agree-
ment with the observations.
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There exists experimental support for the very large growth velocities for pure Fe
shown on Fig. 4. In ps laser annealingnexperiments on pure Fe, the original
sputtered film had a grain size of 500 A. After irradiation the grain size was 1 Um
or more [15,21]. Since these grains had to grow within the 1 ns lifetime of the
melt, the lateral growth velocity must have been at least 500 m/s; the velocity may
in fact be considerably larger yet, since the lateral growth is limited to the very
early stages of the crystallization. Coriell and Turnbull [22] also found a very
large kinetic factor, on the order of the speed of sound, in their analysis of
dendritic growth velocity measurements in very undercooled Ni melts.

6 - CONCLUSIONS

The ps laser quenching experiments on Fe-B alloys have demonstrated that metallic
glasses can be formed far below the T,-line. This has also been observed in the
Ni-Nb, Mo-Ni and Mo-Co systems [3]. Partitionless crystallization is therefore not
necessarily a fast mechanism that forestalls glass formation as some authors have
claimed [10,11]. For the Fe-B system, the glass formation range can be gualitatively
accounted for by a transition from collision-controlled to diffusion-controlled
crystallization at 5 at.%B. The analysis gives sensible values for the glass forma-
tion range in melt spinning as well. Detailed quantitative agreement on the latter
process cannot be claimed, however, since the results at low temperature depend
rather sensitively on the choice of the parameters in the Fulcher-Vogel equation for
the diffusion coefficient. Crystal nucleation, which is probably more important in
melt spinning than in laser quenching, has not been considered here. Unless the
conditions are right for copious homogeneous nucleation (including the transient
effects [23]), taking into account nucleation effects will result in a decrease of
the fraction crystallized.
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