Volume 9, number 12

THE CRYSTALLIZATION TEMPERATURE

MATERIALS LETTERS

August 1990

OF AMORPHOUS TRANSITION-METAL ALLOYS

R. DE REUS and F.W. SARIS

FOM-Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands

Received 15 March 1990; in final form 17 May 1990

Comparison of the formation enthalpy of the amorphous phase (AH*™) to the formation enthalpy of simple solid solutions
(AH®*) shows that diffusionless polymorphic crystallization occurs at low temperatures if AH*™>AH*, In the composition range
where AH*™ <AH®, crystallization occurs via diffusion and the crystallization temperature is roughly proportional to the forma-
tion enthalpy of holes the size of the larger constituent. This model is supported by data from literature of 74 binary alloys.
Formation enthalpies are calculated using Miedema’s macroscopic atom approach. To calculate AH*™ the amorphous alloy should
not be regarded as a random alloy, but a certain degree of chemical short-range order should be accounted for.

The unique properties of amorphous materials
make them useful for a variety of applications. Be-
cause of their high wear and corrosion resistance
amorphous alloys are used as protective coatings.
Specific magnetic and optical properties are used in
magnetic and optical recording. The absence of grain
boundaries, which act as fast diffusion paths at mod-
erate temperatures, makes amorphous alloys almost
ideal diffusion barriers in IC technology. Also, new
materials can be formed with amorphous phases as
a starting point.

However, an amorphous phase is metastable. A key
parameter characterizing the stability of amorphous
alloys is the crystallization temperature (7). In the
recent past the description of general trends in the
behavior of T, has received considerable interest. For
binary alloys it has been shown by Buschow [ 1] that
the heat of compound formation and 7, do not cor-
relate, whereas the formation enthalpy of holes the
size of the smaller constituent AH,_, and T, do cor-
relate. The background of Buschow’s model is that
crystallization occurs when the smaller constituent
of the alloy becomes mobile. This happens at a tem-
perature T,, which is proportional to the activation
energy for the diffusion process, represented by
AHVsmalI'

Barbour et al. [2] have pointed out that
Buschow’s model is in contradiction with observa-

tions of solid-state amorphization reactions, in which
an amorphous phase forms by diffusion of the smaller
constituent. Apparently, crystallization via a diffu-
sion-controlled process requires mobility of both
constituents. Therefore, Barbour et al. [2] modified
Buschow’s model and correlated 7, with the for-
mation enthalpy of holes the size of the larger con-
stituent (AHy,,. ).

Clearly, if crystallization occurs via a polymorphic
transition long-range diffusion is not required and
much lower values for 7, are found [3]. Using
Miedema’s macroscopic atom approach [4], Loeff
et al. [5] calculated formation enthalpies of random
amorphous alloys (AH™") and crystalline solid so-
lutions (AH®). They showed a tendency towards high
crystallization temperatures, according to Buschow’s
model [1], for the composition range in which the
Gibbs free energy of the amorphous phase is lower
than the Gibbs free energy of the solid solution, ap-
proximated by AH™" and AH*, respectively. For the
composition range in which AH™"<AH* a poly-
morphic transition from the amorphous phase into
a simple crystalline solid solution is thermodynam-
ically not possible and crystallization has to occur by
either phase separation or by formation of equilib-
rium compounds, which usually have complicated
crystal structures. These types of crystallization re-
quire long-range diffusion (i.e. diffusion over one or
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more atomic distances) and relatively high values of
T are expected. For the composition range in which
AH™ > AH*®*, polymorphic transitions are possible
and 7T, will be low. The same model was applied by
van der Kolk et al. [6] to predict the glass-forming
range for a number of systems.

In their calculations of AH™" Loeff et al. [5]
treated the amorphous alloy as a statistically disor-
dered system, whereas Weeber [7] showed that a
certain degree of chemical short-range order should
be taken into account. The heat of formation of the
amorphous phase (AH®™) calculated according to
Weeber [7], in some cases differs substantially from
AH™". Therefore, when predicting the glass-forming
range based on the Miedema model, one should
compare AH* to AH®™ rather than to AH™". In the
case AH*™ <AH®, crystallization will occur through
long-range diffusion and 7, is predicted by the
Barbour approach [2]. In this paper we will first
show how AH®™ and AH*® are calculated. Then T
will be correlated to AH),,,,, in the amorphous alloy,
assuming the same degree of chemical short-range
order as in the calculation of AH?*™,

Let us start to point out how the different heats of
formation are calculated in the Miedema model [4-
6]. The formation enthalpy of the amorphous alloy
is calculated by

AH*™ = AH**™40.0035T,, (kJ/mole) , (1)

in which T,, is the averaged melting temperature of
the solids (in Kelvin). The term comprising T, re-
flects the disordered nature of the amorphous phase
and compares with the heat of fusion for liquids. The
chemical contribution (AH®"*™) for a binary alloy
A,B,_, is determined by

AH™ = xf4 AH*'(Ain B) , (2)
in which x is the fraction of A atoms, f3 the degree
to which A atoms are surrounded by B atoms, and
AH*!(A in B) the solution enthalpy of A in B (tab-
ulated in ref. [4]). In regular liquids or solid solu-
tions /4§ is given by

fi=ck, (3)

where cj represents the surface concentration of B
atoms and is defined by

ca=(1-x)VE/[xVZ*+(1-x)VF’], (4)
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where V, and Vg are the molar volumes of pure A
and B, respectively. Using eq. (3) for f4, one ob-
tains AH™", However, to calculate AH*™, one should
not use /3 as given in eq. (3) but the following cal-
culation of f/§ recommended by Weeber [7]:

fe=chl1+5(cack)?] . (5)

The formation enthalpy of the solid solution com-
prises three contributions and is given by

AHss:AHchem+ AHclastic+ AHstructural ) (6)

The first term (AH*™) is given by eq. (2) in which
(4) and (5) are substituted, assuming that the same
degree of chemical short-range order is present as in
the amorphous phase. The elastic contribution
(AH®*') arises from the size mismatch of the
constituents, which occupy equivalent lattice sites
in the solid solution. The structural contribution
(AHs™ewraly reflects the energy associated with the
simple hcp, fce, and bee crystal structures and is de-
termined as a function of the average number of va-
lence electrons of the metal alloys. Both AH ¢ and
AHsewral are described in detail elsewhere [4-6].

Hole formation enthalpies in the amorphous alloy
can be calculated in the Miedema model [4] ac-
cording to

Y= (1=fB)AHN +/B(Va/Ve)*°AHYy,  (T7)

for holes the size of A atoms. AH?, and AH®, are
the monovacancy formation enthalpies for pure A
and B, respectively. For /3 one should use eq. (5).
To obtain formation enthalpies of holes the size of
B atoms the indices A and B should be interchanged.

In the following we will evaluate the Re-W system
as an example using the calculations described above.
In the middle part of fig. 1 crystallization tempera-
tures (7)) are given measured as a function of com-
position. The data are from Collver and Hammond
[8] (circles) and from Denier van der Gon et al. [3]
(squares). Also indicated are the crystalline phases
observed directly after crystallization [3]. A strong
composition dependence is observed. The W-rich al-
loys crystallize by a polymorphic transition into a bee
solid solution of W(Re) at relatively low tempera-
tures. The Re-rich alloys show similar behavior and
the crystalline phase observed is a hexagonal Re(W)
solid solution. The alloys with a composition around
60 at.% Re crystallize into the complicated ¢ phase
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Fig. 1. Top: calculated formation enthalpies for the amorphous
phase (AH®™), the random alloy (AH™"), and the bcc and hex-
agonal solid solutions (AH**) in the Re-W system as described
in the text. Middle: crystallization temperatures for various
amorphous Re-W alloys. Data are taken from ref. [3] (squares)
and ref. [8] (circles). Also indicated are the crystalline phases
detected after crystallization. The arrow indicates that the Re,sWg4
alloy was crystalline at room temperature, which is taken as an
upper limit of T,. Bottom: phase diagram of the Re-W system
(after ref. [9]).

and exhibit the highest values for 7,. Comparison
with the phase diagram (bottom part of fig. 1, after
ref. [9]) shows that also an equilibrium j phase ex-
ists, which is not observed in the present experi-
ments, even though one of the amorphous alloys has
the exact stoichiometry. In all cases crystallization
resulted in a single-phase material, irrespective of
whether the composition was in a single- or a two-
phase region of the phase diagram.

We now compare the formation enthalpy of the
amorphous phase (AH®™) to the formation enthalpy
of the solid solution (AH®**). The values AH*™ for
the amorphous phase, and AH* for the bec solid so-
lution W(Re) and the hexagonal solid solution
Re (W), were calculated as a function of composi-
tion using relationships (1), (5), and (6). The re-
sults are depicted in the top part of fig. 1. In the re-
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gions where AH®* is lower in energy than AH®™
diffusionless crystallization is possible. Indeed, these
are the regions where T, is low and crystallization
was observed into single-phase solid solutions. In the
composition range where AH*™<AH®, crystalliza-
tion has to occur either by phase separation, or into
one of the equilibrium compounds. To make these
types of crystallization possible, long-range diffusion
is required and 7, should follow the predictions ac-
cording to Barbour et al. [2]. Indeed, close to the
abovementioned composition range crystallization
was observed into the Re-W o phase at 1070 K,
whereas a value of 1030 K is predicted [2]. Al-
though for the alloys which crystallized into the ¢
phase the calculated value for AH*™ is slightly higher
in energy than AH*, the energy difference (3 kJ/
mole, see table 1) is within the error limits of the
calculations (estimated *4 kJ/mole).

To illustrate the influence of chemical short-range
order on the calculated heats of formation for AH*™
and AH™", we also plotted the values of AH™" in the
top part of fig. 1 (dotted line). It is observed that
AH™" is higher in energy than AH*® over the entire
composition range. Introduction of chemical short-
range order in the random alloy [7] yields AH*™,
which is lower in energy than AH® in the compo-
sition range around 67 at.% Re. It will be clear that
for several systems the use of AH*™ instead of AH™"
will dramatically affect the predicted composition
range in which Barbour’s approach to 7 is valid.

The analysis of the Re-W system, as described
above, will now be extended to a number of binary
transition-metal alloys. In table 1 a compilation of
data from literature is given for 74 systems. For each
system the highest crystallization temperature re-
ported and the associated composition are listed.
Furthermore, formation enthalpies are presented,
calculated as described above. Some alloys could not
be prepared in the amorphous state and therefore the
preparation temperature is given as an upper limit
for T,. We chose to use only the highest values re-
ported for T, because these values should be indic-
ative for diffusion-controlled crystallization if
AH*™ < AH*, where the model of Barbouret al. [2]
is expected to apply.

In fig. 2 we plotted T versus AH37., . for the amor-
phous alloys listed in table 1. The filled symbols rep-
resent systems for which AH*™<AH*®. The open
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Table 1

Alphabetical list of several binary transition-metal alloys and the highest crystallization temperature reported for each system as well as
heats of formation calculated as described in the text. The systems for which an upper limit of T is given are crystalline as prepared. For
details the reader is referred to the text and the references quoted. T is in Kelvin and AH values are in kJ/mole

System Ty AHE,. s Large AH™" AH™ AH® Ref.
element

AgsoCusg 360 110 116 Ag 7 7 7 [12]
AgsoNisg <300 128 139 Ag 21 25 25 [10]
Au,sCoys 470 164 179 Au 12 13 16 [10]
AugoFeq 813 150 165 Au 14 16 18 [12]
Au,,Lagg 453 130 131 La —41 —45 —34 [1]
AusoNisg <300 137 148 Au 13 15 19 [10]
AussTigs 670 140 150 Au —38 —49 —55 [13]
AussZrgs 820 156 154 Zr —60 -175 =175 [14]
CosoCusg <300 118 123 Cu 12 14 9 [10]
CogoHfyo 823 196 199 Hf —24 -31 -20 [12]
CosgLasg 473 189 205 La —11 —15 -1 [12]
CosoMosg 1170 190 186 Mo 3 2 7 [13,15]
CosoTaso 1120 212 209 Ta —15 -22 -9 [15]
Co75Tiy, 873 176 181 Ti —15 -19 —19 [1]
CossWys 1070 215 205 w 8 7 13 [16]
Co40Y 0 642 172 180 Y —13 —16 7 [12]
CogeZryg 833 221 225 Zr . —11 —13 —-12 [12]
CrsoCusg <350 108 111 Cu 19 23 18 [17]
Cry3Nis; <300 129 132 Cr 0 -2 —11 [18]
CrsoPdso <350 140 142 Pd -8 —12 =20 [19]
CrsoTisg 920 154 156 Ti 0 -3 -3 [20]
CusgHf,y 831 173 171 Hf —11 —16 0 [12]
CusoMos, 280 167 157 Mo 26 32 32 [21]
CuyoTag, 1070 212 210 Ta 11 11 7 [11]
CugsTiss 700 141 139 Ti -3 -5 —4 [22]
CugsVse 280 138 132 A% 11 13 9 [21]
CusoWsg 450 196 179 w 31 38 37 [11,12]
CugoZryg 877 168 168 Zr -5 -5 -1 [23]
Fe,oHfgo 866 196 199 Hf —11 —16 —10 [12]
Fe,oMos 870 183 179 Mo 6 5 6 [24]
FesoPtso <300 168 170 Pt -6 —10 —18 [25]
Feg3Tisy 930 170 177 Ti —10 —15 -10 [26]
FesoWso 1150 218 208 W 10 9 15 [12]
FesoY so 741 186 201 Y 5 5 25 [12]
Feg:Zr 3 882 218 224 Zr -6 -8 -3 [23,27]
Hf34Nig, 923 201 208 Hf -34 —46 -33 [12,28]
Hfy7 Vs 808 200 206 Hf 6 5 13 [1]
IrssNbys 1133 202 208 Nb —43 —-60 —-60 [12]
IrysTass 1283 224 223 Ta —41 -56 —49 [29]
IrysWis <350 240 238 W 0 -2 4 [30]
LaggNij, 443 157 160 La —14 —16 -8 [1]
MoyNby, 75 189 189 Nb 8 8 -3 [8]
MosoNiso 900 187 183 Mo 1 -2 -2 [13]
MosoReq 1020 224 230 Mo 6 4 4 [8]
Mog,Rhg 155 197 197 Mo 1 0 0 [12]

490



Volume 9, number 12 MATERIALS LETTERS August 1990
Table 1. Continued
System Ts AHP, AHD. Large AH"® AH®™ AH® Ref.
element
MossRuys 800 201 201 Mo -5 -9 -8 [8,13]
Mo, sZrygs 910 183 183 Zr 5 5 6 [8]
NbysNiss 920 187 187 Nb —22 -32 -27 [12,13]
NbsoPds, 850 169 164 Nb —45 —61 —69 [31]
NbyoRhgo 1093 190 192 Nb —36 —49 —49 [12]
NbsoZrsg 750 195 203 Zr 12 14 12 [8]
Nig;Tas, 1020 213 210 Ta —-19 —26 —15 [15,18]
NisgTig, 822 166 171 Ti —-28 -39 —38 [32]
NizWey 920 228 223 w 8 7 12 [33]
Nisz Yoo 591 158 161 Y -17 —19 1 [34]
NigsZr3s 886 200 209 Zr —41 -55 —42 [22]
Os4sTass 1220 234 237 Ta -26 -37 -36 [30]
Os30W1o 1220 244 243 w 4 3 8 [30]
Pd4oTag 1050 198 191 Ta —40 —54 —54 [31]
PdsoTiso 750 149 148 Ti —58 —-78 -85 [35]
PdsoVso 570 152 158 Pd —-28 -39 —49 [31]
PtsoTis 720 159 162 Ti —68 -91 -98 [36]
Pt,sWs, 1070 236 234 Pt 0 -1 3 a)
Pt,,Zr44 768 180 181 Zr -59 —66 -75 [1]
Re;,Tagg 1220 247 252 Ta -8 -12 —18 [30]
Res; Wy, 1070 245 244 w 8 7 4 [3]
RhysTass 1118 214 211 Ta —-34 —47 —41 [12]
Rh3oZrs 758 188 191 Zr -50 -59 -59 [1]
RusoTiso 450 181 190 Ti -35 —-49 -57 [37]
Ru;sWes 1070 236 233 w 3 0 7 [3]
Ru,sZr;s 670 191 194 Zr -33 -38 —26 [37]
Taz; W3 210 251 259 Ta 5 3 —-12 [8]
VsoZrsy 870 196 204 Zr 4 3 11 [38]%
Wa4oZreo 1170 226 240 Zr 1 -1 0 [33]

2) 350 A thick amorphous Pt-W alloys were coevaporated in the composition range between 75 at.% W and 82 at.% W. T, was determined
by transmission electron microscopy after isochronal annealing for 15 min in a vacuum better than 1X 10~7 mbar. T, was 800°C for
alloys with a composition between 77 at.% W and 82 at.% W. Amorphous Pt,,W crystallized at 775°C. For all alloys crystallization
occurred into a mixture of fcc W and an unidentified bee phase with lattice parameter a=6.85(15) A.

®) Asa). Amorphous VsZrs, crystallized at 600°C into an unidentified phase.

symbols represent systems for which AH*™>AH*.
The arrows indicate alloys which were crystalline as
prepared. For the alloys which are believed to crys-
tallize via diffusion, i.e. the alloys for which
AH*™ <AH* (filled symbols), the relationship found
between T, and AH3? _ is

Wiarge
T, =4.7

am
Vlarge >

(8)

in which 7 is given in Kelvin and AH%, . in kJ/
mole. This relationship is indicated by the solid line
in fig. 2. A few exceptions seem to be encountered
when AH*™ <AH* is used as the criterion to select

alloys for which T, can be predicted using relation-
ship (8). However, for most of these systems the dif-
ferences AH*™ —AH** do not exceed the error limit
of 4 kJ/mole. This is illustrated, e.g., by amorphous
Au,5Co4s, which crystallized into a single-phase solid
solution [10], and a AusoNis alloy, prepared at LN,
temperature, which appeared to be a solid solution
instead of an amorphous phase [10]. Apparently, for
these alloys AH*™—AH*>0, whereas a negative
value was calculated (see table 1). In fig. 2 a few open
symbols, which belong to systems with AH*™ > AH**,
still show high T,. Also, for these systems the dif-
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Fig. 2. Crystallization temperatures (7}) versus formation en-
thalpy of holes the size of the larger constituent (AH3,,,, ) for the
amorphous alloys compiled in table 1. Closed symbols represent
systems for which AH*™ —AH*<0 kJ/mole. Open symbols rep-
resent systems for which AH*™ —AH*>0 kJ/mole. Systems in-
dicated with arrows were crystalline as prepared and the prepa-
ration temperature is given as an upper limit for 7,. The line
T,=4.7TAH3 . gives a rough estimate of T for the systems rep-

Viarge
resented by almost all closed symbols, i.e. for systems which are

expected to crystallize via diffusion.

ferences AH*™ —AH® are less than the error limit.
For instance, the Re-W system, as discussed above,
or amorphous Cu,yTagy, which crystallizes into Cu
and B-Ta at 1070 K by phase separation [11]. This
requires diffusion and relationship (8) applies.

The proportionality constant 4.7 in relationship
(8) appears slightly larger than the value of 4.2 de-
termined by Barbour et al. [2]. The difference be-
tween the proportionality constants does not arise
from the fact that in Barbour’s model AH%).. was
used instead of AHY ., because the difference be-
tween AHY" and AHYY s relatively small, as can
be seen in table 1. The major difference is that in our
least-squares determination of the proportionality
constant each system is only included once, whereas
in Barbour’s case systems exhibiting positive heats
of formation were excluded and, moreover, several
systems were included many times for various
compositions.

From the deviations between the measured values
of T, and the values predicted by relationship (8) it
is clear that only an indication of T can be given this
way. Yet, this may still be useful in order to predict
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the thermal stability of amorphous alloys in the range
of compositions not yet measured.
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