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Thermodynamic model for solid-state amorphization in binary systems
at interfaces and grain boundaries
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A thermodynamic model for solid-state amorphizati®@8A) at interfaces and grain boundaries in binary
systems has been proposed. It has been demonstrated that the energy of a crystalline-amorphous interface is, in
general, lower than the energy of a crystalline-crystalline interface. This effect provides the driving force for
SSA, as long as the amorphous product layer is not too thick. The model has been applied to several binary
crystalline-crystalline systems and binary crystalline-amorphous systems to predict whether or not interface
and/or grain boundary amorphization can occur and to calculate the maximum thickness of the amorphous
layer. The results obtained agree with experimental data reported in the litef&0163-182606)05838-9

I. INTRODUCTION crystalline intermetallic compound should be kinetically hin-
dered.

At the interface of certain crystalline binary metal-metal A thermodynamic analysis of SSA involves comparison
(A-B) systems an amorphous phase can form by interdiffuof the volume(bulk) Gibbs free energies of the amorphous
sion. Since the initial discovery of this solid-state amorphizafroduct phase and the parent crystalline phases, and of the
tion (SSA)! the list of binary metal-metal diffusion couples associated interfacial energies; cf. wetting and premelting
exhibiting this type of reaction numbers in the dozens. UsuPhenomena of grain boundaries and surfédesgeneral an
ally such diffusion couples are composed of an early transiintérface between a crystalline and an amorphous phase has a
tion metal and a late transition met@.g., Ni-Ti, Ni-Zr) or lower energy than an interface between two crystalline

of a metal andamorphous Si2 SSA is of great technologi- phasedas will be shown in Sec. IV Therefore, it can be

cal interest because of its potential application to produc@m'c'paﬂad that in the initial stage of SSA, the change in

amorphous bulk products and coatings of metallic amor_mterface energy can provide a contribution to the driving

phous phase@or example, useful as diffusion barrigralso force for SSA, that can be large as compared to the mixing

SSAm ; N ing-induced artifact in semicond energy. This change in nature of the interface is also the
tor devﬁ:yegccu as an ageing-induced artifact In SemiconAUG, 550n why, on a crystalline substrate, a thin amorphous

, layer can be more stable than a thin crystalline lajgre
Although research on SSA is focused usually on amorgg. V).

phizati(_)n along the priginal interface between the two parent  ntil now only a very crude estimate of the average in-
crystalline phases, it was recently shown that grain boundgerfacial energy between two metals has been used in an
aries in one of the CryStalline phai&or B), in contact with approximation for the Gibbs free energy Change upon
the (A/B) interface, provide sites where amorphization canamorphizatior?:'° In this paper a material composition de-
occur, in addition to amorphization at the interfdéeGrain  pendent expression for the interface energies will be applied
boundaries in crystalline solids provide trajectories alongon the basis of the Miedema modélThe Miedema model
which diffusion takes place usually much faster than in thecan be used beneficially also because for almost all metals
bulk of the crystals. In as far as diffusion plays a rate limitingthe relevant thermodynamic data are availdb&e, e.g., Ref.
role in the SSA process, it may thus be expected that thél).

amorphous phase also grows at the grain boundaries within The thermodynamic model proposed in this paffgcs.

the sublayers of the parent crystalline phases. Also, in as fdt and Ill) describes the Gibbs free energy effects of interface
as the initiation of SSA is a nucleation controlled process, itSSA and grain-boundary SSA and leads to the criteria for the
may be expected that an amorphous phase can be nuclea@gfurrence of these processes. The model can be applied
preferentially at the junction of the interface and the grain€@sily and successfully to binary systems, as is illustrated by
boundary. Until now grain-boundary amorphization has bee/fomparison with experimental results on SSA published pre-
reporged for a few systems only: Ni-¥# Ni-zr,5 Cu-Y8and  Vviously (Secs. VI and V).

Ti-Si.

From a scientific point of view, research on SSA may
provide insight into the thermodynamics and the kinetics of
the formation of metastable phases. Originally, two condi- In the following study of the thermodynamics of SSA a
tions for SSA to occur, have been indicafetthere should be symmetric diffusion couple is takesee Fig. L Such a dif-

a thermodynamic driving forcénegative Gibbs free energy fusion couple can be considered as the representative unit
of mixing of A andB) and the formation of the more stable cell of a multilayer(most of the research about SSA is per-

Il. SOLID-STATE AMORPHIZATION AT INTERFACES
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before amorphization after interface amorphization < A)

Gs
Ge=(Da~Dfg) = +(Da=DRg) ' +(Dg+ DR

r Gia
. X%"'ZWA} a1+ 2¥B)—{AB} (29)
<B> L
k o where Gy,pg, is the molar Gibbs free energy of the amor-
N phous phase. For the present calculations it can be assumed
£ that the molar volume of an amorphous phase is similar to
) the molar volume of a crystalline phase With the same com-
<B> %DB pOSItIOn (\/{AB}_V<AB>_VAB) Defll’llng AG AB} as the

Gibbs free energy of formation dfAB}, i.e., as the differ-
ence of the Gibbs free energy of the amorphous B}
and the sum of the Gibbs free energies of the amounts of the

FIG. 1. Schematic drawing of aA-B multilayer before and crystalllne phase¢A) and(B) involved in{AB} formation
after amorphization at tha/B interface. The symbo{ ) refers to (AG| {aBy=Gyag;—CG(n— (1-¢)G(g), wherec denotes the
the crystalline phase and the symHo} refers to the amorphous mole fraction ofA in {AB}), Eq.(2a) can be rewritten a&f.
phase.D, and Dy are the initial thicknesses of the crystalline the Appendix
phasegA) and(B), respectively. The total thicknesses of the amor-
phous layers grown in layek and layerB, are denoted b 45 and C-:.<A> G<B> AG{ B}

D Rg, respectively. The thermodynamics of interface amorphization Ge=Da 1= +Ds 7~ A +2Das 7 — T27(a)-(aB)
are calculated for a unit cell of lateral area of<AT0 nnt and with A AB
a height equal to the sum &, (=10 nm andDg (=10 nm). +2y8)-{aB} (2b)

unit cell

formed with multilayers but the treatment to be presented WhereDag=3D Ag+ 3D ag (cf. Fig. 1). Hence the driving
here is applicable to all binary diffusion couples. A sche-force for interface SSAAGissa) can be given as

matic drawing of a binanA-B multilayer before and after

interface amorphization is given in Fig. 1. The driving force AGissp=Ge—Gi

of interface SSA is provided by the difference of the Gibbs AGf
free energy after amorphization and the Gibbs free energy =D, —ABE L 5
o . o . AB Vas Y(A)y—{AB}
before amorphization. For simplicity it is assumed in the
calculations that the composition of the amorphous phase is
P P P +2yB)-(AB ~ 2Y(A)—(B) - (33

constant throughout the amorphous layer; this assumption
does not affect the conclusions in an essential way. In this
paper the following convention is applietk) refers to the
solid crystalline phasg; {x} denotes the amorphous phase
v indicates the interface energy with a subscript that refers to

If a crystalline solid solutiofCS9 is formed at the inter-
face, instead of an amorphous solid soluti&$A), a similar
expression for the associated driving force results:

the type of interface. -G —C
The thermodynamics of interface amorphization will be AGicss=Ge~ Gy
described for a unit cell of volumeD(,+ Dg) unit area as AG(AB}
defined in Fig. 1, wherd, and Dg are the initial layer =2Dpg — — t2va)-(AB)
thicknesses of the crystalline phasgs) and (B), respec-
tively. Before amorphization the unit cell consists of two +2y8)—(AB) " 2Y(A)(B) - (3b)

crystalline phases with two interfac®) —(B) interfaces.
Hence, the total Gibbs free energy of the unit cell beforeNext expressions for the energieAG g, AG/ag),
amorphization G;) consists of contributions of the Gibbs ¥ay—()» Ya)—(aB)» Ya)—{as} @Nd ¥y (gy, Will be derived.
free energy of crystalliné\ (G, per moleA), the Gibbs
free energy of crystallin® (G gy per moleB) and the inter- A, Volume Gibbs free energy of formation for the amorphous

face energy of thgA)—(B) interfaces(y,— g per unit solid solution (AG{ag;) and for the crystalline solid
surface: solution (AG/{ag))
AG!,p and AG|,p are the net Gibbs free energies
<A> <B> {AB} (AB) . . .
Gi=Dp —( Vi +Dg —— Ve +27a)-(B)» (1)  needed for the formation of the reactively mixed phases

{AB;_} and (A.B;_.) from two separated crystalline
whereV, and Vg are the molar volumes ofA) and(B),  phasegA) and(B), where the subscrigt has been added to
respectively. After interface amorphization the unit cell con-indicate the compositiofc=mole fraction A). An amor-
tains two crystalline phases, one amorphous phase{A¥o phous phase is thought to be produced from two crystalline
—{AB} interfaces and tw@dB)—{AB} interfaces. The total elemental phases in two stegg®: melting of the crystalline
thicknesses of the amorphous Iayers grown in la&eand  phases below the normal melting temperature, assuming that
layer B, are denoted byD 4z and D B, respectively. The an amorphous phase can be described as an undercooled lig-
total Gibbs free energy of the unit cell after amorphizationuid, and(ii) mixing of the molten phases. ThusG | {AB} @S &

(G,) is given by function of compositiorc and temperaturé can be given as
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AGiAB}(C’T): Gmelt(C’T)_i_GmiX(C’T)' (43) B. Energy of a solid-solid interface
The energy of a grain boundary, i.e., &) —(A) inter-

mel B f
whereG™(c, T) is the Gibbs free energy needed to melt theface, Véb, is taken ast of the surface energy, which is an

two crystalline phases ar@™*(c,T) is the energy needed to : ;
mix the two molte”? phases. For binaftransition metal- average value for a high angle grain boundafy
metal systemsG™*(c,T) is positive, for T<T,,, and for —1
most of these systen@™*(c,T) is negative. }/Sb 3Vim) ©)
A good estimate of5™'(c,T) is given by(cf. Ref. 12: wherey,,, denotes the surface energy(#) (i.e., the energy
of an interface betweefA) and vacuum An atom in the
Gme"(c,T)=cGQe"(T)+(1—c)Gg‘e"(T) surface is partially surrounded by vacuum, whereas an atom
A B in the bulk is fully surrounded by other atoms. The surface
_ ~pyfuse T T _ fuse Im T energy can be attributed to this partial contact with the
=CHp," —a—+(1-c)Hg™ ——, - - -
Tm T vacuum. Then, since an evaporated atom is an atom fully in
(4b) contact with vacuum, the surface energyTatO K can be
estimated by the enthalpy for evaporation of one mole atoms
where T4 and TE are the melt temperatures of the crystal- divided by the atomic surfaces of one mole atoms:
line phasegA) and(B), respectively, and where it has been

. . . vap
assumed that the meltingr fusion enthalpies,H*® and JT=0— Ha (78
HUse  respectively, are constant in the temperature range RV
considered.

where C, is a constant depending on the shape of the

To form a crystalline solid solution, no melting of the ' )
y g Wigner-Seitz cell of theA atoms and can be taken, on aver-

crystalline phases is necessary. TG {AB> as a function of

c andT is age, as~4.5x10° (Ref. 15. An empirical expression for the
surface energy, including a temperature dependent entropy
AGIAB>(C,T):GmiX(C,T). (40) effeCt, IS given b
Note that theG™* in Eq. (4¢) is different from that in Eq. T (Y VaD) =0+ DbaTy -
(4a) [see Eqgs(5a) and(5b)]. Ym(T1)= (VTN :

The enthalpy of mixing was estimated using the method . ) ] ]
of Miedema{-l The entropy of mixing is taken as the con- WherebA is a material dependent constant. This expression
figurationa| entropy. As a result the energy of mixing be-WI” be used in the numerical calculations of Secs. VI and

comes VI
The energy of an interface between a solid phasnd a
GmiX(C,T)chg(c)AHi]gt?gaée_ TASgon, (4d) solid phaseB contains two contributions, one is related to
, the chemical interaction oA andB at the interface and the
whereAH"¢js the enthalpy change upon solution of one other is related to the strain due to the mismatch at the inter-
mole of A in an infinitely large reservoir oB andAS,.,;is  face between the two lattices:
the change in configurational entrofys(c) is the degree to _ ‘ _
which A atoms are surrounded B atoms; it is dependent Yiay— ()= yir};‘fr_""fgg’mr y?}fr_"?g)h. (8a)
on the degree of order in the system. In liquid solutions and
solid solutions, with randomly distributed atoms, this param- The interaction energy can be estimated as follows. If the

eter reads A atoms would be fully surrounded i atoms, the enthalpy
increase would b H '@ per mole(A) atoms in an infi-

A s (1-c)Vg® nitely diluted systenisee below Eq(4d)]. In the interface

Fg=Cg(C)= cVa3+(1-c)VvZ® (53 only a fractionp of the surface of thé\ atoms in the inter-

face is in contact witlB atoms. Thus the enthalpy increase
whereC §(c) is the surface fraction dd atoms, i.e., the sum due to the interaction at the interface is taken as
of all surfaces of atomB divided by the sum of all surfaces pAH™®"@pner mole(A) atoms in the interface. In the fol-
of atomsA andB. For amorphous alloy&indercooled liquid  lowing, the corresponding contribution of the interaction to
solutiong it has been shown thadg(c) can be well esti- the interface energy is equal to this interface enthalpy per
mated by® unit area which is obtained from the enthalpy increase per

mole (A) atoms in the interface divided by the area that is

Fa(c)=Cgl1+5(C3Cp)?] (5b)  occupied by this one mol& atoms in the interfac®, and

thus[cf. Eq. (7
implying some short-range ordering in the amorphous alloy. usl a.(7all

) . ; e et
chr) pAtsé?nf the expression for the randomly mixed alloy is ercion_ P AHiEteirriaée: AHinteriace -
(M=)~ pCv2B CoVZ

AS.oni=—R[c In(c)+(1—c)In(1—-c 5c
cont [eIn(e)+(1-c)in(1=0)] (59 A similar reasoning can be applied with respect to Ehe

although it is realized that the use of this expression is noatoms in the interface. This leads to the following expression
fully correct if some short-range ordering occurs. for the contribution to the interface energy due to interaction:
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tert . .
eracion_ Hinterface . which, using Eq(9), becomes
(A)=(B) COVZB73 ) i&wte;rfche
— S s __(~SS n
As both expressiongEgs. (8b) and (8c)] should yield the Y(agy = Cav(a)+ Cav(s)~ CaCe CoVaR (11b)

same result, it follows that
The first two terms at the right-hand side of EGla
o) comprise the energy contribution of tHé\)-vacuum and
(B)-vacuum interfaces resulting froA&+A andB-B bonds in

interface interface
AHA in B _AHB in A

273 - 213
VA VB

the original crystal. The last terms provide the energy con-
Miribution of (A)-vacuum andB)-vacuum interfaces result-
ing from A-B andB-A bonds in the original crystal, thereby

According to Ref. 15 the contribution to the interface energ
due to mismatch is estimated by

1 + taking into account the loss of interaction of the’seandB
mismatch_ — [ Y(A ™ ¥(B) 8 t
Y(A-(B) 3 5 , (8d) atoms.
where 5y and yg, denote the surface energies(@) and C. Energy of a solid-amorphous or solid-liquid interface

(B) in contact with vacuum, respectivelgf. Eq. (7)].

Thus the energy of atA)—(B) interface is given by Establishing contact between an infinitely large body of a

crystalline phase, with onlgA)-(A) bonds, and an infinitely

_ . mismatch, _ interaction large body of an amorphous or liquid phase, with op}-
_ gyt -
VM —(B)™ =) " Y(A)-(8) ' {A} bonds, creates an interface across whigh-{A} bonds
1 vt v AH'/Qt?;fche occur. This is associated with an energy increase of the sys-
=3 > CoViB . (8¢) tem which is defined as the interface energy. The interface

energy consists of an enthalpy contribution and an entropy

solid phasdA) and a mixed solid phaggAB) can be given fion arises from the solid phase at the interface and that the

as[see also below Eq4d)]: Sﬂtargg); tct(;lgtriir:)ttétri;)andéélréses from the liquid or amorphous
1 [ Yiay+ ¥iap FAAHterface The enthalpy of the interface is associated with the newly
Ym-®=3 > AV (100 formed(A)-{A} bonds. Assuming that thgA)-{A} bonding

is rather a liquid bonding than a crystal bondifighe en-

An expression for the surface energy of a solid phasdhalpy of the interface scales withiy*®. The scaling factop
(AB), ¥ag). is derived here as follows. If a crystal of iS assumed to be the fraction of the surface of the atain
A.B;_. Is fractured, a new surface is created. The energyt the interface that makes contact with the amorphous phase
increase of the system can be attributed to the new surfadd} at the interfacé® The interface enthalpy is thus esti-
and is the consequence of the bonds broken across the nétated bypHR*® per mole atomgA) at the interface. The
surface. Initially there are four types of bonds across thdnterface enthalpy per unit area is the energy per niéle
surface:A-A, B-B, A-B, andB-A bonds. The surface frac- atoms in the interface divided by the area that is occupied by
tions of A and B atoms are, respectivel; % andC§5. The  this one molg/A) atoms in the interfacé[cf. Eq.(8b)], i.e.,
fraction of the surface area that is occupied before fracture

by a particular bond is given by the product of the surface enthalpy_ kase _ Hfﬁ\Jse 12
fractions of the two atoms involved in the kind of bond con- Y(ay-{Ar— pCoVa®  CoVa* (129

sidered(e.g., the surface fraction &&-A bonds is £3]?).
After fracture, the atoms of the interface are in contact with The entropy contribution to the interface energy can be

vacuum, and their contribution tg,g corresponds with estimated using a structural model for t#&)-{A} interface
¥(a) @ndyg, for atomsA andB in the surfaces; breakage of constructed by Spaepeet all” Assuming that the vibra-
theA-B andB-A bonds leads to an additional contribution to tional entropy does not change in the crystalline phase nor in

the surface energy, equal to the liquid phase by introducing an interface, only the change
interface interface of configurational entropy upon interface creation has to be
AHpTin 8 _ AHg'in a considered. It is assumed that the configurational entropy of

CoV33 CoVvZ3 the solid does not changsee above At the interface the

configurational entropy of the liquid is lowerddy the or-
gering effect due to the nearby crystalline saligihis corre-
ponds with an energy increase: the entropy contribution to
‘the interface energy. Only the first two atomic layers of the
liquid phase at the interface have a configurational entropy

[see Egs(8b), (8¢c), and(9)] for A-B bonds. Hence, realizing
that upon fracture, two units of interface area are create
from one unit area of the section along which fracture pro
ceeded, it follows fory g, that

2 =2 CS)242 C3)2+2CSCS significantly lower than that of the bulk liquid phase. This
Ve =2w)(Ca) 7®(Ce) ATB difference in entropy is calculated to be 0.804k
AHinertace - A pyinterfac =Boltzmann’s constahtper atom of the first layer of the
X1\ YAyt Yy~ RV ORVZE liquid phase at the interfadé.As there is? atom of the
oVa ovB

liquid phase at the interface per atom of the solid phase at the
(113 interface!’ the entropy difference per mole atoms of the
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before amorphization after interface amorphization after grain boundary after interface amorphization +
) (I amorphization grain boundary amorphization
) v
Sideview D,
0.5D. I <B> <B> (AR} <B>
U {AB} } {AB}
D, <A> <A> <A>
AB AB
0.5, I B> {AB) {AB}
\unit cell
Topview of
layer A
n 1/ D
Y UAE
interface amorphous layer
[ interf: rphous lay
7 grain boundary amorphous layer
in sublayer <A>

FIG. 2. Schematic drawing of ais-B multilayer with grain boundaries in th& sublayer perpendicular to the interface before and after
amorphization.(l): the initial situation.(ll): the situation after amorphization only at t#éB interface.(Ill): the situation after only
grain-boundary amorphization {#\). (IV): the situation after bot#/B interface and grain-boundary amorphizatiof#}. D, andDg are
the initial thicknesses of the crystalline phagé$ and(B). Dag andDg, are the thicknesses of the amorphous phases along the interface
and along the grain boundary, respectively. The thermodynamics of interface amorphization are calculated for a unit cell of lateral area of
10x10 nnt and with a height equal to the sum Bf (=10 nm) andDg (=10 nm).

solid phase at the interface becomes:x0.90& Huser FAAHIETCe 1 opT
XN,=0.67R in JK! mol™!, where N,=Avogadro’s Y(A)-{AB = AV MRV cE (130
number andR=N,k is the gas constant. Thus the entropy 0A 0'AB
E:s;etrftl)gl\(/)g é(z{;_gz)]m\tﬁg]a;e: §?S3y 1paerisunlt area interface I1l. SOLID-STATE AMORPHIZATION
’ ’ s ) AT GRAIN BOUNDARIES
entropy _ 0-67R LORT The sublayers of a crystalline multilayer normally consist
Yny-{A} P CoVils T= CoViB' (12b of small crystals with lateral dimensions of the same order as
the layer thickness. Consequently, in such a thin layer a lot
Thus the interface energy as obtained by summing @¢s  ©f grain boundaries perpendicular to the interface exist. A
and (12b) becomes schematic drawing of a binarj-B multilayer before and
after occurrence of both interface and grain-boundary amor-
fAuse+1_9R-|- phization in theA sublayer is given in Fig. 2. Four situations

enthalpy+ entropy __

Vi = yomin yontropy . (129  are sketched(l) the initial situation, before SSA has oc-
(A-{AFT T(A)-{ALT Z(A)-{A} CoV2R

curred; (1) after only interface SSA(Ill) after only grain-
boundary SSA, an@dV) after both interface SSA and grain-
Now considering aqA)-{AB} interface, three contribu- boundary SSA.
tions to the interface energy can be recognizZet}: The thermodynamics of SSA will be described for cases
I, lll, and IV for a unit cell of volumeD ,D,(Da+Dg), as
— ,enthalpy | _ entropy interaction defined in Fig. 2; the grains in lay¢A) are taken as cubes
V(Ry-{ABE = V(a)-1A8) T V(A (AB) T V(A)- (A8} (139 with edgeD Ag(D A anngB are the iﬁtiaﬁ layer thicknesses of
The enthalpy contribution to the interface energy arises fromA) and(B), respectively. Because SSA along grain bound-
the solid phaséA) at the interface and is estimated accord-a'i€s in(B) is taken not to occur and the presence of grain
ing to Eq.(12a. The entropy contribution to the interface boundaries has little influence on interface S@& will be
energy arises from the liquid pha&B} at the interface and  SNOWN in Sec. V; see, for example FigcBversus Fig. &)],
is taken according to Eq12b), with the substitution of/, € energy effect of grain boundaries(i) can be ignored

; . : in the following treatment.
by Vag. The interaction energy di)-{AB} is[cf. Eq.(10)] The total Gibbs free energy of the unit cell before amor-

A A pyinterface phization(situation | in Fig. 3, G;, is given by[cf. Eq.(1)]
interaction__ FBAHA in B

YA -{AB} —  ~ 23 - (13b) G
(A)-{AB} CoVa G,=D,3 (A)
A

Thus the interface energy of @A)-{AB} interface becomes (14)

Gea)
+ DAZDB V_B+2’y<A>_<B>DA2+ ZyngAz.
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200 Yoo in Ti (a) Yop 0 NI 1.0 (b)

y 100 |~ - 0.5
<Ti>-<NiTi> Y Nijs-NiTi>, fany ’
= 100 . o . :
% 05 & °~,°O 0 [z o~ 0.0 Z
= obkree— ] = = . o =
) 0 S 0.0 E\‘m = -100 ‘\A(jfmm} <05 S
~ -100 .—_____.--'\ ------- ; .... = -05 ~ o 200 |- N _.'/ 3\3
Yenis-(NiTi)  I<Ti-INITi) < AG' NiTis T
2200 | -
00 | | l | .o 300 | | | | 15
00 02 04 06 038 1.0 00 02 04 06 08 1.0
(c) [ (d)
= 100 s\wstauine solid soluticyz 10 — 0
@ 0 (CSS) 00 = 2100 N V) /i
2 \-L/ o »—Q (o] 200 ’\/ s
= ; = = 200 - R
. 100 = < solid state amorphization” =] -1:0 § - 1) S
o ... (SSA) o O 300 |- ’ —
2 200 P d00 2 b am .
<o L. R N e .’
| R 00 = B N
-300 -3.0 ' . '
00 02 04 06 038 1.0 00 02 04 06 08 1.0
Cui Cui
0
2100 - II = interface SSA
2 Lo III = grain boundary SSA
~ IV = interface + grain boundary SSA, with
U 300 ca=1 in the amorphous phase along
< 400 the grain boundaries

0.0

FIG. 3. Results of the thermodynamic model for solid-state amorphizg88#) in the Ni-Ti system at 525 K for a unit cell of lateral
area of 110 nn? and with a height equal to the sum Bfy (=10 nm) andDg (=10 nm) (see Figs. 1 and)2(a) The interface energies
as a function of the Ni concentration in the amorphous phase. The ordinate on the left-hand side gives the total energy of an interface in the
unit cell; the ordinate on the right-hand side gives the interface energy per unit(arethe Gibbs free energy of formation of the
amorphous phase at the interface and of the corresponding crystalline solid solution, as given(4g) Bnsl(4c). (c) The negative of the
driving force (AG;) for the formation and one atom thick amorphous laji2sg=2.1 A) and the formation of a one atom thick crystalline
solid solution layer at the interfacéd) The negative of the driving forceAG;) for amorphization occurring in the three situations depicted
in Fig. 2: (Il) only interface amorphization, as a function of the Ni concentration in the amorphous phase at the intdtjacaly
grain-boundary amorphization in the Ni layer, as a function of the Ni concentration in the amorphous phase at the grain-tbnbatly;
interface and grain-boundary amorphization, as a function of the Ni concentration in the amorphous phase at the interface. Id\$jtuation
the Ni concentration in the amorphous phase at the grain boundar§.ig) similar to (d) but now applied to SSA in the Ti layer.

The total Gibbs free energy of the unit cell after interface G G
amorphizatior(situation Il in Fig. 2, G\ reads[cf. Eq.(2)] Gy'=Dj° V<A> +DA’Dg V<B> +2DADgp(Da—3Dgp)
G!'=D,? Gia 2 p.2p G<B>+2DA D2 % XGVEAB}‘FZ(DA D gn) *¥(a)-(8)
VA A B V ABY A VAB AB
+2D,2y(ay-1n8+ 2D A2y 8y (h +2[2Dgp(Da—Dgb) 1v(g)-{aB}
+2(Da—DAg)Da¥lp, (15) +4DA(Da—Dygp) v(a)-{aB} s (16)

whereD 43 is the thickness of the amorphous layer grown inwhereDy, is the layer thickness of the amorphous phase at
the original layerA (cf. Fig. 1). The total Gibbs free energy the grain boundary in layek (Fig. 2). The total Gibbs free

of the unit cell after only grain-boundary amorphization energy of the unit cell after both interface SSA and grain-
(situation Il in Fig. 9, G, is given by boundary SSA(situation IV in Fig. 2, G’ is given by
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G G Gf . Hvap_ Hfuse
IV_p 32 2 (B) 2 —{AB} T=0__'A A 19
Ge DA VA +DA DB VB +2DABDA VAB ')/{A} —273_COVA . ( )
f
+(2DA—Dgp)(Da—DA5)Dyp Ciagign A comparison of Eqs(7a) and(19) shows that of course
g 9% Vag the surface enthalpy of an amorphous phase is lower than the
_ 2 _ B surface enthalpy of a crystalline phase. According to Ref. 15,

+2(Da~Dgn)"v(a)-aeji + HDa~Dgp) the entropy contributions to the surface energy are about

X (Dp—DAp) Y(ay-aBjgb+ 2DA2')’(B)—{AB}i , (17  equal for the crystalline phase and the amorphous phase:

where the subscript refers to the amorphous phase at the entropy.__ entropy, RT
interface and the subscrigb refers to the amorphous phase Yy TVl T ﬁCoVi 3 (20

at the grain boundary in layex.

_The thermodynamic model given in Secs. Il and Ill ap-Hence, the surface energy of an amorphous phase is lower
plies to initially crystalline binarymeta) systems. Consid- than the surface energy of a crystalline phase. Obviously the
_erations qf two phasA-B systems V\_/here initially one phase pk Gibbs free energy of the amorphous phase, balgyy,
is crystalline (A)) and one phase is amorphoysf), can s |arger than the bulk Gibbs free energy of the crystalline
be of interestsee Sec. VI By changing the subscrigB) in  phase. It can be concluded that a thin, free standing amor-
Egs.(1)—(3) and(14)—(17) into the subscrip{B}, the model  phoys layer can be more stable than the corresponding crys-
given describes a crystalline-amorphous binary system agjjine layer as long as the difference between the bulk Gibbs
well. Then the only energy term for which no expression hagree energies of the amorphous and crystalline layers is
been derived yet, is the interface energy,.ag; - An esti-  smaller than the negative of the difference between the sur-
mation can be made with reference to the discussion in Seggce energies of the amorphous and crystalline layers.

II, on the interface energy;).(ag; - The enthalpy and en-  The energy of a crystalline-crystalline interface is given
tropy contr_lbutlons considered there are obviously nil f_or theby Eq.(10) and the energy of a crystalline-amorphous inter-
case considered here. Hence the interface engegdyag; IS face is given by Eq(130. Since the interaction-energy terms
only due to chemical to interaction: in Egs.(10) and(130) are the same, they can be ignored in a
comparison of the interface energies concerned. Thus two
expressions for correspondingly reduced interface energies

o AHESIRe AHRSegee can be defineddenoted by an asteriskAdditionally using
Yig}-{agy = Fa AV “Fa Cov2® (18) Eq. (11b it then follows from Eq.(10) for the crystalline-

crystalline interface:

where Eq.(9) has been applied. Further as the iniialayer

is amorphous instead of crystalline, the Gibbs free energy of 1 . < . s AHInterfac
formation (AG{fAB}) as given in Egqs(4a—(4d) has to be  Y(a)-(AB)" g Yyt Cava+Ceye ~ CaCs CoVAm
changed. This is achieved by takittf!>°=0 in Eq. (4b). (21)

and from Eq.(130 it follows directly
IV. COMPARISON OF SURFACE AND INTERFACE
ENERGIES OF CRYSTALLINE AND AMORPHOUS

. Hfuse LORT
PHASES; MAXIMUM THICKNESS L W1 o)
OF THE AMORPHOUS LAYER Ym-(ae) T cv2B T 2R

A. Surface and interface energies

- * .
Clearly the interface energies play an important role in thel_hAfIOWtir t“mlt fortrT(A):(Ah?hcand b.ed obt]?lnef as ffo”O\IIIVS'
competition between the formations of a crystalline solid so- € fourth term on e right-hand side o HQJ) is, for a
lution and an amorphous solid solutiésee Eqs(3), (14)— systems in which SSA occurs, positive and small as com-
(17). If a crystaline solid solution is formed, two pared to the_sgm of tiwe other three terms. Therefore, it holds
crystalline-crystalline interfaces, i.e(A)-(AB) and (B)-  for & lower limit for v, g, [using Eq.(7a) for y,) and a
(AB), are created. If an amorphous phase is formed, tw&imilar expression fotyg
crystalline-amorphous interfaces are created, {4&);{AB}

and (B)-{AB}. It will be shown below that in general the *, lower limit__ 1 s s
cryst<all>in{e—a|$10rphous interface is energetically more favor- Y(A-(AB)  ~ s(v T Cav T Cavie)

able. First the surface energies of the corresponding crystal- 1/ HW@P HYaP HYaP

line and amorphous phases are compared. Next the parent =35 W@Jrc,i c \/2,3+C5B o3
(A)-product((AB) or {AB}) interface energies will be com- 0YA 0YA o'B
pared. (23

The surface enthalpy of the crystalline phase can be ex-
pressed by Eq7a). Analogously, the surface enthalpy of the Recognizing thaH™*<4H"3 (Ref. 14, it follows from Eq.
liquid (amorphous phase can be expressed by (23) that a lower limit fory a).(ag) Can be assessed from
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| imit 2Hfuse 2Hfuse 2Hfuse can be more stable than the corresponding crystalline layer,
Vidy-iag) :CoVi/3+CZ Con\/3+ B oAV (24  as long as the difference between the bulk Gibbs free ener-

gies of the amorphous and the corresponding crystalline

As all known SSA processes take place below 800 K thdroduct layer is smaller than the negative of the difference
second term on the right-hand side of E2) is smaller thar’1 between the energies of the amorphous-crystalline interface
or at most of the same order as the first term on the righta"d the crystalline-crystalline interface. _
hand side of Eq(22) (for A=La this is only true below 600 It should be realized that the discussion in this section

K). Therefore an upper limit for* can be assessed implies thz_at an amorphous solid solution, instead of a crys-
) PP Y(w-(aB) talline solid-solution product layer develops because it is

from more stable thermodynamically, rather than that a kinetic
fuse condition(Ref. 1) is invoked to explain the occurrence of an
¥y, upper limit_ Ha 25 amorphous phase.
(A)-{AB} CoVAm
From Egs.(24) and (25) it can be concluded that the B. Maximum thickness of the amorphous phase

upper limit for y/u (ag i @lways smaller than the lower  The treatment above directly suggests the calculation of a
limit for 7?A>-<AB>- Hence, the crystalline-amorphous inter- maximum thickness for an amorphous layer. It follows
face has a lower energy than the crystalline-crystalline interstraightforwardly for the maximum thickned3;5* of an
face. Therefore, it can be concluded that also a product amoamorphous product layefAB} between crystalline parent
phous layer sandwiched between parent crystalline layerdayers:

max_ > Interface energies for crystalline product layei interface energies for amorphous product layer

o Giag—G(as)
Vag
(26)
|
In the special case of a pure, free standing metal layer, Eq. 2HMSY C V23
. . X ¢ max : _
(26) reduces to a simple expression L% (in vacuun). DA*{in vacuum = (Gim—Ga)IVa
The difference between the surface energies involved is ac- (A= mITYA
cording to Eqs(7a), (19), and(20) 2HNSY C V23
=
S (surface energy of A))—S(surface energy ofA}) HAST(Ti=T)/ Tml/Va
e 2 Th
=2(ym— Yiap) =2 . 2 = C. TA_T (28)
(v~ 7ia) RVAE 27 Co TA-T
Substituting Eq.(27) in Eq. (26) and taking HR‘SG[(T’,; A case of larger interest for practice involves the analo-
—T)/TA] for Gya—Gya) [cf. Eq. (4b)], gives gous calculation of the maximum thickness of an amorphous

TABLE I. Values of parameters used in the calculatiovg.is the molar volume of pure crystalline solid
A (Ref. 14; H'¢is the enthalpy of fusioiRef. 14; AH®™js the enthalpy change upon solution of one
mole A in an infinitive large reservoir oB (Ref. 14; T4 is the melting temperature @ (Ref. 14 andb,
is a factor reflecting entropy change as defined in (#Zh) (Ref. 15.

Parameter Va Hfuse AHinterface TA (yV33T=0 ba
| elementA (107 md) (kJ/mol) (kJ/mol) (K) (1072 J/mo) (1077 JIK)
Ni 6.6 174 ATNLB=TE 4006 0.75 —0.47
~126
Ti 10.6 1545  ATTEB=NI 5,9 0.92 -0.73
—154
zr 14.0 21.00 A:Zf‘z,??:'\“ 2125 1.05 ~0.47
cu 71 1305 ATCUETY 1358 0.61 ~0.44
Y 19.9 11.40 A=Y, B=Cu 1799 0.71 -0.71
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FIG. 4. Results of the thermodynamic model for solid-state amorphizé88@) in the Ni-Zr system at 575 K. For details, see caption

of Fig. 3.

layer {A} on a crystalline substratéA). Assuming that a

in binary crystalline-crystalline systems for which corre-

high angle grain boundary occurs between the correspondirgponding data have been reported in the literature. The en-

crystalline layer(A) and the substratéA), substitution of

Egs.(6), (7a), (20, (19), and(20) in Eg. (26) leads to

(vt YgAb) = (YAt YAy -ap)

max_
DpA7=

(Giay=Gay)/Va

ViR TA IHWP-2iRT

T Co TAT

fuse
H A

Recognizing that R T<3H this becomes

/3
2Vp® T HRP
Co Th—T 6HL™®

max__
DA -~

(29

vap

DA{(in vacuum Ause.
6HM
(30

V. APPLICATION TO CRYSTALLINE-CRYSTALLINE
BINARY SYSTEMS

ergy contributions essential for a thermodynamic description
are calculated as a function of the composition of the amor-
phous(or crystalline solid-solutionphase using the param-
eters given in Table I, for a unit cell of lateral area of<I10

nn? and with a height equal to the sumBf, (=10 nm and

Dg (=10 nm (see Figs. 1 and)2The product laye(SSA or
CSS is taken as 1 atom thickdefined as the interplanar
spacing of the closed packed plapegpresenting the initial
stage of the transformation. For each system considered, the
temperature used in the calculations was taken as that of the
heat treatment as applied in the corresponding experiments
reported in the literature. The zero values\@®' are defined
with respect to a mechanical mixture @&) and(B).

The driving forces are defined as the negative of the dif-
ference between the energy of the unit cell after reaction and
the energy of the unit cell before reactidithus, in a system
without grain boundaries the driving forces areAGigga
[Eqg. (38] and —AGjcss [Eq. (3b)] for interface SSA and

The model presented in Secs. Il and Il will be used toCSS, respectively. In a system with grain boundaries the
investigate the possible occurrence of interface and/or graidriving force for SSA igFig. 2): —AG;=G;— G, using Egs.

boundary SSA and crystalline solid soluti@®SS formation

(15—(17) and Eq.(14)).
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TABLE Il. Comparison between experimental observations and predictions of the model.

System Ref. Experimental observations Predictions
Ni-Ti 3,4 atT=525 K atT=525 K

- interface SSA - interface SSA

- grain boundary SSA in Ti - grain boundary SSA in Ti

- no grain boundary SSA in Ni - no grain boundary SSA in Ni
Ni-Zr 5, 18, 19 atT=575 K atT=575 K

- interface SSA - interface SSA

- grain boundary SSA in Zr - grain boundary SSA in Zr

- no grain boundary SSA in Ni - no grain boundary SSA in Ni
Cu-Y 6 atT=300 K atT=300 K

- interface SSA - interface SSA

- grain boundary SSA in' Y - grain boundary SSA in Y

- no grain boundary SSA in Cu - no grian boundary SSA in Cu

Because the initial stage of SSA is studied, in the case ot the interface ranges from 0 to 1. To illustrate the concen-
both interface and grain boundary S$gituation IV in Fig.  tration dependency of the driving force for grain boundary
2) the composition of the amorphous phase at the graimmorphization, the driving force for only grain boundary
boundary is taken different from that at the interface: i.e., theSSA is also given separately as a function of the composition
amorphous phase at the grain boundanAihas a composi- of the amorphous phase along the grain boundasiégation
tion of c4,=1, whereas thé content of the amorphous phase Il in Fig. 2(a)].

200 - 1.0 100 0.5
Yopin Y (a) Ygp in Cu (b) K
—_ 100 Yeys>-—<Cuys YeCus-<Cuy> 0.5 5 0k U ; ', . 0.0 >
= 2 = Sy Q,
= (1) e 00 T -100F ) T S 405 ~
Z JUPUREREL L L = - £ =
N l"" / e 05 NDy &) 200 AG cuys 10 BN
-100 - Y<Cu>-{CuY) Y<Y>-(CuY) e < - B 1
-200 . ' ' ' -1.0 -300 . ' . | -15
00 02 04 06 08 1.0 00 02 04 06 08 1.0
CCu CCu
100 1.0 100
©  (rystalli i i (@
ystalline solid solution
~ T~ (©Css) : , ~
&.’? 0 [ \L_/ ": OO D o—é_‘ 0 ~~~~~ (IV) T
=S RO Q o .. Fh
S ] . A 10 o S 00 A7
S Tt ‘ 8, o) an” TN /
<« 200 |- solid state amorphization —-20 -« Q 200Fe ap - - -
ssny T
-300 ! ' -3.0 -300 ' ' | |
00 02 04 06 08 1.0 00 02 04 06 08 1.0
CCu CCu
100
(e)
é: O ” II =interface SSA
= an T III = grain boundary SSA
S N P ] IV = interface + grain boundary SSA, with
o} Rt avy c,=1 in the amorphous phase along
< 200 (II{) """ 7 the grain boundaries
2300 | | | |
00 02 04 06 08 1.0
Cy

FIG. 5. Results of the thermodynamic model for solid-state amorphiz&88@) in the Cu-Y system at 300 K. For details, see caption
of Fig. 3.
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Figs. 3a)—3(c). The interface energies of the Ni-Ti system

400 (@ Y. in Ni 20 are given in Fig. 8), wherel denotes the interface energy
gb . . .
200 |- 10 per unit cell as defined above. The Gibbs free energy of
= Visij-<Nisi>  V<Ni-<Nisi> =< formation of a SSA layefEq. (4a)] and of a CSS laydiEq.
P o e 00 = (40)] are given in Fig. &). The total driving forces for the
[ / ISSSELE \ 30 formation at the interface of an one atom thick layer of both
= 200 Venis-(nisit Vst sty -1.0 an amorphous phag€&q. (3] and a crystalline solid solu-
tion [Eq. (3b)] are given in Fig. &) as a function of the Ni
'4000 5 OI2 OI Z OI P Olg " 0_2'0 content of the product phase.
‘ ‘ ‘ Cyi ’ ' ' It follows from Fig. 3c) that there is always a driving
force for amorphization except for an amorphous phase of
high Ni content. The formation of a CSS layer has only a
o[ 1 00 (relatively smalj driving force within a range of Ni content
= S AG (Nisi) .. y > from about 0.3 to 0.8. Clearly, in this concentration range the
°—f-<’3 200 S~ T =~ 410 Q driving force for SSA at the interface is larger than that for
= . = the formation of the corresponding CSS at the interface. Al-
Ty 40— AGnisi> 129 B, though the Gibbs free energy of formation of the amorphous
< w0l 110 e phase[Eq. (4, curved dashed line in Fig(B)] is less nega-
I | | [ tive than the Gibbs free energy of formation of a solid solu-
00 02 04 06 08 1.0 tion [Eq. (4c), full line in Fig. 3(b)], the formation of an
Cyi amorphous phase is favored by the creation of amorphous-
crystalline interfaces with energies smaller than those of the
corresponding crystalline-crystalline interfacgsig. (3a].
Hence, the model predicts interface solid state amorphization
- - el B> in a Ni-Ti system.
P [ colid state aEng-;l-i-z;l-tion —1-20 —E The driving forces(=—AG;) for the formation of an
C_ 400 | (SSA;p d 40 ; amorphous phase along the interface and/or along the grain
2 Ny boundaries in a sublaydésee the three cases IlI-1V consid-
-600 |— - 60 ered in Sec. Il and indicated in Fig) are given in Fig. &)
| | ' ' for SSA along grain boundaries in the Ni layer, and in Fig.
00 02 04 06 08 10 3(e) for SSA along grain boundaries in the Ti layer. Again,
Cri only the initial stages of interface and/or of the grain bound-
ary amorphization have been considered, i.e., the calcula-
o KD tions pertain to a product layer of one atom thickness. Thus,
- av G also the composition of the amorphous phase at the grain
o_'l? 2200 |- R boundaries is taken different from that at the interface: the
S (ID) e (initial) amorphous phase at the {ii) grain boundary has a
5— 400 Fr~ mcm it -~ — Ni (Ti) content ofcy;=1 (c;=1) Wht_areas the !\lﬁTi) colntent
3 (}H) of the amorpho_us phase at t_he mterfacg is _c0n5|dered for
600 |- | | | s gz)(]:m [Cti=<1, i.e., the abscissa value in Figs(dg8and
00 02 04 06 08 10 There is no driving force for the initial situation of only
Ci grain boundary SSA in the Ni layer: see curve lll in Figd3
[obtained using Eq(16)] for a Ni rich amorphous phase at
the grain boundary. Hence, a nucleation barrier exists for
II =interface SSA grain boundary SSA in the Ni layer. Consequently the driv-
TII = grain boundary SSA ing force for only int.erface SS/{c.urve Il 'in Fig. 3d_)] is
IV = interface + grain boundary SSA, with larger than that for simultaneous interface and grain bound-
cy; =1 in the amorphous phase along ary SSA in the Ni layefcurve IV in Fig. 3d)]. Therefore,
the grain boundaries only interface SSA is predicted in the Ni layer.

On the other hand, there is a driving force for the initial
situation of only grain boundary SSA in the Ti layl@urve
FIG. 6. Results of the thermodynamic model for solid state!ll In Fig. 3(e)]. Hence, no nucleation barrier exists for gain

amorphizatior(SSA) in the Ni-aSi system at 675 K. For details, see boundary SSA in the Ti layer. Consequently, the driving
caption of Fig. 3. force for only interface SSAcurve Il in Fig. 3e)] is smaller

than the driving force for simultaneous interface and grain
boundary SSA in the Ti laydrcurve IV in Fig. 3e)].
In the calculations high angle grain boundaries have been
Results of the thermodynamic calculations for the forma-consideredcf. Eq. (6)]. If it is assumed that the energy of
tion of SSA and of CSS in a Ni-Ti system are depicted inhigh angle grain boundaries is a maximum for grain bound-

A. Ni-Ti system
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TABLE lIl. Values of parameters used in the calculatiovg.is the molar volume of pure crystallirer
amorphoussolid A (Ref. 14; H'¥®is the enthalpy of fusiofiRef. 14; AH""ajs the enthalpy change upon
solution of one moleA in an infinitive large reservoir oB (Ref. 14; T4, is the melting temperature @€
(Ref. 19 andb, is a factor reflecting entropy change as defined in (Zh) (Ref. 15.

Parameter Va Hfuse AHnterface T (yV3/3)T=0 b
| elementA (10 m®  (kd/mo) (kJ/mol) (K) (1072 J/mo) (1077 JIK)
. A=Ni, B=Si: —126 ~
Ni 6.6 17.48 A=Si. B=Ni: —145 1726 0.75 0.47
. A=Ti, B=Si: —252 _
Ti 10.6 15.45 A=Si B=Ti: —236 1943 0.92 0.73
A=Pr.B=Si: —206
Pt 9.1 2218 N npy _1ga 2042 0.98 ~0.49
Si 12.1 50.50 - 1685 0.48 —-0.96

ary energies, then the values calculated for the driving force VI. APPLICATION TO CRYSTALLINE-AMORPHOUS

for grain boundary amorphization along other grain bound- BINARY SYSTEMS

aries are smaller. - . .
Thus for the Ni-Ti system the model predicts interface rir?csi |r|1ed|g2t(;d |r:i§decé Iggﬁlov\,\\l,eﬁﬁ't%g’ g::llmgfj:rln%?nr:gus

amorphization; grain boundary amorphization in the Ti Iayerp P PP qually y P

and absence of grain boundary amorphization in the Ni Iayersystems. A significant amount of experimental results about

These predictions agree with the experimental tfataee SSA |_n_crystall|n|e—amor|p|).hous.|§ystems IS ar\]/allable regarding
Table II). (transition metal (crystalline-silicon (amorphous systems.

The energy contributions essential for a thermodynamic de-
_ scription of SSA in these systems are calculated as a function
B. Ni-Zr system of the composition of the amorphousr crystalline solid

The results of the calculations for the Ni-Zr system areSolution phase using the parameters given in Table II, for a
shown in Fig. 4. Qualitatively, the results obtained for Ni-zr unit cell of lateral area of 1810 nnf and with a height
are similar to those for Ni-Ti. Hence, there is a driving force€gual to the sum ob, (=10 nm andDg (=10 nm (see
for interface SSA[Fig. 4(c)], there is no driving force for Figs. 1 and 2 The product layefSSA or CS$is taken as 1
SSA along grain boundaries in the Ni layidig. 4d)], but ~ atom thick(defined as the interplanar spacing of the closed
there is a driving force for SSA alonthigh angle grain ~ Packed plangsrepresenting the initial stage of the transfor-
boundaries in the Zr laydiFig. 4e)]. These results agree Mation. For each system considered, the temperature used in
with the experimental dat&*® (see Table ). the calculations was taken as that of the heat treatment as
applied in the corresponding experiments reported in the lit-
erature. The zero values AfG' are defined with respect to a
mechanical mixture ofA) and{B}.

Another binary crystalline-crystalline system for which  As for the crystalline-crystalline systems, in the case of
SSA has been observed, is CltYhe results of the calcu- both interface and grain boundary SSA, the composition of
lations for the Cu-Y system are shown in Fig. 5. The modelthe amorphous phase at the grain boundary is taken different
predicts a driving force for interface SSA in the Cu-Y systemfrom that at the interface.

([Fig. 5(c)] and a driving force for grain boundary SSA in

C. Cu-Y system

the Y Iayer[Fig..5(e)], but there .is no driving force fqr grain A. Ni-aSi system
boundary SSA in the Cu lay¢Fig. 5(d)]. These predictions . )
agree with the experimental ditsee Table I The results of the thermodynamic calculations for the pos-

sible SSA and CSS processes in ad$ii system are de-
picted in Figs. 6a)—6(c). The driving force for the formation
of an one atom thick layer of an amorphous phlasedified

In Table Il a comparison is given of the predicted andEq. (3a), see Sec. Il below Eq(17)] and a solid solution
experimental results on SSA in binary crystalline-crystallinelmodified Eq.(3b)] are given in Fig. &) as a function of the
systems. For all three systems to which the model has bed\i content of the product phase.
applied there is a complete agreement between the experi- It follows from Fig. 6c) that there is always a driving
mental results and the predictions based on the modeforce for amorphization except for an amorphous phase of
Hence, the occurrence of SSA instead of CSS can be extiigh Ni content. The formation of a CSS layer hagrela-
plained on a thermodynamic basis. There is no need to asively smal) driving force within a range of Ni content from
sume the existence of a kinetic barrier for the formation ofabout 0.05 to 0.90. Clearly, in this concentration range the
the corresponding crystalline solid solution: the amorphouslriving force for SSA at the interface is larger than that for
layer develops because it provides a larger gain in Gibbs frethe corresponding CSS at the interface. Although the Gibbs
energy. However, it should be realized that the model a$ree energy of formation of the SSA laygdashed line in
applied in this paper does not take into account the possibilFig. 6(b)] is less negative than that of the corresponding CSS
ity of formation of a crystalline intermetallic compound. layer [full line in Fig. 6(b)], the formation of an amorphous

D. General discussion
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in the crystalline parent phagbere Ni; see the three cases

400 7= — 20 [1-1V considered in Sec. Ill and depicted in Fig. &e given
Visiy<risis Ygpin T in Fig. 6(d). Again, only the initial stages of interface amor-
= 200 = 10 < phization and/or grain-boundary amorphization have been
P 0 el 00 = considered, i.e., the calculations pertain to a product layer of
= | s 3, one atom thickness. Thus, also the composition of the amor-
SR s N 10 phous phase at the grain boundaries is taken differently from
YTis-(Tisi) Yisi)-(Tisi) that at the interface: thénitial) amorphous phase at the Ni
-400 | l l ] 2.0 grain boundary has a Ni content of abayt=1, whereas the
00 02 04 06 08 10 Ni content of the amorphous phase at the interface is consid-
Cri ered for Gscp;<1.
: The driving force for only grain boundary SSA in the Ni
) layer is marginally negative a€y;=1 [i.e., AG;>0; see
0 . A 00 curve lll atcy =1, in Fig. d)]. Consequently, the driving
) . AGT sy B> force for only interface SSAsee curve Il in Fig. @l)] is
=200 N 7 10 Q ; ; ; ;
o / P Iy slightly larger than that for simultaneous interface and grain
= 400 = i I = boundary SSAwith cy;=1) in the Ni layer[see curve IV in
2 i AG risis - \Ey Fig. 6(d)]. Therefore, only interface SSA is predicted for the
600 |- 430 Ni-aSi system. This result agrees well with the experimental
. 0
| | I ! datg° (see Table II).
00 02 04 06 08 10
Cr B. Ti-aSi system
The results of the calculations for the @8i system are
o L@ — . / 0.0 depicted in Figs. @-7(d). Qualitatively, the results ob-
o ffysmlhn("'csg’é‘)d solution/Z* . tained for TiaSi are similar to those for N&Si (cf. Figs. 6
2 200 RN 7 20 O and 7. Hence, the model predicts the occurrence of interface
2 IR o SSA in the TiaSi system.
o5 400 = 5olid state amorphization 40 B However, _in contrast with th_e NaSi system, the _driving_
< ) ~ force for grain boundary SSA in the crystalline Ti layer is
-600 [~ | | | s -6.0 positive [i.e., AG;<0; curve lll at c;=1, in Fig. 7Ad)]:
00 05 04 06 08 10 hence, no nucleation barrier exists for grain boundary SSA in
’ ’ e ’ ’ the Ti layer. Consequently the driving force for only inter-
Ti face SSA[see curve Il in Fig. @®)] is smaller than that for
simultaneous interface and grain boundary S®&#h c;=1)
o L9 in the Ti layer[see curve IV in Fig. @)]. Thus, both inter-
o i face SSA and grain boundary SSA are predicted to occur in
= 200k N (1) A7 the Ti-aSi system. In the literature only interface SSA has
= L A been reported.
G 400 |- T S 4
3 I - av) .
~~~~~ / - C. Pt-aSi system
-600 [~ e e "’ ] . .
L=y | l The results of the calculations for the #i system at
00 02 04 06 08 10 T=300 K are depicted in Figs.(8-8(d). As follows from
Cri Fig. 8(c) there is always a driving force for amorphization,
except for an amorphous phase of high Pt content. The same
holds for the formation of a crystalline solid solution. The
- driving force for the formation of a CSS layer is larger than
1T _-_mte.rface SSA that of a SSA layer for a Si rich product lay@s=0.3). In
IIT = grain boundary SSA . A
IV = interface + grain boundary SSA, with the concentration range G=&p=0.9, the driving force for _
cg; =1 in the amorphous phase along formation of a SSA layer exceeds that of the corresponding

CSS layer. As the initially formed product phase will be
probably one with a low Pt contefimplying that the reac-
tion proceeds by diffusion of Pt into tle Si layers AG; <0,
see Fig. &)], rather than one with a high Pt content, the
model suggests the formation of a CSS layer.

The driving forces for the formation at 300 K of an amor-
phase is favored by the creation of an amorphous-amorphou¥ious phase along the interface and/or grain boundaries in
interface[Fig. 6(@)]. Hence, the model predicts interfacial the crystalline sublayeisee the three cases llI-1V considered
solid-state amorphization in the MiSi system. in Sec. lll and depicted in Fig.)Zre given in Fig. &). The

The driving forces for the formation of an amorphous driving force for only grain boundary amorphization in the Pt
phase along the interface and/or along the grain boundaridayer is(marginally negative for a Pt rich amorphous phase

the grain boundaries

FIG. 7. Results of the thermodynamic model for solid-state
amorphizatior(SSA) in the Ti-aSi system at 675 K. For details, see
caption of Fig. 3.
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T 200 T 20 @ T 200 - o A
= solid state amorphization = = i R
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00 02 04 06 08 1.0 00 02 04 06 0.8 1.0
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a N (Cssy A~ . =
;2 200 |- —-2.0 {J =
~— b ~—
¢~ 400 solid state amorphization —-4.0 § )
< (SSA) ~ <
-600 [~ —-6.0
] ] | ]
00 02 04 06 08 1.0
CP(

Il = interface SSA

11T = grain boundary SSA

IV = interface + grain boundary SSA, with
¢p, =1 in the amorphous phase along

the grain boundaries

FIG. 8. Results of the thermodynamic model for solid-state amorphiz&&8#) in the PtaSi system at 300 K. For details, see caption
of Fig. 3.(e) and(f) are similar to(c) and(d) but hold forT=700 K.

. P The driving forces for the formation at 700 K of an amor-
[A_G_i>o’ curve Il atch—l, in Fig. 8d)]. Consequeptly Fhe phous phase along the interface and/or grain boundaries in
driving force for only interface SSAsee curve Il in Fig.  the crystalline Pt layer are given in Figf8 In contrast with
8(d)] is slightly larger than that for simultaneous interfacethe results at 300 K, at 700 K no nucleation barrier exists for
and grain boundary SSAwith cp=1) in the Pt layer{see grain boundary SSA in the Pt lay@AG,;<0, curve Il at
curve IV in Fig. §d)]. However, as already stated above it is Cp=1, in Fig. 8f)]. Consequently the driving force for only
likely that a CSS layer is formed rather than a SSA layerinterface SSA'see curve Il in Fig. )] is slightly smaller

Therefore at 300 K, only interface CSS is predicted to occuthan that for simultaneous interface and grain boundary SSA
in the PtaSi system (with cp=1) in the Pt layer[see curve IV in Fig. €)].

The results of the calculations for the #5i system at ;g(ze;?éep?etdzgt% g ,tobgg::l;?tﬁ]rfﬁ]ceeﬁ)ss?ﬁ;\yi?gmgraln boundary
700 K are depicted in Figs(& and &f). In contrast with the The experimental data for the BSi systerﬁ.l show no
system at 300 K, now the driving force for the formation of {5ce of SSA below 475 K, whereas above 475 K, SSA is
an amorphous phase exceeds that of a crystalline solid solghserved at the interface. The model predicts SSA to occur
tion up tocp~0.9[Fig. 8(e)]. Hence, at 700 K interface SSA above~600 K. Grain boundary SSA in the BSi system
will occur in the PtaSi system. has not been reported until now in the literature.
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TABLE IV. Comparison between experimental observations and predictions of the model.

System Ref. Experimental observations Predictions
Ni-aSi 20 atT=675 K atT=675 K

- interface SSA - interface SSA

- no grain boundary SSA in Ni - no grian boundary SSA in Ni
Ti-aSi 7 atT=675 K atT=675 K

- interface SSA - interface SSA

- no grain boundary SSA in Ti - grain boundary SSA in Ti
PtasSi 21 atT=300 K atT=300 K

- no interface SSA - no interface SSA, but

- no data on grain boundary formation of CSS.

SSA available - no grain boundary SSA

aboveT=475 K aboveT=600 K

- interface SSA - interface SSA

- no data on grain boundary - grain boundary SSA

SSA available

D. General discussion Also for this reason the calculated thickness can be consid-

In Table IV a comparison is given of predicted and eX_ered an upper estimate of the maximum thickness of the

perimental results on SSA in binary crystalIine—amorphouée‘rnorphous product phase. . .

systems. For the three systems considered the predictions Results of trrlgxcalculated maximum th_lckness of the amor-
concerning interface SSA agree well with the experimentaPh0US Phasel,g", are shown as a function of the composi-
results. Although grain boundary SSA is predicted to occution of the amorphous phase in Figgapand 9b). It follows

in the Ti-aSi and PtaSi systems, such observations have notthat for the systems and temperatures considered in Secs. V
been reported until now. This may be because in the studiedd V! the value oDZg" ranges between 1 and more than
concerned no search for this effect was conducted. Anothek00 nm. According to the experiments reported in the litera-
possibility is that in the systems investigated no high angldure, the amorphous product layer indeed attains in general a
grain boundaries occurred in the metal sublayers, and, a§aximum thickness, before a crystalline phase fofritae
remarked in Sec. VI A, the driving force for grain boundary values calculated here agree well with the observed ones for
SSA is smaller for low angle grain boundaries; this effectthe systems considered: see Table V. Thus, it is concluded
may be important here because the calculated driving forcefat the apparent maximum thickness of the amorphous
for grain boundary SSA are small as compared to those caRroduct layer can be explained on a thermodynamic basis.

culated in Sec. V for those cases where grain boundary SSA [n order to establish the temperature dependence of the
was indeed observed to occur. thickness of the amorphous lay@,5* has been calculated

at a concentration, such that the total Gibbs free energy of
VIL. ESTIMATION OF THE MAXIMUM THICKNESS the amorphous layer is appr_OX|mat_er at minimum: see Figs.
OF AN AMORPHOUS LAYER 10(a and 1Qb). Comparing Fig. 1@ (crystalline-
crystalline systemsand Fig. 10b) (amorphous-crystalline

A rough estimate for the maximum thickness of an amor-systems it follows that the crystalline-crystalline systems
phous layer formed bginterfacé SSA can be made by using exhibit higher values oD 3g*. This is caused by the energy
Eq. (26). Here, only the competition between the formationof an original amorphous-crystalline interface being lower
of a crystalline solid-solution phase and an amorphous phagban that of an original crystalline-crystalline interfacsee
is considered. The possible formation of a crystalline inter-Sec. I\V). Further, the larger the Gibbs free energy of mixing
metallic compound, with a Gibbs free energy lower than thaof the system, the largéd \g*[see Figs. 1& and 1@b) and
of the crystalline solid solution, is not taken into account.compare with Figs. @), 4(b), 5(b), 6(b), 7(b), and &b)].

» T T T 11 5 T i e a— . .
@ ® : FIG. 9. The maximum thick-

- 4|~ Ti-aSi (T=675K) - ness of the amorphous layer at the

20—

. Ni_Zr(T=600K)§ Ni-Ti (:r=5251<) - o interface as a function of the mo-

g 15 VT 1 £ 3F § Prasi(I=To0K) - lar fraction ofA, c,, in the amor-

5 5 ; phous product phase fd@) the

E< 10} — E< 21 — . .

[a) ) A-B crystalline-crystalline sys-
Ni-aSi (T=675K) tems Ni-Ti, Ni-Zr, and Cu-Y, and

_______ ; _.::"_’.___..i;- I R e e (b) the A-B crystalline-amorphous
0 I Cu-¥ (T=300K)™ ¢ tummne | PreaSi (T=300K), systems: NiaSi, Ti-aSi, and Pt-
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 c. 06 0.8 L0 og;

A A ’
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TABLE V. Experimental observed and calculated maximum experimental results. As a side result of this work, the maxi-
thickness of the amorphous layer. mum thickness of the amorphous layer on the surface of a
crystalline solid can be calculated.

Dg" (nm)
System Ref. Experimental observations  Predictions ACKNOWLEDGMENTS
Ni-Ti (525 K) 3 8 (cp;=0.5 10 (cp;=0.5) We are indebted to Dr. F. W. Schapink for critically read-
Ni-Zr (575 K) 22  ~100, formation ofc-NiZr ing the manuscript. The work described in this paper was
Cu-Y (300K 6 no experimental data %, =0.62 made possible in part by financial support from the Nether-
Ni-aSi (675 K) 23 ~1 1 (cy;=0.59 lands Technology Foundatidi$TW).
Ti-aSi (675K 7  3.2(cyj~0.45H 4 (c1;=0.45
PtaSi (700 KN 21 no experimental data 2 APPENDIX

In this appendix it will be shown that

VIII. CONCLUSIONS G G G
. . . (A) e —(B) e {AB}
The thermodynamics of solid-state amorphizati&s Va +V +V
W ics of solid-s phizati®sA) A VA BV, AB Vs

at interfaces of binary systems can be well described by a

model which takes into account energies of the original and o G o G G{AB}

developed interfaces. With an extension of this model for ~ =Vi —+Vg ¥, +Vae V. (A1)

SSA to parent phases containing grain boundaries, also the A B AB

thermodynamics of the formation of an amorphous phase aghereG,,, G gy and G, are the Gibbs free energies of

the grain boundaries can be described. Thermodynamic paa), (B) and{AB}, respectivelyV,, Vg, andV,g are the

rameters used in the model can be well assessed using thgolar volumes of A), (B) and{AB}, respectivelyV % and

approach due to Miedema. V3 are the volumes of the phases before amorphization has
The model predictions for the occurrence of interfacegccurred.V§, VE and V&5 are the volumes of the phases

SSA and of simultaneously occurring grain boundary SSAgfter amorphization has occurre@.f,g is defined agsee

agree well with the available experimental results reportecbove(2b)]

for binary crystalline-crystalline and crystalline-amorphous

systems. For some crystalline-amorphous systems the pre- f = - —(1—

dicted occurrence of grain boundary SSA cannot be con- Gias)(Ca)=Ciaa(Ca) = Caliay~ (170G (A2)

firmed or denied, because in the published experimentakherec, denotes the mole fractioA in {AB}.

work grain boundary SSA was not reported. Assuming that both interface and grain-boundary amor-
It follows that in general an amorphous-crystalline inter- phization occurgsituation 1V as sketched in Fig) 2nd that

face has a lower energy than a crystalline-crystalline interthe molar volumes oA andB do not change upon alloying

face. It has not been realized until now that in particular thigVag=caVa+(1—ca) Vg, with V, andVy as constanisthe

fact is decisive in favoring the formation of an amorphousfollowing reasoning can be made: define the volume ofall

instead of a crystalline solid solution. Thus, there is no neeétoms in the amorphous phase at the interfac& gsthe

to invoke kinetic conditions to explain the occurrence of anvolume of allB atoms in the amorphous phase at the inter-

amorphous phase. On this basis, also the experimentally oface asVj; the volume of allA atoms in the amorphous

served maximum thickness of an amorphous product layephase at the grain boundary ¥4° and the volume of alB

can be explained thermodynamically. The predicted valueatoms in the amorphous phase at the grain boundavgas

for this maximum layer thickness agree very well with the Thus,

100 10

@ § | | 1 4 ® | 1 I L |

o | Ni-Ti (ni=0.56)| _ sl _
5 6ok i | E ok Ti-aSi (cr=0.56) i
£ Ni-Zr (cni=0.62) g ;
P ; b Y
£2 a0l / ; - £E2 4 Ni-aSi (cni=0.64)
[a] A A

N
20 |- Cu-Y (ccu=0.62
B e il ]

200 300 400 500 600 700

FIG. 10. The maximum thickness of the amorphous layer at the interface as a function of reaction tempera@rehéoA-B
crystalline-crystalline systems Ni-Ti, Ni-Zr, and Cu-Y, afiil the A-B crystalline-amorphous systems &l&i, Ti-aSi, and PtaSi. For these
calculations the molar fraction & in the amorphous product phase has been fixed at the value corresponding with about the lowest Gibbs
free energy of the amorphous phase.
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VO=Ve+Vh+VeP: V3=VE+Vi+VveP: in the amorphous phase at the interface and at the grain
boundaries respectively, it follows
e __ /i gb . .
Vag=Vagt Vas: i Viy/Va ab AN (A5)
. : _ CA=T v avisv. CA TUebn, vebnhg -
VIAB:VIA+V| , V%%:V%b+vgb (A3) VA/VA+VB/VB VA /VA+VB /VB

Substituting Egs(A2), (A3), (A4) and(A5) in the left-hand
side of Eq.(Al) leads after some algebra to the expression at
i gb the right-hand side of EqAL).
(A4) “Note that in the above reasoning no values are given to
Vi, andV§ or V4P andV §°. Therefore by taking the volume
. of the amorphous phase either along the grain boundary or
where G 5g and G?,EB} are the Gibbs free energies of the along the interface as nil, the above reasoning can be applied
amorphous phases at the interface and at the grain boundags well to the cases of only interface amorphization and only
respectively. Defining , andc §® as the molar fractions &  grain boundary amorphization, separately.

and

_VaB AB _gb
G{AB}—VTAB Glag) T Ve, G{ns)
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