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Phase formation, stability, and mixing behavior in the metallic systems Ni-Zr, Fe-&, Au-Zr, and Pd-Ta have been investigated 
under influence of high energy heavy ion beams as a function of temperature. Our results and data from the literature support a 
simple model which correlates onset temperatures for radiation enhanced diffusion and equilibrium phase formation in ion beam 
mixing with hole (or vacancy) formation enthalpies. The model offers the possibility to predict temperature ranges in which efficient 
mixing occurs by radiation enhanced diffusion without formation of stable alloys. 

1. Introduction 

As first shown by Matteson et al. [l], two different 
temperature regimes can be distinguished in ion beam 
mixing. At low temperatures ion beam mixing appears 
to be temperature independent. In this regime the 
majority of atomic mixing takes place in well developed 
collision cascades on time scales of 10-i’ s. The quan- 
tity of intermixed material depends, among others, on 
the chemical affinity of the elements being mixed [2-61. 
A large negative heat of mixing will facilitate the mixing 
process, whereas a large positive heat of formation will 
hinder ion mixing. At low temperatures no long range 
diffusion is possible and metastable phases are formed 
in almost every case [6,7]. With the aid of Miedema’s 
macroscopic atom model [8] one can compare the ther- 
modynamics of amorphous phases and solid solutions. 
As shown by Loeff et al. [9], this provides an easy tool 
in predicting the glass forming range for an arbitrary 
system consisting of two transition metals. The lower 
Gibbs free energy determines which metastable phase is 
expected to form: either the amorphous phase or a 
(supersaturated) solid solution. 

In the higher temperature regime ion mixing be- 
comes strongly temperature dependent. The general be- 
lief is that a thermally activated long range diffusion 
process sets in when defects, generated by the incoming 
ions, become mobile. This is called radiation enhanced 
diffusion (RED). The critical temperature for RED, T,, 
is defined as the temperature at which the temperature- 
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dependent mixing equals the temperature-independent 
cascade mixing process. Recently, correlation between 
cohesive energy and T, has been convincingly shown 
[lO,ll]. It was demonstrated that T’, (in kelvin) is pro- 
portional to the activation energy, Qaun, of the effec- 
tive diffusion coefficient of radiation enhanced diffu- 
sion. On the assumption that QRED scales with the 
cohesive energy of solids, Ecoh, one arrives at the pro- 
portionality between T, and Eco,,. The cohesive energy 
is the energy required to disassemble a solid into its 
constituent atoms. In refs. [lo] and (II] the cohesive 
energy was chosen as the average of the cohesive en- 
ergies of the elements being mixed. 

For elementary metals it has been shown [12] that 
the heat of formation of monovacancies is proportional 
to the cohesive energy: AH,, = - 0.29E,,,. In a binary 
alloy one can distinguish between two types of holes (or 
vacancies), namely AH,, and AH,,, corresponding to 
holes the size of A- and B-atoms respectively. If there is 
a large difference between AH,, and hHVB (e.g. in the 
systems Ni-Zr, Fe-Zr, Au-Zr), two critical tempera- 
tures are expected in ion beam mixing, one correlated 
with AH,,,, the other with AH,,. The lowest critical 
temperature is correlated with the formation of holes 
the size of the smaller constituent, AHvsmal,. We iden- 
tify this temperature as T,, for radiation enhanced diffu- 
sion sets in when the smaller constituent of the alloy 
becomes mobile. Although RED occurs, this does not 
necessarily drive the system to equilibrium, as has been 
shown in several studies on RED in amorphous alloys 
[13-161. To form crystal structures of equilibrium com- 
pounds collective motion of both constituents is re- 
quired, as first shown by Schwarz and Johnson and 
later by other authors 1171. Therefore, a second critical 
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temperature in ion beam mixing should exist which is 
correlated with the formation enthalpy of holes the size 
of the larger constituent, AUWarse. Above this critical 
temperature, which we call T,a, formation of equi- 
librium compounds is expected. 

In this paper we will show evidence for these two 
critical temperatures in the systems Ni-Zr, Fe-Zr, and 
Au-Zr. Values of T, have been determined by Ding et 
al. [14-161% Using transmission electron microscopy 
(TEM), we have observed that above T, the alloys were 
still amorphous, in agreement with the model proposed 
above. Furthermore, for these systems we have de- 
termined, by means of TEM, at which temperature 
eq~~l~b~~ phases form. 

Only one critic& temperature (T, = T,,) is expected 
in ion beam mixing of binary alloys for which AHvsmall 
is approximately the same as AHvtarg@, First this is 
verified in the system Pd-Ta and then the correlations 
of T, and Teq with AH.,,,,, and AIlr,,,,, respectively 
are compared with available data from literature. 

Thin metal films were deposited in a dual e-gun 
evaporation system with a base pressure less than 5 X 
lox9 mbar. At a typical deposition rate of 3 A/s the 
pressure rose to a maximum of J X IO’ mbar. The 
substrates, oxidized silicon wafers and cleaved NaCl 
single crystals, were kept at liquid nitrogen temperature 
during deposition. Amorphous NissZrds, Fes,Zr,,, 
Au,,Zrs,, and Au,,Zr,, films were deposited onto NaCI 
substrates. The composition of the alloys was chosen 
such that the highest crystallization temperature is ex- 
pected [18-22f. Not much is known about amorphous 
Au-Zr, but according to a mode1 proposed by Barbour 
et al. ]17], a higher stability is expected for amorphous 
Au&& compared to the Au,Zr,, alloy. The total 
thickness of the Films, measured by Rutherford back- 
scattering spectroscopy (RBS), was usually about 500 A. 
Impurity concentrations of light elements like oxygen, 
carbon, and nitrogen, were found to be below the 
detection limit for RBS. 

Pd-Ta was studied using multilayer samples. Alter- 
nating layers of elemental Pd (35 A) and Ta (65 A) were 
deposited to a total thickness of 500 A onto NaCl single 
crystals, Complete mixing of the multilayered samples 
would result in an alloy with a composition Pd,Ta,, 
which has been shown to be close to the most stable 
composition for both thermal annealed and ion irradia- 
ted amorphous Pd-Ta at elevated temperatures [23]. To 
study the temperature dependence of ion beam mixing 
in the Pd_-Ta system, also a bilayer structure of 450 A 
Pd/400 A Ta was deposited onto an oxidized silicon 
wafer. The Ta layer was evaporated on top to avoid 

reaction with the SiU, substrate and for better sep- 
aration of the peaks in RBS analysis. 

Before ion irradiation, TEM samples were prepared 
by floating off the NaCl substrates in deionized water 
and picking up the metal films on molybdenum TEM 
grids. 

Ion mixing experiments were performed by mount- 
ing the samples on a moIybdenum block, which could 
be heated in the temperature range from room tempera- 
ture to 800 0 C by radiative heating with a hot filament 
at the backside. The temperature was measured by a 
pyrometer at the front side of the block, and a platinum 
resistance inside the block. The accuracy of the temper- 
ature measurement of the samples is estimated to be 
within f 50 ’ C. A single ended Van de Graaff accelera- 
tor [24] was used to produce an 825 keV izgXe’ ion 
beam for the ion irradiations. To minimize beam heat- 
ing effects, the beam current was kept at 70 nA/cm2. 
The total fluence was between 0.4 and 5.0 X lOI 
ions/cm’. A dose of 1.5 x 1015 ions/cm’ results in 10 
displacements per Zr atom in the &-based alloys, as 
calculated by the TRIM-84 computer code f25]. During 
irradiation the vacuum was better than 1 X IO-’ mbar 
In all cases a reference sample was also mounted on the 
block, These samples were subjected to the same heat 
treatment as the irradiated samples, but were screened 
from the ion beam. After irradiation the samples were 
cooled to room temperature and examined by TEM and 
RBS with 2 MeV He+. The RBS analysis was done 
using the RUMP computer code [26]. 

3. Results 

The Zr-alloys were found to show a very similar 
behavior. All alloys were amorphous as deposited. This 
is based on observations with TEM: bright field images 
are structureless and in diffraction mode broad halos 
are observed. Also, dark field images are homogeneous 
and structureless. 

In fig. 1 TEM results of the Ni,,Zr,s amorphous 
alloy are shown after ion mixing at elevated tempera- 
tures with 825 keV t2sXef ions to a dose of 1.5 X 1Or5 
ions/cm2. Fig. l(a) shows that after ion mixing at room 
temperature the aIloy is amorphous. The fainter weak 
halo in the diffraction pattern indicates that also an 
amorphous oxide has formed. The formation of an 
oxide becomes clearer after ion mixing at 570 K [fig. 
l(b)]. The pictures taken at this temperature are repre- 
sentative for all Ni-Zr samples irradiated between 370 
and 620 K. At these measurements the Ni-Zr alloy is 
still amorphous, but also the metastable y-Z&.& phase 
[27] is observed. Note that no crystalline Ni-Zs phases 
are observed, even though irradiations are performed at 
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Fig. 1. Phase formation in amorphous Nis5Zr4s during ion 
beam mixing with 825 keV Xe+ ions to a dose of 1.5 x 1015 
ions/cm*. TEM bright field images and diffraction pa&terns 
show that after i~adiation: (a) at room temperature the alloy is 
amorphous; (b) after irradiation between 370 and 620 K 
amorphous Ni-Zr and y-Zr0, are observed, the measurement 
is taken of a sample after irradiation at 570 K, (c) after 
irradiation at temperatures of 650 K or higher the amorphous 
alloy has crystallized into the equilibrium compounds Ni,Zr 
and NisZr. Also y-I&O, is observed; the measurement is taken 

after ion irradiation at 650 K. 

temperatures far in the regime of RED, which sets in at 
K = 460 K [14]. During ion mixing at 650 K [fig. l(c)] 
and higher temperatures crystallization into NizZr and 
NisZr intermetallic compounds [28] occurred. In ad- 
dition the y-ZrO, phase is observed, For Teq we took a 
value of 650 K. The crystallization temperature of 
amorphous Nt,,Zr,, is considerably lowered by ion 
irradiation. Only at 770 K the reference samples, which 
were only subjected to thermal treatment, crystallized 
into the intermetalllcs Ni,Zr and Ni,,Zrt [ZS]. At this 
temperature also diffraction lines of y-ZrO, are ob- 
served. The c~stal~zation data of the therm~ly treated 
Ni-Zr alloys agree well with literature data 119,20]. 
Note that the equilib~um phases formed by thermal 
annealing are slightly different from those formed dur- 
ing ion irradiation, probably because of small composi- 
tion changes during oxidation. 

Although a rather strong oxidation is observed, we 
believe that the effects on the crystallization process are 
small. It has been shown for several amorphous alloys 
that oxygen contamination strongly enhances the ther- 
mal stability [29]. Iiowever, oxidation during ion mixing 
of Fe-Zr at elevated temperatures has also been ob- 
served by B&tiger et al. [30], who showed that the 
oxidation effects were restricted to the sample surface. 
Surface oxidation of Ni-Zr alloys has been observed 
during thermal annealing in oxygen ambient 131,321. 
The effect of surface oxidation is the formation of 
stoichiometric Zr-oxides at the sample surface. As a 
consequence the underlying alloy slightly changes com- 
position but its thermal stability is not affected. 

The TEM micrographs of the amorphous Fe,,Zr,, 
alloy in fig. 2 show similarity with the Ni-Zr system. 
After ion irradiation between room temperature and 
670 K [figs. 2(a) and 2(b)] amorphous Fe-Zr and y-ZrO, 
are identified. Electron microprobe analysis showed that 
the oxygen content of both the i~a~ated and annealed 
samples increased to roughly 10 at%. In reference sam- 
ples, annealed at the same temperature, no diffraction 
lines of y-ZrO, are observed with TEM, probably be- 
cause the oxide formed is amorphous whereas during 
ion irradiation the crystalline phase y-ZrO, appears. 
Primary crystallization of the amorphous Fe-Zr phase 
occurs at approximately 720 K into the tetragonal Fe,Zr 
compound [33] during ion irradiation, as can be seen 
from fig. 2(c). The same crystallization process is ob- 
served in the reference samples after annealing at 870 
K, in agreement with literature data [21,22]. No crystal- 
line phases are detected below the c~st~~zation tem- 
perature during thermal annealing. Like Ni-Zr, also 
Fe-Zr remains amo~hous under influence of the ion 
beam up to temperatures far above T,, which is ap- 
proximately 480 K (151. 

As can be seen in fig. 3, the same type of behavior is 
also observed for the Au-Zr system. Results are shown 
for the amorphous AusaZrsO alloy after irradiation at 
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Fig. 2. Phase formation in amorphous Fe,,Zr,s during ion Fig. 3. Phase formation in amorphous Au&%,, during ion 

beam mixing with 825 keV Xe” ions to a dose of 1.5 X 10” beam mixing iNith 825 keV Xe+ ions to a dose of 1.5 x lOI5 

ions/cm2. TEM bright field images and diffraction patterns ions/cm’. TEM bright field images and diffraction patterns 

show that after irradiation: (a) at room temperature amorphous show that after irradiation: (a) at room temperature the Au-Zr 

Fe-Zr and some y-ZrOI is observed; (b) after ion mixing up to is still amorphous and some y-ZrO, has formed; (b) after 

temperatures of 670 K amorphous Fe-Zr is observed and irradiations between 370 and 570 K amorphous Au-Zr and 

y-ZrOz has formed; the pictures are from a sample irradiated y-ZrO, are observed (pictures taken after irradiation at 570 K), 

at 670 K; (c) at temperatures of 720 K and higher hexagonal whereas (c) after ion irradiation at 620 K and higher the 

Fe,Zr and y-ZrOr have formed; the measurement is from a amorphous alloy has crystallized into an unidentified Au-Zr 

sample irradiated at 720 I(. phase; also y-ZrO, is observed. 



room temperature, 570 K, and 620 R respectively. Up 
to 510 K only amorphous Au-Zr and y-ZrO, are 
observed, whereas at temperatures of 620 K and higher 
crystahization into an unidentified phase occurs. Ther- 
mal annealing without ion irradiation leads to crystalli- 
zation at 720 K into the same unidentified phase. In a 
second set of samples with a composition of Au3sZr6s, 
crystallization into the Au,Zr equilibrium phase [34] is 
observed to occur at 670 K during ion irradiation, and 
at 770 K during therm& annealing. Also amorphous 
Au-Zr is found to be stable under ion irradiation far 
above the critical temperature for RED, which is T, = 

450 K [x6]. 

3.2. Pd-Ta 

A summary of the results of ion mixing of the Pd-Ta 
bilayers is presented in fig. 4, where the squares of the 
normalized diffusion distances, (Ax)~, are plotted in 
Arrhenius fashion. The mixing experiments were per- 
formed with 82.5 keV r*‘Xe+ ions with fluences varying 
between 0.4 X 1O’5 and 5.0 x 10" ions/cm2. The thick- 
ness Ax of the intermixed layer is inferred from RBS 
spectra (not shown). hx is determined as the thickness 
between heights of 16% and 84% of the gradually chang- 
ing concentration profile due to intermixing at the 
interface. The data in fig. 4 are scaled to a dose of 
I x 10” ions/cm*. As can be seen from fig. 4, the 
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Fig. 4. The temperature dependence of ion beam mixing of a 
Pd/Ta bilayer with 825 keV XeC ions. The thickness Ax of 
the intermixed layer is scaled to a dose of 1 X 1015 ions/cm”. 
At high temperatures the mixing behavior is strongly tempera- 
ture dependent. The critical t~rnp~rat~r~ for RED, T, = 
8OO( i7Sf K is determined by the intercept of the extrapolated 
temperature-dependent and temperature-independent parts of 

the Arrhenius-curve. 

mixing behavior is almost temperature independent at 
low temperatures, whereas at high temperatures (T > 800 
K) a strong temperature dependence is observed. The 
critical temperature for RED is taken as the intercept of 
the extrapolated temperature-dependent and tempera- 
ture-independent contributions in the Arrhenius-curve 
of fig. 4. We find for ion beam mixing of Pd/Ta 
bilayers that T, = 800 K ( i 75 K). After ion irradiation 
up to temperatures of 820 K the intermixed layer shows 
a gradual change in the concentration profile. After ion 
irradiation at 920 K and higher temperatures plateaus 
in the RBS spectra indicate phase formation. 

Phase formation is studied in mu~tilayer samples of 
elemental Pd and Ta with an overall composition of 
Pd,Ta,. The phase formation is shown in fig. 5. In the 
as-deposited films (not shown) only the Pd and ol-Ta 
phases [35,36] with a grain size less than 100 A are 
observed. After irradiation between room temperature 
and 520 K, the film is completely amorphized for 
fluences higher than approximately 4 x lOI5 ions/cm2 
[fig. 5(a)]. At higher temperatures an amorphous alloy 
and a supersaturated sohd solution of Pd(Ta) are 
formed. Fig. S(b) shows such a sample after ion mixing 
at 670 K. The Pd(Ta~-grins have sizes up to 400 A and 
the grain size increases to 600 A after irradiation at 820 
K. Above this temperature not only metastable phases 
are formed, but also the equilibrium PdTa phase [36], 
see fig. 5(c). In none of the samples could significant 
changes in composition due to sputtering be observed 
with EDX analysis (energy dispersive X-ray absorption). 
Oxidation is not observed after ion irradiation up to 
temperatures of 1020 K. Above this temperature some 
Ta,Os [38] is observed together with the PdTa equi- 
Iibrium phase. For the critical temperature for equi- 
librium phase formation in the Pd-Ta system we take 
KS = 820 K. 

~alc~ations according to ~iedema’s model [S] show 
that for the alloy PdNTa,, the composition we used, 
the supersaturated solid solution Pd(Ta) is thermady- 
namically the more favorable metastable phase com- 
pared to amorphous Pda,-Ta,. However, in this work it 
has been found that multilayered Pd/Ta is completely 
amorphized up to temperatures of 520 K. Apparently 
the amorphous phase forms due to the high quench rate 
in the ion induced collision cascade. It can be seen from 
the Arrhenius-curve in fig. 4, that above 520 K the 
temperature-dependent mixing process becomes signifi- 
cant. According to our modef Pd-atoms will become 
mobile first. This gives the system enough mobility to 
form the more favorable metastable solid solution 
Pd(Ta), but not enough to form equjlibrium com- 
Pounds. Nucleation of Pd(Ta) seems to be enhanced by 
the initially crystalline nature of the sample, for it has 
been shown elsewhere that after ion irradiation of (co- 
deposited) amorphous Pd,aTa, up to temperatures of 
670 K no crystalline phases are detected [23]. In agree- 



Fig. 5. TEM bright fieid images and diffraction patterns after 
ion beam mixing of Pd/Ta multilayers with 825 keV Xe+ ions 

with doses in the order of 5 ~10” ions/cm2. (a) During 

irradiation at temperatures below 520 K the initial crystalline 

sample has transformed into an amorphous alloy; shown is a 

sample after irradiation at room temperature; (b) at 670 K 

amorphous Pd-Ta and a supersaturated solid solution Pd(Ta) 

have formed: this observation is typical for samples irradiated 

between 570 and 720 K; (c) at 820 K and higher the equi- 
librium phase PdTa is observed. 

ment with the Miedema model a siight change in com- 
position results in amorphous Pd,,Ta,, being the more 
stable phase compared to a solid solution at the same 
composition [8]. At this composition a (diffusionless) 
polymorphic transition from the amorphous phase to 
the solid solution is not possible and the amorphous 
alloy has been found to be stable against ion irradiation 
up to 870 K [23]. 

4. Discussion 

The experimental results of this work are sum- 
marized in table 1. Values of T, for the Zr-alloys are 
taken from the literature [14-161. The hole formation 
enthalpies AH, for amorphous alloys A, _,B, are 
calculated according to Miedema’s model [8] using the 
expressions: 

AH; = cA AH,$ + (1 - c~)(VJV~)~‘~AH& 

and 

(1) 

AH; = ca AH& + (1 - c,)(V,/V,)~‘~AH’$ (2) 

AH;. and AH& are the monovacancy formation en- 
thalpies in pure A and B. The molar volume ratios 
(Q/V,) can be regarded as a measure to which degree 
atoms are surrounded by both constituents and the 
effective (surface) concentrations c, and ca depend on 
x. The accuracy of AH,; and AH,; is estimated to be 
within 5%. The data of table 1 are visualized in fig. 6, 
wherein T, is plotted versus AHvsmall (open symbols) 
and Teq versus A Hwarge (closed symbols). A linear 
relationship between hole formation enthalpies and the 
critical temperatures T, and Tes is indicated (the dashed 
line is drawn to guide the eye). Remarkable is the fact 
that where the difference in whole formation enthalpies 

(A&I, - AHvsma~, ) is large, the difference between 
Teq and T, is large. This is the case for the Zr-alloys. In 
the Pd-Ta system this difference is not so pronounced 
and T, and Tea have the same values within the error 
bars. 

Table 1 
Experimental results of this work. Critical temperatures for 

RED for the Zr-alloys are obtained from the literature [14-161. 

Hole formation enthalpies are calculated using relations (1) 

and (2). 

Alloy 

%) 

Ni s&r,, 460 

Fess Zr4s 480 

AusoZrso 450 

Au &‘65 

Pd ,cTa, 800 

2 

650 
720 

620 

670 

820 

d Hvsmaa A&,,, 
(kJ/molef @J/mole) 

110 (Ni) 193 (Zr) 
117 (Fe) 196 (Zr) 

126 (Au) 149 (Zr) 

134 (Au) 156 (Zr) 
171 (Pd) 191 (Ta) 
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0 e Ni-Zr 
B~~ A A Fe-Zr 

0 * Au-Zr 
a l Pd-Ta 

I I I 

100 150 200 
AH, (kJ/mole) 

Fig. 6. Summary of the results presented in table 1. Plotted are 
the critical temperatures for temperature dependent diffusion, 
T,, versus formation enthalpies of holes the size of the smaller 
constituent, AH,,,, {open symbols), and the critical temper- 
atures for ~quilib~um phase formation, Teq, versus formation 
enthalpies of holes the size of the larger constituent, AHvlarge 
(closed symbols). Tea values for Au-Zr represent two different 
compositions. The dashed line T = 4 X AH, is drawn to guide 

the eye. 

To support our model for two critical temperatures 
in ion beam mixing, more data have been collected. In 
table 2 a compilation of data from literature on T, and 
7” is given for 30 systems. For the aluminides AI-Fe, 
Al-V, and Al-Zr, ‘I’_ is not known, but instead we 
have taken published temperatures at which quasi- 
crystals form during ion beam mixing. Also in table 2 
hole formation enthalpies are given. Values for AH 
were calculated by means of the expressions (1) and (2) 
for disordered systems at equiatomic composition. The 
equiatomic composition was chosen because in many of 
the experiments results were obtained on bilayer sys- 
tems or structures consisting of single overlayers on 
thick substrates for which the final composition is not 

fixed. 
In fig. 7 the values given in table 2 for T, are plotted 

versus A Hvsmall . Indeed a linear relationship is ob- 
served. The scatter in the datapoints amounts to 75 K. 
A least-squares fit to all datapoints yields: 

r, = 4 .O( rt 0.2) x A Hvsma,, (3) 

in which T, is given in kelvin and AHvSmall in kJ per 
mole. 

The relationship between I’& with errors up to 50 K, 

and A~v~~~~~ can be seen in fig. 8, 

z& = 3.8( 9.2) x AHvIaige (4) 

is found. Using the relationships (3) and (4) in combina- 

RADIATION ENHANCED DlFFUSiON 

looo’ 

800 

600 

5 

A’-‘vsmo,, (kJ/mole) 

Fig. 7. Onset temperatures for radiation enhanced diffusion, 
T,, versus formation enthalpy of holes the size of the smaller 
constituent, AHvsmati, for several systems reported in the liter- 
ature. The m~mum error in T, is 75 K. The source of the 
datapoints is given by the running numbers that correspond to 
the first column in table 2. Also inchtded is the non-metallic 
system Al-Sb (Ref. [76]; T, = 270 K). The line T, = 4.0 X 

A f-hsmau is a least-squares fit to the datapoints compilated in 
table 2. 

EQUILIBRIUM PHASE FORMATION 
1000, I I I I I 
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Fig. 8. Critical temperatures, T&, above which equilibrium 
phases will be formed during ion beam mixing versus forma- 
tion enthalpy of holes the size of the larger constituent, 

A%arger for several systems reported in literature. The maxi- 
mum error in T’ is 50 K. The source of the ~tapoints is given 
by the running numbers that correspond to the first column in 
table 2. The line Tes = 3.8 X AHvlarge is a least-squares fit to 

the datapoints. 
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Table 2 
Literature overview of critical temperatures for radiation enhanced diffusion (T,) and metastable ahoy formation (T,,). Hole 
formation enthalpies are calculated at equiatomic composition for random alloys according to the Miedema model [8] using relations 
(1) and (2). All systems have negative or near zero heat of mixing. The numbering of the alloys corresponds with the numbering of 
the datapoints in fig. 7 and 8. 

Alloy T, Refs. Refs. A’Hvsmart A Hv~arse 
(R) (2) (W/mole) (kJ/mole) 

1 Al-01 350 14.51 71 (Cu) 93 (Al) 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Al-Fe 
Al-Mn 
Al-MO 
AI-V 
Al-Zr 
Au-Ni 
AU-Si 
Au-Zr 
Co-% 
Cr-Si 
Cu-Ti 
Fe-Pt 
Fe-Ti 
Fe-Zr 
Mo-Ni 
Mo-Si 
Nb-Ni 
Nb-Si 
Ni-Pd 
Ni-Pt 
Ni-Si 
Ni-Ti 
Ni-Zr 
Pd-Pt 
Pd-Ta 
Pt-Si 
Ru-Si 
Si-Ta 
Si-Ti 

350 kg] 
290 152) 

- 

400 
400 
450 
300 
370 

454 
480 
480 

630 

550 
440 
450 
250 

460 
575 
800 

isi 
f56S71 
1161 
[581 
(591 

[631 
[641 
P51 

[66,67] 

Ii1 
t63,681 
WI 
[691 

L41 
WI 
this work 

625 1111 
380 [73,74,75] 

400 [46,471 
370 (48,49,50,51] 

420 
450 

_ 
_ 

620 
300 
520 
525 

600 
720 
830 

- 

750 
570 

- 
340 
600 
650 

820 
320 
400 

390 

1537 
147,541 

this work 

I581 
[59] 
[60,61,62] 

1641 
this work 

I651 

L81 
(11 

[59,70,71] 
118,651 
this work 

this work, [23] 
159,711 
[721 

[741 

89 (Fe) 114 (AI) 
68 (Mn) 86 (Al) 

129 (MO) 132 (At) 
102 (V) 118 (AI) 
103 (AI) 131 (Zr) 
96 (Ni) 137 (Au) 
73 (Si) 86 (Au) 

126 (Au) 149 (Zr) 
89 (Co) 108 (Si) 
84 (Cr) 97 (Si) 

107 (Cu) 144 (Ti) 
132 (Fe) 168 (Pt) 
124 (Fe) 167 (Ti) 
117 (Fe) 196 (Zr) 
143 (Ni) 187 (MO) 
125 (Si) 134 (MO) 
129 (Ni) 187 (Nb) 
112 (Si) 132 (Nb) 
116 (Ni) 150 (Pd) 
225 (Ni) 166 (Pt) 
86 (Ni) 105 (Si) 

117 (Ni) 164 (Ti) 
110 (Ni) 193 (Zr) 
145 (Pd) 149 (Pt) 
171 (Pd) 191 (Ta) 
104 (Si) 113 (Pt) 
121 (Ru) 123 (Si) 
130 (Si) 154 (Ta) 
98 (Si) 112 (Ti) 

tion with the expressions (1) and (2) to calculate the 
hole formation enthalpies, it is possible to predict tem- 
perature ranges in which fast mixing occurs via RED, 
and yet metastable alloys are formed. 

Our results show the existence of two critical temper- 
atures in ion beam mixing. Both temperatures are corre- 
lated with hole formation enthalpies. This may be un- 
derstood as follows. The interdiffusion coefficient for 
RED is given by the relation: 

Ba (X,&+X,0,). 

X, and Xa are the mole fractions of element A and B. 
DA and Da are the self-diffusion coefficients for RED, 
which can be written in the form: 

Di = Di,o exp( - Q/W). (5) 

The corresponding activation energies QA and Qn are 
given by AHMA and AHMa, the migration enthalpies 
for A and B atoms respectively. Because not much is 
known about migration enthalpies in amorphous alloys, 
we approximate AH,, and AH,, by the hole forma- 
tion enthalpies A HvA and A HvB, which are calculated 
using the expressions (1) and (2). The replacement of 
migration enthalpies by hole formation enthalpies is 
based on the following. In an excellent review by Brown 
and Ashby 1391 it has been shown clearly that the ratio 
Qso,/RT, (Qso is the activation energy for substitu- 
tional diffusion and T, is the melting point) is constant 
over a wide range of systems. Together with the well- 
known observation that AH, scales with T, [40], it can 
be easily derived that AH, is proportional to AHM. If 
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both QsD+ which Is AI& + AHN, and ANv are propor- 
tional te r,, AI!& must be ~ro~o~tiona~ to AHv. 
hkmmw, obsematicrns by Shewmon [41] and more 
recently by Franklin [42], showed for several metais that 
AH, and AHv are equal within 10% accuracy, 

The linear relationships (3) and (4) indicate that in 
ion beam mixing the apparent activation energies of the 
temperature-dependent diffusion processes are the de- 
termining factors for the related critical ~~rn~e~~~~r~~. 
The ~~~xpo~e~tial factors for lbe self-diffusion eoeffi- 
&ems, which will depend on the system studied and the 
particular expe~mental conditions, seem to be of less 
importance. This has also been shown by ~aus~henbach 
f43], who found a dependence of T, on AH?, the 
courage migration enthalpy of vacanciss. So, assuming a 
conslant Q. f5fof each system, and equal for atixns A 

and B, D, will depend critically on the ratio ( ANv/kT), 
resulting in the linear relationships (3) and (4) between 
temperature and hole formation enthalpy. 

The predictions for T, and Z& should not be re- 
garded as absolute values but rather as estimates, as can 
be seen by the d~~atiuns from the model up to 100 K in 
figs. 7 and 8. Furthermore, im~rtan~ parameters, such 
as the ~ucl~a~io~ and growth m~hanisms are ignored in 
the present model. Note that in some cases above T, a 
metastable crystalline phase nueieates first. Then there 
must be stitl a higher temperature at which equ~~~~urn 
is truly actie~.E. Detailed Information about the 
processes involved can only be obtained by studying 
individual systems. For example, the complexity of ion 
induced diffusion processes in elementary Ni is demon- 
strated by Mtiller et al. [44]. Nonetheless, from their 
data a & of 600 K can be inferred, a value which is still 
within the predicted range of 525( f 7.5) K of our model. 

Al~ou~~ different criteria are apphed to determine 
T, and T,, it is possible to compare the Fropo~~onal~ty 
constants C, = 4.0( kO.2) and C,, = 3.8(+ 0.2) from re- 
lations (3) and (4). Because the measured effects (diffu- 
sion cq. ~~st~~~~tion) are on tomparabte length and 
time scales (in the order of 100 A and 1 h respectively) 
we expect (7, and Ces to be approximately the same_ 
Within the error bars this is indeed the case, It should 
be mentioned that for individual systems the pre- 
exponential factors for the self-diffusion coefficients (5) 
will depend on experimental conditions and a dose rate 
dependence might be expected for both q and Teq. 

Previous ~nv~~gations have shown that for the 
crystalhzation temperature, TX, for amorphous alloys 
via a diffusion controlled process the following rdation- 
ship holds [X7,77]: 

TX = 4.7 x AHvtalyge. W 

In the model that is put forwsd in these papers crys- 
tallization is governed by diffusivity of the larger con- 
stituent, The seff-diffusion coefficient for this con- 
stituent will have the same form as (,5) and the corre- 

s~onding activation energy will be Q,. Because for the 
determination of 2”, and rSeq the same effect*& investi- 
gated (growth of crystals larger than 100 A on time 
scales of typically I h) a direct comparison can be made 
of the activation energies for thermal and ion induced 
crystallization of amorphous alloys under the assump- 
tion that the pm-exponential factors for both diffusion 
processes are approximately equal. As argued before, a 
linear ~e~~t~Q~s~~ between ~~st~~~~atio~ ~~rn~~~~~~~~ 
and hole ~~rrn~~~o~ enthalpy indicates that the activa- 
tion energy is most important. It then can be derived 
that the ratio of the activation energies equals the ratio 
of the proportionality constants from eqs. (4) and (6): 

QJQ, = C&X& = 1.2, 

wherein the activation energy for the ion-induced crys- 
tallization process is labeled Q,. The relative difference 
between Q, and Q, is unexpectedly small and might 
be influenced by the inaccuracy of the proportionality 
constants C, and C,. A larger difference is expected 
when the activation energy of the ion induced process is 
considered as a migration enthalpy only, and the activa- 
tion energy of the thermal process as the same migra- 
tion enthalpy plus an additional energy associated with 
the creation of holes or vacancies required for vacancy 
like diffusion in amorphous alloys. This clearly requires 
further ~nves~~at~on. 

5. Conclusions 

ion mixing with hi@ energy heavy ions has been 
shown to lower the c~sta~~tion t~m~erature of the 
amorphaus alloys Ni-Zr, Fe-%, Au-Zr, and I’d-Ta 
~igni~~ntly. Furthermore, it has been shown that in 
ion beam mixing of binary systems two critical tempera- 
tures can be defined. These temperatures can be predic- 
ted by the expressions: 

and 

=.s = 3.8 x AHvlarge, 

in which the temperatures are given in kelvin and the 
hole formation enthalpies in kJ/mote. At r, the smaller 
~on~~~uent becomes mobile and RED s&s in. However, 
metastable phases will form and remain stable under 
influence of the ion beam below ?I_. Above this temper- 
ature also the larger constituent can migrate over large 
distances and equilibrium phases will form. For systems 
with a large difference between hole formation enthal- 

pies A&,,,, - AhsscratI metastable alloys can be 
formed rather efficiently using RED. The vah~es for z 
and Tq as predicted with our model should not be 
regarded as absolute values but rather as guidelines to 
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select systems in which phenomena as RED and meta- 
stable alloy formation occur simultaneously. 
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