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Abstnct. Fe, .,(Cu, .,A&), alloys spuner deposited on liquid-nitrogen.coolcd substrates 
have been investig3ted by x-ray diffraction and dillerenudl canning calorimetry mcasure- 
mcnts Although thisternay alloysyslcmisofa t)pkdU) immiscibl: 1)’pe in the equilibrium 
state, a single BCC phve  appears at the Fe-rich corner 3nd a single FCC phve at the Cu- and 
Ag-rich comers, uhile an amorphous phase appears in the central concentration re@on. In 
thc interference function of the temaq amorphous allo)s. 3 broad first peak and splitting of 
thesccondandrhrdpeaksarederected. wherethepeakintensityismuchue3ker than those 
in the binary FCC alloys. The radial &mibution function rndicates that a tetrahedron IS the 
dominant structure unit oftheamorphous alloyr,asexpccted from thedcnse random packing 
of hardor soft spheres. The stackingofteuahedra is not sequential but the mancoordination 
pol)hcdron is an icosahedron, because the weragr coordination number IS 11-12. 

1. Introduction 

Non-equilibrium alloys have been produced by energizing and quenching procedures 
such as solid quenching, liquid quenching and vapour quenching (Turnbull 1981). During 
sputter deposition, which is a typical vapour-quenching method, a high-energy vapour 
solution is condensed onto a cold substrate, the surface diffusion of energized adatoms 
is restricted if the substrate is a good heat sink (Thornton 1977) and several random 
phases which are high-temperature phases have been realized (Sumiyama 1991). Fe 
forms no solid solution with Cu and Ag at room temperature, Fe and Ag are almost 
immiscible with each other even in the liquid state at 2300 K (Massalski et a1 1986). A 
Cu-Ag alloy system is also of the two phase separation type and forms very narrow 
regions of the primary solid solutions (Massalski et al1986). In binary Fe-Cu, Fe-Ag 
and Cu-Ag alloys produced by conventional RF diode sputtering; however, wide single- 
phase regions of BCC and FCC have been obtained (Sumiyama etal 1984,1988, Kataoka 
etal 1985). Moreover, in ternary Fe-Cu-Ag alloys, which show very narrow ranges of 
liquid solutions in the Cu-Ag- and FsCu-rich sides at high temperatures (Chang er al 
1977), an amorphous phase has been successfully obtained by RF diode sputtering in the 
central concentration region together with the wide single phases of BCC at the Fe-rich 
corner and FCC at the Cu- and Ag-rich corners (Sumiyama etal 1988). 

RF diode sputtering could not attain a sufficiently high deposition rate for producing 
bulk alloys and could not avoid plasma irradiation of the substrate. On the contrary, 
facing-target-type DC sputteringgives quite a highdeposition rate and effectively reduces 
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Table 1. Sputtering parameters, 

Background pressure c80 pPa 
Argas prrssure 0.6 Pa 
Magnetic field 5-12 kA m-' 
Substrate temperature l l O K  

Input current 600 mA 
Input voltage Mx)V 

Deposition rate S A S - '  

plasma irradiation of the substrate, minimizing the substrate heating and Ar con- 
tamination (Naoe et a1 1980), because two parallel targets are arranged facing their 
planes and the magnetic field is applied perpendicular to the target surfaces to enhance 
the magnetron motion of electrons for a high ionization rate of Ar atoms and to confine 
the plasma region in the space between the target planes. 

In this study, we have produced bulk Fe, -y(Cul-,A&)y alloys by facing-target-type 
DC sputtering. We deal with the characteristic structure of these alloys through x-ray 
diffraction and differential scanning calorimetry (DSC) measurements. 

2. Experimental procedure 

Using facing-target-type DC sputtering equipment and composite targets with a stripe 
shape prepared from 99.9% pure Fe, Cu and Ag plates, we made alloy specimens of 
10-30 pm thickness on liquid-nitrogen-cooled substrates. The alloy composition was 
adjusted by changing the surface ratio of Fe, Cu and Ag stripe plates. The sputtering 
conditions are indicated in table 1. The chemical compositions of sputter-deposited 
alloys were determined by an electron probe microanalysis (EPMA). The concentration 
distribution over the surface and the concentration difference between the free surface 
side and the substrate side were determined for some alloys, indicating a uniform 
concentration within an experimental error of about 2%. 

X-ray diffraction patterns were observed at 290 K by using Fe Ka radiation or MO 
Ka radiation. A graphite monochromator was used to eliminate the fluorescence x-ray 
and Kp radiation from specimens. The x-ray intensity as a function of the scattering 
angle was measured stepwise in the two 28 ranges, one from 10" to 30" and the other 
from 20" to 100". The intensity of the small-angle part was smoothly connected to that 
of the large-angle part, and the interference function Si(S) was obtained by normaliz- 
ation. The radial distribution function G(r) was calculated from Si(S) by 

and the reduced distribution functiong(r) by (Waseda 1980) 

Here, ci and K; are the atomic concentration and the average electron number of the ith 
atom. Theatomicdensitygofor the ternaryFe,-,(Cu, -LA&)yalloys wasestimatedfrom 
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Figure 1. X-ray diffraction patterns for Fe,.,Cu, Figure 2. X-ray diffraction patterns for Fe, .pg,  
alloys sputter deposited on liquid-nitrogen- alloys sputter deposited on liquid-nitrogen- 
cooled substrates. cooled substrates. 

the theoreticaldependenceof G(r) = Oin theshort-distanceregion inr, roughlyagreeing 
with the values obtained by assuming the Vegard law between Fe,-,Cu, and Fe,-,Agy 
alloys. DSC was done for deposited alloys in an Ar atmosphere with a heating rate of 
about 0.3 K SKI in order to detect a sharp exothermic peak. 

3. Experimental results 

3.1. X-ray diffraction study by Fe Ka radiation 

In the x-ray diffraction patterns for Fe,-,Cu, alloys (figure l) ,  the BCC peaks are 
predominant fory < 0.4 and the FCC peaks fory > 0.5. In the x-ray diffraction patterns 
for Fe,_,Ag, alloys (figure Z), the BCC peaks are predominant for y < 0.5 and the FCC 
peak for y > 0.6. 

Figure 3 shows the x-ray diffraction patterns for Fel-,.(Cul-xAgJy alloys withy = 
0.6. The FCC peaks are observed forx < 0.5 and x = 1.0, while a halo pattern indicating 
an amorphous structure is observed for 0.5 < x < 1.0. In figure 4, the x-ray diffraction 
pattemsforFel-,(Cu,-,AgJyaalloyswithx = 0.5 reveal the~ccpeaksfory < 0.55and 
the FCC peaks fory > 0.65, while a halo pattern for 0.55 < y < 0.65 is found. 

3.2. X-ray diffraction study by MO Ka radiation 

Figure 5 shows Si(S) for Fel-,(Cu,-,AgJy alloys with y = 0.6 as a function of the 
scattering vector S = (4zsin @)/A, where 8 is the scattering angle and A the x-ray 
wavelength. The sharp peaks are detected up to the high4 region for the binary FCC 
Feo.nCb.n and Feo.,sAgo.ss alloys and the peak intensities are weaker in the latter alloy 
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Figure 3. X-ray diffraction patterns for 
Fe,.l(Cu,.,A&), alloys with y =0.6 sputter 
deposited on Liquid-nitrogen-cooled substrates. 
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Figure 4. X-ray diffraction patterns for 
Fe,.,(Cul-,A&)t alloys with x -  0.5 sputter 
deposited on liquid-nitrogen-cooled substrates. 

than in the former, partly owing to the high absorption probability of heavy Ag atoms. 
In the ternary amorphous alloys, a broad first peak and splitting of second and third 
peaks are detected, where the peak intensities are much weaker than those of the binary 
alloys and the oscillation of Si(S) decreases rapidly for S > 10 The peak positions 
of Si(S)  shift to the low4 side with increase in the Ag concentration because the atomic 
radius of Ag is much larger than that of Cu (Darken and Gurry 1953). 

Figures 6 and 7 show the radial distribution function G(r) and the reduced radial 
distributionfunctioog(r) of Fe,-,(Cu,-.A~),alloyswithy = 0.6. Manyclearpcaksare 
detectable in the binary alloys and the peak width of the FCC Fea.3SAg0.65 alloy is broader 
than that of the FCC Feo,,,Cuo,73 alloy, probably because the addition of Ag atoms 
with a large atomic radius introduces a much larger distribution in the near-neighbour 
distance. Three broad peaks are detected in the ternary Feo.4~(Cuo,52Ago.as)o,~8 and 
Feo,37(Cuo,46Ago,5~)o,~~ alloys at about 2.8, 4.7 and 7.2A. The broad fist peak of g(r)  
composed of nearest-neighbour atom pairs of Fe-Fe, Fe-Cu, Fe-Ag, Cu-Cu, Cu-Ag 
and Ag-Agrevealsnoclear peakseparation betweentheindividualatom pairs, although 
the atomic radii of 1.26 8, for Fe, 1.27 8, for Cu and 1.47 8, for Ag are quite different 
(Darken and Gurry 1953). The first three peak positions shift with the change in 
x .  However, the relative peak positions scaled to the first peak position of g(r) are 
independent of the alloy concentration within the experimental error of 20.03, as listed 
in table 2 and they correspond to the first, thud and seventh peaks for the binary FCC 

The average coordination number n , ,  is estimated from the integrated intensity of 
the first peak of G(r) in figure 6, provided that lack of chemical short-range order is 
assumed as is justified later in this paper. In table 2, n = 11-12 where the nt value of the 
FCC Feo.27Cua.73 alloy is much smaller, probably because the large oscillationremainingin 

alloys. 
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Table 2. Peak positions of g(r) and coordination number n, for Fe,.,(Cu,-,A&), alloys 
sputter deposited on Liquid-nitrogensooled substrates. The radial distance r., from the 
otigin to the nth-neighbour atomic shell is indicated in the upper rows and the relative peak 
position r m f q  scaled to the first pcak position. in the lower TOWS. 

~~~ ~ ~~ ~ 

r , A  r , A  r,A r , A  r , A  r , A  r , A  r , A  
Y .z r d r ,  rJr l  rJr ,  r d r ,  rJr, r h  r,JrI r$r, n, 

0.73 0.0 2.45 3.67 4.45 5.13 5.63 6.25 6.15 - 9 

0.58 0.48 2.78 4.70 - 7.19 - 11.2 

~~~~ ~ ~ ~~~~ ~~ ~ 

1.0 1.50 1.82 2.09 2.30 2.55 2.76 

- ~- 
1.0 1.69 2.59 

0.63 0.54 2.75 - 
1 .0 

4.14 - 
1.72 

7.22 - 
2.63 

0.65 1.0 2.76 - 4.95 5.57 6.42 7.00 7.50 - 
1 1.50 1.79 2.02 2.33 2.54 2.72 

11.1 

12.5 

FCC 1 1.41 1.73 2.0 2.24 2.45 2.65 2.83 12 

the high-S range made the smoothing and normalization procedures ambiguous and 
gave a large error in the small-r range. 

3.3. Differential scanning calorimetry 

Since the halo pattern of the ternary Fe,-,(Cu,-,A&), alloys is rather sharp in com- 
parison with other amorphous alloys, we checked whether a marked exothermic peak 
can be observed in the DSC trace of these alloys. Figure 8 shows the results for 
Fe, -JCu, _,Ag,),alloys with y = 0.6, indicating that the alloys with x = 0.5-0.8 reveal 
a sharp exothermic peak. As shown in figure 9, F e l ~ ~ ( C u l ~ x A ~ ) y  alloys with x = 0.5 
also reveal a sharp exothermic peak for the alloys withy = 0.6-0.8. The exothermic 
peak is ascribed to the crystallization of the amorphous phase and the crystallization 
temperature Tx was determined as the starting temperature of the exothermic effect. 
Tx is about 400 K and rather insensitive to the alloy concentration within the narrow 
single-phase region of the amorphous phase. These features are consistent with the 
resultsforthe Fe, -,(Cu, -,A&),alloysproduced by RFsputtering(Sumiyamaeta(1988). 
The heat AQ of crystallization for amorphous alloys was estimated by integrating the 
sharpexothermicpeak. Asshownintable3, thelargestvalueof AQisabout 10 kJ mol-' 
in the amorphous Feo.42(Clb.zlA~,,g),.ss alloy. On the other hand, non-equilibrium 
crystalline alloysdecompose rathergradually togive no sharpexothermic peak. Arather 
broad exothermic peak above 500 K is probably due to the phase decomposition of non- 
equilibrium supersaturated alloys. 

4. Discussion 

Because of the preferred orientation of crystal growth and the large amount of strain 
in the present sputter-deposited specimens, we roughly estimated the ternary phase 
boundary diagram of Fe, -y(CuI -xAg,), alloys using the results of conventional x-ray 
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TemDemtUE 1x1 
Figures. D E  traces obtained with a heating rate 
of0.3 Ks-' for Fe,.,(Cu,-,A&)ralloys with y = 
0.6 sputter deposited on liquid-nitrogen-woled 
substrates. The vertical arrow indicates the crys- 
tallization temperature Tx.  

Figure'). DSC traces obtained with a heating rate 
of0.3Ks-'forFe,-,(Cu,-,Ak),aIloys withhx= 
0.5 sputter deposited on liquid-nitrogenaoled 
substrates. The vertical arrow indicates the crys- 
tallization temperame Tx. 

Table 3. Heat, AQ of crystallization for sputter-deposited Fe,-,(Cul-,A&), alloys. 

Y x A Q  (kJmol-') y x A Q  (kJ mol-)) 

0.58 0.0 - 0.55 0.0 - 
0.58 0.28 - 0.55 1.0 - 
0.60 0.44 - 0.50 0.55 - 
0.59 0.50 2.6 0.68 0.46 3.2 
0.60 0.63 1.3 0.80 0.51 2.6 
0.58 0.80 10.3 0.86 0.46 0.1 
0.63 1.0 - 

diffraction and DSC measurements. In figure 10, the single-phase region of BCC appears 
in the Fe-rich comer (rectangles) and that of FCc in the Cu- and Agrich corners (circles), 
while the single-phase region of the amorphous phase (triangles) displaying both a sharp 
exothermic peak in the DSC trace and a broad single peak in x-ray diffraction pattems is 
in the central concentration region. The full symbols indicate the alloys which display 
an exothermic peak in the DSC traces. This phase diagram is similar to that for 
Fe,-,(Cu,_,A&), alloys produced by w sputtering (Sumiyama et al1988). However, 
the single-phase regions of BCC and FCC phases are much wider and the region of the 
amorphous phase shifts to the higher-x side for y = 0.6 in the present alloys compared 
with the previous alloys. The single-phase regions in the present ternary alloy diagram 
are wider than those in the previous diagram, suggesting that surface diffusion is much 
more suppressed and a mixed state of surface adatoms is more effectively quenched in 
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Figure 10. Non-equilibrium phasediagram of ter- 
nary Fe,.,(Cu,-,A&), alloys sputter deposited 
on liquid-nitrogen-cooled substrates. The results 
of x-ray diffraction measurements are shown as 
follows:D,thesingle~ccphase;O,thesingle~cc 
phase; A,thesingleamorphousphase; V.thescc 
andFccmixedphase;., the~ccandamorphous 
mixed phase; 0, the FCC and amorphous mixed 
phase. The full symbols indicate the alloys which 
displayed an exothermic peak in ihe DSC trace. 

Fwre 11. Free energy AG vcrsus concentration 
~~ 

the deposition process of facing-target-type DcsputteMg than in that of the previous FS 
sputtering. 

The forming ability of non-equilibrium phases in diffusion-limited solid growth 
processes has been discussed by the free energy versus composition diagram (Massalski 
1982).Asshowninfigure 11,forexample. the AG-cdiagramforFe, -,A&alloyspredicts 
the formation of the BCC primary solid solution in the Fe-rich region and that of the FCC 
primary solid solution in the Ag-rich region (Swartzendruber 1984, Sumiyama 1991), in 
accordance with the experimental results (Kataoka er a1 1985). The A G c  diagrams for 
Fe,-,Cu, and C u , _ p &  alloys also predict the wide concentration range of primary 
solid solutions in the vapour-deposited states, consistent with the experimental results 
(Sumiyama et a1 1984, 1988). They also predict the formation of a supercooled liquid 
state, which can be regarded as an amorphous state, at the intermediate-concentration 
region of these binary alloys (see figure 11). However, we could obtain no binary 
amorphous alloys even on liquid-nitrogen-cooled substrates, although some reports 
indicated the formation of amorphous-like F e A g  and Cu-Ag alloys by vapour quench- 
ing (Chien and Unruh 1983, Reda et all982). In ternary Fe, -p(CuI -xAgJy allcys whose 
equilibrium phase diagram has not been reported in detail (Chang et a! 1977), the 
amorphous phase is obtained at the central concentration region. This result suggests 
that the addition of the third element enhances the configurational entropy of deposited 
alloys and moderates the thermodynamical and/or kinetic conditions for amorphous 
phase formation. 

As discussed in the previous paper (Sumiyama 1988), the empirical rules for the alloy 
phase formation, such as the size difference of constituent elements (Hume-Rothery 
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1966) and the mixing enthalpy AHmix of equiatomic liquid alloys, or the formtion 
enthalpy AHFof solid alloys (Giintherodt eta1 1981, Simozar and AIonso 1984), reason- 
ably explain the non-equilibrium BCC and FCC solid solutions in binary Fe-Cu, Fe-Ag 
and Cu-Ag alloys, but they do not explain the amorphous phase formation in the ternary 
Fe, -y(Cul -xAgJ, alloys well. Indeed, the atomic size ratio of the constituent elements 
is larger than 10% for Fe-Ag and Cu-Ag and Fe-Cu-Ag alloys (Darken and Gurry 
1953, Mader 1965); however, the amorphous phase is only formed in the ternary Fe- 
Cu-Ag alloys. Then, an amorphous phase is more favourable as AH- and AH, are 
negative and their absolute values I AH-/ and I A &  become larger. In particular, an 
amorphous phase is often formed in the rapidly quenched alloys with concentrations 
corresponding to the intermetallic compounds, in which AHF is negative, I AHF/ is very 
large and the crystalline units are quite complicated and composed of a large number of 
atoms. In t h i s  context, the amorphous phase formation is unlikely for the ternary Fe- 
Cu-Ag alloys whose AH,,,, and AHF are positive (Sumiyama et a1 1988, de Boer et ai 
1989). 

The thermal stability of an amorphous phase strongly depends on the nucleation and 
growth kinetics of competing crystalline phases. However, on the assumption that the 
crystallization process of amorphous alloys is of a diffusion control type, its activation 
energy could be proportional to the formation enthalpy of a monovacancy having a size 
equal to that of a smaller or a larger atom, AHvs or AHvL (Buschow 1982, de Reus and 
Saris 1990). The crystallization temperature Tx is given by 

Tx = C AHvs (3) 

Tx = C' AHvL C'=4.7KmolkJ- ' .  (4) 

C = 7.5 K mol kJ-' 

or 

Since the atomic size of Fe is almost the same as that of Cu, we estimate AHvs and AHvL 
for pseudo-binary (FeCu),,Ag,, alloys to be about 96 kl mol-' and 118 kJ mol-' (de 
Boer et al1989), giving Tx = 720 K and 520 K. These Tx-values are much higher than 
the observed values. 

As mentioned above, the amorphous phase formation is not well understood by the 
preceding empirical rules. However, the structure analysis gives a definite picture of the 
amorphous Fe, -y(Cu, -xA&)y alloys. On comparison of the reduced radial distribution 
function g ( r )  between the binary FCC and the ternary amorphous alloys, the peaks of 
the second- and fifth-neighbour positions disappear in the ternary amorphous alloys. 
These peaks are mainly ascribed to the half octahedral unit, while the third-, fourth-, 
sixth- and seventh-neighbour sites are ascribed to the tetrahedral unit in the FCC lattice 
(Suzuki 1990). The topological structures of amorphous metals and alloys are approxi- 
mately described in terms of the dense random packing of hard spheres (DRPHS) model 
or the dense random packing of soft spheres (DRPSS) model (Bema1 1964, Finney and 
Wallace 1981), which are largely constructed from tetrahedral structure units, while in 
the FCC or BCC crystalline lattice both the tetrahedral and the octahedral structure units 
are included with a ratio of two to one. Therefore, the present results are consistent with 
these arguments; the octahedral structure units are disallowed and the tetrahedral 
units are preferentially formed during the sputter deposition process of ternary 
Fe,-,(Cu,-,AgJ, alloys. 

The radialdistribution function of amorphousmetals and alloys has been interpreted 
by a spiral polytetrahedral cluster model shown in figure 12 (Takeuchi and Kobayashi 
1981, Yasuda et al 1990); the amorphous structure is constructed by the sequential 
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Figurelt. (a)SpiralpolytetrahedraIcluster model 
(Takeuchi and Kobayashi 1981), where the -~ aver- 

radial distances areas  fo1lows:OA = 1, 
OBx1.65,  OC=1.99, O D 4 . 4 9 ,  OE=2.97 
and?% = 3.38. (b)The icosahedralcoordination 
unit. (c) The FCC coordination unit, I C 1  

stacking of tetrahedra. Within this model the relative peak positions of atoms A, B, C, 
D, E and F scaled by the first peak for A atom are 1.1.65, 1.99,2.49,2.97 and 3.38. 
Provided that the first peak of the ternary amorphous Fe, -y(Cul _,Ag,), alloys in figures 
6 and 7 is allotted to the position of atom A, the second peak can be allotted to the 
positions of atoms B and C and the third peak to the positions of atoms D and E. These 
resultssuggestthat thestackingisnotsosequentialasdisplayedinfigure 12(a). However, 
the average coordination number of 11-12 implies the close packing of Fe, Cu and Ag 
atoms in the present amorphous alloys. Since the DWHS and DRPSS models indicate that 
the dominant coordination polyhedron is an icosahedron (figure 12(b)) composed of 
the tetrahedron (Bemal 1964, Briant and Burton 1978, Finney and Wallace 1981), 
the first-nearest-neighbour atomic correlation is supremely illuminating in the ternary 
amorphous Fe-Cu-Ag alloys. 

The chemical short-range order is not taken into account in the present analysis. 
Since the Fe-Cu-Ag alloy system is of the typical immiscible type, chemical affinities 
between hetero-atom pairs do not-surpass those between homo-atom pairs. In such an 
alloy system, the repulsive part of interatomic potential, i.e. the hard or soft core of 
constituent atoms, is dominant. Therefore, the ternary amorphous Fe, -y(Cu, -xAgJy 
alloys are high-entropy metastable states consisting of topologically random packing of 
Fe, Cu and Ag atoms. 
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