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Abstract 

Stability studies on Fe-B alloys have been conducted for establishing the interdependence 
of the thermal properties of crystallization and the changes in the electronic structure. For 
thermal analysis DT A, for electronic structure analysis SXS method was used. 

A correlation of the electronic structure and the heat of crystallization was observed. 
Based on the above information, the role of the electronic structure in determining the stability 
is established for Fe! -xBx (0.1::;; x::;; 0.2) binary alloys and some ternary alloys with transition 
elements (TM). General remarks are made concerning the stability based on the trends of 
measured data. 

Introduction 

The problem of stability of alloys and their highly met astable states, -
such as the amorphous-phases, - is in the centre of many scientific 
investigations. The problem of stability is much more fundamental than a 
particular question of amorphous alloys only, because it appears that 
metastability is the main idea underlying numerous exciting discoveries on 
superconductivity, on mechanical, electrical, etc. properties of alloys and 
ceramic media. Originating from Hume-Rothery's pioneering synthesizing 
works (W. Hume-Rothery (1946), W. Hume-Rothery et al. (1954)) we could 
enumerate the relevant factors affecting the stability. There are a lot of factors 
affecting the crystalline structure of alloys (W. B. Pearson (1972)). 

1. the chemical and electrochemical factors (electronegativity differences 
(W. Gordy et al. (1956)), compound-forming abilities (L. Pauling 
(1960), etc.); 

2. the geometrical factors (size factor (W. Hume-Rothery et al. (1934)), 
spacefilling factor (F. Laves (1956)), etc.); 

3. electronic factor (number of electrons per atom (W. Hume-Rothery 
(1983)), Fermi surface-Jones zone interaction (N. F. Mott et al. (1958)), 
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Engel's (N. Engel (1964» and Brewer's (L. Brewer (1963» modifica­
tions, etc.) 

In our present paper different Fe-B based amorphous alloys have been 
studied as model systems. Differential Thermal Analysis (DT A) was used to 
study thermodynamic changes and Soft X-ray Emission and Fluorescent 
Spectroscopies (SXES and SXFS respectively) for determining the electronic 
band structure. Our aim has been to clear the details of the stability and the 
special correlation between the local stability and changes in the electronic 
(band) structure. 

Experimental 

The SXES measurements were carried out by a home-adapted RSM-500 
(Burevestnik) system, under 10- 5 Pa vacuum, with turbo-pumps. Our 
resolution on B K a , Fe L 23 lines are 0.1 eV and 0.3 eV, respectively. The 
SXFS measurements were made by a SARF-l (Burevestnik) equipment. The 
corresponding resolutions are 0.1 eV and 0.3 eV for the B K~ and Fe L 23 , 

respectively. 
DT A was performed in a home-made high-sensitivity system. The 

sensitivity in the 150-500°C region is about 0.005 K. The heating rate was 
always 10 K/min, all other parameters were kept constant. For checking the 
state of the samples standard X-ray diffraction was used. 

The samples under investigation are collected in Table I. During 
isothermal anneals the temperature was kept constant within L1 T < 1 K. 

Table 1 

The alloys under investigation 

Fel-x-yTMxBy 

Alloy N° x (%) y (%) 

Ti er Mo Ta W Au 

13.5 
2 16 
3 5 13.5 
4 5 13.5 
5 3 13.5 
6 3 13.5 
7 16 
8 2 16 
9 3 16 

10 5 16 
II 1 13.5 
12 3 13.5 
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Results 

The SXES and SXFS curves agree well with literature curves both for 
boron and iron components (M. Tanaka (1982)) of binary Fe-B alloys. 

The series of measurements for samples with transition elements (TM) 
added is collected in Figs 1 and 2. As it was expected from the very similar 

Fig. 1. The B K, spectra of some FeO.S6S-xTM;dBo.13S' (TM 3d - transition metal from 
3d-period, 0.01 :::; x:::; 0.05) amorphous alloys. 

a) FeAu1B13.S; b) FeMo3B13.S; c) FeCrsB13.S; d) FeTa3B13.S; e) FeTisB13 . S 

Fig. 2. The B K. spectra of some FeO.S4-xWxBO.16 (0:::; x :::;0.05) amorphous alloys 
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electronic density of states (K. Suzuki et al. (1980» the changes in the Fe-spectra 
are negligible, only the B Ka. was influenced by the alloying process. The 
average mass centres of spectra (centroid position), which could be a good 
indication of stabilization (P. Oelhafen (1984)), are monotonously depending 
on the d-electron number. 

On the DTA-curves we have observed the well known features (T. 
Kemeny et al.), a peak corresponding to the a-Fe precipitation and another 
one, the amorphous-crystalline phase transition (Fig. 3). Some series of 
DTA-curves of the different samples are summarized in Fig. 4. 

Exo ! 6.T: 0.125OC 

Endo 

Temperature, OC 

Fig. 3. An example DTA-curve of the FeTa3Bo.13S sample 

b) 

400 

Exo 

i 6.T: 0.125°C 

'I 
Endo 

Temperature,OC 

Fig. 4. The series ofDTA-curves of different Fel_x_yTMxBy (Os x ::;0.05; 0.135::; y ::;0.25) alloys. 
a) FeCrsB13.S; b) FeW3B13.S; c) FeMo3B13 .s ; d) FeTa3B13.S 
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Fig. 5. The dependence of the crystallization temperature T.,) (a) and of the transition heat (LlQ) 
(b) on the total electron concentration (ela) 

450 _e- ___ ClDCDca _ _____ ~8"=*~c=t-_CID ca __ .... _ 

Tis Crs Ta3 M03 Au, 

4~--__ ~ ____ ~ ____ ~~ __ ~ ____ ~~ __ ~ __ ~ 
7.2 7.3 

ela 

Fig. 6. The temperature of er:-Fe precipitation versus (ela) 
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Fig. 7. The concentration dependence of crystallization temperature in the case of FeO.84-xWxBo.16 
(O::o;;x::o;;O.05) 
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The dependences of the transition temperature and of the transition heat 
on the electron-atom ratio (eja) are opposite (Fig. Sa, b). The peak characteriz­
ing the ex-Fe precipitation in the case of y=O.13S boron content does not 
depend on eja using different TM metals as the alloying element (Fig. 6). An 
increase in the concentration of W leads to an increases in the temperature 
of crystallization in Fel-x-O.16WxBo.16(0:5;X:5;0.OS), (Fig. 7). 

Discussion 

The low-boron content (y:5; 0.18) Fe1_yBy alloys are not well understood 
in the literature (Y. Waseda et al. (1978), T. Fujiwara et al. (1981». Alloying 
transition metals have no effect on the stability of the very dilute amorphous 
alloys (x :5;0.03) Fel-x_yTMxBy as it may be calculated from the precipitation 
of Fe into ex-Fe phase (Fig. 6). It suggests a non-changed chemical driving 
force forming the Fe3B-type equilibrium state. The excess iron precipitates 
as the pure metal unaffected by the other transition metal (TM) components. 
On the other hand the effect of TM content is well observable on DT A peaks 
characterizing the crystallization (T.: and L1Q, Figs Sja and Sjb) which do not 
show any regularity between (eja) and T~ and L1Q. 

From the unchanged DT A peak characterizing the ex-Fe precipitation 
we can assume that the transition metal atoms are in the non-precipitated 
part of the material and only the excess pure ex-Fe has been precipitated. In 
our case in Fe-TM-Bo.135 the TM concentration relative to Fe is about 3.S%, 
so for a homogeneous spatial distribution of TM -atoms, about every 20th 
atom is TM, which means that every second coordination sphere of Fe will 
contain a TM-atom. Therefore the second coordination sphere has not a large 
influence on ex-Fe precipitation. On the other hand the effect of the transition 
metal is large on the second phase transition (the amorphous-to-crystalline 
one) when the relative concentration of TM to Fe is about 8%. Assuming a 
homogeneous distribution of TM atoms in this stage as well, and knowing 
the fact that the coordination number of the nearest-neighbour Fe atoms for 
Fe is about the typical close-packed structure value of 12 (T. Fujiwara (1981», 
every first coordination sphere of Fe will contain one of the TM atoms. It 
means that the TM-Fe interaction can become essential and not any more 
negligible. Accepting the general 'covalent-bond' model (P. Oelhafen (1983» 
the B 25 state hybridizes with transition metal (Fe and TM) sand p states, 
as well as a bonding state created between B 2p and d-states of transition 
metals. 

There are some observable contradictions with Nagel-Tauc's stabili­
zation theory (T. Fujiwara (1982» (Th. Paul et al. (198S», because the Fermi 
energy (EF) is generally situated near the maximum of the DOS. In the case 



METASTABLE STATES OF FE·B .4LLOYS 155 

of the chemically required stoichiometric composition CFe3 B') the picture is 
basically changed, the EF position is just corresponding to a minimum of the 
DOS. (T. Fujiwara (1982)), in agreement with the behaviour predicted by the 
Nagel-Tauc's theory. It means that after the precipitation of the excess Fe 
from the alloy to a-Fe the materials is in chemical equilibrium, in 'Fe3B' 
stoichiometric form, but in non-equilibrium state structurally and topologic­
ally. It means that the contradiction with the Nagel-Tauc prediction is only 
apparent, and the real crystallization proceeds from the 'Fe3B' structure in 
all cases, which is stabilized by the electronic band structure. The B 2p- and 
d-states hybridization can become important for low TM-content amorphous 
'Fe-B' alloys, having TM-atoms in every first coordination sphere of Fe and 
the stability will decrease with increasing d-state band-splitting. In the case 
of higher TM-concentrations this stability decrease (for pure electronic­
structure stabilization effects) is more obvious (A. Mogro--Camparo et al. 
(1981)). We should note that the relatively large effect of TM-atoms is in 
agreement with the assumption that in the amorphous Fe-B-system the 
chemical bonds are stronger among Fe (or TM) atoms than in its crystalline 
counterpart in these dilute alloys (M. DeCrescenzi et al. (1983)). 

The thermodynamic information (DT A) is in fair agreement with the 
electronic ones (SXS spectra) where the stability is monitored by the centroid 
position of the curves (A. Szasz et al. (1985), N. Z. Negm et al. (1987)). In our 

~/Q 

Fig. 8. The half-band width of SXFS spectra plotted against eja 
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4~6~--~L-~7~--~--~8--~----~9~ 

HBW,eV 

Fig. 9. The correlation of crystallization temperatures (measured by DT A) and HBW (measured 
by SXS) 

case the centroid position can be replaced by the half-band-width (HBW), 
because EF is fixed to the vacuum level. The change of HBW versus e/a is 
given in Fig. 8. This is in good agreement with the calculation of the difference 
between EF and the centroid position of DOS, being - 2.01 e V and - 2.92 
eV for a-FessB1S and a-Fe7s B2s , respectively (T. Fujiwara (1982)). It means 
that the covalent bond conception (P. Oelhafen (1983)) needs some refinement 
because of the really large differences between the stabilities of alloys 
containing a small proportion of different TM-s. More confusing is the fact 
that slight concentration increase of the same TM, led to an increase in 
stability which was demonstrated by DT A curves (Fig. 7) and correlated 
rigorously with the HBW of SXS spectra (Fig. 9) as well. 

The effect of the stabilization of the electronic structure is discussed in 
terms of the structural concept (A. Szasz et al. (1988)) and it is observed in 
the case of different metastable phases (A. Szasz et al. (1985), N. Z. Negm et 
al. (1987), A. Szasz et al. (1988)). We suggest for these ternary Fe-TM-B 
systems the same effect; the stabilization of these states is due to the electronic 
structure of these materials. 

Assuming that the precipitated a-Fe does not play a role in crystallization 
stability, a reduced (e/a) can be defined based on one of the following 
assumptions: 

- The amount of the precipitated a-Fe is calculated on the assumption 
that part of the Fe atoms are replaced by TM in the intermetallic compound 
'TM 3B': 

(1) 
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The corresponding (e/a) will be denoted as 

( / ) 
= 8(3y-x)+tx+3y = (27y+x(t-8)) 

ear 4y 4y 

where t is the number of 3d and 4s electrons of TM. 
- The amount of the precipitated a-Fe is calculated on the assumption 

that the intermetallic compound is formed as Fe3yTMxBy: 

Fel_X_yTMxBy-l-(a-Fe)1_4y_x + Fe3yTMxBy 

and the corresponding (e/a) will be: 

(e/a) = (24y+tx+3y) = (27y+tx) 
rt 4y+x 4y+x 

(2) 

Analyzing the HBW, L1Q and 1'c versus the different electron concentrations 
(Fig. 10, 11 and 12 and Table 2) the following observations were made: 

1. HBW is in linear relationship with (e/a)r and (e/a)rt' where "e" denotes 
the number of the outermost d-electrons, and it is almost independent 
on the boron content or the concentration (in this dilute range) ofTM. 

6.5 ss 

6.3 
(e/a), (ela),t 

Fig. 10. The dependence of HBW on different (eja)-s: 
a) (e/a),; b) (e/a)" 
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Fig. 11. The dependence of L1Q on different (e/a)-s: 
a) (e/a)r; b) (e/a)rt 

2. The Q and 'Fc are in best fit with (eja)rp and this linear relationship 
depends markedly on boron concentration. 

3. The parameters of alloys without TM are under investigation. 
These observations lead to the following conclusions: 
a) The stabilization is due to the electronic structure. 
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Fig. 12. The dependence of ~ on different (e/a)-s: 
a) (e!a)r; b) (e/a)" 
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b) The ex-Fe precipitation temperature is independent of the TM content, 
but the amount of precipitated Fe is not. 

c) The Fe-B-bond determines the crystallization process and the sta­
bility of these amorphous alloys. 
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Table 2 

The correlation coefficients of different linear-regression fitting. 
(The numeration of alloys is in Table I.) 

Parameter e/a 
Alloys Correlation 

(Number from Table I.) coef. 

HBW e/a 4+5+7+8+9+ 10 0.9480 

(e/a), 6+7+8+9+ 10 0.99338 
4+5+6 0.9171 

(e/a)n 7+8+9+ 10 0.9948 
4+5+6 . 0.7764 

Q e/a 4+7+8+9 0.9657 
5+6+ 12 0.9857 
5+6+ 12 0.9156 

(e!a), 7+8+9+ 10 0.5962 
5+6+11 0.9935 
5+6+7+ 10+ 12 0.3536 

(eja)n 7+8+9 0.8879 
3+5+ 11 0.9935 
5+6+ 10+ 12 0.9980 
4+5+7+8+9 0.4764 

To e/a 7+8+9+ 10 0.9917 
5+6+ 12 0.9534 
3+5+6+ 12 0.8947 

(e/a), 7+8+9+ 10 0.9904 
3+5+9+ 12 0.999976 

(eja)n 5+7+8+9+ 10 0.9912 
3+6+ 10 0.8909 
1+2+6 0.9971 
6+ 10+11 0.9981 

We have observed some similarities between our ideas and the popular 
stability theory of Buschow and others (K. M. 1. Buschow (1980), M. Lasocka 
et al. (1984)). 

It was shown that the stability of amorphous binary alloys can be 
described in terms of a simple kinetic model, where the activation energy for 
crystallization is taken to be proportional to the formation enthalpy of a 
structural hole (.dRh) (the size of the smaller type of atoms) (K. M. 1. Buschow 
et al. (1980)), or it depends linearly on the average atomization enthalpy (.dRab) 
(M. Lasocka et al. (1984)). Generally it can ~e shown (K. M. J. Buschow 
(1980)) that the vacancy formation energy and the sublimation enthalpy are 
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proportional to each other, and the hole formation enthalpy can be expressed 
by the mono vacancy formation enthalpies of the binary system. In the same 
way the vacancy formation energy is proportional to the average specific 
lattice energy of one atom (A. C. Damask (1963)). The vacancy formation is 
strongly related to the electronic structure (N. H. March (1976)), which means 
that the linear dependence of the stability of amorphous alloys on the e/a 
ratio is not surprising. Furthermore the centroid position (mass-center under 
the SXS-peaks, corresponding to the partial electronic DOS) could be defined 
by 

EF 
EMC = SE' n(E)dE 

o 

where EMC the energy of the mass-center, EF is the Fermi energy, n(E) is the 
density of electronic states. According to the linear dependence of EF on the 
vacancy formation (EJ (F. G. Fumi (1955)), 

Ev 

EMC = S E'· n(E')dE'. 
o 

So the stability criteria were observed in different measurements (thermody­
namic and/or electronic) and they were found to be closely correlated. 

Acknowledgement 

The authors are grateful to Mr. 1. Hajdu and Mr. l. Kolh'tr for assistance in DTA 
measurements, and to Prof. E. Nagy for fruitful discussions. 

References 

BREWER, L. (1963) in book: Electronic Structure and Alloy Chemistry of the transition elements. 
Ed.: BECK, P. Interscience, WILLEY, l. N. Y. 

BUSCHow, K. M. l. (1980): l. de Phys. 41, C8-559. 
BUSCHOW, K. M. l., BEEKMANS, N. M. (1980): Sol. St. Comm., 35,233. 
DECRESCENZI, M., COLAVITA, E., PAPAGNO, CHIARELLO, G., SCARMOZZINO, R., CAP UTI, L. S., 

ROSEI, R. (1983): 1. Phys. F. (Met. Phys.) 13, 895. 
DAMASK, A. c., DIENES, G. 1. (1963): Point Defect in Metals, Gordon and Breach Science PUbl., 

N. Y., London. 
ENGEL, N. (1964): ASM Trans. Quant. 57, 619. 
FUJIWARA, T., CHEN, H. S., WASEDA, Y. (1981): l. Phys. F. (Met. Phys.), 11,1327. 
FUJIWARA, T. (1982): 1. Phys. F. Met. Phys., 12, 66l. 
Fm-n, F. G. (1955): Phil. Mag., 46, 1007. 
GORDY, W., THOMAS, W. l. O. (1956): l. Chem. Phys., 24, 439. 
HUME-RoTHERY, W. (1946): Electrons, Atoms, Metals and Alloys, ILIFFE et Sons Ltd. 
HUME-RoTHERY, W., RAYNOR, G. V. (1954): The structure of metals and alloys, lnst. Met. 

(London). 

11 Pcriodica Polytechnica Ch. 34! 1-3 



162 id. A. AYSAWY et al. 

HUME-ROTHERY, W., MABBOTT, G. W., CHANNEL-EVANS, K. M. (1934): Phi!. Trans. Roy. Soc. 
A233, 1. 

HUME-ROTHERY, W. (1983): J. Inst. Met. 35, 295, 307. 
KEMENY, T., VINCZE, I., FOGARASSY, B., ARAJs, S.: Proc. Conf. on Rapidly Quenched Metals 

Ill., Vo!. I. 
LAVES, F. (1956) in: Theory of Alloy Phases, Cleveland, Am. Soc. Metals, p. 124. 
LASOCKA, M., HARMELIN, M., BIGDT, J. (1984): Proc. 5th Int. Conf. Rap. Quenched Met., Eds.: 

S. Steeb, H. Harlimont, Wiirzburg, pp. 335. 
MOTT, N. F., JONES, H. (1958): The Theory of the Properties of Metals and Alloys, Dover, 

Publ. Inc., N. Y. 
MOGRo-CAMPERo, A., WALTER, J. L. (1981): Phys. Lett. 87A, 49. 
MARCH, N. H. (1976) in book: Atomic Structure and Mechanical Properties of Metals, Ed.: 

CAGLIOTTI, G. North Holland Publ. Co., Amsterdam, N. Y., Oxford, pp. 120. 
NEGM, N. Z., WATSON, L. M., SZAsZ, A. (1987): J. de Physique, 981, C9-1033. 
OELHAFEN, P. (1984): J. Phys. F. Metal. Phys. 29, 6570. 
OELHAFEN, P. (1983) in book: Metallic Glasses n., Ed.: GDNTERODTH, H. 1. Sprenger Verlag, 

Berlin, Heidelberg, New York, p. 313. 
PEARSON, W. B. (1972): The crystal Chemistry and Physics of Metals and Alloys, Wiley-

Interscience, N. Y. 
PAULING, L. (1960): The Nature of the Chemical Bond, Ithaca, Cornell Univ. Press. 
PAUL, TH. and NEDDERMEYER, H. (1985): J. Phys. F. Met. Phys. 15, 79. 
SUZUKI, K., IToH, F., MISAWA, MATSUl...TRA, M., FUKUNAGA, T. (1980): J. de Physique 41, C8-179. 
SZASZ, A.. KERTEsz, L., HAJDU, 1., KOLLAR, J. (1985): Aluminium, 61, 515. 
SZASZ, A., FABIAN, D. 1. (1985): Sol. St. Comm. 65, 1085. 
SZASZ, A., WATSON, L. M., KERTESZ, L., KOLLAR, J. (1988): J. Phys. F. (Met. Phys.) 18,1849. 
TANAKA, M., YASHINO, M., SUZUKI, K. (1982): 1. Phys. Soc. Jap. 51,3882. 
WASEDA, Y., CHEN, H. G. (1978): Phys. Stat. Sol. (a), 49, 387. 

M. A. AYSAWY i 
A. SZASZ 1 
J. KOJNOK 
L. KERTESZ 

Eotvos University, H-1445 Budapest 

V. STEPANJUK LDffionoszov State University, Moscow, USSR 
A. LOVAS Central Research Institute of Physics, Acad. Sci. Hung. Budapest 


