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Abstract 

The thermodynamic functions (Gibbs energy, entropy) of mixing in the binary Fe-B, Co-B 
and Ni-B systems were determined using experimental activity data from the literature and the 
enthalpy data of the alloy formation measured earlier by the author. The excess entropies of 
mixing were found to be largely negative, indicating the existence of short-range ordering in these 
liquid alloys. A short description of the experimental method for a ternary system and an 
example of the original values measured in a separate experiment are given. The partial and 
integral enthalpies of formation of the ternary Cr-Fe-B, Mn-Fe-B, Co-Fe-B and Ni-Fe-B 
melts were measured directly using a high-temperature isoperibolic calorimeter. The large 
negative enthalpies of mixing in all the studied ternary systems reflect the strong interaction of 
the alloy components. The existence of attractive forces between unlike atoms of the 3d transition 
metals in the ternary alloys causes a decrease in the absolute values of the partial enthalpy of 
mixing of boron. Comparing the experimental data with the data interpolated from the binary 
boundary systems using well-known models, it was shown that these models in most cases are 
incorrect for the ternary Cr(Mn,Co,Ni)-Fe-B melts. Using the measured data, the glass-forming 
ability of the ternary melts is discussed. 

Keywords: Excess entropy; Gibbs energy; Glass-forming ability; Isoperibolic calorimeter; Mix- 
ing enthalpy 

1. Introduction 

The melts of the 3d transition metals (Tr is Cr, Mn, Fe, Co or Ni) are widely used for 
the production of several kinds of high-magnetic-permeability metallic amorphous  
materials, using rapid quenching. The thermodynamic data for such liquid alloys are 
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important for the solution of practical high-temperature problems, particularly for the 
prediction of glass-forming ability in these alloys. In recent years, the activities of the 
components in the binary Fe-B, Co-B and Ni-B systems were measured by the 
electromotive forces method [1, 2] and the Knudsen effusion technique [3]. The partial 
and integral enthalpies of formation of the binary Tr-B alloys have been determined by 
calorimetry [4-10]. As a continuation of the previous investigations, excess ther- 
modynamic functions of mixing in binary Fe-B, Co-B and Ni-B melts were calculated 
using the above-mentioned data and the alloy thermochemistries of the ternary 
Cr-Fe-B, Mn-Fe-B, Co-Fe-B and Ni-Fe-B systems were studied experimentally by 
isoperibolic calorimetry. 

2. Calculations and experimental details 

To determine the excess thermodynamic functions, the experimental activity data 
measured by Yukinobu et al. [1], and Ushio and Ogawa [-2] were statistically treated 
by least squares analysis using the equation 

ln72 =(1 - -  X)20~ (1) 

where ~)2 and x are the activity coefficient and molar fraction of boron, respectively. The 
functions were represented as a simple empirical power series expansion versus the 

boron mole fraction. The activity coefficients of the 3d transition metals, ~1 were 
determined by means of the Gibbs-Duhem equation using the ~ functions 

In 71 = - e(1 - x )x  + c~dx (2) 

The activity data mentioned above and described by Storms and Szklarz [3] are 
given with the reference state being solid 3d metals and solid boron. Therefore, for the 
determination of the excess Gibbs energy of mixing and the characterization of the 
interaction of the components, these data were converted to the reference state of the 
liquid metal and liquid boron, using well-known equations [11]. Since the differences 
in heat capacities of the solid and liquid components are negligibly small, it was 
assumed that the enthalpies of mixing do not depend on temperature. Therefore, the 
basic equations are simplified as 

Am (~'x = As(~x - Af H° (1 -~fT/) (3) 

and 

AmBi = AsHi - A f H  ° (4) 

where AG~ X and AH~ are the partial molar excess Gibbs energy and partial enthalpy of 
component i referred to the solid (subscript s) or liquid (subscript m) pure component i; 
Af H ° and Tf,~ are the enthalpy changes of fusion of one mole of component i and the 
absolute temperature of fusion of this component respectively; and T is the tempera- 
ture of the activity measurement. Values adopted for AfH ° and Tf, i (50.2 kJ mol- 1, 2348 
K) were taken from the literature [12, 13]. 
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The enthalpies of formation of the ternary liquid T r -Fe -B  alloys were investigated 
using the high-temperature isoperibolic calorimeter, provided with a system of data 
accumulation and mathematical treatment by personal computer. The apparatus was 
applied as a drop calorimeter with constant temperature. The heat effects were 
measured by successive introductions of samples (3d metal or boron) at a standard 
temperature (298 K) into a liquid bath (binary or ternary alloy). Temperature measure- 
ments were carried out with a thermocouple (WRe5-WRe20, calibrated using pure 
substances as recommended by the International Temperature Scale of 1990) protected 
by a yttria-stabilized zirconia shield and placed in the melt. The temperatures at which 
the experiments were carried out were 2150+ 15 K for the Cr -Fe-B system, 1830+ 10 
K for Mn-Fe-B,  1900+ 15 K for Co-Fe-B  and 1873+ 10 K for Ni-Fe-B.  The initial 
mass of alloy in the calorimetric crucible was 40-60 g. To obtain partial molar 
enthalpies of atloy formation, the dropping sample mass was controlled by a computer 
so that the concentration changes in the bath did not exceed l%at.  A stirrer ensured 
complete and rapid dissolution or mixing of the components. The material of the 
crucible and the stirrer was the same as the thermocouple shield. The experiments were 
carried out in purified helium at an excess pressure of 5 x 10 3 Pa. The purities of the 
metals and metalloids were (in %): 99.8 for Cr, 99.6 for Mn and Fe, 99.95 for Co and Ni, 
and 99.5 for crystalline B. The measurements were carried out on ray sections (the 
concentration ratio of the initial components in the alloys was kept constant for the 
total running time) with XTR: Xve being 0.25:0.75, 0.5:0.5, 0.75:0.25 and 0.9:0.1 (the latter 
only for Ni -Fe-B alloys). 

The alloy formation enthalpies were calculated using the method described earlier in 
Refs. [14] and [15]. Note that the method takes into account some temperature drift 
during a measurement and does not require a permanent calibration of the calorimeter 
by a standard inert sample which represents an additional source of melt contamina- 
tion. The thermal equivalent of the calorimeter, W(x), is derived directly using the 
Gibbs-Duhem equation from the concentration dependences of the areas under the 
temperature-time curves (referred to 1 mol of a component i ), Fi(x ), which are due to 
the solution of each component. This approach results in thermodynamically consis- 
tent data [14]. Thus, in the case of a ternary system if the concentration ratio of the 
components of an initial binary alloy remains constant within the run, the enthalpies of 
mixing may be determined using the expressions 

T ° A/~i(x) = - AH298. / - ACp,iAT(x) + W(x)Fi(x) i = 1,2, 3 (5) 

AH(x) = (1 - x) (1 - y)AHI(x) + ( 1 - x )yAH 2 (x) + xA/t  3 (x) (6) 

1 [W(x)d~z (x )  + W(x)~z(x)  - F 3 ( X ) d x -  AC e z(x)dT(x) 1 (7) dW(x) = ~ ( x )  1 - x 

@z(x) = (1 -- x)(1 -- y)F 1 (x) + (1 - x)yF2(x)+ xF3(x ) (8) 

ACz(x) = (1 - x)(1 - y)Acp,1 + (1 - x)yAcp, 2 + xAcp, 3 (9) 

T ° where AH298,i, Acp,i, and A/~i(x) are the standard enthalpies of heating, the heat 
capacity and the concentration dependence of the partial melt formation enthalpy 
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component i, respectively; AH(x) is the integral enthalpy of alloy formation of the ray 
section with constant ratios of y/ ( l  - y ) .  The value AT(x) = T(x)  - T O is the difference 
between the temperature values at every drop, T(x),  and the initial value T °, fixed at 
x = 0; y and x are the mole fractions of the second component (Cr, Mn, Co or Ni) in the 
initial binary alloy, and the third component (B) in the ternary melt. 

The differential equation, Eq. (7), does not allow division by the variables; therefore 
the numerical method of solution was applied. The initial expression for x = 0 is 

T O T ° 
W(0 )  - (1 - y ) A H 2 9 8 ,  i + y A H 2 9 8 ,  2 + A H  ° 

(1 - y) F1 (0) + yF2(O) (1 O) 

where AH ° is the integral enthalpy of formation of the initial binary alloy. As one can 
see from Eq. (7), difficulties in the numerical integration may arise when @~(x) is equal 
or near to zero. However, in all the studied Tr-Fe-B melts, this was not observed. The 
standard values of the enthalpies of heating of the components were taken from Refs. 
I-12] and l' 13]. The integral enthalpies of mixing of the components at ultimate dilution 
in the systems Cr-Fe, Mn-Fe,  Co-Fe and Ni-Fe, which are necessary for the 
calculation of W(0), were adopted from Refs. 1,16-19], which are considered to be the 
most reliable, and are listed in Table 1. Table 2, as an example, presents the original 
values measured in a separate experiment (the composition of the starting sample; the 
amount of the sample dropped, rn~; the mole fraction of boron, xB; the area under the 
temperature-time curve, Fi; the temperature of the liquid bath at each dropping, T~) 
and the values of the partial enthalpies of mixing of liquid Cr, Fe and a solution of 
crystalline B, A/Ti, calculated using Eqs. (5)-(10) for ternary alloys of the ray section 
(Feo.2 sCro.75)l _xBx . The initial mass of the binary alloy in the calorimeter was equal to 
58.00 g and the temperature of the dropped samples was 298 K. Standard enthalpies of 
heating from 298 K to T O = 2165 K and the heat capacities of Cr, Fe and B at the 
temperature of the experiment according to Refs. 1-12] and 1-13] were taken as 95.90, 
89.80, and 48.05kJ mo1-1, and 50.00, 44.58, and 30.00Jmo1-1K -1, respectively. 
Finally, the integral enthalpy of formation of the initial binary alloy Cro.7 sFeo.25, AH°, 
was taken as - 3 . 0 k J m o l  -~ [16]. 

Table 1 
Integral enthalpies of mixing in boundary binary T r - F e  systems 

Molar fraction of - AmH°/kJ mol - t 
Tr metals 

Cr Fe [16] M n - F e  [17] Co Fe [18] N i -Fe  [18, 19] 

0 0 0 0 0 
0.10 1.3 1.3 0.7 1.0 
0.25 2.9 3.0 1.6 2.3 
0.50 3.6 4.9 2.4 4.1 
0.75 3.0 4.4 1.9 4.4 
0.90 1.4 2.3 0.9 2.6 
1.00 0 0 0 0 
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Table 2 
The original experimental values (the amount  of the sample dropped m~; the boron mole fraction xB; the 
temperature of the liquid bath at each dropping T~; the area under the temperature- t ime curve Fi; and the 
partial enthalpies of mixing of liquid Cr, Fe and solution of crystalline B AH~) for ternary alloys of the ray 

section (Feo.25Cro. 75)1 - x Bx 

Starting sample: 43.00gCr + 15.00g Fe 

i mjg  x B FJK TI/K Anl /  i ml/g x B Fi/K TI/K AHI/ 
s mol -  1 kJ mol -  l s mol -  l kJ mol x 

Cr 0.441 0 444.5 2165 0.3 Cr 0.520 0.180 340.9 2149 - 12.2 
Fe 0.261 0 365.2 2165 - 10.7 Cr 0.492 0.179 340.5 2149 - 12.1 
Cr 0.440 0 435.8 2165 - 1.6 Fe 0.406 0.178 363.0 2148 - 0 . 9  
Fe 0.262 0 366.4 2165 -10 .5  B 0.181 0.187 -3 .1  2148 -48 .8  
B 0.080 0.007 -114 .3  2165 -72 .7  B 0.170 0.196 -0 .1  2147 -48 .1  
B 0.101 0.015 -118 .2  2165 -73 .8  B 0.173 0.204 - 6 . 7  2147 -49 .8  
B 0.097 0.022 -144 .4  2165 -79 .5  B 0.172 0.212 8.9 2146 -45 .7  
B 0.080 0.029 -124 .8  2164 -75 .3  B 0.202 0.222 30.2 2146 - 4 0 . 0  
B 0.102 0.037 -119 .7  2164 -74 .3  B 0.204 0.231 - 2 4 . 9  2145 -41 .3  
B 0.103 0.044 -115 .6  2164 - 7 3 . 4  Cr 0.496 0.229 320.8 2145 -9 .1  
Cr 0.432 0.044 435.0 2164 - 0 . 4  Cr 0.552 0.229 282.1 2144 - 19.9 
Fe 0.252 0.044 354.3 2163 - 12.0 Fe 0.480 0.227 340.1 2144 1.6 
Cr 0.440 0.044 440.8 2163 0.8 B 0.225 0.236 12.2 2143 - 4 4 . 7  
Fe 0.256 0.044 371.5 2163 - 8 . 3  B 0.245 0.247 28.0 2143 -40 .1  
B 0.102 0.051 -111 .7  2162 - 7 2 . 6  B 0.204 0.255 33.0 2142 - 3 8 . 5  
B 0.101 0.058 -121.1  2162 -74 .8  B 0.214 0.264 40.0 2142 - 3 6 . 2  
B 0.100 0.065 -113 .0  2162 - 7 3 . 0  B 0.232 0.273 44.4 2142 - 3 4 . 6  
B 0.106 0.073 -120 .8  2161 -74 .9  B 0.246 0.282 53.5 2141 - 3 1 . 4  
B 0.107 0.080 -123 .8  2161 -75 .6  Cr 0.462 0.281 263.6 2141 - 1 4 . 2  
B 0.111 0.088 -127 .5  2160 - 7 6 . 6  Cr 0.446 0.280 234.4 2141 -23 .5  
Cr 0.432 0.087 423.7 2160 - 1.2 Fe 0.331 0.279 318.9 2140 8.4 
Cr 0.433 0.086 410.2 2159 - 4 . 2  B 0.222 0.289 50.5 2140 -32 .1  
Fe 0.331 0.086 366.5 2159 - 7 . 9  B 0.265 0.297 53.3 2140 -30 .8  
B 0.117 0.094 -139 .9  2158 - 7 9 . 4  B 0.263 0.306 52.6 2140 -30 .5  
B 0.111 0.101 -123 .4  2158 -75 .9  B 0.250 0.314 46.2 2139 -32 .3  
B 0.130 0.109 -115 .7  2157 -74 .3  B 0.280 0.324 48.5 2139 -31 .1  
B 0.138 0.118 - 9 3 . 9  2157 -69 .5  B 0.300 0.334 50.5 2139 -30 .1  
B 0.129 0.125 -129 .6  2156 -77 .8  Cr 0.506 0.332 195.4 2139 - 2 6 . 6  
B 0.131 0.133 -69 .6  2156 -64 .2  Cr 0.465 0.330 192.3 2139 - 2 7 . 9  
Cr 0.498 0.132 403.5 2155 - 2 . 7  Fe 0.337 0.329 298.2 2139 15.4 
Cr 0.500 0.131 394.6 2155 - 4 . 8  B 0.291 0.338 46.9 2139 - 3 1 . 2  
Fe 0.340 0.131 374.1 2154 - 3 . 4  B 0.281 0.347 42.8 2139 -32 .5  
B 0.155 0.140 -38 .5  2153 - 5 7 . 0  B 0.303 0.356 49.1 2139 - 3 0 . 0  
B 0.161 0.140 -62 .3  2153 -62 .7  B 0.265 0,364 49.7 2139 - 2 9 . 7  
B 0.155 0.158 - 5 4 . 6  2152 - 6 1 . 0  B 0.311 0.373 47.7 2139 -30 .5  
B 0.154 0.166 -26 .8  2152 -54 .5  B 0.304 0.381 46.4 2139 -31 .1  
B 0.152 0.174 - 2 . 9  2151 -48 .8  Cr 0.481 0.379 195.0 2139 - 2 4 . 5  
B 0.165 0.183 - 5 . 4  2151 - 4 9 . 4  Cr 0.460 0.378 191.8 2140 - 2 5 . 5  
Cr 0.404 0.182 350.6 2150 - 9 . 6  Fe 0.395 0.376 297.1 2140 19.4 
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3. Results and discussion 

3.1. Thermodynamics of Tr-B melts 

The enthalpies of formation of liquid Cr(Mn, Fe, Co, Ni)-B alloys have been 
experimentally determined previously [4-10]. The concentration dependences of 
partial functions in the Fe-B system (T= 1900 K) between 0.40 and 0.54 and above 0.60 
boron mole fractions show evidently horizontal segments (Fig. 1 [4]). At the time of the 
experiment, the phase diagram of the Fe-B system published in Ref. 1-20] was 
considered, containing two intermetallic compounds, FeB and FeB 2, melting con- 
gruently at 1813 and 2343 K respectively. Therefore, the formation of associates of FeB 
in the first and of boride FeB 2 in the second concentration regions of the liquid alloys 
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Fig. 1. Comparison of the experimental values (circles) of the integral enthalpy of mixing for the 
(Feo.sTro.5) 1 xBx melts with the values interpolated from binary boundary systems using Kohler's (dash- 
dotted lines), Toop's ( dashed lines ), Bonnier's ( dotted lines) and Muggianu's (solid lines) algorithms [24]. 
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ment ioned  above  was assumed.  Later  investigations of the phase d iagram [21,22] 
showed that  the FeB c o m p o u n d  melts at 1923 K, abou t  20 K higher than the tempera-  
ture of  the entha lpy  measurements  in Ref. [4], and that  the intermetall ic c o m p o u n d  
FeB 2 is complete ly  absent.  So, the first hor izontal  segment  cor responds  to heteroge- 
nous phase fields (liq. + FeB) and the second is due to the approach  towards  the 
boron-sa tu ra t ion  boundary .  Moreover ,  the part ial  enthalpies of mixing in the F e - B  as 
well as in the C r - B  [9] systems also reveal some peculiarities (both have a horizontal  
segment) at  a boron  mole  fraction of 0.25. The ment ioned melts near  this concentra t ion  
of bo ron  are in the proximity  of the format ion  of Fe3B and Cr3B associates respectively. 
The  concentra t ion  dependences of the partial  enthalpies of the Mn-B ,  C o - B  and N i - B  
alloys [ 6 4 ]  do not reveal any effects; up to x = 0.2, they may  be described by a simple 
dilute solution model.  

Combin ing  the concentra t ion  dependences of the experimental  enthalpies [4, 6-8]  
with the statistically treated activity da ta  [1-3]  (the latter values for C r - B  and M n - B  
melts are absent  in the literature), the excess part ial  and integral entropies for liquid 
Fe-B,  C o - B  and N i - B  alloys were calculated. Overall ,  the t he rmodynamic  functions 
(partial enthalpies and part ial  excess mixing entropies  of boron)  from 0 to 0.50 mole  
fractions of boron  m a y  be represented by following equat ions (with A/ t  B in kJ m o l -  1, 
AS~ x in J mol  1 K -  1, and x = x B. 

Fo r  the C r - B  system 

A/ t  B = (1 - x ) 2 ( -  141.6 - 487.4x + 3840.1x 2 + 53510.8x 3 - 831211.7x 4 

+ 3467524.5x 5 - 4604435.6x 6) 

F o r  the M n - B  system 

A/tB =(1 --x)2(  - 1 1 1 . 6 -  1 8 4 . 9 x -  140.3x 2 --433.9x 3 + 4435.4x 4) 

Fo r  the F e - B  system 

A/4 B = (1 - x ) 2 ( -  113.4 + 34.5x - 873.9x 2 + 231.0x a + 49.6x 4 - 72.5x 5) 

AS~ x = (1 - x)2( - 20.9 - 38.0x + 581.7x 2 - 6383.9x 3 + 11850.5x 4 - 26.5x 5) 

For  the C o - B  system 

A/4 B = (1 - x ) 2 ( -  117.3 - 222.8x - 8 0 9 . 5 x  2 + 2658.4x 3) 

AS~ x = (1 - x)2( - 21.8 - 147.4x - 276.5x 2 + 1198.2x s) 

Fo r  the N i - B  system 

A/4 B = (1 - x ) 2 (  - 1 2 7 . 0 -  1 1 6 . 4 x -  3455.9x2 + 15194.5x 3 -  15050.9x 4) 

AS~ x = (1 - x)2( - 18.4 - 31.6x - 410.1x 2 + 1090.5x 3 - 6145.4x 4) 

The  the rmodynamic  functions of  mixing of liquid Fe-B,  C o - B  and N i - B  alloys 
calculated with the expressions given above  within the concent ra t ion  ranges of  the 
activity de terminat ion  are listed in Tables  3, 4 and 5 respectively. The  enthalpies and 
excess Gibbs  energies of mixing (the lat ter  at 1900 K) in these systems show large 
negative values reflecting the strong chemical interact ion in the melts. The integral 
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excess entropies of mixing are also characterized by negative values indicating the 
existence of ordering effects in these liquid alloys. In the Ni-B system, the AreS ex 
minimum (x = 0.43 + 0.02) is located between two congruently melting compounds 
o-Ni4B 3 and m-Ni4B 3 [21, 22]. In the Fe-B and Co-B systems within the studied 
concentration ranges, the functions Am Sex do not reach minimum values. The entropy 
data for the Fe-B, Co-B and Ni-B systems are close to those reported for Fe-Si, Co-Si 
and Ni-Si melts. In the silicon systems, the minima are located at 0.51, 0.52 and 0.38 
silicon mole fractions, respectively [15]. The minima of Am Sex in the Fe-B and Co-B 
systems also correspond to compounds FeB and CoB, respectively [21, 22]. 

3.2. Thermochemistry of ternary Tr-Fe-B liquid alloys 

Smoothed dependences of the enthalpies of formation and the error bars (confidence 
limits, 0.95) of the ternary Fe-Cr-B, Fe-Mn-B, Fe-Co-B and Ni-Co-B systems, and 
of some binary boundary alloys are presented in Tables 6, 7, 8 and 9 respectively. It 
should be emphasized that the horizontal segments of the partial enthalpies in the 
Cr-Fe-B and Mn-Fe-B systems in the boron-rich concentration regions correspond 
to the two-phased fields (liq. + CrsB3) and (liq. + MnEB ) or to the formation of ternary 
borides with similar concentration ratios as the sum of the transition metals to boron. 
According to the phase diagrams, the intermetallic compound CrsB 3 fuses incon- 
gruently at 2173 K and the Mn2B compound fuses congruently at 1853 K [21, 22]. The 
temperatures at which the experiments were carried out in the Cr-Fe-B and Mn-Fe-B 
systems were about 20 K lower than the fusion temperatures of the mentioned borides. 
As mentioned above, the thermodynamic functions of the binary boundary Cr-B and 
Fe-B melts display some micro-inhomogeneity structure. The introduction of a third 
component in both binary alloys (the ternary Cr-Fe-B system) causes homogenization 
of the melt, reflected in gradually smoothing dependences of the partial enthalpies of 
boron. The same effect can be observed in other systems investigated, except in the 
Ni-B melts. In this case, between 0 and 0.5 mole fractions of nickel increase the 
microheterogeneous structure of the Ni-Fe-B liquid alloys (the horizontal segments of 
the boron partial enthalpies in these ternary alloys are wider than in the binary Fe-B 
melts). The interesting feature of the studied melts is that the partial enthalpies of 
mixing of Fe, Mn, Co and Ni in the systems Cr-Fe-B, Mn-Fe-B, Co-Fe-B and 
Ni-Fe-B, respectively, at a 0.25:0.75 concentration ratio of these elements to the other 
3d transition metals on the boron-rich side, reach zero or positive values (some of them 
up to 30kJmol 1). 

The limiting values for infinite dilution of the partial enthalpies of mixing of boron in 
Tr-Fe alloys versus iron concentration are given in Fig. 2. These functions show 
positive deviation from the values of the weighted sums. Such behavior indicates that 
even the weak attractive forces between unlike atoms of the 3d transition metals 
decrease the pair interaction forces of the metals with boron atoms. One may suggest, 
as emphasized earlier for the Tr-Fe-C, Tr-Si-B and Tr-Si-C alloys [15], that the 
well-known simple models of Kohler, Toop, Bonnier, and Muggianu, see Ref. [24], 
which are usually applicable for the description of ternary melts taking thermodynamic 
parameters from the corresponding boundary binary melts, would, in most cases, be 
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Fig. 2. Limiting partial mixing enthalpies of boron vs. iron concentration in ultimately dilute alloys: curve 1, 
Cr-Fe; curve 2, Ni-Fe; curve 3, Co-Fe; curve 4, Mn-Fe. 

incorrect for Tr-Fe-B systems. This conclusion was actually confirmed by comparison 
of the data calculated using these formulae with the experimental data for the melts on 
ray sections XTr:XFo = 0.5:0.5 (Fig. 1). 

The isolines of the integral enthalpies of mixing referred to liquid 3d transition metals 
and undercooled liquid boron are given in Fig. 3. As can be seen, all the investigated 
systems possess significant negative values of these integral enthalpies of formation. 
This fact confirms that strong attractive interactions between unlike particles actually 
exist in such melts and is consistent with the presence of several binary and ternary 
intermetallic compounds in the respective Tr-Fe-B systems. 

3.3. Glass-forming ability of the Tr -Fe-B  melts 

It is of current interest to estimate the glass forming tendency (GFT) of the 
investigated systems. Earlier, Zielinski and Matija's approach, modified for ternary 
alloys, was successfully applied for ternary alloys characterized by high energies of 
interaction of two metalloid components with a 3d transition metal [ 15]. The principal 
equation is expressed as follows (in a previous publication, the exponent (m + n + l) in 
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Fig. 3. Integralenthalpiesofformation ofternaryalloysinTr-Fe-Bsystems, the reference state being liquid 
metals and liquid boron (kJ mol-'): (a) Cr-Fe B system at 2150 K; (b) Mn-Fe-B system at 1830 K; 
(c) Co-Fe-B system at 1900 K; (d) Ni-Fe-B system at 1873 K. 

this formula was incorrectly given as a multiplier) 

GET = - l o g l l  (~+y~]2AmH(x'Y) 

[-am•,X,y, (x+, ~'°+"+" i)] -0.434 L(xa + ya)R T + \ x~  + y,,/  log (m ~ + 

where Atoll(x, y) is the integral enthalpy of mixing in ternary liquid alloys versus the 
second (x) and third (y) component mole fractions; x, and Ya denote the concentrations 
corresponding to the formation of structural groups promoting the nucleation act 
(x a = n/(m + n + l) and Ya = l/(m + n + l) m, n and I are the stoichiometric coefficients of 
the structural group (cluster) corresponding to the first, second and third components 
respectively; R is the gas constant; T is the temperature to which similar melts can be 
supercooled; and N is Avogadro's number. 

In these ternary systems, the pair interactions between iron and other transition 
metals are weak and, according to the phase diagrams [25], mixed borides (Fe,Tr)3B, 
(Fe, Tr)zB and (Fe, Tr)B are formed. For this reason, in such cases it is more logical to 
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Table 10 
Cluster types defined from the partial enthalpy functions 

System Cluster type for ray section with constant ratio XTr:XFe 

0.10 0.25:0.75 0.5:0.5 0.75:0.25 1.0:0 

Fe-Cr-B Fe2B (Fe,Cr)2B (Fe,Cr)2B (Fe,Cr)aB Cr3B 
Fe-Mn-B Fe2B (Fe,Mn)2B (Fe, Mn)3B (Fe,Mn)2B Mn2B 
Fe-Co-B F%B (Fe,Co)3B (Fe,Co)3B {Fe,Co)3B Co2B 
Fe-Ni-B F%B (Fe,Ni)3B (Fe,Ni)sB (Fe,Ni)3B Ni3B 

0.2 0.4 0.6 

Of f  ~ , , 

XB / a) /Xcr 

I'o.~ t tC~;J  i ~ 
o.1/c- \ \~.~ ~o.9 
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Fe 0.8 0.6 0.4 0.2 Mn 

XM n 
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O.31 ^ A , \ 03 I ~ ^ ~ \ 
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Fe Fe 

Fig. 4. Glass-forming ability of Tr-Fe-B melts: (a) Cr-Fe-B system; (b) Mn-Fe-B system; (c) Co-Fe-B 
system; (d) Ni-Fe-B system. 
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assess the glass-forming tendency using the fol lowing simplif ied equa t ion  

G F T  = - l o g F I  2 (m+n)AmH(X)  ~ 
L .-k-T j 

-0"434I(m+n)n~TH(X)+(xm+n~"+n'l°g( N n } \ m + n } l  

where A m H(x)  is the integral  en tha lpy  of mixing in l iquid al loys with a cons tan t  ra t io  
of XFe/XTr: boron  mole  fract ion x. S to ichiometr ic  indexes of clusters were de te rmined  
using the same pr inciple  as descr ibed  in Ref. [15] and  T was taken to be 1000 K. 
Clusters  cons idered  as nuclei of crys ta l l iza t ion are l isted in Table  10. Ca lcu la ted  G F T  
surfaces (posit ive isolines are  given in Fig. 4) a r o u n d  the compos i t ions  

Mno.47Fe0.4oBo.13, Coo.56Feo.3oBo.14, Nio.sTBo.13 and Cro.7oFeo.17Bo.13, show maxi-  
ma  which reveal  the mos t  favorable  compos i t ions  for the fo rmat ion  of  a m o r p h o u s  
alloys. Values of the m a x i m a  indicate  increasing the glass-forming abi l i ty  in accordance  
with the sequence of  compos i t ions  given above.  
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