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PHYSICOCHEMICAL MATERIALS RESEARCH 

MIXING ENTHALPIES OF Al–Co MELTS 

N. I. Usenko,1,3 M. A. Shevchenko,2 N. V. Kotova,2 V. V. Berezutskii,2  
M. I. Ivanov,2 and V. S. Sudavtsova2 

UDC 541.11 

The partial mixing enthalpy of aluminum and the integral mixing enthalpies of liquid alloys in the 
binary Al–Co system are studied by high-temperature calorimetry at 1870 ± 5 K in the composition 
range 0 < xCo < 0.25. The energies of forming alloys of aluminum with metals in the second half of 

the 3d series are compared. 
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The thermodynamic properties of liquid Al–Co alloys are of interest for studying the formation of 
hexagonal quasicrystals in this binary system and in multicomponent systems containing Al and Co [1, 2]. It should 
be pointed out that the literature offers very scarce information on the mixing enthalpies of liquid Al–Co alloys 
determined by direct calorimetry. There is only one experimental study [3] that employed high-temperature 
calorimetry at 1943 K to examine the mixing enthalpies ( ,m H  “m” denoting mixing) over the entire composition 

range; the experimental data are presented only graphically, and the limiting partial enthalpies of components 

(  MemH ) and extreme Hm  are provided. There are data on the limiting partial mixing enthalpy of Al and Co 

(  Com H ) in [4]. The paper [5] analyzes the thermodynamic data on liquid Al–Co alloys known at that time and 

provides their thermodynamic properties at 1873 K in a narrow composition range (0.05 < xAl < 0.35). They were 

calculated with use of the calorimetric data [3] and the activities of components determined by studying the 
distribution coefficient at 1873 K in the range 0 < xAl < 0.4 [6]. The mixing enthalpies of liquid alloys can also be 

found in [7], representing the entire range of thermodynamic properties for liquid Al–Co alloys at 2000 K, using the 
thermodynamic optimization provided in [8]. 

The enthalpies of dissolving solid cobalt in liquid aluminum (  Com H ) at 1000–1100 K are determined in a 

series of experimental studies [9–12].  
Table 1 summarizes all thermodynamic data on liquid Al–Co alloys available in the literature, and Table 2 

provides enthalpies of dissolving solid Co in liquid Al. Table 2 also indicates enthalpies of mixing liquid 
supercooled Co with liquid Al, which we recalculated with use of the Co melting enthalpy (16.2 kJ · mol–1 [13]). We 
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TABLE 1. Extreme Integral (mHextr) Mixing Enthalpies of Liquid Al–Co Alloys and Partial Mixing Enthalpies of 

Components in Infinite Dilution (  Mem H ), kJ  mol–1 

mHextr  ComH   AlmH  T, K 
Composition 

range  
Method Ref. 

–36 (at xCo= 0.45) –141 –94.3 1943 0 < xAl < 1 Calorimetry [3]  

  –91.1 ± 5  0 < xAl < 0.03 Calorimetry of Al dissolution in Co 
melts  

[4]  

  –90 (xAl = 0.05) 1873 0 < xAl < 0.4 Recalculation with data from [3] 
(calorimetry) and [6] (determination 
of distribution coefficient) 

[5]  

–39 (at xCo = 0.4) –155 –89 2000 0 < xAl < 1 Thermodynamic optimization [7]  

 

TABLE 2. Enthalpies of Dissolving Solid Cobalt in Liquid Aluminum (  CoH ) and Recalculated Enthalpies of 

Mixing Liquid Supercooled Cobalt with Liquid Aluminum (  ComH ), kJ  mol–1 

 CoH   ComH  T, K Ref. 

–140.6  1.5 –156.8 1100 [9] 
–138.5  0.85 –154.7 1000 [10] 

–147.2 –163.4 1030 [11] 
–137.2  0.8 –153.4 1072 [12] 

 
intentionally presented data in different tables since analysis of the literature revealed insufficiently clear 
differentiation between partial molar mixing and dissolution enthalpies. Most of the papers [9–12] do not indicate 
what quantity is indicated exactly (enthalpy of dissolving solid cobalt in liquid aluminum or enthalpy of mixing 
liquid supercooled cobalt with liquid aluminum), leading, for example, in [12] to incorrect comparison of partial 
dissolution [9–12] and mixing [3] enthalpies. 

The analysis of data in Tables 1 and 2 shows that the only limiting partial mixing enthalpy of cobalt 
experimentally determined at 1943 K [3] substantially differs from more exothermic values recalculated from 
limiting partial dissolution enthalpies of Co determined at 1100 K [9–12]. It should be noted that the data reported 
in [9–12] seem to be used for the optimization in [7, 8]. Therefore, it is naturally to question the reliability of the 
data reported in [3] or the temperature dependence for the partial mixing enthalpy of cobalt in Al–Co melts. 

Since the limiting partial mixing enthalpy is a very important quantity, reflecting the interaction between 
the central atom (Co in this case) and surrounding atoms of the other component (Al) and being widely used in 
model calculations of liquid alloy properties (for example, with the surrounded atom model), we decided to clarify 

 Com H  by direct calorimetric measurement. This research is of interest for further study and simulation of the 

thermodynamic properties of ternary Al–Co–Me systems. In these studies, we measured the partial mixing 
enthalpies of cobalt in the Al–Co system in the limited composition range 0 < xCo < 0.25, being characterized by a 

lack of experimental data in the literature. The experiments were performed in purified helium under 105 Pa at 1620 
and 1870 K employing a high-temperature dissolution calorimeter. The experimental setup and procedure were 
described previously in [14, 15]. Purity of the metals was 99.995% Co and 99.99% Al. 

We measured the partial mixing enthalpies of cobalt during successive introduction of cobalt samples taken 
at 298 K (0.01–0.03 g in weight) into the calorimetric bath (molybdenum crucible with liquid aluminum). The 
initial metal weight in the bath was about 3 g. The metal content of the melt after introduction of each sample 
changed by no more than 1.5 mol.%; i.e., the partial molar enthalpies were determined with adequate accuracy. The 
partial and integral mixing enthalpies were measured with a relative error of 5 and 2%, respectively. The data 
were reproduced in each experiment within 3%. 
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Fig. 1. Mixing enthalpies of Al–Co melts: our experiment and approximation 

It should be noted that there is a refractory intermetallic, CoAl, congruently melting at 1918 K in this 
system according to the phase diagram [16]. Therefore, the liquid-phase experiment requires quite high 
temperatures, which is complicated by the volatility of aluminum in these conditions. For this reason, the 
experiment performed at 1870 K may have a higher error. The experiment conducted at 1620 K was characterized 
by better reproducibility of the results, but the melt could be examined only in a limited composition range (0 < 
< xCo < 0.12). The data obtained at this temperature were recalculated for standard state, liquid supercooled cobalt. 

The experimental data are presented in Fig. 1. The partial molar mixing enthalpies of cobalt at different 
temperatures seem to be in satisfactory agreement in our two experiments, which allowed their use as a single data 
array. 

The  Com H  values experimentally obtained with the procedure reported in [17] were fitted to power 

polynomials to calculate the partial mixing enthalpy of cobalt and the integral mixing enthalpies at rounded contents 
for the range 0 < xCo < 0.25 (Table 3, the confidence interval is equal to two standard deviations of the 

approximation function). To produce the composition dependence for mH over the entire range, we also used data 

on the cobalt side at 1873 K reported in [5]. Two branches of the mH values were processed commonly; the self-

consistent mixing enthalpies of Al–Co melts are shown in Table 3 and Fig. 1 (solid line).  
The data in Table 3 testify that liquid Al–Co alloys are formed with substantial heat release. The extreme 

integral mixing enthalpy (–35.3 kJ mol–1) falls at the composition corresponding to a cobalt molar fraction of 0.4.  
 
TABLE 3. Self-Consistent Mixing Enthalpies of Al–Co Liquid Alloys at 1620–1870 K, kJ  mol–1 

xCo  2mH   2ComH  AlmH  

0 0 –132.1  5.4 0 
0.05   –6.7  0.1 –134.3  2.4 0.04 
0.10 –13.3  0.3 –130.8  2.7 –0.3 
0.15 –19.6  0.5 –120.6  2.6 –1.8 
0.20 –25.1  0.8 –105.1  3.1 –5.1 
0.25 –29.5  1.8   –86.9  5.3 –10.4 
0.30 –32.7 –68.3 –17.4 
0.40 –35.3 –37.2 –34.1 
0.50 –33.8 –18.3 –49.4 
0.6 –29.6 –9.1 –60.4 
0.7 –23.8 –4.7 –68.4 
0.8 –16.9 –2.0 –76.4 
0.9 –8.9 –0.5 –84.9 
1.0 0 0 –94.9 
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According to [16], this system has several aluminum-rich compounds (Co2Al9, CoAl3, Co4Al13, and Co2Al5) 

that form peritectically and a refractory congruently melting intermetallic (CoAl). For the intermetallic, the papers 

[18–20] indicate formation enthalpies o
f H determined by different methods and varying from –53 to –66 kJ  mol–1, 

which agrees well with the mixing enthalpies of liquid alloys, considering measurement temperature. 
There is good agreement between our results and the data reported in [3] and substantial difference between 

the  Com H  values that we found experimentally and the optimized data reported in [7, 8]. Taking this into account 

and considering that  Com H  taken from [7, 8] is similar to the values recalculated from the results [9–12] obtained 

at 1100 K (Table 2), it can be concluded that there is a temperature dependence for  Com H  that does not seem to 

be properly accounted for in [7, 8].  

We compared our  Com H  values with the experimental partial mixing enthalpies of components in Al 

alloys for infinite dilution with other metals from the second half of the 3d series, such as Mn, Fe, Co, Ni, and Cu. 
The data provided in Fig. 2a and Table 4 show that the exothermicity of mixing enthalpies, both integral and partial, 
monotonically increases from Mn–Al to Ni–Al systems and further decreases for Cu–Al. This can be reasonably 
attributed to greater difference in the electronegativities or in the relative positions of Fermi levels of the 
components. We used the latter characteristic, which can be a measure of the electron work function for respective 
metals. The electron work functions and metallic radii of elements are provided in Table 4 and the delta electron 
work functions (We = We(3dMe) – We(Al)) for components in the relevant systems are shown in Fig. 2b. 

It should be noted that  AlmH  values are less exothermic than  Me3m dH  for the systems with Fe and Co 

and much more exothermic for the systems with Ni and Cu (these quantities differ little for the manganese-

containing system) (Table 4, Fig. 2a). This feature is of special interest. For example, when  AlmH  is more 

 

 

Fig. 2. Mixing enthalpies of Al–Mn (Fe, Co, Ni, Cu) melts (a) and delta electron work function for 
components in these systems according to [22] (b) 

 
TABLE 4. Limiting Partial Mixing Enthalpies of Components in Al–3dMe Melts, Electron Work Functions,  

and Metallic Radii of Elements  

Properties Al Mn Fe Co Ni Cu 

 Me3m dH  in the Al–3dMe system,  kJ  mol–1 [5, 21] – –58.0 –78.0 –132.1 –136.4 –35.3 

 Alm H in the Al–3dMe system,  kJ  mol–1 [5, 21] – –49.2 –57.0 –94.9 –156.4 –105.0 

Electron work function, We, eV [22] 4.28 4.1 4.5 5.0 5.15 4.65 

Metallic radius (for coordination number 12), nm [23] 0.143 0.127 0.126 0.125 0.124 0.128 
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exothermic, the phase diagrams of respective systems (Al–Ni, Al–Cu) [16] show a greater number of intermetallics 
in the region rich in the 3d metal (or show higher thermal stability and wider homogeneity ranges, significantly 
shifted toward the 3d metal, for these intermetallics) than in the aluminum-rich one. On the contrary, where 
dissolution of the 3d metal in pure aluminum is accompanied by greater heat release, a higher number of aluminum-
rich phases (Al–Fe, Al–Co) is observed. 

There are also structural data [24, 25] that show the correlation between ordering in liquid alloys of specific 
compositions and higher exothermic partial mixing enthalpies of one of the components in the same composition 
range. Based on X-ray diffraction of liquid Al–Co alloys, it is concluded in [24] that the parameters characterizing 
the ordering of atoms at near and far distances at 85–74 at.% Al, with a peak close to the 76.5 at.% Al melt 
approximately corresponding to Co4Al13 intermetallic, have nonmonotonic dependences. This agrees well with the 

fact that the first partial enthalpies of cobalt are more exothermic than the first partial enthalpies of aluminum. At 
the same time, structurally ordered atoms of various types belonging to specific intermetallic compounds are 
present in the Al–Ni system even with 10 at.% Al [25]. 

To explain the varying ratio between the limiting partial mixing enthalpies of components in the 3dMe–Al 
systems, one should bear in mind that the partial molar mixing enthalpy of a component, such as Me1, is a 

conventional sum of mainly two thermal effects: (i) endothermic break of bonds between atom Me1 with z1 adjacent 

atoms Me1 (z1 is the average number of the first coordination sphere in the melt) and (ii) exothermic formation of 

bonds between atom Me1 with z2 adjacent atoms Me2 to create a comparatively stable cluster of the central atom 

surrounded by atoms of the other kind (both contributions are calculated per mole of atoms Me1). The greater the 

difference between the Fermi levels and the smaller the size difference between the components, the higher the 
latter contribution. It should be noted that the size mismatch is virtually the same for all systems in question (Table 
4), allowing us to analyze more accurately the influence of metallic chemical factors on the energy of alloy 
formation. 

Considering the atomic sizes of 3d metals and Al (Table 4) and the calculated number [26, 27] of spheres of 
the same arbitrary radii that may touch the sphere of a given radius, we can reasonably assume that one atom of a 3d 
metal may be surrounded by approximately nine coarser Al atoms and one Al atom by approximately thirteen atoms 
of the 3d transition metal. For each pure metal, the number of neighboring atoms of the first coordination sphere is 
~10–11 on the average. As for the atomic bond strength, it is much higher for transition metals than for aluminum 
(as evidenced by at least their melting points). 

It is assumed that the limiting mixing enthalpies  Me3m dH  for 3d metals should be less exothermic than 
 Alm H  since 3d metals are characterized by much higher positive endothermic contribution from break of stronger 

bonds with their neighbors. This is observed exactly in the Al–Ni and Al–Cu systems. 
In case of the Al–Fe and Al–Co systems, the partial mixing enthalpies of the components in infinite dilution 

show the inverse ratio:  Fem H  and  Com H  are more exothermic than  Alm H  (Fig. 2a).  

This may be due to different capacities of the d levels in transition metals (or due to the population of the d 
level in respective metals for infinite dilution). Note that the number of d electrons per atom in metallic state in 
transition elements differs from the one corresponding to the configuration of electron shells of isolated atoms, 
which is peculiar to the metallic state. The paper [28] indicates the following numbers of d electrons per atom: 6.94 
Fe, 7.86 Co, 8.97 Ni, and 9.91 Cu. Hence, the d level in copper is virtually filled. When a copper atom is 
surrounded by more electropositive aluminum atoms, it can hardly decrease efficiently the energy of valence 

electrons of the surrounding aluminum atoms, resulting in very small exothermic  Cum H . An aluminum atom 

surrounded by a greater number of more electronegative Cu atoms is much more capable of reducing the energy of 

its valence electrons. Thus,  Alm H  is much more exothermic. This is also the case with Ni, in which the d level 

can accommodate ~9 d electrons per atom. A Ni atom surrounded by nine more electropositive Al atoms needs only 
one electron to acquire a stable, filled d level. It easily gets one electron and can accommodate no more. That is 
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why  Alm H  is more exothermic than  Nim H  in this case as well, but the difference between these two values is 

much less than in the Al–Cu system. 
Although the difference between the Fermi levels of components in the Al–Co system is somewhat lower 

than in the Al–Ni system, the twice as great capacity of the unoccupied part in the d level of cobalt leads to almost 

the same  Nim H  and  Com H . More exothermic  Com H  and  Fem H  compared to  Alm H  can also be 

explained by greater capacity of the unoccupied parts in d levels of cobalt and iron than that of nickel. Note that the 

latter quantity (  Alm H ) is influenced more by the difference in Fermi levels of the components than by the 

capacity of electron shells of a more electronegative component. Indeed, when one aluminum atom is surrounded 
by approximately thirteen atoms of a transition metal, the aluminum atom will have almost the same ability to 
efficiently reduce the energy of its three valence electrons, no matter whether the d level in the second metal can 
accommodate one, two, or three electrons per atom; the most important for this capacity is to be greater than 
conditional 3/13 electrons per atom. In this case, the difference between the Fermi levels of Al and 3dMe influences 
the exothermic effect.  

Therefore, the limiting partial mixing enthalpies of the components are important parameters, directly 
associated with structural ordering in liquid alloys. The analysis of different metallic chemical factors allows 
explaining the regular variation in the limiting partial and integral mixing enthalpies in the Al–3d-Me systems. 
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