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Abstract 

Specific heat at constant pressure, CP, was measured on amorphous and nanocrystalline 

Al88Y5Ni5Co2 alloys from differential scanning calorimetry experiments. Linear 

behavior of CP versus temperature from 323 to 423 K is explained by conduction 

electrons contribution and dilatation correction factor. Results indicate that the Fermi 

energy increases as nanocrystallization progresses, although the estimated values are 

clearly lower than that found for crystalline Al. 
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1. Introduction 

 The study of amorphous and nanocrystalline alloys has been a field of intense 

research and applicability since the pioneer work of Duwez [1] as their particular 

characteristics lead to innovative properties and behaviors which, sometimes, overcome 

those of the corresponding stable structures. Among these systems, Fe-based [2] and Al-

based alloys [3] are particularly interesting for their outstanding soft magnetic and 

mechanical properties, respectively.  

 Several properties are severely affected by the existence of an amorphous or 

nanocrystalline microstructure implying a high fraction of atoms located at surfaces. 

Among them, specific heat is observed to differ from that of the corresponding 

crystalline microstructure [4,5,6,7]. Previous studies on Fe-based ferromagnetic 

nanocrystalline alloys [8] showed that the magnetic contribution due to the Curie 

transition of the amorphous matrix jeopardizes the effect of nanocrystalline 

microstructure on the specific heat through the conduction electron contributions and 

the bulk modulus. In this study, a non-magnetic Al-based alloy has been chosen to 

overcome this difficulty and specific heat measurements on amorphous and several 

nanocrystalline samples have been systematically studied. 

 

2. Experimental 

Amorphous ribbons of Al88Y5Ni5Co2 composition were produced by melt-

spinning technique. Microstructure of the samples was studied from X-ray diffraction 

(XRD) using Cu-k wavelength. Differential scanning calorimetry (DSC) in a Perkin-
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Elmer DSC7 was used to characterize the devitrification process of amorphous as-cast 

samples as well as to measure the specific heat at constant pressure, CP, of samples with 

different crystalline fraction following the procedure described elsewhere [9].Three 

scans obtained in the same conditions and without significant delay (in order to 

minimize errors derived from baseline drift) are needed for each measurements: a 

baseline obtained with an empty pan, a scan obtained with a sapphire standard sample 

for which the value of specific heat is known in all the studied range and, finally, this 

scan is repeated for the sample of interest. 

 

 

3. Results 

Figure 1 shows the DSC scan obtained at 20 K/min of an as-cast amorphous 

sample. The devitrification process occurs in several stages. The former process (peak 

temperature, TP=461 K) corresponds to the formation of almost pure -Al nanocrystals 

embedded in a residual amorphous matrix enriched in Y, Ni and Co [3,10,11] as it is 

shown in figure 2. Several exothermic events are detected at higher temperatures: 

TP=613, 641 and 646 K, respectively. These events might correspond to the formation 

of intermetallic phases (Al3Ni, Al3Y and Al9Co2) as reported in the literature 

[3,10,11,12]. 

In order to study the effect of nanocrystallization on the specific heat, 

nanocrystalline samples with different amount of nanocrystals were produced by 

heating as-cast samples up to different temperatures at 20 K/min. The nanocrystalline 
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fraction, X, was calculated as the ratio X=H(Th)/Hnano, where H(Th) is the enthalpy 

integrated from the crystallization onset to the maximum temperature achieved during 

the heating treatment, Th,  and Hnano is the total enthalpy area of the nanocrystallization 

process. It is worth mentioning that the value X=1 does not correspond to a fully 

crystalline sample but to a nanocrystalline sample with the maximum fraction of -Al 

nanocrystals.  

Figure 3 shows an example of the CP plots obtained as a function of temperature 

for the different samples studied. Independently of the nanocrystalline fraction, the 

behavior of CP can be fitted to a linear trend in the temperature range studied. This 

yields two different parameters, the intercept by extrapolating to T=0 K, Cp
0, and the 

slope, m. Figure 4 shows the slope as a function of the nanocrystalline fraction, which 

decreases as X increases. The Y-axis error bars shown (m) were obtained from the 

minimum square linear fitting of the data. This error does not consider systematic errors 

of CP measurements which would shift vertically the whole CP curve as those arising 

from the measurement of the mass (~5 %). These errors do not affect the slope but are 

evidenced in the dispersion data of the intercept, where no trend is observed and leading 

to an average value, <CP
0>=103050 J kg-1 K-1. The X-error bars, X, were derived 

from: 

 
1

nano

dH
X T

H dt
    (1) 

where  is the heating rate, dH/dt is the heat flow registered by the DSC and T is the 

experimental error of the temperature in the equipment, which could be considered as 

1 K. 
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4. Discussion 

 In the studied case, the specific heat at constant pressure can be linked with the 

specific heat at constant volume as [13]: 

 P V D VH VA VV VE DC C C C C C C C        (2) 

where CD is the dilatation correction, CVH corresponds to the harmonic vibrations 

contribution, CVA corresponds to the anharmonic vibrations corrections not considered 

in CD, CVV to the equilibrium vacancies in the lattice and CVE corresponds to conducting 

electrons contributions.  

 The Debye temperature of the studied alloy is expected to be D~250 K in 

agreement with data reported in the literature for very similar compositions [14]. This 

fact allows us to approximate CVH to the Dulong-Petit limit 3R, (in J mol-1 K-1 units) 

where R is the gas constant. For pure Al, this value is 924.5 J kg-1 K-1 and assuming an 

average atomic mass of 32.30 mg for the studied alloys, it would decrease down to 

772.2 J kg-1 K-1. 

 In order to prevent further microstructural transformation on the studied samples 

during measurement, the temperature range explored in this study is below the 

crystallization onset temperature (~441 K) and, therefore, well below the melting point 

of the alloy. Hence CVA and CVV contributions could be considered as a very small 

correction to CVH. In the case of CVA, anharmonic corrections of higher order than CD 

are negligible below T~3D [15], ~750 K for the studied alloy. In the case of CVV, its 

value per mol can be estimated as: 
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2 2

2 2
expV V V

VV A V
B B B

E E E
C N n

k T k T k T

      
   

 
 (3) 

where NA is the Avogadro number, <EV> is an average energy for the formation of a 

vacancy in the system, kB is the Boltzamann constant and nV is the vacancy population 

per mol. Considering for < EV > the value of vacancy formation in pure Al, <EV>=0.66 

eV [16], CVV 3.3·10-5 J mol-1 K-1= 1.2·10-3 J kg-1 K-1 (considering the atomic mass of 

Al) in the explored thermal range. This value is well below the contributions considered 

in this study ~102 J kg-1 K-1. 

   After these contributions are neglected, the value of CV is: 

 P VH VE DC C C C    (4) 

The linear increase with the temperature observed in figure 3 for all the studied 

samples can be ascribed to both CD and CVE contributions and therefore, the obtained 

value of <CP
0>=1030±50 J kg-1 K-1 might correspond to CVH. In fact its value is in 

between the Dulong-Petit limit and the experimental value obtained for liquid Al [17]. 

In the case of the conduction electrons contribution, it is possible to link CVE 

with the electric conductivity, , of the alloy through the Wiedemann-Franz law, which 

applicability has been widely tested in crystalline Al [18], liquid Al [17,19] and 

quasicrystals [20]. Wiedemann-Franz law assumes a proportionality of the ratio 

between the thermal and electrical conductivities and the temperature: 

 
TL

k


  (5) 
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where k is the thermal conductivity and L is the Lorentz constant. As the thermal 

conductivity is proportional to CVE and it can be written: 

 
 a

a
T

CVE 
 (6) 

where =1/ is the resistivity and a is a constant. The linear fitting of CP curves implies 

an almost constant value of  (and ) in the temperature range explored. In fact, it can 

be observed that (T) is almost constant in comparison with the changes observed for 

this magnitude with the nanocrystallization [21,22].  

On the other hand, CD, first order anharmonic correction to CVH, can be 

expressed as [4]: 

 

 
T

VB

C
C VH

D

2


 (7) 

where  is the Grüneissen parameter, B is the bulk modulus and V is the molar volume. 

All these parameters can be approximated to temperature independent values and the 

linear dependence of CP is thus explained. 

In order to explain the microstructural dependency of m, it is convenient to 

develop the expressions of B and CVE, which, in the frame of free electrons theory, lead 

to: 

 

 2

2
3

VH
D

F

C
C T

n V






 (8) 
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B

VE
F

n k
C T





 (9) 

where n is the number density of electrons and F is the Fermi energy. From expression 

(6) and (7) it is observed that the slope m is proportional to 1/F. If the decrease of m as 

X increases is ascribed to changes in F, it would involve an almost linear increase of F 

with the nanocrystalline fraction X. This is in agreement with the reported values of F 

for amorphous Al-based alloys [23] and the behavior of the thermoelectric power with 

the crystallization [23,24]. 

 Using the experimental values of B, Fermi temperature (TF=F/kB) and CVE/T for 

pure Al (76 GPa, 13.6·104 K and 0.046 J kg-1 K-2, respectively [18]) and comparing 

with the obtained value of m in this study a rough estimation of TF~104 K is obtained for 

the amorphous Al88Y5Ni5Co2 alloy and double value for the nanocrystalline alloy with 

X=1. These values are of the order of that found for Al88Sm8Ni4 estimated from 

thermoelectric power measurements. The decrease of the Fermi energy of amorphous 

and nanocrystalline alloys with respect to crystalline alloys implies a decrease of the 

bulk modulus and could be qualitatively explained in the frame of excess volume model 

developed by Wagner [4]. 

 

Conclusions 

Specific heat at constant pressure, CP, was obtained on amorphous and 

nanocrystalline Al88Y5Ni5Co2 alloys from differential scanning calorimetry experiments 
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from 323 to 423 K. Linear behavior of CP versus temperature in the studied range is 

explained by conduction electrons contribution and dilatation correction factor.  

The slope of CP curves is clearly larger for all the studied samples than that of 

crystalline Al and decreases as nanocrystallization progresses. This indicates a lower 

value of Fermi energy for the amorphous alloy, which increases as nanocrystallization 

progresses. 
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Figure captions 

Figure 1. DSC plot of as-cast simple at 20 K/min. 

Figure 2. XRD spectrum for a sample heated up to 502 K, showing the nanocrystalline 

microstructure developed during the first DSC exothermic peak. 

Figure 3. Specific heat at constant pressure versus temperature for a sample with X=0.3. 

Figure 4. Slope obtained from the linear fitting of CP versus T curves as a function of 

the DSC transformed fraction.. 
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Figure 1 
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Figure 2.  
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Figure 3 
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Figure 4.  
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