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Abstract: Thermal diffusivity, specific heat capacity and thermal conductivity of Al86Gd6TM8 (TM = Cu, Ni, Co, Fe, Mn, Cr, Ti, Zr, 
Mo, Ta) glass-forming alloys in the temperature range of 300−880 K were determined by laser flash method. The temperatures of 
endothermic and exothermic reactions of the alloys were determined by differential scanning calorimetry method. The alloys were 
prepared by conventional arc-melting technique under helium atmosphere. All the alloys studied exhibit strong supercooling of the 
liquidus temperatures up to 80 K, which indicates their good glass-forming ability. The specific heat capacity of the alloys achieves 
the Dulong–Petit’s value in the temperature range of 350−550 K except Al86Cr8Gd6 and Al86Zr8Gd6 compositions. The values of both 
thermal diffusivity and thermal conductivity of the alloy studied are significantly lower than those for pure aluminum. It is found that 
embedding 14% (mole fraction) of transition elements (Gd+ТM) in the aluminum matrix leads to significant decrease in the absolute 
magnitudes of both thermal diffusivity and thermal conductivity in crystalline state. The thermal conductivity of glass-forming 
Al86Gd6TM8 alloys is strongly affected by directed chemical bonding between alloy components. 
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1 Introduction 
 

In the last decades, Al-based alloys with additions 
of rare earth (RE) and transitions metals (TM) have 
attracted increasing attention of researchers due to 
unique mechanical and corrosion properties [1−5]. These 
alloys have relatively high glass-forming ability that 
allows synthesizing them in form of amorphous ribbons 
by means of melt spinning technique. Furthermore, 
because of their unique physical properties in amorphous 
and crystalline states, these alloys have industrial 
applications such as corrosion resistant elements [3−5] 
and radio electronics components [6,7]. However, a 
number of important properties of these alloys such as 
thermal conductivity, thermal diffusivity and specific 
heat have not been sufficiently studied yet. 

Earlier reports [8−12] indicated that the effective 
magnetic moments of rare earth elements in Al−RE and 
Al−TM−RE alloys are noticeably lower than those for 
trivalent RE ions. The similar results were obtained for 
Al−RE compounds by means of ab-initio calculation 
[13]. This abnormal behavior of magnetic properties was 
interpreted within the framework of conjecture about 
existence of covalent-like chemical bonding between 

aluminum and RE which involves 4f-electron. 
As reported in Refs. [14,15], the electronic and 

atomic structure of amorphous Al−Ni−La alloys 
indicates strong chemical interaction between aluminum 
and 3d-metal with a large portion of covalent type 
bonding. In particular, some researchers [14,15]  
claimed that a relatively high electrical resistivity 
(250−370 μΩ·cm) of amorphous alloys is caused by 
strong s−d hybridization. Non-magnetic behavior of 3d 
atoms in liquid aluminum alloys can also be explained by 
strong chemical bonding [16,17]. 

Recently, UPOROV et al [18] reported that the 
values of both electrical and the thermal conductivities of 
Al83Co10Ce7 glass-forming alloy are relatively low in 
comparison with those for pure aluminum. Analyzing 
temperature dependence of Lorentz function, it can be 
found that the lattice contribution in total thermal 
conductivity is essential. 

Therefore, it is obvious that the strong chemical 
bonding and associating should significantly affect the 
thermal conductivities of the alloys. The main goal of 
this study is checking the correlation between chemical 
bonding and thermal conductivity of the glass-forming 
Al86Gd6TM8 alloys. For this purpose, thermal diffusivity, 
specific heat and thermal conductivity of alloys were 
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studied in the temperature range of 300−880 K. 
 
2 Experimental 
 

The samples of Al86Gd6TM8 (TM = Cu, Ni, Co, Fe, 
Mn, Cr, Ti, Zr, Mo, Ta) alloys were prepared by 
conventional arc-melting technique using Centorr 5SA 
furnace under helium atmosphere. The initial 
components were aluminum (99.999%), gadolinium 
(99.86%) and corresponding transition metals with purity 
not less than 99.9%. All the specimens were re-melted 
five times to ensure homogeneity. The chemical 
composition of the alloys obtained was checked by 
atomic-emission method using the SpectroFlame Modula 
S analyzer. 

The temperatures of endothermic and exothermic 
reactions of the alloys were determined by differential 
scanning calorimetry method using Netzsch STA 409 PC 
Luxx calorimeter. The thermal measurements were 
carried out during heating and subsequent cooling 
regimes at a rate of 10 K/min under argon flow      
(50 mL/min). The accuracy of determination of the 
temperature and enthalpy of reactions were ±0.2 K and 
±5%, respectively. 

Thermal diffusivity (a) of the alloys was determined 
by laser flash method (LFA) using Netzsch LFA 457 
device in the temperature interval of 300−880 K under 
vacuum with the residual pressure of 0.1 mPa. The 
specimens for LFA investigations were prepared in form 
a rectangular parallelepiped with a square base of 10 mm 
and a thickness of 3−3.5 mm using IsoMet 5000 Buehler 
cut-off machine. The measurements were carried out in 
stepwise manner with the step of 50 K and the isothermal 
exposition of 20 min at each temperature. The specific 
heat capacity of the alloys at constant pressure (cp) was 
calculated using standard comparison method [19]. Pure 
iron and Inconel 600 alloy were used as reference 
samples of specific heat. Previously, LFA device was 
calibrated with pure aluminum, iron and copper. 

Densities (d) of the alloys at room temperature were 
determined by standard hydrostatic weighing method. 
The changes of densities of the alloys at temperature up 
to 880 K were taken into account using volume thermal 
expansion coefficient (β). The latter was obtained from 
the linear thermal expansion (α) data measured using the 
Netzsch 402CD dilatometer. 

Thermal conductivity (λ) of the specimens was 
calculated using well-know relation λ=adcp. The 
accuracy of determining the thermal diffusivity, specific 
heat and thermal conductivity of alloys were ±1%, ±3% 
and ±5%, respectively. 
 
3 Results and discussion 
 

The DSC data for Al86Gd6TM8 alloys show series of 

endo- and exo-thermal reactions at heating and cooling 
regimes. Analyzing DSC curves obtained under heating, 
solidus (Ts), liquidus (Tl) of alloys and supercooling  
(ΔTl) of liquidus points (i.e., the difference between 
liquidus temperatures detected in heating and cooling 
modes) were identified. The obtained values of these 
thermal characteristics are listed in Table 1. It can be 
seen in Table 1 that no large distinctions in the solidus 
temperatures for all the alloys studied were found. 
 
Table 1 Thermal characteristics of Al−Gd−TM alloys 
determined from DSC data 

Composition of alloy Ts/K Tl/K ΔTl/K

Al86Cu8Gd6 892.6 1104.5 34.9 

Al86Ni8Gd6 905.2 1198.9 38.3 

Al86Co8Gd6 907.8 1252.7 21.9 

Al86Fe8Gd6 911.4 1290.4 32.2 

Al86Mn8Gd6 914.2 1266.4 23.4 

Al86Cr8Gd6 922.1 1296.2 26.6 

Al86Ti8Gd6 902.5 1257.7 81.0 

Al86Zr8Gd6 907.6 1169.4 26.1 

Al86Mo8Gd6 924.2 1323.8 45.3 

Al86Ta8Gd6 909.2 1320.9 30.9 

 
In contrast, the differences between the liquidus 

points are significant for the alloys containing various 
types of transition metals. The noticeable supercooling 
observed for liquidus points is the typical phenomenon 
for Al-based glass-forming alloys [20,21] and also for 
good glass-forming system with strong interatomic 
interaction, such as SiO2. So, the existence of 
supercooling is one of the indirect evidences indicating 
strong chemical bonding between components of the 
alloys. 

As was previously mentioned, the LFA device was 
calibrated with some pure metals, the comparison of 
results obtained for pure aluminum and iron metals with 
literature data is illustrated in Fig. 1. It is seen that our 
data are in satisfactory agreement with the results of 
other studies in whole temperature interval investigated. 

Using comparison method [19], the study of 
specific heat capacity of Al86Gd6TM8 alloys in the 
crystalline state up to 880 K was carried out. The 
experimental data obtained for the alloys were fitted by 
third order polynomial functions. The maximum 
deviations between fitted curves and experimental data 
do not exceed 2%. The results at different temperatures 
are shown in Table 2. It was established that the specific 
heat of the alloys took the Dulong–Petit’s value 
(3R=24.93 J/(mol·K)) in the temperature range of 
350−550 K for all samples except Al86Cr8Gd6 and 
Al86Zr8Gd6 compositions. The values of cp for these 
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specimens are larger than 3R even at 300 K. 
Using standard hydrostatic weighing method, we 

determined densities of the alloys at room temperature. 
Since densities of Al86Gd6TM8 alloys are required for 
correct thermal conductivity calculation, additionally, we 
performed dilatometric measurements in the explored 
temperature range. It was found that the values of linear 
thermal expansion coefficients for the alloys studied are 
close to each other and significantly lower than those for 
pure aluminum metal. For example, at room temperature, 
linear thermal expansion coefficient of the Al86Gd6Ni8 
alloy α=(17±1)×10−6 K−1, whereas for pure aluminum 
α=(23±1)×10−6 K−1. Assuming that the linear thermal 
expansion of the samples is identical in all directions, we 
calculated volume thermal coefficient and densities of 
the Al−Gd−TM alloys using relations: β=3α, d=do(1−βT), 
where do is the density of an alloy at 300 K. 

Experimental thermal diffusivities obtained for the 
Al−Gd−TM alloys and corresponding thermal 
conductivities calculated are shown in Fig. 2. It can be 
seen that the dependencies of a(T) and λ(T) strongly 
demonstrate non-linear behavior. The absolute 

magnitudes of both thermal diffusivity and conductivity 
are essentially lower than those for pure aluminum, 
especially for the Al86Cr8Gd6 and Al86Mo8Gd6 specimens. 
It should be noted that the Al86Gd6Cu8 specimen has the 
largest a and λ among all the alloys investigated. It may 
be explained by low chemical activity of copper in the 
alloy because copper is actually noble metal. As reported 
in Ref. [25], relatively high thermal conductivity of 
binary Al−Cu alloys as well as weak monotonic 
concentration dependence of copper was observed. 
Thereby, it is supposed that copper in the Al−Gd−TM 
system also demonstrates metallic chemical bonding only. 
On the other hand, it is assumed that gadolinium and 
other TM metals contained in alloys investigated form 
covalent-like bonds. The strong chemical interaction 
between alloys components and hybridization of 
conductivity electrons cause essential changes in heat 
and charge transfer mechanisms. Thermophysical 
investigations performed for a number of Al-based alloys 
and other metallic systems with strong chemical bonding 
confirm this assumption. In particular, the similar 
behavior of thermal conductivity and high electrical  

 

 
Fig. 1 Thermal diffusivity of aluminum (a) and heat capacity of iron (b) 
 
Table 2 Specific heat capacity of Al−Gd−TM alloys at various temperatures 

cp/(J·mol−1·K−1) Composition of 
alloy 320 K 370 K 420 K 470 K 520 K 570 K 620 K 670 K 720 K 770 K 820 K 880 K

Al86Cu8Gd6 20.18 21.39 22.52 23.57 24.54 25.43 26.25 26.99 27.65 28.23 28.73 29.22

Al86Ni8Gd6 23.31 24.37 25.33 26.20 26.97 27.65 28.24 28.73 29.13 29.43 29.64 29.77

Al86Co8Gd6 23.69 25.00 26.06 26.90 27.54 28.03 28.39 28.66 28.88 29.07 29.27 29.58

Al86Fe8Gd6 20.25 21.61 22.72 23.62 24.34 24.91 25.37 25.76 26.11 26.44 26.80 27.32

Al86Mn8Gd6 23.10 24.21 25.22 26.13 26.94 27.66 28.27 28.79 29.20 29.53 29.76 29.90

Al86Cr8Gd6 27.26 27.70 28.14 28.59 29.06 29.53 30.01 30.50 31.00 31.51 32.03 32.66

Al86Ti8Gd6 22.58 23.69 24.73 25,68 26.56 27.35 28.07 28.70 29.25 29.73 30.12 30.49

Al86Zr8Gd6 26.13 27.48 28.73 29.87 30.89 31.81 32.62 33.31 33.89 34.36 34.72 35.00

Al86Mo8Gd6 24.50 26.27 27.77 29.01 30.01 30.77 31.32 31.67 31.82 31.80 31.62 31.20

Al86Ta8Gd6 22.80 24.41 25.69 26.68 27.42 27.98 28.40 28.72 29.01 29.30 29.64 30.20
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Fig. 2 Temperature dependency of thermal diffusivity and thermal conductivity of Al86Gd6TM8 alloys: (a) Cu; (b) Ni; (c) Co; (d) Fe; 
(e) Mn; (f) Cr; (g) Ti; (h) Zr; (i) Mo; (j) Ta 
 
resistivity were observed for the Al83Co10Ce7 alloy [18]. 
The similar sharp decrease of thermal conductivity with 
increase of alloying elements concentration was found 
for Sc−Mg [26], binary magnesium and aluminum  
alloys [27−29]. The essential changes of thermal 

conductivity may be caused by the decrease of valence 
electron concentration due to chemical interaction. The 
involvement of electrons into chemical bonding should 
affect thermal and electrical conductivities noticeably 
since both the heat and the charge transfers for metallic 
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system are basically caused by electrons. The 
experimental data obtained for the Al86Gd6TM8 alloys 
confirm these assumptions. 
 
4 Conclusions 
 

1) All the alloys studied exhibit strong supercooling 
of the liquidus temperatures up to 80 K, which indicates 
their good glass-forming ability. 

2) The specific heat capacity of the alloys achieves 
the Dulong–Petit’s value (24.93 J/(mol·K)) in 
temperature range of 350−550 K except Al86Cr8Gd6 and 
Al86Zr8Gd6 alloys. For the later, the specific heat capacity 
is larger than 3R even at room temperature. 

3) 14% (mole fraction) of transition elements 
(Gd+ТM) embedded in the aluminum matrix leads to a 
significant decrease in the absolute magnitudes of both 
the thermal diffusivity and the thermal conductivity in 
crystalline state. 

4) The thermal conductivity of glass-forming 
Al86Gd6TM8 alloys is strongly affected by covalent-like 
chemical bonding between alloy components. 
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Al−Gd−TM 非晶合金的导热性 
 

V. BYKOV, S. UPOROV, T. KULIKOVA 
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 Amundsena str., 101, Ekaterinburg 620016, Russia 

 

摘  要：采用激光闪光法确定 Al86Gd6TM8 (TM=Cu, Ni, Co, Fe, Mn, Cr, Ti, Zr, Mo, Ta)非晶合金在 300~880 K 时的

热扩散系数、比热容和导热系数。利用差示扫描量热法确定合金放热和吸热反应温度。在氦气保护下采用传统的

电弧熔炼法制备合金。所有合金的液相线过冷度高达 80 K，这表明它们具有很好的非晶形成能力。在温度为

350~550 K 时，除 Al86Cr8Gd6和 Al86Zr8Gd6合金外，其它合金的比热容都符合 Dulong–Petit 定则。合金的热扩散

系数和导热系数值都远低于纯铝的。同时发现在铝基体中添加 14%(摩尔分数)的过渡元素(Gd+ТM)会大大降低晶

态合金热扩散系数和导热系数的绝对值。合金组份间化学键强烈影响非晶 Al86Gd6TM8合金的导热系数。 

关键词：铝基合金；热性能；比热容；导热系数；热扩散 
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