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Abstract

Heat capacities of both the ingot-like and melt-spun Al–Sr alloys have been measured through the tem-

perature range 373 to 1060 K using differential scanning calorimetry. The experimental results show

that rapid solidification has a slight effect on the temperature dependence of the heat capacities of the

Al–Sr alloys. The heat capacities of the melt-spun Al–Sr alloys increase more slowly than those of the

ingot-like alloys with increasing temperature from 373 to 900 K. Furthermore, the effect of rapid solidi-

fication on the heat capacities becomes more obvious with increasing Sr concentration in the Al–Sr al-

loys. The data of the heat capacities between 373 and 900 K have been fitted with the least square

method and a linear dependence on temperature was assumed for that temperature range.
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Introduction

Al–Sr alloys are widely used in industrial practice for the modification of Al–Si al-

loys, by which the eutectic Si is converted from a coarse flake into a fine fibrous mor-

phology [1–3]. Sr has a low oxidation sensitivity and its use leads to the elimination

of two major problems associated with Na modification, namely, fume generation

and control of the amount of addition. These have led towards a growing importance

of Sr as a strong modifier [4] and much attention has been paid to the determination

of phase diagram [5, 6], preparation [7], modification efficiency [8], and viscosity [9]

of Al–Sr alloys.

The heat capacity Cp is one of the most fundamental thermodynamic properties

of matter. Based on the known data of the temperature dependence of heat capacities,

other thermodynamic functions, such as enthalpy, entropy and Gibbs free energy, can

be calculated [10]. Investigations of the heat capacities of solid elements have been

made for many years. The theoretical work of Einstein, Debye and others on the heat
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capacity of a solid element is well known. The values of the heat capacities of liquid

alloys have often been estimated by proportional addition of the heat capacities of the

constituent elements, i.e. the Neumann-Kopp law [11]. Hoch [12, 13] has calculated

the heat capacities of solids, undercooled liquid metals and alloys. Wang et al. [ 10,

14] has measured the heat capacities of intermetallic compounds in the Fe–Ti and

Co–Ti systems using differential scanning calorimetry. Several studies have been

carried out to investigate the thermodynamics of liquid Al–Sr alloys [15], including

the enthalpy of formation [16, 17] and vapour pressure [18, 19]. However, few data

are available on the heat capacities of solid and liquid Al–Sr alloys.

Differential scanning calorimetry (DSC) has been used for decades for the char-

acterization of caloric effects of various kinds of samples [20–22]. This technique al-

lows characterization of transformation energetics as well as measurement of heat ca-

pacities. DSC combined with an entrained droplet technique [23] has been success-

fully used on a series of melt-spun alloys with deliberate impurity additions to study

the nucleation related aspects of secondary phase selection during solidification of di-

lute Al alloys [24]. Ramakumar et al. [25] proved that reasonably precise and accu-

rate heat capacity measurements are possible with DSC. In our previous work, the

heat capacities of superheated Al–10Sr alloy melt have been reported [26]. In this

study, the temperature dependence of heat capacities of the Al–Sr alloys has been

measured using DSC and the effect of rapid solidification on the heat capacities has

been investigated.

Experimental

In this investigation, elemental Al (99.9% purity) and Sr (99.7% purity) were used to

prepare alloys of nominal compositions Al–5Sr, Al–10Sr and Al–23Sr (wt.%). The

charges were melted in a graphite clay crucible using a medium frequency induction

electric furnace under an inert argon atmosphere and were cast into ingots in a copper

chill mould. The real compositions of the alloys obtained were analyzed using the

atomic absorption technique and presented in Table 1. Using a single roller melt spin-

ning apparatus, the prealloyed ingot was remelted by high-frequency induction heat-

ing and rapidly solidified into continuous ribbons at a wheel speed of 1500 revolu-

tions per min (rpm) in a controlled inert atmosphere. The copper roller is 35 cm in

diameter. The melt-spun ribbons were typically 3–5 mm in width and 30–50 µm in

thickness. The ribbons were characterized using X-ray diffraction (XRD), optical mi-

croscopy (OM) and transmission electron microscopy (TEM).
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Table 1 Chemical compositions of Al-Sr alloys

Alloys Al–5Sr Al–10Sr Al–23Sr

Nominal composition wt.% 5 10 23

at.% 1.6 3.3 8.4

Real composition wt.% 5.05 9.85 23.52



Heat capacities of both the ingot-like and melt-spun Al–Sr alloys were measured

using a differential scanning calorimeter (high-temperature NETZSCH DSC 404).

Synthetic sapphire supplied by the manufacturer was used as a standard reference

material. Al2O3 crucibles (of equal mass) with lids were used for all the tests. The

DSC for the heat capacity measurements was initially calibrated for temperature and

calorimetric sensitivity. Calibration runs with pure In, Zn, Al and Au standard sam-

ples yielded an absolute accuracy in Cp values of better than ±3% compared to the lit-

erature values. Samples for the Cp measurements were accurately determined to be 20

mg. Determination of Cp was carried out employing the ratio method [27]. Using this

method three measurements under the same test conditions are necessary. Measure-

ments were carried out through the temperature range 373 to 1060 K at a heating rate

of 20 K min–1, under an argon atmosphere with a flow rate of 80 mL min–1. Minimum

two independent experiments were performed for each sample. The average was

taken as the heat capacity of the sample.

Results and discussion

The microstructures of both ingot-like and melt-spun Al–5, 10 and 23 Sr alloys were

characterized elsewhere in detail [7, 28–30]. A brief description of the microstructures of

Al–Sr alloys is given as follows. According to the binary Al–Sr phase diagram, the

eutectic composition is about 3.2 [5] or 2.4 [6] wt.% Sr at the Al-rich end. All the three al-

loys discussed here are hypereutectic. The microstructures of the ingot-like Al–Sr alloys

consist of coarse plate-like primary Al4Sr, about 20–40 µm in width and 150–300 µm in

length, embedded in the α-Al/Al4Sr eutectic matrix. According to the OM, XRD and

TEM results, rapid solidification (RS) has a marked effect on the microstructures of the

three Al–Sr alloys, but no effect on the phase constituents. OM observations show that

the cross section of the Al–5Sr ribbons is duplex cellular. TEM results show that the

microstructure of the melt-spun Al–5Sr alloy is hypoeutectic and composed of fine cellu-

lar primary α-Al phase and the ultrafine α-Al/Al4Sr eutectic [29]. For the Al–10Sr alloy,

a completely eutectic microstructure is observed under RS conditions. Moreover, the

eutectic microstructure is nanoscale and the eutectic Al4Sr is less than 40 nm in size [28].

A featureless microstructure was observed under OM, as shown in Fig. 1. For the

melt-spun Al–23Sr alloy, the microstructure is composed of primary Al4Sr dendrites em-

bedded in the α-Al matrix. Furthermore, RS has a significant effect on the morphologies

and crystallographic preferred orientations of primary Al4Sr [30]. Figure 2 shows the

microstructures of the ingot-like Al–23Sr and melt-spun Al–10Sr alloys.

Figure 3 shows the heat capacities of the Al–Sr alloys through the temperature

range 373 to 1060 K. On the whole, the heat capacities of both the ingot-like and

melt-spun alloy gradually increase with increasing temperature before melting, al-

though the heat capacities show slightly decreases at lower temperatures. With tem-

perature exceeding 900 K, the heat capacities sharply increase to a very high value

due to melting and then sharply decrease by the end of melting. It can also been seen

from Fig. 3 (a), (b) and (c) that rapid solidification has a slight effect on the heat ca-

pacities of the Al–Sr alloys. The heat capacities of the melt-spun Al–5Sr alloy in-
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crease more slowly with increasing temperature in comparison with those of the in-

got-like alloy, as seen in Fig. 3 (a). The similar tendency can also be seen for the

Al–10Sr and Al–23Sr alloy, seen in Fig. 3 (b) and (c) respectively. Furthermore, the

higher Sr concentration in the alloys is, the more obvious the tendency is. To clearly

show the temperature dependence of heat capacity before melting, the enlarged plots

are presented as insets in Fig. 3. The insets show clearly the effect of rapid solidifica-

tion on the heat capacities of the Al–Sr alloys.

The data of heat capacity are usually fitted by the following functions

Cp = a +bT (1)

Cp = a+bT+cT –1 (2)

Cp = a+bT+cT –2 (3)

Cp = a+bT+cT –2+dT 2 (4)

where T is the absolute temperature in K, a, b, c, and d are parameters. In the present

case, emphasis is put on the temperature dependence of the heat capacities of the
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Fig. 1 OM image showing the cross section of the melt-spun Al–10Sr ribbons

Fig. 2 Microstructures of the ingot-like Al–23Sr (a – SEM) and melt-spun Al–10Sr
(b – TEM)



Al–Sr alloys through the temperature 373 to 900 K (before melting). Therefore, the

Eq. (1) is mainly used to fit the heat capacities of the Al–Sr alloys with the least

square method. The fitted lines are presented as solid lines in the insets of Fig. 3 (a),

(b) and (c) for the Al–5Sr, Al–10Sr and Al–23Sr respectively. The fitted results are

tabulated in Table 2. As a whole, the heat capacity shows a linear relationship with

the temperature and the fitted lines serve to describe the temperature dependence of

the heat capacities of the Al–Sr alloys between 373 and 900 K, especially for the in-

got-like alloys. For the melt-spun Al–Sr alloys, however, the fitted lines are not ideal

in spite of sufficiently describing the variation tendency of the heat capacity. The Eq.

(4) is also used to fit the heat capacity of the melt-spun Al–10 and 23Sr alloys. The

fitted results are shown in Fig. 4 and Table 3. It can be seen that the fitted curves well

serve to describe the temperature dependence of the heat capacity.

The variance ratio of the heat capacity with temperature can be indicated by the

first derivative of the heat capacity Cp with respect to temperature T, b, namely the

slope of the fitted lines. As seen in Table 2, the values of b for the melt-spun Al–Sr al-

loys are less than those for the ingot-like alloys, indicating that the heat capacities of
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Fig. 3 Heat capacities of the Al–Sr alloys. Fig. 3d and insets in Fig. 3 a – , b – and
c – show the heat capacities of Al–Sr alloys from 373 to 900 K. The fitted lines
according to Eq. (1) are presented in the insets (solid lines)



the melt-spun alloys increase more slowly than those of the ingot-like alloys. Figure

3(d) shows the effect of alloy composition on the temperature dependence of the heat

capacity of the Al–Sr alloys. It can be seen that the heat capacity increases more rap-

idly with increasing Sr concentration in the Al–Sr alloys. At a certain temperature,

however, the heat capacity slightly decreases with increasing Sr concentration.

To further show the effect of rapid solidification on Cp, ∆Cp is defined as the differ-

ence in heat capacity between the ingot-like and melt-spun Al–Sr alloys. Figure 5 shows

the plots of ∆Cp vs. T. For the Al–5Sr alloy, ∆Cp slowly increases with increasing temper-

ature indicating that the effect of rapid solidification on Cp is more obvious with tempera-

ture. For the Al–10 and 23Sr alloys, however, ∆Cp first increases and then decreases with

increasing temperature. At a certain temperature, ∆Cp increases with increasing Sr con-

centration in the Al–Sr alloys. In other words, the effect of rapid solidification on Cp be-

comes more obvious with increasing alloy composition.

According to the results mentioned above, rapid solidification has a slight effect

on the temperature dependence of the heat capacities of the Al–Sr alloys through the

temperature range 373 to 900 K. In the previous work, it was reported that the in-

crease of the heat capacity of the liquid Al–10Sr alloy with the temperature exceeding

1300 K is due to the disappearance of atomic clusters and the disordering of the liquid
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Fig. 4 Heat capacities of the melt-spun Al–10 and 23Sr alloys

Table 2 Parameters in Eq. (1)

Alloys a/J g–1 K–1 b/J g–1 K–2

Ingot-like Al–5Sr 0.78882±0.00112 0.00040±2·10–6

Melt-spun Al–5Sr 0.80533±0.00141 0.00033±2·10–6

Ingot-like Al–10Sr 0.71999±0.00066 0.00043±1·10–6

Melt-spun Al–10Sr 0.75137±0.00265 0.00030±4·10–6

Ingot-like Al–23Sr 0.63977±0.00131 0.00055±2·10–6

Melt-spun Al–23Sr 0.59201±0.00323 0.00051±5·10–6



structure [26]. The anomalous increase of heat capacity of the Ni–Pd alloys at high

temperatures was explained by the disordering of a chemical short-range order [31].

Nevertheless, formation of short-range order and clustering requires a thermally acti-

vated process starting from a metastable state and a depression of heat capacity. Un-

der conventional solidification conditions, the microstructures of the Al–Sr alloys

used in this investigation are composed of the coarse plate-like primary Al4Sr and the

eutectic matrix [7]. The heat capacities of the ingot-like Al–Sr alloys slowly increase

with increasing temperature up to 900 K due to the enhancement of lattice vibrations.

Under rapid solidification conditions, however, the microstructures of the Al–Sr al-

loys are quite different from those of the ingot-like alloys. For example, a completely

eutectic microstructure with the Al4Sr size less than 40 nm was obtained in the

melt-spun Al–10Sr alloy [28]. The nanoscale eutectic microstructure is metastable

and will transform into the stable state with increasing temperature. In other words,

the ultrafine Al4Sr phase will grow up with temperature. The growth of the Al4Sr

phase and the coarsening of the microstructure give rise to the slow increase of the

heat capacities of the melt-spun Al–Sr alloys with temperature, compared to the in-

got-like alloys. Moreover, the volume fraction of Al4Sr phase increases with increas-

ing Sr concentration in the Al–Sr alloys. Therefore, the effect of rapid solidification

on the heat capacities becomes more obvious with increasing Sr concentration in the

Al–Sr alloys.
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Table 3 Parameters in Eq. (4)

Alloys/wt.% a/J g–1 K–1 b/J g–1 K–2 c/J g–1 K d/J g–1 K–3

Melt-spun Al–10Sr 0.71777±0.0231 0.00009±5·10–5 15202±1249 2.765·10–7±3·10–8

Melt-spun Al–23Sr –0.35909±0.0239 0.00232±5·10–5 65210±1291 –9.259·10–7±3·10–8

Fig. 5 Plots of ∆pCp vs. T



Conclusions

On the whole, the heat capacities of both the ingot-like and melt-spun Al–Sr alloys

slowly increase with increasing temperature from 373 to 900 K. Rapid solidification

has a slight effect on the temperature dependence of the heat capacities of the Al–Sr

alloys. The heat capacities of the melt-spun Al–Sr alloy increase more slowly with

temperature compared to those of the ingot-like alloys. Furthermore, the effect of

rapid solidification on the heat capacities become more obvious with increasing Sr

concentration in the Al–Sr alloys. The growth of the Al4Sr phase and coarsening of

the microstructure of the melt-spun Al–Sr alloys may be responsible for the slower

increase of the heat capacities with increasing temperature. The heat capacities of the

Al–Sr alloys through the temperature range 373 to 900 K exhibit a linear dependence

on temperature according to the fitting on the data of heat capacities with the least

square method.
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