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Abstract: The effects of La and La+Sc addition on mechanical properties and thermal conductivity of
Al-4.8Cu alloy were comprehensively studied. The as-cast samples were characterized by optical
microscopy (OM), scanning electron microscopy (SEM), X-ray diffraction (XRD) and first-principles
methods. The results reveal that the grain morphology of Al-4.8Cu alloy changes from dendrite
to fine equiaxed grain with La, La+Sc addition. The average grain size of Al-Cu-La (Al-4.8Cu-
0.4La) and Al-Cu-La-Sc (Al-4.8Cu-0.4La-0.4Sc) decreased by 37.2% (70.36 µm) and 63.3% (119.64 µm)
respectively compared with Al-Cu (Al-4.8Cu). Al-Cu-La has the highest elongation among the three
which is 34.4% (2.65%) higher than Al-Cu. Al-Cu-La-Sc has the highest ultimate tensile strength and
yield strength which are 55.1% (80.9 MPa) and 65.2% (62.1 MPa) higher than Al-Cu, respectively.
The thermal conductivity of Al-Cu-La and Al-Cu-La-Sc is 10.0% (18.797 W·m−1·k−1) and 6.5%
(12.178 W·m−1·k−1) higher than Al-Cu alloy respectively. Compared with Al-Cu, Al-Cu-La has less
shrinkage and porosity, the presence of Al4La and AlCu3 contribute a lot to the decrease of specific
heat capacity and the increase of plasticity and toughness. The porosity of Al-Cu-La-Sc does not
significantly decrease compared with Al-Cu-La, the presence of Al3Sc and AlCuSc bring about the
increase of specific heat capacity and brittleness.

Keywords: Al-Cu alloy; mircrostructure; mechanical properties; thermal conductivity; first-principles

1. Introduction

Since miniaturization and integration are always the evolution trend of electronic
components and power output devices, the influence of high-temperature environment
formed by local heat concentration on the stability of semiconductor components and
structural parts will be inevitable [1–3]. Many studies have shown that the working
stability of electronic components will decrease with the increase of temperature, and the
failure probability increases exponentially with the temperature increase [4,5]. Also, the
formation of thermally induced stresses and mechanical harmful hot-spot defects will be
easier [6]. Therefore, the research of materials with high thermal conductivity will run
through the process of scientific and technological development.

Aluminum alloys are widely used in the aviation, automobile and electronic infor-
mation industry due to the low cost, low density and high specific strength [7,8]. Al-Cu
alloys have better casting performance and higher thermal conductivity than Al-Zn-Mg-Cu
alloys, and higher yield strength than Al-Mg-Si traditional high thermal conductivity alloys.
Notwithstanding the thermal conductivity of pure Al is 237 W·m−1·k−1, elements added
to the Al matrix to improve the mechanical properties, such as Si, Cu, Zn, Mg, etc. will
reduce it [9].

Due to the high chemical activity, low potential and unique electronic shell structure
of rare earth elements such as Sr, La, Ce, Er and Sc, they are often used as micro-alloying
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elements to optimize the structure and properties of alloys [10]. Zheng et al. [11] found
that although adding La to Al-Mg-Si alloy does not change the precipitation sequence and
the atomic structure of the precipitates, it can decrease the solubility of Si and Mg in the
Al matrix and the precipitation activation energy of β”. This leads to the simultaneous
improvement of the strength and electrical conductivity of the Al-Mg-Si alloy. Du et al. [12]
reported that Ce promotes the formation of the Al8Cu4Ce phase in Al-Cu-Mn-Mg-Fe
alloy, which can significantly refine Al6(Mn, Fe) precipitates. Therefore, the mechanical
properties and corrosion resistance of the alloy can be effectively improved. The study of
Wang et al. [13] showed that adding Zr and Sc into Al-5Ce alloy could decrease the grain
size. Compared with Zr, the yield strength can be significantly improved by adding Sc.

In order to balance the mechanical properties and thermal conductivity of Al-Cu
alloys, La and Sc were added to Al-4.8Cu alloy to study the effect on microstructure,
mechanical properties and thermal conductivity. The first-principles are used to calculate
elastic modulus and vibrational heat capacity of some intermetallic compounds in alloys to
explain the reasons for changes in the properties. Thus it can provide a theoretical basis for
development of new types of high thermal conductivity aluminum alloys.

2. Materials and Methods

In this study, Al ingot with 99.9% purity, as well as commercial master alloy Al-50%Cu,
Al-20%La and Al-2%Sc (all percentages are in weight unless otherwise stated) were used
for casting. Firstly, pure Al and Al-50%Cu were melted at 730 ◦C in a resistance furnace.
After completely melted, the pre-heated Al-20%La or Al-20%La+Al-2%Sc were added to
the furnace. In order to ensure the uniform chemical composition of the alloy, molten metal
was held for 30 min and stirred at the 20th minute. Then, we adjusted the melt temperature
to 720 ◦C and added C2Cl6 with a mass of 1% of the melt mass for refining. After slag
skimming, the molten metal was poured into a 250 ◦C metal mold (Φ18 × 150 mm) at
700 ◦C. Table 1 shows the chemical composition of alloys.

Table 1. Chemical composition of the present Al-Cu, Al-Cu-La, Al-Cu-La-Sc (wt.%).

Alloy Cu La Sc Al

Al-4.8Cu 4.72 - - Bal.
Al-4.8Cu-0.4La 4.85 0.38 - Bal.

Al-4.8Cu-0.4La-0.4Sc 4.78 0.37 0.42 Bal.

The specimens were polished according to the standard procedures and etched by
Keller regent. MFE-4 optical microscope (OM, NIKON instruments, (Shanghai), Co. Ltd.,
Shanghai, China) and FEG450 scanning electron microscope (SEM, NEC Electronics Corpo-
ration, Tokyo, Japan) were used to characterize the microstructure. In order to reduce the
error, 50 grains per specimen were selected to measure the grain size by Image-Pro plus
6.0 (Sino-Vision Technology Co. Ltd., Beijing, China). D/MAX-2400 X-ray diffractometer
(XRD, Rigaku, Tokyo, Japan) (2θ: 10~90◦) was used to identify the specific phases in alloys.
Tensile tests were carried out using a WDW-100D universal material testing machine (Jinan
Hengxu Testing Machine Technology Co., Ltd., Jinan, Shandong, China) at a speed of
1 mm/min. Tests for each component of specimens were carried out three times to reduce
the error. The size of the tensile specimen was designed in accordance with ASTM E8M-200
standard. MDI Jade software (5.0, CA, USA) was used to calculate the lattice constant of
α-Al matrix.

LFA457 laser thermal conductivity analyzer (NETZSCH Group, Selb, Germany),
STA449C (NETZSCH Group, Selb, Germany) differential scanning calorimetry tester and
Archimedes drainage method were used to measure the thermal diffusivity α, specific heat
capacity Cp, and density ρ, respectively. Three points of each sample were selected for
testing. Then thermal conductivity can be expressed as:

λ = αρcp (1)
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3. Results
3.1. As-Cast Microstructure Evolution

Representative optical microscope photos of as-cast microstructure are shown in
Figure 1. It can be obviously seen from Figure 1a that grains of Al-Cu alloy are in the
shape of dendrite and the secondary dendrite arms are extremely developed. The average
grain size of α-Al is 188.89 µm. After adding La to Al-Cu alloy, as shown in Figure 1b,
the morphology of grains changes from dendrite to equiaxed crystal. The secondary
dendrite arms of grains almost disappear and shape distribution is relatively uniform.
Simultaneously, the average grain size of α-Al decreased to 118.53 µm, which is 37.78%
lower than Al-Cu. When Sc is further added to Al-Cu-La alloy, according to Figure 1c,
the morphology of most grains is still in the shape of equiaxed, but a few is between
equiaxed and dendrite. The average grain size of α-Al reduced to 69.25 µm, 41.6% lower
than Al-Cu-La.

Figure 1. Representative OM images of the as-cast (a) Al-Cu, (b) Al-Cu-La, (c) Al-Cu-La-Sc alloys.

Since the atomic radius of La (0.187 nm) is 31% larger than Al (0.143 nm), it will
inevitably cause great lattice distortion when La atoms enter the α-Al matrix, which will
greatly increase the energy of the entire system. Therefore, the solid solubility of La atoms
in the α-Al matrix is small. For the solidification process of Al-Cu-La alloy, α-Al first begins
to solidify, and then low-melting-point eutectic structure containing La and Cu segregates
at the grain boundary at the end of solidification [14], as shown in Figure 2. This makes the
equilibrium temperature of some structures decrease. Moreover, the actual undercooling
degree and the component undercooling degree at the front of the solid-liquid interface
increase. So that, the grain growth is hindered and the length of the secondary dendrite
arm is reduced. For Al-Cu-La-Sc alloy, an investigation presented that a ternary phase
named the W-phase containing Al, Cu, and Sc, could be in thermodynamic equilibrium
with α-Al at 572 ◦C and 546 ◦C. Therefore, part of Sc will also exist in the low-melting-point
phase at the end of solidification (Figure 3) [15].

Figure 2. Map and point analysis of Al-Cu-La alloy (a) Backscattered electron image, (b) Image of Al,
(c) Image of Cu, (d) Image of La, (e) Point analysis.
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Figure 3. Map and point analysis of Al-Cu-La-Sc alloy (a) Backscattered electron image, (b) Image of
Al, (c) Image of Cu, (d) Image of La, (e) Image of Sc, (f) Point analysis.

In addition, many studies have shown that Al3Sc phase will be formed in the Al alloys
with Sc [16], it nucleates before the solidification of the α-Al matrix [17], both of which are
face-centred cubic, and the lattice constants of the α-Al and Al3Sc phases are 4.089 nm and
4.049 nm, respectively. According to the disregistry equation modified by Bramfitt [18]:

δ
(hkl)s
(hkl)n =

3

∑
i=1

[
di
[uvw]s cos θ − di

[uvw]n

di
[uvw]n

]× 1
3
× 100% (2)

(hkl)s and (kkl)n are the low-index plane of substrate and nucleated solid respectively,
[uvw]s and [uvw]n are the low-index direction in (hkl)s and (kkl)n respectively, d[uvw]s
and d[uvw]n are the interatomic spacing along [uvw]s and [uvw]n respectively, θ is the
angle between [uvw]s and [uvw]n. The above formula can calculate the disregistry between
Al3Sc and α-Al as 0.99%. Studies have shown that when the disregistry is less than 5%, the
elastic energy caused by direct connection of atoms on both sides of the phase interface
is small, and the interface can be considered as completely coherent. And Al3Sc can be
used as a heterogeneous nucleation center to refine the α-Al matrix. Due to the same
cooling condition the alloys have, the α-Al in Al-Cu-La-Sc alloy will nucleate at a higher
temperature and have more time to grow. This leads to more developed dendrite arms than
Al-Cu-La before the solidification of the low melting point phase. Therefore, Figure 1 shows
that the number of dendrite grains in Al-Cu-La-SC alloy has a slight increase compared
with Al-Cu-La.

3.2. Mechanical Properties

The mechanical properties and engineering stress-strain curves of alloys are presented
in Figure 4. It can be seen that the tensile strength and yield strength of Al-Cu-La and
Al-Cu-La-Sc are significantly improved compared with Al-Cu. Al-Cu-La-Sc has the highest
tensile strength and yield strength of 227.6 ± 5.0 MPa and 157.3 ± 3.6 MPa, which are
55.1% and 65.2% higher than the 146.7 ± 7.5 MPa and 95.2 ± 5.3 MPa of Al-Cu. The
tensile strength and yield strength of Al-Cu-La are 175.2 ± 4.4 MPa and 112.4 ± 2.1 MPa,
respectively, which are 19.4% and 18.1% higher than Al-Cu. The elongation of Al-Cu-La
and Al-Cu-La-Sc are 10.35% ± 0.30% and 9.17% ± 0.38%, which are 34.4% and 19.1% higher
than the 7.70% ± 0.50% of Al-Cu, respectively.
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Figure 4. The mechanical properties (a) and engineering stress-strain curves (b) of Al-Cu, Al-Cu-La,
Al-Cu-La-Sc alloys.

The addition of La and Sc can reduce the grain size and make the shape distribution
uniform of Al-Cu alloy. Many studies have proved that the yield strength and grain size of
metal materials conform to the Hall-Petch equation [19]:

σs = σ0 + kd
− 1

2 (3)

where σs is the yield stress of specimen, σ0 is a constant related to the starting stress for
dislocation movement, k is the coefficient of strengthening, d is the average diameter of
grain. According to the equation above, the smaller the grain size, the higher the yield
strength of the material, which is consistent with the aforementioned experimental results.

3.3. Properties of Thermal Conductivity

Figure 5 shows the thermal conductivity, specific heat capacity and thermal diffu-
sivity of alloys. As shown in Figure 5a, when La and La+Sc were added to Al-Cu, the
thermal conductivity of alloys are 206.286 W·m−1·K−1 and 199.667 W·m−1·K−1, respec-
tively, which are 10.0% and 6.5% higher than 187.489 W·m−1·K−1 of Al-Cu. It can be seen
from Figure 5b that the specific heat capacity of Al-Cu-La decreases from 0.972 J·g−1·K−1

to 0.941 J·g−1·K−1 compared with Al-Cu, and the thermal diffusivity increases from
72.76 mm2·s−1 to 79.14 mm2·s−1. Compared with Al-Cu-La, the specific heat capacity of
Al-Cu-La-Sc increases to 0.965 J·g-1·K-1 and thermal diffusivity decreases to 74.53 mm2·s−1.

Figure 5. Properties of thermal conductivity of Al-Cu, Al-Cu-La, Al-Cu-La-Sc alloys: (a) Thermal
conductivity, (b) Specific heat capacity and Thermal diffusivity.

3.4. Fracture Morphology

Figure 6a–f shows the fracture morphology of alloys. Figure 6d–f are the enlarged
images in the yellow square of Figure 6a–c. There are a few dimples in the upper right
part of Figure 6a,d and the lower left part is similar to the pattern of shear fracture. This
is caused by pores in the alloy, resulting in the fracture surface not perpendicular to the
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stress direction, as shown in Figure 6g. Figure 6b,e present that there are many dimples in
the fracture surface of A-Cu-La alloy. It can be concluded that the fracture mode is ductile
failure, the addition of La did not change the fracture mode of Al-Cu alloy. Furthermore,
the number of dimples in Al-Cu-La alloy is more than Al-Cu, and the shape is more
uniform. Therefore, the plasticity and toughness of Al-Cu-La alloy are better than Al-Cu.
The fracture mode of the Al-Cu-La-Sc alloy is obviously different from the former two, as
shown in Figure 6c,f. It is transgranular failure with a small number of dimples and tearing
ridges. Cleavage steps and river patterns can also be seen in the surface. So the fracture
mode of Al-Cu-La-Sc can be concluded as quasi-cleavage fracture transition from ductile
to brittle. As a consequence, the yield strength of Al-Cu-La-Sc alloy is higher than the two
without Sc addition, but the elongation is lower than Al-Cu-La alloy.

Figure 6. Fracture morphology of (a), (d) Al-Cu; (b), (e) Al-Cu-La; (c), (f) Al-Cu-La-Sc alloys. (g) Effect of pores on fracture
morphology.

3.5. Lattice Distortion

The lattice constants of the α-Al matrix in pure Al, Al-Cu, Al-Cu-La, Al-Cu-La-Sc
alloys are shown in Figure 7. Since the atomic radius of Cu is 0.128 nm which is smaller
than Al, and the maximum solubility of Cu in Al is 5.65% at 548.2 ◦C, the supersaturated
substitutional solid solution will be formed during the cooling process. As a result, the
lattice constant of Al-Cu alloy is less than pure Al. Due to the α-Al precipitates before the
La-containing phase during the solidification process, and it is difficult for La atoms to
enter the α-Al matrix, the lattice constant of Al-Cu is slightly higher than Al-Cu-La. For Al-
Cu-La-Sc alloy, the Al3Sc phase will precipitate above 660 ◦C during solidification, which
makes Al matrix heterogeneous nucleation and growth near its equilibrium solidification
temperature. Therefore, the solid solubility of Cu and La elements in the α-Al matrix is
reduced, and the lattice constant of the Al-Cu-La-Sc alloy is close to pure Al. Table 2 shows
the spacing between atomic layers (d-spacing) of different crystal plane set. It can be seen
that the variation of d-spacing is consistent with the lattice constants.
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Figure 7. XRD patterns and α-Al lattice constants of Al-Cu, Al-Cu-La, Al-Cu-La-Sc alloys.

Table 2. The d-spacing and diffraction angle of different crystal plane set in Al-Cu, Al-Cu-La,
Al-Cu-La-Sc alloys.

Crystal
Plane Set

Al-Cu Al-Cu-La Al-Cu-La-Sc

2θ/(◦) d-
Spacing/Å 2θ/(◦) d-

Spacing/Å 2θ/(◦) d-
Spacing/Å

{111} 38.509 2.3359 38.534 2.3344 38.479 2.3376
{200} 44.763 2.0229 44.793 2.0216 44.729 2.0244
{220} 65.163 1.4304 65.209 1.4295 65.109 1.4315
{311} 78.313 1.2199 78.372 1.2191 78.245 1.2208
{222} 82.527 1.1679 82.590 1.1672 82.453 1.1688

Also, it can be inferred that the variation tendency of Cu percentage at the grain
boundary decreases first and then increases. Researchs have shown that for the inter-
metallic compounds containing Al and Cu, the higher the content of Cu, the greater the
brittleness [20,21]. This is consistent with the above experimental results.

3.6. Intermetallic Compounds at Grain Boundaries

According to the Map scanning results of Figure 2, it can be seen that the low-melting-
point phase at the grain boundary of Al-Cu-La alloy is composed of Al, Cu, and La. The
atomic proportion of Al and Cu in the point scan result in Figure 2e is removed according
to 2:1, the remaining Al:La is about 4.3:1. Combined with the XRD results in Figure 7, it
can be concluded that the La-containing phase in Al-Cu-La alloy is Al4La [22]. In the same
way, it can be calculated that the Sc-containing phase formed at the end of solidification at
the grain boundary of Al-Cu-La-Sc alloy is AlCuSc, combining Figures 3f and 7.
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4. Discussion
4.1. Grain Refinement of Alloys with La and La + Sc Addition

JMatPro software was used to calculate the specific heat capacity of Al-Cu, Al-Cu-
La, Al-Cu-La-Sc alloys at different temperatures in the equilibrium solidification state,
as shown in Figure 8. According to the Al-Cu phase diagram, the initial solidification
temperature of Al-4.8Cu alloy is about 647 ◦C. The solidification of α-Al at this temperature
will release a large amount of latent heat of crystallization, which causes the specific
heat capacity of alloys to undergo abrupt changes. As can be seen from Figure 8, the
existence of the low melting point eutectic leads to a sudden change in the specific heat
capacity of alloys at 546 ◦C. Figure 8a shows that the specific heat capacity of Al-Cu alloy
is 31.48 J·g−1·K−1 at about 647 ◦C, and 29.32 J·g−1·K−1 at about 546 ◦C. For Al-Cu-La alloy
(Figure 8b), the specific heat capacity is 28.39 J·g−1·K−1 at about 647 ◦C, and 29.11 J·g−1·K−1

at about 546 ◦C, which is higher than the former. And the specific heat capacity at 585 ◦C
increased slightly from 1.942 J·g−1·K−1 to 2.786 J·g−1·K−1 due to the existence of La-
containing phase [14]. It can be concluded that after adding La to Al-Cu alloy, the latent
heat of crystallization released during solidification of low-melting-point phase with a great
degree of undercooling in the later stage of solidification will cause necking and remelting
at the junction of secondary dendrite arm and dendrite trunk with large surface energy.
Finally, the number of grains increases and the grain size decreases. For Al-Cu-La-Sc alloy,
the specific heat capacity increases sharply to 56.96 J·g−1·K−1 at about 546 ◦C, however,
it is 28.64 J·g−1·K−1 at 647 ◦C, which is almost unchanged. Therefore, the latent heat of
crystallization released when the low-melting-point phase solidifies has a more obvious
effect on the fusing and breaking of secondary dendrite arms.

Figure 8. Variation trend of specific heat capacity of (a) Al-Cu, (b) Al-Cu-La, (c) Al-Cu-La-Sc alloys with temperature in
equilibrium solidification state.

4.2. Effect of La and La + Sc on the Porosity

Figure 9 shows the ratio of measured density to the ideal density of alloys at 25 ◦C
calculated by JMatPro software. The ratios of Al-Cu, Al-Cu-La, and Al-Cu-La-Sc increase
sequentially, indicating that the volume fraction of shrinkage porosity decreases in order.
Figure 10 shows the DSC curves of alloys, the ratio of endothermic peak height cannot be
used as the ratio of specific heat capacity of the corresponding phase due to the specimen
weight used in the DSC test is less than 0.05 g, the distribution of each phase in such a small
volume is not uniform. However, the initial melting and complete melting temperatures of
alloys are not affected. Figure 10 presents that the solidification temperature range of Al-Cu
alloy is about 108 ◦C, that is to say, the solidification mode tends to be pasty solidification.
During the cooling process, the α-Al matrix grows in the shape of dendrite, and the specific
surface area of grains is large, it can be seen from Figure 1a that the roundness of grains is
poor. The closed spaces generated by the overlapping of dendrite arms is easy to appear,
so that the low-melting-point phase at the end of solidification can not fill these pores, and
has a great tendency of hot tearing [23], as shown in Figure 11a. Furthermore, the Al-Cu
alloy has a huge linear shrinkage coefficient. If there is no filling of low-melting-point
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phase between two originally contacting grains, the intergranular separation stress will
also generate pores between grains during the cooling process. In addition, the gas sucked
into the melt during alloy smelting will precipitate out in the form of pores during the
cooling process. Due to the existence of pores, the actual area of thrust surface of the alloy
during the tensile test is smaller than the cross-sectional area of tensile specimen. The
cracks will first occur and spread near the pore when the tensile specimen starts to fracture.
That will do great harm to the mechanical properties of alloys.

Figure 9. The ratio of measured density to ideal density of Al-Cu, Al-Cu-La, Al-Cu-La-Sc alloys.

Figure 10. DSC curves of Al-Cu, Al-Cu-La, Al-Cu-La-Sc alloys.



Metals 2021, 11, 1866 10 of 15

Figure 11. Intergranular morphology of (a) Al-Cu, (b) Al-Cu-La, (c) Al-Cu-La-Sc alloys.

After adding La to Al-Cu alloy, it will first form a stable hydride LaH2 with H element
entering the melt, which will be discharged out of the melt during the slagging process.
Figure 10 shows that the solidification temperature range of Al-Cu-La is 92 ◦C, which is
16 ◦C lower than Al-Cu alloy. On one hand, the shortening of solidification temperature
range leads to the increase of alloy fluidity at the same temperature, and solidification mode
is excessive from pasty solidification to sequential solidification, this also improves the
feeding capacity of the metal melt. On the other hand, part of the secondary dendrite arms
are fused at the end of solidification, the feeding channel is opened. The low-melting-point
phase forms a liquid film among grains when the bonding force of the liquid film is greater
than intergranular separation stress, the liquid film will be stretched rather than broken,
as shown in Figure 11b. The solidification temperature range of Al-Cu-La-Sc alloy is not
much different from Al-Cu due to the heterogeneous nucleation caused by Al3Sc particles.
However, the filling ability of Al-Cu-La-Sc alloy is slightly improved and the porosity is
further reduced [24]. This is because the grain size of Al-Cu-La-Sc is significantly lower
than Al-Cu. For the above reasons, the mechanical properties of Al-Cu-La and Al-Cu-La-Sc
alloys are improved compared with that of Al-Cu.

4.3. Effect of Structure Change on Electron Transport

For alloys, the carriers of heat transfer include electrons and lattice waves generated
by lattice vibrations (phonon), and electron heat conduction plays a major role. According
to the free electron theory, the free electrons travel in crystal lattice according to the law
of wave mechanics. The mean free path of electrons is equivalent to the size of the crystal
when the crystal lattice is intact, and its propagation will not be hindered. Nevertheless,
according to Matthiessen’s law [25], there will be impurities and defects in the alloy under
normal conditions. The dynamic lattice distortion caused by thermal vibration of impurities
and static lattice distortion caused by defects will scatter the electron waves, which will
result in the decrease of the electrical conductivity of the alloy. Widemann-Franz [26] law
indicates that the ratio of thermal conductivity and electrical conductivity of some metals
has a linear relationship with temperature. When the temperature is constant, the ratio is a
fixed value. Therefore, the factors causing the increase of alloy thermal resistance can be
expressed as:

ρ = ρT + ρr (4)

ρr = ρmd + ρp (5)

ρ is the total thermal resistance of the metallic materials; ρT is the thermal resistance
related to temperature; ρr is the residual thermal resistance related to defects. ρr can be
expressed as the sum of ρmd and ρp. ρmd is the thermal resistance caused by micro defects
such as grain boundary, dislocation, solid solution atom and second phase precipitation; ρp
is the macroscopic casting defects such as shrinkage cavity and porosity and crack.

According to the above experimental results, Al-Cu alloy has the highest proportion
of pores, which strongly hinder and scatter the transfer of free electrons during heat
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conduction. Furthermore, heat conduction can only be carried out through radiation
at the vacuum layer generated by intergranular separation stress. These result in low
thermal diffusivity of the alloy [27]. After adding La to Al-Cu alloy, the porosity of the
alloy decreases and the proportion of grain boundary increases. The thermal conductivity
of air in the enclosed environment is about 0.023 W·m−1·K−1, while the Al2Cu phase at
room temperature is between 120–130 W·m−1·K−1 [28]. Therefore, the decrease in electron
scattering caused by the decrease of porosity is greater than the increase in the effect of the
increase of grain boundaries on electron scattering. Compared with Al-Cu-La alloy, the
porosity of Al-Cu-La-Sc is not significantly reduced, but the grain size is greatly reduced.
At this time, the increase in the proportion of grain boundaries will greatly increase the
scattering effect of electron transfer. In addition, studies have shown that the larger the
spacing of the atomic layers, the smaller the obstacle to electron transfer [29]. However, it
can be seen from Figure 5a and Table 2 that in the as-cast Al-Cu alloy without additional
pressure treatment, the effect of pores and grain boundaries on electron transfer is greater
than the spacing of the atomic layers.

4.4. First-Principles Study of Intermetallic Compounds in Al-Cu, Al-Cu-La, Al-Cu-La-Sc Alloys

All the calculation was carried out by the Castep module based on density functional
theory (DFT) of Materials Studio software. The choice of exchange-correlation energy
functional is the PEB (Perdew Burke Ernzerhof) form in the GGA (Generalized Gradient
Approximation) [30]. Ultrasoft [31] was used to study the Coulomb attraction between
multiple particles. Cell shape and cell volume using a convergent energy cut-off of 450 eV
for AlCuSc with 12 × 12 × 10 k-point, and 380 eV for Al2Cu, AlCu3, Al4La, Al3Sc with
8 × 8 × 8 k-point. The lattice constants data of intermetallic compounds is shown in
Table 3, and the crystal structure model is shown in Figure 12.

Table 3. Calculated lattice constants data of intermetallic compounds.

Phase Space Group Crystal System a(Å) b(Å) c(Å)

Al2Cu I4/mcm Tetragonal 6.0379 6.0379 4.9351
AlCu3 Fm-3m Cubic 5.8369
Al4La I4/mmm Tetragonal 4.3558 4.3558 10.2396
Al3Sc Pm-3m Cubic 4.1173

AlCuSc Amm2 Orthorhombic 5.2007 5.2007 8.3881

Figure 12. Crystal structure model of intermetallic compounds. (a) Al2Cu, (b) AlCu3, (c) Al4La,
(d) Al3Sc, (e) AlCuSc.

4.4.1. First-Principles Calculations for Mechanical Properties

The elastic constant of intermetallic compounds was obtained by calculation, using the
Voigt-Reuss-Hill (VRH) approximation method to obtain bulk modulus (B), shear modulus
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(G), Young’s modulus (E) [32,33]. In addition, the B/G value and Poisson’s ratio (v) can also
be calculated for all phases [34], as shown in Table 4. The value of B/G can be used as an
empirical criterion to judge the ductility of materials [35], ductility and toughness increase
with the increase of B/G value. Generally, the critical value of brittleness and toughness
is taken as 1.75. Poisson’s ratio can also be used as a basis judgement for brittleness and
toughness of materials. It is usually considered that the material has better plasticity and
toughness when Poisson’s ratio is greater than 0.26. Young’s modulus expresses the ability
of materials to resist stress and strain in the process of elastic deformation. The greater the
Young’s modulus, the greater the stiffness.

Table 4. Bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus E (GPa), G/B and Poisson’s
ratio v of intermetallic compounds.

Phase B G E B/G v

Al2Cu 98.48 44.88 116.87 2.19 0.30
AlCu3 135.69 43.75 118.52 3.10 0.35
Al4La 69.59 24.62 66.07 2.83 0.34
Al3Sc 84.20 71.25 166.72 1.18 0.17

AlCuSc 123.99 60.69 156.52 2.04 0.28

According to foregoing conclusions, Al4La phase was formed at the grain boundaries
after adding La to Al-Cu alloy, and Figure 7 shows that AlCu3 phase appears in Al-Cu-La
alloy. The B/G value and Poisson’s ratio of Al4La and AlCu3 are both larger than Al2Cu.
Young’s modulus of Al4La is much smaller than Al2Cu. These lead to an increase in
the elongation of Al-Cu-La alloy. The number and depth of dimples at the fracture also
increased (Figure 6). Therefore, Al-Cu-La alloy shows excellent ductility and toughness.

As Figure 7 presents, the AlCu3 is reduced after adding Sc to the Al-Cu-La alloy. The
B/G value of Al3Sc that precipitated first during the solidification process is less than 1.75,
and Poisson’s ratio of Al3Sc is 0.17. The B/G value and Poisson ratio of AlCuSc that formed
at the end of solidification are both smaller than AlCu3 and Al4La. Young’s modulus of
Al3Sc and AlCuSc are much higher than other phases. These factors show that the barrier
of grain boundary to grain deformation is more obvious. So the elastic deformation of
Al-Cu-La-Sc under the same force is small. It has poor ductility and toughness, and the
elongation is lower than that of Al-Cu-La. Moreover, the surface of fracture presents a
brittle fracture morphology.

4.4.2. First-Principles Calculations for Vibrational Heat Capacity

The ratio of the contribution of free electron gas and lattice vibration to molar heat
capacity is:

ce
V

ca
V

=
5Zθ3

D
24π2TF

· 1
T2 (6)

Z is the number of valence electrons per atom; θD is the Debye temperature; TF is the
Fermi temperature; T is the actual temperature. It can be observed that the value of the
above equation decreases with the increase of actual temperature. When the temperature is
lower than 10 K, the vibrational heat capacity will be less than the electron heat capacity. At
ambient temperature, the contribution of the free electron to heat capacity can be neglected.
Hence, only the vibrational heat capacity is considered in this paper.

This paper uses the Al3Cu phase with a lattice structure of pm-3m which replaces the
two opposite face-centered Al atoms with Cu atoms to approximate the influence of Cu
atoms in solid solution state on the vibrational heat capacity.

Materials studio software CASTEP module was used to calculate the phonon scat-
tering and density of states, then obtain the vibrational heat capacity of each phase at a
temperature of 0–1000 K through analysis, as shown in Figure 13. The dotted line is the
vibrational heat capacity of different phases at 298.15 K. After adding La to Al-Cu alloy, the
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lattice constant does not change significantly, which indicates that the solid solubility of Cu
in Al has no obvious change. The appearance of Al4La and AlCu3 phases indicates that the
content of the Al2Cu phase decreases. The vibrational heat capacity of Al4La and AlCu3
phases is smaller than Al2Cu and Al. On the other hand, the porosity of Al-Cu-La alloy is
reduced, and the specific heat capacities of H2 and N2 are much higher than Al. In sum-
mary, the specific heat capacity of Al-Cu-La alloy is slightly smaller than Al-Cu. Compared
with Al-Cu-La, Al-Cu-La-Sc alloy has a smaller lattice distortion, which demonstrates that
the content of Cu atoms in the Al matrix is reduced. Figure 13 shows that the vibrational
heat capacity of Al3Cu is smaller than pure Al and Al2Cu phase. AlCuSC has the highest
vibrational heat capacity in all phases, and the vibrational heat capacity of Al3Sc is only
smaller than AlCuSc and Al2Cu. As a result, the specific heat capacity of Al-Cu-La-Sc is
slightly higher than Al-Cu-La.

Figure 13. Vibrational heat capacity of different phases at 0–1000 K.

4.4.3. Discussion on Thermal Diffusivity

Thermal diffusivity is a physical quantity that characterizes the increase in temperature
of an object. For alloys, it is related to the specific heat capacity and electron transfer. Since
the vibrational heat capacity of Al-Cu-La is smaller than Al-Cu and Al-Cu-La-Sc, the
temperature rise of Al-Cu-La will be higher than the other two when transferred energy is
the same. In addition, the reduction of porosity compared with Al-Cu and the reduction of
the proportion of grain boundaries compared with Al-Cu-La-Sc enable Al-Cu-La to transfer
more energy than the other two at uniform conditions. As a consequence, the thermal
diffusivity of Al-Cu-La is greater than Al-Cu and Al-Cu-La-Sc.

From the discussion above, if the intermetallic compounds that may exist in the alloy
are known in advance, the properties of intermetallic compounds can be calculated by
first-principles calculation. Thus, the possible changes in the properties of the alloy can be
inferred without specific tests. This can greatly reduce the experimental cost and provide
new possibilities for the development of aluminum alloys.

5. Conclusions

1. Adding La and La+Sc to Al-Cu alloy can significantly refine the α-Al matrix. The
grain morphology changes from coarse dendrite to fine equiaxed crystal. The grain
sizes of Al-Cu-La and Al-Cu-La-Sc alloys are 118.53 µm and 69.25 µm, respectively,
which are 37.78% and 63.33% lower than the 188.89 µm of Al-Cu.

2. La and La+Sc can significantly improve the mechanical properties and thermal con-
ductivity of Al-Cu alloy. Al-Cu-La has the highest elongation of 10.35% ± 0.30%,
which is 34.4% higher than the 7.70% ± 0.50% of Al-Cu. Al-Cu-La-Sc has the high-
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est tensile strength and yield strength of 227.6 ± 5.0 MPa and 157.3 ± 3.6 MPa,
which are 55.1% and 65.2% higher than the 146.7 ± 7.5 MPa and 95.2 ± 5.3 MPa
of Al-Cu, respectively. The thermal conductivity of Al-Cu-La and Al-Cu-La-Sc are
206.286 W·m−1·K−1 and 199.667 W·m−1·K−1, respectively, which are 10.0% and 6.5%
higher than 187.489 W·m−1·K−1 of Al-Cu.

3. The properties of intermetallic compounds in alloys were calculated by first-principles
calculations. Al4La and AlCu3 in Al-Cu-La have good ductility, but the vibrational
heat capacity at 25 ◦C is very low. Al3Sc and AlCuSc in Al-Cu-La-Sc are brittle
phases with high resistance to deformation. However, the toughness is poor, and
the vibrational heat capacity is higher than Al4Cu and AlCu3. The first principle
calculation provides another way for developing new alloy materials according to
the performance requirements. The general change trend of alloy properties can be
inferred without specific experiment.
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