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Abstract: Ce clement was introduced to modify Al-2%Fe (mass fraction) binary alloy. The microstructures,
crystallization behavior, electrical/thermal conductivities and mechanical properties of these alloys were systematically
investigated. The results indicated that the appropriate Ce addition decreased the recalescence temperature and growth
temperature of Al-Fe eutectic structure, improved the morphology and distribution of Fe-containing phase, and
simultaneously increased the conductivity and mechanical properties. The annealed treatment improved the thermal
conductivity of these alloys due to the decreasing concentration of point defects. Rolling process further broke up the
coarser Fe-containing phases into finer particles and made the secondary phases uniformly distributed in the a(Al)
matrix. After subsequent annealing treatment and rolling deformation, the thermal conductivity, ultimate tensile strength
and hardness of the Al-2%Fe—0.3%Ce (mass fraction) alloy reached 226 W/(m-K), (182+1.4) MPa and HBW
(49.5+1.7), respectively.
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and acceptable mechanical properties. It has been
reported that
compounds have the most obvious influence on the
ETC of Al alloys at ambient temperature [9—11].
Moreover, solute atoms can reduce the thermal
conductivity to a greater extent than intermetallic

1 Introduction solute atoms and intermetallic
The rapid development in the -electronic
communication industry has boosted the

requirement of structure materials with high heat

dissipation and lightweight [1-4]. Aluminum (Al)
alloys have been paid considerable attention
owing to their excellent castability, high specific
strength and good electrical/thermal conductivity
(ETC) [5,6]. Previous studies have demonstrated
that thermal conductivity and mechanical properties
are contradictory factors in aluminum alloys [6—8].
The reasonable design of alloy composition is the
key issue to prepare novel Al alloy with high ETC

compounds [10]. Thus, Fe element with low solid
solubility in the a(Al) matrix can be acted as the
main alloying element for preparing high thermal
conductivity Al alloys [8,12]. Considering the
castability in industrial production, a near-eutectic
Al-2wt.%Fe alloy was set as the research object in
this study.

Rare earth elements like La, Ce and Yb,
play a positive role in conducting aluminum alloys,
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because they can refine grain size of a(Al) [13,14],
modify intermetallic compounds [15,16] and
meliorate the distribution of the inclusion
phases [17]. Such effects of Ce addition on
aluminum alloys have been widely reported. LI
et al [17] showed that adding (0.05—0.16) wt.% Ce
into Al rod can simultaneously improve electrical
conductivity and tensile strength owing to reducing
the solid solubility of impurity and refining the
o(Al) grains. KANG et al [18] found that combined
addition of Ce and Mg improves the strength and
ductility of Al-7Si—0.3Mg—0.2Fe alloy, which is
mainly attributed to the grain refinement, eutectic
Si modification and Fe-containing intermetallic
compound refinement. In a study conducted by
ZHANG et al [19], they have compared the
difference of La and Ce on the -electrical
conductivity of pure aluminum. Ce has a stronger
purification ability of Fe and Si impurities in the
a(Al) matrix than La, resulting in the formation of
Al-Fe—Si—Ce compounds. As a result, the proper
addition of Ce increases the electrical conductivity
of as-cast pure Al from 62.3%(IACS) to
63.6%(IACS). Moreover, LIANG et al [20]
analyzed the improvement mechanism of RE
(consisting of both Ce and La) on the mechanical
properties of Al-2wt.%Fe and concluded that RE
are elements enriched in the front of the solid/liquid
interface and AlgFe,Ce is formed, thus refining
a(Al) grains. The evidences reviewed here seem to
suggest that the addition of Ce always plays a
positive role in conducting aluminum alloys.

However, little is known from previous studies
on the relationship between conductivity properties
and microstructures of Al-2wt.%Fe with different
Ce contents. The purpose of this study was to study
the modification effect of Ce element on the
microstructure of near-eutectic Al—2wt.%Fe alloy
in the as-cast, annealed and rolled states and
establish the relationship between solidification
parameters and microstructure by cooling curve
thermal analysis (CCTA). The modification
behaviors of Ce element and specific modification
mechanism were further discussed.

2 Experimental
2.1 Preparation of samples

Commercially pure aluminum (99.7 wt.%
including ~0.12wt.% Si and ~0.07 wt.% Fe),

Al-20wt.%Fe and Al-10wt.%Ce master alloys
were used as raw materials. The pure aluminum
ingots were melted in an electrical resistivity
furnace at 1023 K. The Al-20wt.%Fe master alloy
was then added to form the Al-2wt.%Fe alloy. The
molten alloy was stirred with a MgO ceramic rod
for approximately 1 min to ensure the uniformity of
the melt. The Al-10wt.%Ce master alloy was added
in different proportions to obtain Al-2%Fe—xCe
(x=0, 0.1, 0.2, 0.3, 0.5, in wt.%, the same below)
ternary alloy. When the temperature of molten alloy
decreased to 993 K, the melts were poured into a
steel mold (100 mm X 45 mm X 15 mm) preheated
to 473 K.

The as-cast ingots were cut into three parts at
40 mm and 80 mm away from the right. The middle
and right ones were subsequently homogenized at
773 K for 24 h, and then cooled inside the furnace
to ambient temperature before rolling. The rolling
process was carried out by a double-roller mill
at room temperature. The right one was rolled
to 3 mm with a total rolling deformation of 80%.
The rolling process of the Al-2%Fe—xCe is
schematically shown in Fig. 1.

2.2 Measurements

The microstructures of the as-cast, annealed
and rolled alloys were observed using optical
microscope (OM, Leica DMI 3000) and scanning
electron microscope (SEM, Zeiss Gemini 300). The
measuring software, Nano Measurer 1.2, was
adopted to measure the value of secondary dendrite
arm spacing (SDAS). Energy dispersive spectrum
(EDS, Oxford X-MaxN) was conducted to
determine the second phase composition. Phase
constitution was analyzed by X-ray diffraction
system (XRD, Bruker D8 Advance) with CuK,
radiation. Tensile tests were measured using an
AG—X100kN testing machine with a strain rate of
1 mm/min at room temperature. Besides, hardness
measurements were performed using an HB—3000
hardness tester at a load of 62.5 kg. Three samples
for each group were used to obtain the mechanical
properties of each state alloy.

The thermal diffusivities of the alloys with
sizes of d12.7 mm X 3 mm in the round disk were
determined by the flash method (Netzsch LFA457).
The densities of samples were determined by
the Archimedes method (DH—300). The specific
heat capacities of the alloys were calculated using
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the Neumann—Kopp rule. Thus, the thermal
conductivity (4) is calculated using the following
relation:

A=apcy )
where « is the thermal diffusivity (mm?s), p is
the density (g/cm®), and ¢, is the specific heat
capacity (J/(g'K)). The uncertainty for the thermal
conductivity was estimated to be less than 5%. Each
test was repeated three times for each sample, and
the average value was taken to ensure the reliability
of the experiment. Moreover, to determine the
contribution of free electrons in the heat
transferring processing, electrical conductivity
measurement was conducted on the samples by the
vortex method (FD-101) [7].

The CCTA was conducted to investigate
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the relationship between crystallization and
microstructure by using the double thermocouple
method [21-23]. One of the K-type thermocouples
was located closely to the wall, and the other was
situated in the center of melts. The position of the
thermocouples was set at 20 mm from the bottom of
the crucible where the top and bottom were
insulated to control radial heat flow shown in
Fig. 2. The temperature—time data were recorded
continuously by using the NI 9212 Series
high-speed data acquisition system, which had a
data collection rate of 80 points/s. The acquisition
system was connected to the laptop, installed with
LabVIEW 2015. The thermal analysis was carried
out at least three times to ensure the repeatability of
the experimental results.

Metal mould

- /

Y

Casting

10 r/min

3 mm

NI 9212

Insulator

K-type

Crucible

thermocouple

Time/h

10 r/min

Laptop with 1 RS
Labview™

Fig. 2 Schematic diagram of CCTA using double-thermocouple method
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3 Results and discussion

3.1 Effect of Ce addition on microstructure of

Al-2%Fe alloy

Figure 3 presents microstructures of as-cast
Al-2%Fe alloys with different Ce contents. It can
be obviously observed that the microstructures
of Al—2%Fe alloy (Fig.3(a)) consist of long
needle-like primary Al-Fe phase, primary o(Al)
phase and eutectic structure (a(Al) + AlsFe). The
modification of Ce element has an obvious
influence on the a(Al) grain and Fe-containing
phase. The statistical results of the SDAS are
summarized in Fig. 4. These data show that the
SDAS value firstly decreases from 13.1 to 8.9 pm
with the Ce content increasing from 0 to 0.3%.
When the Ce content exceeds 0.3% and reaches

Gan LUO, et al/Trans. Nonferrous Met. Soc. China 32(2022) 1781-1794

0.5%, this value increases to 11.9 um. The results
obtained by statistical analysis confirm that
the optimal microstructure appears in the
Al-2%Fe—0.3%Ce alloy.

Moreover, the morphologies and distribution
of Al-Fe phases have been changed by Ce
modification. The long needle-like primary Al-Fe
phase (Point A4 of Fig.5(a)) is prominently
transformed into fine particles. According to the
results of SEM—-EDS shown in Figs. 5(b) and
(c), the fine particles have two forms. One is
the claw-like Al-Fe—Ce ternary intermetallic
compound (Point C of Fig. 5(b)) with the size of
~1 pm. The other is the short rod-like Al-Fe—Ce
phase (Point D of Fig. 5(c)) with the length of
~2 pm. The molar ratio of Fe to Ce for both claw-
like and rob-like Al-Fe—Ce compound is close
to 2:1. Combined with the experimental results of

A (b)

(d)

(e)

40 pm

Fig. 3 Microstructures of as-cast Al-2%Fe—xCe alloys: (a) x=0%; (b) x=0.1%; (c) x=0.2%; (d) x=0.3%; (¢) x=0.5%
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Fig. 4 Variation of SDAS value for as-cast Al-2%Fe—
xCe alloy

XRD, the Al-Fe—Ce compound could be thought to
AljgFe;Ce. While the Ce content increases to 0.5%,
nanoscale particles (Point E of Fig. 5(d)) were
found in the a(Al) matrix and could be the Al—Ce
phase. As for the eutectic Al-Fe phase, the
continuous network of eutectic structure was
broken down and changed to more dispersed and
divorced morphology shown in Fig. 3.

Through the homogeneous annealing treatment,
the primary Al-Fe phases were decomposed
into short rods and fine particles, as presented
in Fig. 6(a). No significant differences were
found in the Ce-modified Al-2%Fe alloys after
annealing treatment (Figs. 6(b—¢)). Furthermore, the
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Fig. 5 SEM images of as-cast Al-2%Fe (a), Al-2%Fe—0.3%Ce (b), and Al-2%Fe—0.5%Ce (c, d) alloys, and

corresponding EDS results
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Fig. 6 Microstructures of homogeneously annealed Al-2%Fe—xCe alloys: (a) x=0%; (b) x=0.1%; (c) x=0.2%;

(d) x=0.3%; (e) x=0.5%

subsequent rolling deformation made the secondary
phases uniformly distributed in the a(Al) matrix, as
provided in Fig.7. It can be observed that the
texture was formed in the rolled Al-2%Fe—xCe
alloys.

The major metallurgical reactions can be
identified by the solidification curve because the
latent heat evolution release results in the creation
of inflection points that change the slope of
the curve. Figure 8 represents the cooling
curves recorded during the solidification of the
Al-2%Fe—xCe alloys with the corresponding first
derivative and second derivative curves. The
derivative cooling curves provide more details for
each metallurgical reaction. Figure 8(b) shows a
magnified plot of the a(Al) phase highlighting

the information of phase evolution during
solidification for the primary o(Al) phase. The
related characteristic temperatures of Al-2%Fe
alloys with different Ce contents are shown in
Table 1. In Table 1, 7y is the temperature of initial
nucleation, which is determined by the point at the
intersection of the zero line and the second
derivative curve when the d*7/d# (T is temperature
and ¢ is time) curve shifts upward. Moreover, the
crest on the d*7/d#* curve corresponds to zero point
on the d7/d¢ curve which indicates the minimum
temperature (7wmin) and the onset of latent heat
release. The d°7/d7 will go down and then up
to the abscissa which corresponds to zero point on
d7/dt curve, namely 7. Once these characteristic
points are determined on the derivative curve, they
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Fig. 7 Microstructures of Al-2%Fe—xCe alloys under 80% rolling deformation at room temperature: (a) x=0%;
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Fig. 8 Solidification curves of Al-2%Fe—xCe melts (a) and magnified plots for determining characteristic points 7n, Tc

and Twin (b)

are projected onto the original cooling curve, and eutectic difference value between 7 and Twin. TG
the temperature value for each transformation is is the growth temperature of Al-Fe eutectic
obtained. The recalescence temperature, AT, is the structure, which is determined by the crystallization
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platform on the original cooling curve. At the Al-Fe
eutectic growth temperature, the latent heat of
crystallization released during the solidification
process compensates for the heat lost to the air.
The corresponding characteristic temperatures are
determined and listed in Table 1.

Table 1 Characteristic temperatures of Al—2%Fe—xCe
alloys containing different contents of Ce element

xiwt%  InCC  Twin/°C  To/°C  Tec/°C ATR/°C
0 656.23 65295 653.22 653.7  0.27
0.1 656.10 652.74 65299 653.0 0.25
0.2 655.36 652.51 65270 6528  0.19
0.3 655.18 65233 65236 6525  0.03
0.5 655.44 65232 652.83 653.0 0.51

The cooling curves of Al-2%Fe eutectic alloys
with different Ce contents are shown in Fig. 8(a).
Different behaviors are observed during the
solidification of these Ce-containing alloys as the
Ce content increases. The experimental results
show that the Al-Fe eutectic growth temperature,
Trc, gradually decreases from 653.7 to 652.5 °C
with the Ce content increasing from 0 to 0.3%.
Then, Trg increases to 653.0 °C when the Ce
content reaches 0.5%. In the previous research in
Refs. [21-23], Tgc has a close connection to the
distribution and morphology of eutectic structure.
In this study, the decreasing eutectic growth
temperature inhibits the growth of Fe-containing
phase, which obviously changes the morphology of
AlsFe phases from long needles to fine particles
(Figs. 3(a—d)).

Moreover, the characteristic temperatures of
a(Al) phase are presented in Fig. 8(b) and Table 1.
The initial nucleation temperature, 7, stabilizes in
the range from 655 to 657 °C. There is no inevitable
connection between 7n and Ce content. It is
worth mentioning that the minimum nucleation
temperature, Twvin, gradually decreases from 652.95
to 652.32 °C as the Ce content increases from 0 to
0.5%. The recalescence temperatures of the samples
are calculated and listed in Table 1. There is a
significant positive correlation between ATr and
SDAS. The value of AT firstly declines from 0.27
to 0.03 °C with the Ce content increasing from 0 to
0.3%, and then increases to 0.51 °C when the Ce
content reaches 0.5%. The variation of AT is
similar to that of SDAS. Therefore, we will further

determine the relationship between A7r and SDAS.

KURZ and FISHER [24] have put forward the
criterion formula of SDAS under the condition of
unsteady heat flow. The criterion formulae of SDAS
can be written as presented in Egs. (2) and (3):

Jspas=K(Mtp)'" (2)
I'DIn(c;" / ¢,)
my (1=ky)(cy =)

where Aspas is the value of SDAS, K is a constant
which is related to alloy compositions, # is the time
of local solidification, 7~ is the Gibbs—Tomopson
coefficient, D is the solute diffusion coefficient in
the liquid phase, ko is the equilibrium partition
coefficient, my is the slope of liquidus, and ¢y and
¢;" are the initial solute content of the melt and the
solute content in the liquid phase, respectively. In
this study, # could be considered as constant
because of the same process parameters of casting.
Thus, Aspas is dependent on the value of M.
According to Eq.(3), the M value is mainly
determined by the alloy composition and solute
diffusion coefficient. Combined with the Al-Ce
binary phase diagram [12], the solid solution of Ce
in a(Al) is limited due to the large difference
between the atomic radii of Ce and Al. In the initial
stage of crystallization, when the a(Al) phases grow,
Ce atoms are extruded into the solid phase and
enriched at the front of the solid/liquid interface,
resulting in the solute redistribution and increasing
the supercooling of components. The surface
interface-enriched Ce atoms reduce the growth rate
of a(Al) phase and decrease the value of SDAS.

It has been estimated that the recalescence
phenomenon appears during the
process due to the heat release rate of phase
transition being greater than the heat dissipation
rate of metal. In our investigation, the decreasing
recalescence temperature means that the heat
release rate of phase transition becomes slower. In
other words, the growth rate of a(Al) phase is
reduced. Combined with the above analysis on the
criterion formula of SDAS, we could infer that the
decreasing recalescence temperature reduces the
growth rate of a(Al) phase, decreases the value of
SDAS and refines the a(Al) grains.

The growth temperature of Al—-Fe eutectic
structure, Tgg, can be identified in Fig. 8 and
Table 1. The most interesting aspect of the data is in
the correlation between Trs and morphology and

3)

solidification
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distribution of eutectic Al-Fe phase. Firstly, it can
be observed that Tgg gradually decreases from
653.7 to 652.5 °C with the Ce content increasing
from 0 to 0.3%, and then if the Ce content is higher
than 0.3% and reaches 0.5%, Tgg will increase to
653.0°C. Due to the low cooling rate during
the CCTA, the eutectic temperature is close to the
equilibrium crystallization temperature. According
to the binary phase diagram of Al-Fe [12], the
theoretical eutectic temperature of the Al-Fe binary
alloy is 653 °C, which is in good agreement in our
experimental results. To eliminate the interference
of environmental factors, we suppose that the
theoretical eutectic temperature of the Al-Fe binary
alloy is 653.7 °C in this study. Thus, the actual
supercooling degrees with 0.1%, 0.2%, 0.3% and
0.5% Ce additions are 0.7, 0.9, 1.2 and 0.7 °C,
respectively. The eutectic temperature decreases by
1.2 °C with 0.3% Ce addition, which indicates that
the eutectic reaction occurs at a greater degree of
supercooling upon the addition of Ce.

For heterogeneous nucleation, the critical
nucleation energy (AG) can be written as follows:

G= 16my°T? (2—3cos 6+ cos’0)
3L, AT 4

4)

where y is the surface energy per unit area of the
crystal embryo, Ty is the temperature of liquidus,
Ly is the latent heat of crystallization, AT is the
actual supercooling degree, and @ is the contact
angle between the nucleus and base surface.
Equation (4) demonstrates that the critical
energy is related to the actual
supercooling degree. The addition of Ce element
increases the actual supercooling degree, decreases
the critical nucleation energy and stimulates
the nucleation of eutectic Al-Fe phases, which
significantly improves the morphology and
distribution of eutectic Al—Fe phase.

nucleation

3.2 Effect of Ce addition on lattice parameters of
a(Al)

The XRD patterns of Al-2%Fe—xCe alloys are
shown in Fig. 9. Figure 9(a) shows that the as-cast
Al-2%Fe eutectic alloy consists of cubic a(Al) and
monoclinic AlsFe (AlisFes). The addition of
0.1% Ce generates orthorhombic AljoFe>Ce. For the
as-cast Al-2%Fe—0.5%Ce alloy, a new phase,
tetragonal AlsCe, is detected. The results of XRD
patterns are in agreement with the Al-Fe—Ce

ternary phase diagram shown in Fig. 10. It can be
seen from the results in Fig. 9(b) that when the Ce
content of as-cast Al-2%Fe—xCe alloys increases
from 0 to 0.1%, the 26 value decreases significantly.
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of as-cast Al-2%Fe—xCe alloys
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Al-rich corner
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Furthermore, the 26 value hardly changes with the
Ce content increasing to 0.5%.

According to the Bragg’s formula [25,26],
2dsin 6=/ (d is the lattice distance, and A, is the
wavelength), the decrease of 26 value indicates the
increase of d value. It has been reported that the
change of 26 value is mainly attributed to the stress
and solid solubility in the matrix [27]. Because the
atom radius of Ce (0.183 nm) is larger than that of
Al (0.143 nm), the solid solution of Ce atom will
increase the value of d, resulting in a decrease of 26
value [19]. Based on the Al-Ce and Al-Fe phase
diagrams [12], the solid solubility values of Ce
and Fe elements in a(Al) matrix are extremely
low at room temperature. Moreover, Fe (radius of
0.127 nm) and Si (radius of 0.134 nm) are the
inevitable impurities in aluminum alloys. Because
of the non-equilibrium solidification in the casting
process, the super-saturated solid solution will be
formed, which consists of Fe, Si and Ce in the a(Al)
matrix. As shown in Fig. 9(b), the 26 value of
Al-2%Fe—xCe alloys decreases and is close to that
of standard pure aluminum (see the green line of

95

2.76
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Fig. 9(b)) with the increase of Ce content. This
appearance means that the contents of the solid
solution atoms, Fe and Si, decrease. In other words,
the Ce element has a strong purification ability of
Fe and Si elements in the a(Al) matrix, causing
the formation of AljoFe;Ce phase (Fig. 10) and
Al-Fe—Si—Ce compounds [19] rather than solid
solution in the a(Al) matrix. In addition, it is worth
noting that the 26 value of Al-2%Fe—0.1%Ce alloy
is the same as that of Al-2%Fe—0.5%Ce alloy. In
other words, there is no much difference in the
purification degree of these two alloys.

3.3 Effect of Ce addition on conductivity

properties

Figure 11(a) provides the thermal diffusivity a
of Al-2%Fe—xCe ternary alloys in different states.
It can be observed that the thermal diffusivities of
annealed and rolled samples are higher than
that of as-cast ones under the same composition.
The a value of as-cast Al-2%Fe eutectic alloy is
only 84.09 mm?*/s. When the Ce content is 0.1%,
the thermal diffusivity reaches the highest value of
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g o o0
£ g = / 3
> 89F ° 274} / 2
2 ) 40.890 2
= = SE ] 2
: i Bt .
= 86 s 273 o
= / S 3 v AT e =
= o) A Ny 40.888 =2
g ('} x l> —0o— As-cast = : =
~ 3}
g 8t —O— As-cast 272+ —A— Annealed Sg =
= ~/A— Annealed —v— Rolled 8
—v— Rolled - o- Specific heat capacity &
80 L ! s . . . 271 . ' ' . +10.886
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Ce content/wt.% Ce content/wt.%
230
E N CH PO s
T g i
g 220t A
= S
s 5 = 31
Z 210 E— &
5 ol ¥ g —d
g 3 S 30t e
g ¢ 8 o— 5
Té 200 + —o— As-cast § 9k —O— As-cast
5 e ﬁnﬁegled *g Annealed
= v— Rolle N —v— Rolled
190 L 1 I I I 1 28 I I 1 1 I I
0 0.1 0.2 03 04 0.5 0 0.1 02 0.3 0.4 0.5

Ce content/wt.%

Ce content/wt.%

Fig. 11 Various properties of Al-2%Fe—xCe alloys in different states: (a) Thermal diffusivity; (b) Density and specific
heat capacity; (c) Thermal conductivity; (d) Electrical conductivity
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87.04 mm?/s, about 3.5% higher than that of
Al-2%Fe alloy. However, the value of o decreases
gradually with further increase of Ce content. While
the Ce content reaches up to 0.5%, the thermal
diffusivity decreases to 84.57 mm?/s. As shown in
Fig. 11(b), the densities of different states for these
alloys are in the following decreasing sequence:
annealed alloy < as-cast alloy < rolled alloy.
Moreover, the specific heat capacity, determined by
Neumann—Kopp rule, decreases linearly with
increasing Ce content.

The thermal conductivities of these alloys
calculated by Eq. (1) are shown in Fig. 11(c). The
variation of thermal conductivity is similar to
that of thermal diffusivity. The highest thermal
conductivity of the as-cast samples appears in
Al-2%Fe—0.1%Ce with 211 W/(m-K). The most
interesting result to emerge from the data is that the
thermal conductivity of Al-2%Fe—0.1%Ce achieves
to 228 W/(m'K) after annealing treatment and
rolling process, which is approximately 11.8%
higher than that of the as-cast AlI-2%Fe alloys. In
order to determine the contribution of free electrons
in the heat transfer process, the measured results of
electrical conductivity are provided in Fig. 11(d).
There is a significantly positive correlation between
thermal conductivity and electrical conductivity.
For metal and alloys, the thermal conductivity is in
proportion to the electrical conductivity according
to the Wiedemann—Franz law as follows:

J=LTo Q)

where ¢ is electrical conductivity (MS/m), T is
thermodynamic temperature (K) and L is the
Lorentz number (L=2.44x10°V %K. In this
investigation, the ratio of thermal conductivity to
electrical conductivity is about 6.96x107¢ V2K
This means that the L wvalue is equal to
2.34x10® V2-K %, which is in good agreement with
our previous study on Al-2%Fe—xCo alloys [7].

In this study, Ce addition increases the
conductivity properties of Al-2%Fe alloy, which
may be explained by the purification of Ce element
and the morphological improvement of Al-Fe
phases. According to the experimental results of
XRD shown in Fig. 9, the addition of Ce reduces
the 26 value and decreases the contents of Fe and Si
atoms in the a(Al) matrix. This finding proves that
adding 0.1% Ce could significantly reduce the
degree of lattice distortion, thus the mean free path

of electrons increases, and the thermal conductivity
of the alloy is improved. It has been widely
recognized that the thermal conductivity of Al
alloys is contributed by both the a(Al) matrix and
the intermetallic compound. For the Ce-modified
Al-2%Fe alloys, the continuous network of eutectic
structure was broken down and changed to more
dispersed and divorced morphology, which
indicates that Ce modification effectively reduces
the scattering of conducting electrons by
intermetallic compounds. This appearance is
beneficial to the conductivity properties of alloys.
However, two new phases, AljoFe;Ce and AlsCe
phases are found in the a(Al) matrix and act as the
scattering sources, which are negative to the
thermal conductivity. Thus, the conductivity
properties of Ce-modified Al-2%Fe alloys
gradually decrease with the Ce content further
increasing.

The ETC of annealed Al-2%Fe—xCe alloys is
higher than that of as-cast alloys, which is owing to
the elimination of point defect. It has been reported
that vacancy is a strong scatter source, significantly
decreasing the conductivity properties of aluminum
alloys [28]. No significant differences are found
between the ETC of annealed alloys and that of
rolled alloys. This result may be explained by the
two facts. One is that the increase of density is
positive to the ETC. The other is that the rolling
process refines the a(Al) grain and secondary
phases, increasing the grain number and phase
boundary, which decreases the ETC of Al-2%Fe—
xCe alloys. Therefore, there is no evident
improvement of conductivity properties after the
rolling process under the joint action of the above
two factors.

3.4 Effect of Ce addition on mechanical

properties

The mechanical properties of Al-2%Fe alloys
with different Ce contents in different states are
presented in Fig. 12. The results show that the
tensile properties and hardness of the as-cast
Ce-modified Al-2%Fe alloys are higher than
that of the Ce-free alloy. This indicates that Ce
modification is an effective method to improve the
strength and plasticity of the near-eutectic AI-2%Fe
alloy. The ultimate tensile strength, elongation
and hardness of as-cast Al-2%Fe alloy are
(102£1.5) MPa, (13.3+£0.6)% and HBW (36.5%1.2),
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Fig. 12 Mechanical properties of Al-2%Fe—xCe alloys in different states: (a) Ultimate tensile strength; (b) Elongation;

(c) Hardness

respectively. These performances gradually increase
with the Ce content increasing. The optimal
performances appear in the Al-2%Fe—0.3%Ce
alloy with the ultimate tensile strength, elongation
and hardness of (117+1.2) MPa, (24.2+0.8)% and
HBW (40.0+1.5). Compared with the same
properties of the as-cast Al-2%Fe alloy, these
values show increments of about 15%, 82% and
10%, respectively. Further, the thermal conductivity
of the as-rolled Al-2%Fe—0.3%Ce alloy is
226 W/(m-K), which is close to the optimum value
of the Al-2%Fe—xCe alloy.

It is well known that the mechanical properties
of Al-Fe alloys greatly depend on the size,
morphology, and distribution of a(Al) and
secondary phases. The SDAS value of a(Al) grain
decreases from 13.1 to 8.9 um as the Ce addition
increases from 0 to 0.3%. The decreasing SDAS
value is positive to the mechanical properties,
especially the plasticity. Additionally, the addition
of Ce element inhibits the formation of needles-
like primary AlsFe phase and transforms it into
claw-like AljoFe;Ce phase. The AlsCe particle
is an effective strengthening phase, which further
improves the mechanical properties. According to
Fig. 12(a), the homogeneous annealing treatment
has little influence on the ultimate tensile strength
of the Al-2%Fe—xCe ternary alloys. This heat
treatment is beneficial to the plasticity of Al-
2%Fe—xCe alloys. For example, the elongation of
Al-2%Fe alloy increases from (13.3+£0.6)% to
(22.5+0.5)%, which is the key to the subsequent
deformation process.

Moreover, the ultimate tensile strength and
hardness significantly increase through rolling

deformation. The highest ultimate tensile strength
and hardness are (182+1.4) MPa and HBW
(49.5£1.7) for rolled Al-2%Fe—0.3%Ce alloy,
which are about 56% and 24% higher than those of
the as-cast Al-2%Fe—0.3%Ce alloy. The elongation
of rolled samples inevitably decreases owing to the
work hardening.

4 Conclusions

(1) Ce modification decreases the SDAS value
of a(Al) grain, transforms the long needle-like
primary Als;Fe phase into claw or rob-like AljoFe,Ce
phase and increases the divorced eutectic structures.
The optimal microstructure can be achieved by
adding 0.3% Ce.

(2) The growth rate of a(Al) phase is reduced
by adding Ce, resulting in the refinement of
a(Al) grain. Moreover, the growth temperature of
Al-Fe eutectic structure gradually decreases
with the Ce content increasing. The morphology
and distribution of eutectic Al-Fe phase are
significantly improved.

(3) Ce eclement has a strong purification
of Fe and Si impurities in a(Al), resulting in the
formation of Al-Fe-Ce and Al-Fe—Si—Ce
intermetallic compounds rather than solid solution
in the a(Al). Ce addition increases the ETC of
Al-2%Fe alloy because of the purification in a(Al)
and the morphological improvement of Al-Fe
phases. The homogeneous annealing treatment and
subsequent rolling deformation will significantly
increase the conductivity properties of Al-2%Fe—
xCe alloys.

(4) The ultimate tensile strength and the
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elongation of the Al-2%Fe—0.3%Ce alloy were
(117£1.2) MPa and (24.2+0.8)%, respectively,
about 15% and 82% higher than those of the matrix
Al-2%Fe alloy. The improvement of mechanical
properties was attributed to the refinement of SDAS
and second phase strengthening. After subsequent
annealing treatment and rolling deformation, the
ultimate tensile strength and hardness of the
Al-2%Fe—0.3%Ce alloy were achieved to be
(182+1.4) MPa and HBW (49.5+1.7).
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