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Abstract: The spheroidizing behavior of the lamellar AlsCeCu, phase in the Al-14Cu-7Ce alloy annealed at elevated temperatures
was investigated by microstructure observation, hardness testing and theoretical calculation. Results show that with increasing the
annealing temperature, the spheroidizing process of the AlsCeCu, phase is accelerated. The controlling element for the spheroidizing
process is determined to be Ce by theoretical calculation using the general rate equation. Microstructure observation indicates that
the spheroidizing process of the AlsCeCus phase includes two successive steps, i.e., the curved lamella breaking into long rods by
Gibbs-Thompson effect and then the rods separating into spherical particles further by Rayleigh’s capillary induced perturbation

mechanism.
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Two-phase of lamellar structures are commonly observed
in metallic materials, e.g. pearlitic steels™? and o+
titanium alloys™®“. These materials have relatively higher
mechanical properties than those with spherical
second-phase particles. Spherical particles can be achieved
by spheroidizing annealing at elevated temperatures, which
reduces the hardness of the materials and improves the
machinability. Furthermore, when the materials serve at
elevated temperatures, the lamellar phase will spheroidize
spontaneously due to its high interface energy, which
inevitably causes the instability of mechanical properties.
Therefore, it is important to clarify the spheroidizing
behavior of the lamellar phase at elevated temperatures to
meet the requirement of applications.

As a heat-resistant and cast Al alloy, the Al-14Cu-7Ce
alloy has attracted wide attention recently®%. According
to the Al-Ce-Cu ternary phase diagram™, the Al-14Cu-7Ce
alloy belongs to the pseudo-binary Al-AlgCeCu, eutectic
composition, which implies that the alloy has good
castability due to extremely narrow solidification

Received date: October 25, 2015

temperature range. Previous studies have indicated that the
as-cast Al-14Cu-7Ce alloy has good elevated temperature
mechanical properties due to the presence of fine and
lamellar AlgCeCu, phase®®. Both good heat resistance and
castability of the Al-14Cu-7Ce alloy make it potential to
use at elevated temperatures. The objective of the present
study is to investigate the spheroidizing behavior and
mechanism of the lamellar AlgCeCu, phase in the
Al-14Cu-7Ce alloy.

1 Experiment

The alloy castings, with the chemical composition (wt%),
of 14 Cu, 7 Ce and balance of Al were prepared in the
laboratory. Slices of 10 mm x 10 mm x 3 mm were
machined and then annealed for different time at 743, 783,
823 and 863 K. Vickers hardness was measured on a
HVS-5Z unit with a load of 500 g. The presented hardness
was the average of at least 10 testing points.

Microstructure observation was performed on a XJG-05
optical microscopy (OM). A TCI-1000 image processing
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software was used to characterize the spheroidizing process
of the lamellar AlgCeCu, phase quantitatively. Here, the
criterion of aspect ratio value of 3 was adopted to determine
whether the AlsCeCu, phase was spheroidized ™. When the
volume fraction of the spheroidized AlgCeCu, particles in
the Al-14Cu-7Ce alloy exceeded 95%, the spheroidizing
process was regarded as finishing. The JSM-6510 scanning
electron microscopy (SEM) and XJG-05 optical microscopy
were used to analyze the morphology evolution of the
AlgCeCu, phase and to determine the spheroidizing
mechanism.

2 Results and Discussion

2.1 Effect of annealing temperature and time on
spheroidizing process of the lamellar AlgCeCu,
phase

Fig.1 shows the microstructures of the AIl-14Cu-7Ce
alloy with their corresponding aspect ratio distribution
histograms of the AlgCeCu, phase. The typical as-cast
microstructures of the alloy are characterized by the
lamellar AlgCeCu, phases (black and curved) in the Al
matrix (white), as shown in Fig.1a. The inserted distribution
histograms indicate that the aspect ratio of the AlgCeCuy,
phase is in the range of 1 to 17 and the spheroidization

fraction is below 3%.

Fig.1b~1e present the microstructures of the Al-14Cu-

7Ce alloy annealed for 8 h at 743, 783, 823, and 863 K,

respectively. Fig.2 further shows the volume fraction
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variation of the spheroidized AlgCeCu, phase with the
annealing time at the four temperatures. The volume
fractions of the spheroidized AlgCeCu, phase are 5.7%,
8.7%, 58.6% and 98.7%, respectively, with the increase of
the annealing temperature from 743 to 863 K, indicating the
acceleration of the spheroidizing rate with increasing the
annealing temperature.

From Fig.2, the completing time of the spheroidization of
the AlgCeCu, phase is determined as 120, 72, 36 and 8 h at
743, 783, 823 and 863 K, respectively. At the same time,
the average radius of the spheroidized AlgCeCu, particles
increases and their number density decreases with
increasing the annealing temperature, which can be seen by
comparing Fig.le and 1f. The spheroidization completing
time, average radius and number density of the AlgCeCu,
phase during annealing at four temperatures are listed in
Table 1.

2.2 Determination of the controlling element during
spheroidizing

Spheroidizing process of second-phase particles is
closely related to atomic diffusion. In order to clarify the
spheroidizing behavior of the lamellar AlgCeCu, phase, it is
necessary to determine the spheroidizing process controlled
element. The hardness of the Al-14Cu-7Ce alloy is closely
related to the spheroidizing process of the AlgCeCu, phase,
which belongs to the thermal activation process. Therefore,
the well-known rate equation can be used to determine the
controlling element ™*:

Fig.1 OM microstructures of Al-14Cu-7Ce alloy and the corresponding aspect ratio distribution of AlgCeCu, phase as-cast (a) and
annealing at 743 K (b), 783 K (c), 823 K (d), 863 K (e) for 8 h; 823 K (f) for 72 h
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Fig.2 Volume fraction variation of the spheroidized AlgCeCu,
phase annealed at four temperatures for different time

Table 1 Spheroidization completing time, mean radius and
number density of the AlgCeCu, phase annealed at
four temperatures

Spheroidization Mean radius/ Number density/

Temperature/K completing time/h pm x10°mm*
743 120 1.2 4.4
783 72 17 3.1
823 32 2.1 2.4
863 8 4.3 1.2
Int=A+Q/RT (1)

where, t is annealing time, Q is diffusion activation energy,
R is ideal gas constant, T is annealing temperature and
A is a constant. That is, the natural logarithm of the
annealing time (Int) for the initial mechanical properties of
the alloy decreases to the same value at different annealing
temperatures and the reciprocal of the annealing
temperatures (1/T) meets the linear relationship.

The hardness variation of the AI-14Cu-7Ce alloy
annealed at 4 temperatures is shown in Fig.3. According to
Fig.3, the time needed for the hardness HV of the
Al-14Cu-7Ce alloy decreasing from the initial 1208 MPa to
1000 MPa is 6.7x10°, 1.6x10%, 2.6x10* and 1.1x10° s for
the annealing temperature 743, 783, 823 and 863 K,
respectively. Then, the linear fitting plot of Int vs. 1/T is
obtained in Fig.4, in which its slope Q/R=14.2 and the
calculated Q=118.5 kJ/mol. The Q value is smaller than the
self-diffusion activation energy of Al (Qa=142.3 k/mol)t*4
and the volume diffusion activation energy of Cu in the Al
matrix (Qc,=133.9 kJ/mol) ¥ whereas close to the volume
diffusion activation energy of Ce in the Al matrix (Qc,
=115.6 kJ/mol) 41,

It is known that the diffusion constants of Al, Cu and Ce
in the Al matrix are Doy =1.7x10"* 2 Dy, =4.4x10°
and Doce = 6.7x10™° m?/s 1, respectively. Based on the
Arrhenius relationship:

D = Dgexp(-Q/RT) (2)
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Fig.3  Hardness variation of the Al-14Cu-7Ce alloy with
annealing time at four temperatures
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Table 2 Diffusion coefficients of Al, Cu and Ce in the Al
matrix at different annealing temperatures

Temperature/ Diffusion coefficient/m? ™
K Dal X10"  Dc/X10%  Deo/ X107
743 0.156 0.177 0.500
783 0.504 0.544 1.30
823 1.45 1.50 3.08
863 3.78 3.78 6.75

where, the diffusion coefficients of Al, Cu and Ce in the Al
matrix at four annealing temperatures are calculated and
listed in Table 2. It is clearly seen that the value of D¢, is
far smaller than that of Da; or D¢,. Therefore, it is easily
concluded that Ce is the spheroidizing process controlled
element of the AlgCeCu, phase.
2.3 Spheroidization process of AlgCeCu, phase

The SEM morphologies of the AlgCeCu, phase annealed
at 823 K for different times are shown in Fig.5. To clarify
the morphologies of the AlgCeCu, phase, the Al-14Cu-7Ce
alloy was deeply etched in 10% NaOH solution for 15 min,
aiming to remove the Al matrix and retain the AlgCeCu,
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Fig.5 SEM morphologies of the AlgCeCu, phase in the Al-14Cu-7Ce alloy annealed at 823 K for different time: (a) 0 h (as-cast), (b) 4 h,

(c) 8 h, (d) 16 h, (¢) 24 h, and (f) 36 h

phase. Fig.5a shows that the AlgCeCu, lamellae in the
as-cast Al-14Cu-7Ce alloy are narrow and curved. After
annealing at 823 K for 4 h, the lamellae thin at the center
(arrow “1”) and widen at two end sides (arrow “2”), as
shown in Fig.5b. Increasing annealing time to 8 h, the
AlgCeCu, lamellae begin to spin off gradually along the
longitudinal direction, as arrowed in Fig.5c. Fig.5d displays
that the AlgCeCu, lamellae have split into long and round
rods after annealing for 16 h accompanied by some
relatively thinner sites along the longitudinal direction, as
arrowed in Fig.5d. As shown in Fig.5e, when annealed at
823 K for 24 h, the thinning of the long rods at some
relatively thinner sites proceeds further (arrow “1”) and
then they separate into shorter ones (arrow “2”). After
annealing for 32 h, only spherical AlgCeCu, particles with
the diameter of 0.3~2 um are observed as shown in Fig.5f,
which indicates that the spheroidizing process of the
Al-14Cu-7Ce alloy has completed.

It is well accepted that the spheroidizing process of the
second-phase particles depends closely on the Gibbs-
Thompson effect ™ which describes the variation of
equilibrium solute concentration in the adjacent matrix
around the particles with different curvatures. Obviously,
the larger the curvatures of the particles, the higher the
equilibrium concentration will be, which leads to a
concentration difference between particles with different
diameters and causes the dissolution of small particles and
the growth of large particles. Based on the Gibbs-

Thompson relation, it is easy to clarify the spheroidizing
process of the lamellar AlgCeCu, phase.

As seen in Fig.5a, there are many grooves at the center of
the AlgCeCu, lamellae. During annealing at elevated
temperatures, the matrix concentration around the center of
the AlgCeCu, lamella is higher than that at the two end
sides due to the curvature difference. As a result, the solutes
flow from the center to the two end sides, causing the
thinning of the center and the widening of the two end sides
(Fig.5b). Furthermore, the partial dissolution of the lamella
center will produce new curvatures (Fig.5b), which in turn
accelerates the dissolution of the lamella. When the
dissolution proceeds along the longitudinal direction, the
lamella finally splits into two long and round rods. Once the
rods are formed in the matrix, the Rayleigh’s capillarity
induced perturbation mechanism will act ™! This
mechanism demonstrates that a long rod is intrinsically
unstable and spontaneously breaks into a row of spherical
particles with intervals of maximum perturbation
wavelength Ams = 21(2r)"?, where r is the radius of the rod.
As arrowed in Fig.5d and 5e (arrow “1”), the rods thin
gradually with increasing annealing time at 823 K, and the
rods separate into shorter ones further, as arrowed in Fig.5e
(arrow <27).

In summary, the spheroidizing process of the lamellar
AlgCeCu, phase is as follows: the AlgCeCu, lamellae first
break into the long and round rods due to the Gibbs-
Thompson effect. And then, the long rods divide into short
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ones by the Rayleigh’s capillarity induced perturbation
mechanism. Finally, the short rods transform into spherical
particles.

3 Conclusions

1) The spheroidizing process of the lamellar AlgCeCuy,
phase in the Al-14Cu-7Ce alloy is accelerated with the
increasing of annealing temperature. Such process is
controlled by the volume diffusion of Ce in the Al matrix.

2) The spheroidizing process of the lamellar AlgCeCuy,
phase obeys such sequences: the AlgCeCu, lamellae are
divided into long rods along the grooves firstly; then the
rods break into shorter rods; finally, the short rods further
spheroidize.
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