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T he constant need to improve engine performance 
and fuel economy has led the automotive and aer-
ospace industries to maximize the use of light-
weight alloys. Aluminum (Al) alloys are becoming 

increasingly popular because of their high strength to den-
sity ratio and their great casting properties. Al alloys have 
become one of the most widely used alloys for the manu-
facturing of powertrain component such as engine heads, 
pistons and turbochargers [1-4].

Recently, the effects of rare earth (RE) additions, such as 
cerium (Ce), on Al alloys have been a focus because these 
additions tend to increase strength and produce higher 
temperature resistance, and these improvements have 
demonstrated in pistons and turbochargers, specifically.

Notably, a large increase in yield strength, up to 77%, and 
creep resistance at temperatures exceeding 300 °C was 
observed for an Al-Ce-Mg alloy in comparison to an 
Al-Cu based industrial alloy A206 [5-8].

Why Ce has such positive effects in Al-Ce-Mg is a subject 
of on-going research. One study indicates that part of the 
answer may be in the formation of secondary phases (e.g., 
Al11Ce3, or Al-Ce-Mg) [7], but much is still unknown 
about the microstructural characteristics (i.e., the effects 
of the phases present as well as the solidification kinetics) – 
knowledge needed for further developing high strength Al 
alloys.

Studying the microstructural characteristics of alloys is 
challenging because all methods have significant limita-
tions, as many are only useful to study the surface. X-ray 
diffraction, for example, is limited to characterization of 
surface properties, which may be different from the 
bulk. Neutron beams, however, are highly penetrating in 
aluminum: 10% of the beam will penetrate as deeply as 
30 cm. This penetrating power enables the design of 

experiments to observe changes to microstructural prop-
erties in situ. Sediako et al. [9-13] have demonstrated in 
situ neutron diffraction (ND) can analyze the character-
istics of Al alloy systems during solidification. These 
studies indicate that in-situ ND is precise and reproduc-
ible, and is advantageous over thermal analysis because 
it characterizes the solid growth of each phase in multi-
ple crystallographic planes.

In this article, we illustrate the application of in-situ ND to 
Al alloys with current research to characterize the kinetics 
of solidification, phase evolution and fraction solid of sev-
eral phases of Al-8%wt.%Ce-10wt.%Mg alloy. To obtain 
a fuller picture, ND is complemented with Optical 
Microscopy (OM), Scanning Electron Microscopy (SEM), 
and an equilibrium model FactSage™ simulation.

MICROSCOPY
To prepare for optical and electron microscopy, circular 
samples with an approximate diameter of 19 mm and a 
thickness of 12.5 mm were cut from a larger as-cast 
Al-Ce-Mg specimen, ground and polished and then sub-
mersed in Keller’s etchant [14] for 30 seconds. Images 
were captured with the optical microscope at 100×, 200× 
and 500× magnification.

OM revealed six phases present in varying quantity 
throughout the continuous Al matrix, with approximate 
grains sizes from 50-200μm. SEM was then conducted 
to characterize the composition of each phase. Figure 1 
illustrates several different phases that were further 
characterized with SEM techniques such as X-ray 
Energy Dispersive Spectroscopy (EDS) point analysis as 
well as secondary electron (SE) imaging. The SEM data 
obtained and the binary Al-Mg phase diagram suggest 
that the continuous matrix (location A in Fig. 1) is the 
α-aluminum containing dissolved magnesium, as well 
as Al-Mg phases (mostly Al7Mg and Al140Mg89 [15-17]) 
phases with combined Mg concentration of approxi-
mately 13at.% (+/−2%).

Within the matrix was a “fish bone” secondary phase 
(location B) that ranged in size from 10-600 μm. This 
phase was determined to be composed of Al, Ce and Mg. 
The composition of a square or “X” (location C) shaped 
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Higher performing or more efficient cars and 
planes challenge conventional approaches 
to understand and improve alloys. In-situ 
 neutron diffraction reveals critical insights 
into alloys’ microstructural evolution.
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intermetallic was found to be similar to the Al11Ce3 phase of the 
Al-Ce-Mg alloy. A smaller, dark Chinese script phase (location 
E) as well as three different irregular shaped phases (locations 
D, F and G) were also present, but they appeared in lower quan-
tity as compared to the fish bone phase.

NEUTRON DIFFRACTION
The in-situ ND experiments were performed at the C2 powder 
diffractometer at theCanadian Neutron Beam Centre (CNBC) in 
Chalk River, Ontario. To monitor temperature, ahole for a ther-
mocouple was drilled in one end of a 10.5 mm diameter, 40 mm 
cylinder sample of the Al-Ce-Mg alloy. The sample was 
mounted into a graphite crucible and aligned within the furnace 
sample chamber to the neutron beam. Argon gas was used to 
minimise oxidation during the experiment. The methodology of 
the experiment is explained in more detail in [9-12].

To determine the range of temperature needed for the experi-
ment, a FactSageTM simulation was used to predict the approxi-
mate liquidus, nucleation and solidification temperatures. The 
sample was elevated above the predicted liquidus temperature 
by ~25 oC to ensure the entire sample was completely molten. 
The temperature was then lowered stepwise and neutron dif-
fraction data were collected for 1 hour at each step, using a 
monochromatic incident neutron beam with a wavelength of 
2.37 Å, and a wide span detector collected neutron counts over 
a diffraction angle (2θ) range of 35° to 115°. The collection 
time represents a balance between the total beam time spent 
and the statistical quality of low intensity peaks for the 

semi-solid metal at high temperatures. Applying Bragg’s law 
for diffraction, as shown in Eq. (1), where n indicates the order 
of reflection, λ is the wavelength, and θ is the diffraction angle, 
the interplanar spacing d for various phases can be calculated 
[2,16],

 nλ = 2dsinθ (1)

Seven peaks were obtained from the ND data and analysed with 
application of the Inorganic Crystal Structures Database [18] based 
on the collected diffraction angles and corresponding d-values for 
the Al-Ce-Mg alloy. It was determined that three α-Al peaks, Al 
({111}, {200} and {220}), three Al11Ce3 peaks ({103}, {112}, and 
{200}), and one Al-Ce-Mg peak were present.

As the metal is completely liquid at 610 °C, no noticeable peak 
is present at the first temperature step in Fig. 2. The next tem-
peratures illustrate evolution of peak intensity. Figure 2 also 
illustrates a new phenomenon where the Bragg’s peaks initially 
shift towards the left (i.e., smaller angles, larger d-spacing of the 
hkl-planes) until the temperature drops to ~530 °C, indicating an 
expansion in interplanar spacing, rather than a decrease as 
would be expected from thermal contraction and described by 
Lombardi et al. [4]. The reason for this unexpected shifthas yet 
to be determined, but may be due to the secondary Al-Ce-Mg 
phase forming quite rapidly below approximately 570 °C 
(shown in Fig. 2), which takes place simultaneously with 
 evolution of a-aluminum, and the atomic planes of the interme-
tallic phase may be affecting the hkl spacing of the aluminum 
matrix. Another possible reason for the angle shift is the rapid 

Fig. 1 SEM image illustrating the seven phases present in the Al-Ce-Mg alloy.
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increase in the amount of Mg dissolved in face centered cubic 
Al (FCC_Al) phase.

According to the FactSage™ simulation, the Mg begins precipi-
tating out of FCC_Al at approximately 410 °C. This Mg 
 precipitation contributes to the formation of the new Al-Ce-Mg 
phase, and further complicates the analysis. It especially 
 complicates the Debye-Waller normalization, which is supposed 
to be temperature-dependant only [4]. Nonetheless, the simulta-
neous evolution of the Al-Ce-Mg, Al11Ce3, and the Al phases 
could increase the distance between adjacent lattice planes in the 
matrix and therefore cause the unexpected angular shift.

Figure 3 shows the peak corresponding to the low intensity 
Al-Ce-Mg secondary “fish bone” phase. The diffraction pattern 
for this phase is weak, with 13% of the intensity of the Al{220} 
plane, and no peak is clearly detectable until 530 °C, before which 
either the metal is fully liquid, which causes a relatively high back-
ground neutron count, or the phase has a very low volume fraction. 
In contrast, solid phases are visible in the data for Al11Ce3 at the 
highest temperature, 610 °C, even though the FactSage™ simula-
tion predicted Al11Ce3 phase nucleation at ~560 °C. Thus, although 
FactSage™ properly predicted the primary the kinetics for α-Al 
phase, it misrepresented the evolution of Al11Ce3 phase.

While the location of the peaks corresponds to the interplanar 
spacing for a phase, the intensity of the peak is related to the 
fraction of the phase in the alloy, relative to the maximum 
amount of the phase (100%) at the completion of phase evolu-
tion. Integrating the peak intensities over the angular interval at 
the specific temperatures allows one to calculate the solidifica-
tion kinetics for each of these phases. This calculation requires 
removing the background neutron scattering due to the graphite 
crucible or thermocouple materials, followed by normalizing 
against the peak intensity from liquidus to solidus.

Solidification curves similar to the representative trends shown 
in Fig. 4 were produced for each peak. The point at which a frac-
tion solid of 1.0 is first reached was determined to be the end of 

evolution for that phase. For the Al-Ce-Mg alloy, the nucleation 
of the primary α-Al phase begins at temperatures above 580 °C 
and the phase continues to solidify until approximately 515 °C. 
Although the ND data indicated that the Al11Ce3 phase was still 
partially solid at the highest recorded temperature and therefore 
the exact nucleation temperature could not be determined, the 
end of solidification of this phase was found to be ~515 °C. The 
fraction solid curve of the new Al-Ce-Mg phase in Fig. 4 sug-
gests that this phase begins nucleation at 560 °C and completes 
its solidification at 515 °C.

CONCLUSIONS
In-situ ND during the solidification of an Al-Ce-Mg alloy, com-
plemented by microscopy analysis, provided a more compre-
hensive understanding of phase nucleation and evolution on 
multiple crystallographic planes. Though FactSage™ has been 
a reliable tool to get an understanding of the solidification path 
and primary and secondary phase evolution for systems, such as 
Mg-Al, Mg-Zn, Al-Cu, and Al-Si [2-4,11], it did not properly 

Fig. 4 Solidification curve of the Al (220) plane and the 
Al-Ce-Mg fish bone phase in the Al-Ce- Mg alloy 
(undetermined crystallographic plane).

Fig. 3 Neutron diffraction peak of the “Fish bone” Al-
Ce-Mg phase in the Al-Ce-Mg alloy.

Fig. 2 Neutron diffraction peaks of the Al {220} plane in 
the Al-Ce-Mg alloy.
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predict the kinetics of phase evolution or the composition of the 
secondary phases in our Al-Ce-Mg alloy. This experiment pro-
vided data on evolution kinetics of Al-Ce and Al-Ce-Mg inter-
metallic phases that contribute to high yield strength at elevated 
temperatures, information that could lead to optimizing the 
composition and casting process for maximum strength. In-situ 
ND is therefore a powerful tool for the development of advanced 
alloys of interest to automotive and aerospace applications.
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