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Abstract: Heat-treated aluminum-silicon (Al-Si)-based alloys have dominated the cast lightweight 
alloy industry for several decades. However, in the last decade, Al-Ce-based alloys have shown 
promise in replacing Al-Si alloys due to their ability to remove the need for costly heat treatments. 
Since the properties of Al-Ce alloys depend on the as-cast microstructure, it is important to 
characterize the solidification kinetics of these alloys. Therefore, this study focused on characterizing 
the solidification of an Al-Ce alloy with additions of Ni and Mn (nominal composition Al-12.37Ce-
3.26Ni-0.94Mn-0.12Fe wt.%). The alloy was cast in a wedge mold configuration, resulting in cooling 
rates between 0.18 and 14.27 °C/s. SEM coupled with EDS and DSC techniques characterized the 
evolution rate of solid phases. The SEM/EDS data revealed that an Al10CeMn2 phase is present at 
higher cooling rates. At lower cooling rates, near the center of the casting, a primary Al23Ce4Ni6 phase 
was more present. It was observed that up to 2.6 at. % of Mn was dissolved in this primary Al23Ce4Ni6 
phase, thereby removing a large portion of the available Mn for forming the Al10CeMn2 phase. DSC 
analysis showed differences in the samples’ liquidus temperatures which is indicative of 
compositional variations. Inductively coupled plasma atomic emission spectroscopy (ICP-OES) and 
Scheil solidification simulations correlated the compositional differences to phase formation, which 
agreed with the SEM and DSC results. This experimentation provides insight into novel Al-Ce-Ni-Mn 
alloys and where their potential lies in industrial applications. 

Keywords: solidification kinetics; aluminum; cerium 
 

1. Introduction 

With the growth of environmentally friendly technology, there is a high-demand dependency on 
rare earth (RE) element mining. RE elements such as neodymium, praseodymium, dysprosium, and 
samarium are used for high-performance magnets in applications such as electric cars and wind 
turbines [1–3]. However, the desirable RE elements typically comprise approximately 25% of the total 
material mined. The remaining 75% is discarded as a by-product and has little industrial relevance [4]. 
Of the RE elements discarded, cerium (Ce) is the most abundant at 38% [5]. The usefulness of Ce, 
however, has been researched throughout the 20th century concerning alloying aluminum (Al) to help 
with issues of insufficient thermal stability. For example, Belov et al. [6], in 1999, conducted elevated 
temperature experiments with several Al alloys with additions of Ce and nickel (Ni). Targeting 350 °C, 
Belov and his colleagues found that an Al-12Ce-5Ni (wt.%) alloy had a 75% increase in UTS over a 
conventional Al-Si alloy (339) used at the time. However, this research was not continued due to the 
high cost of Ni and the lack of a Ce supply chain. That is, until the demand for high-performance 
magnets experienced a dramatic increase, resulting in an abundance of available Ce supply. 

This abundance has captured the interest of researchers investigating how to improve the 
efficiency of internal combustion engines by creating thermally stable lightweight alloys for next-
generation automotive powertrains [7–11]. A clear emergence from all this research is the potential for 
the Al-Ce-based alloying system to be a fundamental pillar of high-performance Al alloys that can 
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operate in applications that require excellent thermal stability above 200 °C [12–16]. Extensive research 
has gone into the fundamentals of the Al-Ce binary system to understand the platform from which a 
new alloying system can be structured. The solidification characteristics and phase analysis of 
hypoeutectic [17,18], eutectic [13,18–20], and hypereutectic [17–19,21] binary alloy compositions 
revealed that the Al11Ce3 phase has excellent castability and thermal stability up to 500 °C. In a 
hypereutectic composition, primary Al11Ce3 formation occurs. If the composition of Ce exceeds 16 wt. 
% the primary phase begins to crack because of the large coefficient of thermal expansion discrepancy 
[7]. Therefore, most studies focus on the eutectic composition to avoid any possible decrease in 
mechanical properties. These eutectic alloys precipitate a lamellae Al-Al11Ce3 phase that can retain up 
to 80% of its hardness when exposed to 500 °C for 168 h [13,20,22]. For comparison, the Al-Si eutectic 
composition only retains ~50% of its hardness when exposed to the same test [20]. This evidence justifies 
building an elevated-temperature Al alloy system based on the Al-Ce binary system. The current major 
drawback of the Al-Ce systems is that the lamellae Al-Al11Ce3 eutectic phase does not provide sufficient 
precipitate strengthening benefits for next-generation powertrain applications.  

This lack of strength of the Al-Ce eutectic phase brings relevance back to the research done by 
Belov et al. [6], where it was found that additions of Ni enhance the strength of these alloys. Although 
the testing parameters in the 1999 study are not rigorous enough to meet today’s automotive industry 
demands, they provide insight into how minor alloy elements can be used to add strength to the Al-
Ce system. Sims et al. [21] drew inspiration from Belov and his colleagues and investigated two 
higher-order Al-Ce-based alloys with magnesium (Mg) additions. The alloys under investigation are 
Al-12Ce-0.4Mg and Al-12Ce-4Si-0.4Mg (wt. %). It was concluded that the Al-Ce-Mg alloy in an as-
cast state exhibits a UTS and YS of 200.6 and 78.6 MPa, respectively, while the Al-Ce-Si-Mg alloy 
exhibits 252.3 and 128.2 MPa, respectively, when heat treated to a T6 temper. These alloys were only 
tested at ambient temperature but showed comparable strength with alloys such as T6 A356. Weiss 
et al. [23] took it a step further and tested two Al-Ce-Mg alloys, each with 8 wt. % Ce but differing in 
Mg content (7 vs. 10 wt. %). Both alloys were tested at ambient temperature and 260 °C. The alloy 
containing 7 wt.% magnesium exhibited a UTS and YS of 195 and 151 MPa, respectively. The alloy 
with 10 wt.% magnesium exhibited a UTS and YS of 227 and 186 MPa, respectively. When tested at 
260 °C, the 7 wt.% Mg alloy retained 69% of its UTS and 80% of its YS. The alloy containing a larger 
amount of Mg retained 60% of its UTS and 70% of its YS. It is worth noting that these alloys were not 
conditioned (i.e., exposed to 260 °C for an extended period) before testing; therefore, it is expected 
that the alloys would perform slightly worse than expected if exposed to powertrain conditions for 
an extended period. It was also found in the study by Weiss et al. that the alloys were non-responsive 
to heat treatments aside from homogenization having a positive effect on alloys with high Mg 
content. Since these Al-Ce-based alloys are typically not heat treatable, they depend heavily on their 
solidification kinetics for their respective mechanical properties. The previous studies cited here do 
not account for the alloys’ solidification kinetics, but it significantly impacts the mechanical 
properties of the alloys. This solidification rate-dependency of Al-Ce alloys removes the time and 
resource-consuming heat treatments from the production process. Nguyen et al. [24] and Salonitis et 
al. [25] predict that removing necessary heat treatments from Al alloy production alone could save 
425,000–675,000 MWh annually. Along with the reduced production cost, decreasing this amount of 
energy for the manufacturing chain would drastically reduce the ecological footprint of the 
automotive industry.  

Recently, Kozakevich et al. [10,14] investigated the interplay between cooling rates, 
microstructures and mechanical properties of an Al-Ce-Ni-Mn alloy designed for elevated 
temperature applications. The alloy was cast in a wedge mold configuration to investigate the effects 
of different cooling rates on the material’s properties. The alloy exhibited a UTS and YS at ambient 
temperature ranging from 107 to 131 MPa and 64 to 81 MPa, respectively. At 250 °C, the alloy retained 
75 to 83% of its UTS and 73 to 97% of its YS, even after conditioning at 250 °C for 150 h. The variation 
in tensile strength and tensile retention at 250 °C was highly dependent on the solidification kinetics 
of the alloy. Scanning electron microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDS) 
revealed that the volume fraction, size, and morphology of the five phases found, α-Al, Al23Ce4Ni6, 
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Al11Ce3, Al10CeMn2, and Al20CeMn2, were highly dependent on the solidification kinetics and induced 
directional solidification.  

To better understand the solidification kinetics of the Al-Ce-Ni-Mn alloy, differential scanning 
calorimetry (DSC) was done on four samples from critical areas of the wedge mold in [26] (these 
results are summarized further in Section 3.2 of this paper). The experiment concluded that further 
investigation into the solidification kinetics of this alloy is warranted; a better understanding would 
enable a broader utilization of the alloy for various elevated-temperature applications in the 
automotive industry.  

Therefore, the present work aims to develop a more comprehensive understanding of the alloy’s 
solidification kinetics by performing more in-depth studies on the same samples from [26] and wedge 
mold casting from [10,14]. The Al-Ce-Ni-Mn alloy’s solidification kinetics, microstructure, and 
directional solidification-induced composition variances are examined using thermodynamic 
simulation software, SEM, EDS, optical microscopy, DSC thermal analysis, and inductively coupled 
plasma-optical emission spectroscopy (ICP-OES). 

2. Materials and Methods 

The Al-Ce-Ni-Mn ingots used in this research were provided by Eck Industries Inc., Manitowoc, 
Wisconsin. The alloy was melted down in an electrical resistance furnace under argon coverage and 
then cast in a steel wedge mold. The samples, their locations, and other relevant information are given 
in Figure 1. A comprehensive description of the preliminary results and details of the casting process 
is described in [10]. The main casting parameters were that the alloy was poured at 700 °C, and the 
wedge mold was preheated to 250 °C. 

 
Figure 1. Sample details for SEM/EDS, DSC, and ICP-OES analysis. 

The zones in Figure 1 represent regions with unique microstructures throughout the wedge 
mold casting. Samples were taken from critical points within the wedge mold to understand the 
solidification kinetics of these zones. The critical point in zone 1 (sample A) was at the top-center of 
the wedge mold, where a thermocouple was placed during casting. This sample gives us an exact 
cooling rate of the sample to compare to the follow-up DSC and ICP-OES experiments. Similarly, 
sample D was taken from the thermocouple placement in zone 3 for the same reasoning.  

Two samples from zone 2 were taken. The first (sample B) was from the center, and the second 
(sample C) was at the interface between zones 2 and 3. Both samples were taken at the same axial 
position (85 mm) but 15 mm apart in the transverse direction. The center of zone 2 (sample B) gives 
the lowest cooling rate (0.18 °C/s). The interface between zone 2 and 3 (Sample C) provides insight 
into the transition between the initial skin developed right after pouring (high cooling rates) and the 
center of the wedge mold (lowest cooling rates). 
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Metallography samples were mounted and prepared according to ASTM E3-11 specifications 
[27]. Mounting was done in 2-part fast-curing acrylic. After mounting, the samples were sequentially 
ground with 400, 600, and 1200 silicon carbide abrasive paper and then polished sequentially with 9, 
6, 3, and 1 μm diamond abrasive suspension paste. The final polish was done with 0.6 μm basic 
colloidal silica diamond polishing lubricant with a pH of 9. 

Once the samples were prepared, optical microscopy was used to measure the secondary 
dendrite arm spacing (SDAS). SDAS measurements were taken with a VHX-7000 series KEYENCE 
digital microscope according to method E outlined in [28], which consisted of measuring between 
two secondary dendrites parallel to the primary arm. A minimum of 50 measurements were taken 
for each sample to ensure measurement and standard deviation accuracy. An example of these 
measurements is shown in Figure 2. 

 

Figure 2. An optical micrograph showing how SDAS measurements were taken. 

SDAS measurements were then used in Equation 1, taken from [10], which is specific to this 
material. Utilizing this equation allowed for calculating cooling rates where thermocouples were 
absent during casting (i.e., samples B and C). 𝑆𝐷𝐴𝑆 ൌ  11.65 ∗ ሺ𝐶𝑅ሻି଴.ଷହ [10] (1) 

A Mira 3 XMU, TESCAN field emission gun SEM was utilized to collect micrographs of the 
alloy’s microstructure. A Cressington 208 HR sputter coater was used to coat the sample in a 5 μm 
platinum (Pt) layer to enhance conductivity and reduce charging effects and heating of the samples. 
The SEM was operated at an accelerating voltage of 20 kV to take the micrographs. After the 
micrographs were collected, Oxford Instruments Aztec data acquisition and processing software 
equipped with an 80 mm2 Oxford EDS detector were utilized to characterize the compositions of each 
phase. EDS point analysis was used to identify the atomic percentages of phases. At least 30 point 
scans per phase were taken to identify the atomic percentage. The EDS data and phase morphologies 
were compared to the literature to determine each phase’s stoichiometry.  

A NETZSCH STA 449F3 heat flux DSC thermal analysis instrument was employed to 
understand the Al-Ce-Ni-Mn alloy’s phase evolution as a function of temperature. The initial liquidus 
and solidus temperatures were determined by Scheil ThermoCalcTM simulations to be 733 °C and 632 
°C, respectively. Therefore, the temperature range of the DSC experiment was set from 20 to 750 °C. 
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The heating and cooling rate was selected to be 10.00 °C/min (~0.17 °C/s) based on similar studies 
previously conducted on Al-Ce alloys [18,29]. Each sample was 0.020 +/- 0.003 g and taken from the 
locations outlined in Figure 1. Samples from the original ingot material were also extracted and 
tested. A sample size of 0.020 g has been proven to give the most accurate results for micro-scale DSC 
thermal analysis [30]. Each sample was heated and cooled three times, and the results were averaged. 

The results of the DSC experiment give insight into solidification kinetic specifics like solidus, 
liquidus, and latent heat of fusion of the eutectic reaction. Solidus and liquidus temperatures are 
determined by extrapolating the tangent reaction rate near the tip of the characteristic peak and 
projecting it to intersect the baseline of the DSC data [18,31,32]. Extrapolation of the onset and end 
temperatures of the characteristic peak is done according to ASTM E794 [32] standards. The end 
temperature of the characteristic peak only correlates to the liquidus if one peak is present in the 
results (i.e., all phases form near the eutectic temperature). Finally, the latent heat of fusion of the 
characteristic peak can be calculated by deriving the area under the peak. 

ICP-OES was used in this study to confirm the ingot composition and identify the compositional 
changes that are the result of induced directional solidification. The samples of 0.1 g each were 
selected from six random locations of two different ingots. The samples were dissolved in a solution 
of HCl and NO3 to digest while completely retaining the elements. After which, the solution is diluted 
to acquire the final elemental analysis. The average composition of the ingots is shown in Table 1.  

Table 1. Composition of ingots in wt.% based on ICP-OES experimentation. 

Al Ce Ni Mn Fe 

Bal. 
12.37 

+/- 1.72 
3.26 

+/- 0.13 
0.94 

+/- 0.04 
0.12 

+/- 0.03 

Following this, three samples of 0.1 g from each sample location (A, B, C, and D, identified in 
Figure 1) were extracted and tested via ICP-OES to determine the composition difference due to 
directional solidification in the wedge mold. The average of the three tests was taken as the sample 
composition for its specific location.  

3. Results and Discussion 

3.1. ThermoCalcTM Scheil Solidification 

A Scheil solidification simulation was conducted using the ThermoCalcTM software based on the 
composition obtained from the ICP-OES analysis of the ingot material. The results are shown in Figure 3.  

 

Figure 3. Scheil simulation of alloy’s solidification for the composition presented in Table 1. 
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The phases predicted by ThermoCalcTM were α-Al (FFC Al), Al23Ce4Ni6, Al11Ce3, Al8CeMn4, and 
Al6Mn. The presence of these phases, except for the Al6Mn phase, was confirmed via SEM/EDS in 
[10]. Limited research is available on the Al23Ce4Ni6 phase concerning its solidification kinetics. In the 
early 2000s, Gout et al. [33] concluded that the Al23Ce4Ni6 phase crystalizes in the monoclinic space 
group C2/m, the cell parameters for which are a = 16.042(8), b = 4.140(4), c = 18.380(8) Å, and β = 
113.24(5)°. Typically, this ternary phase is accompanied by Al11Ce3 and Al3Ni in ternary Al-Ce-Ni 
alloys; however, the results from [10] and ThermoCalcTM were in agreement that Al3Ni does not form 
in the Al-Ce-Ni-Mn alloy. 

In the preliminary analysis [10], when investigating the interplay between cooling rate, 
microstructure, and tensile properties of the current Al-Ce-Ni-Mn alloy, it was found that Al8CeMn4 
is absent from the casting. Instead, it was replaced by Al10CeMn2 and Al20CeMn2. Over the past few 
years, research has been conducted on Al-Ce-Mn alloys which have focused on the Al-rich portion of 
this system [34–36]. Most significant to the solidification kinetics of the Al-Ce-Ni-Mn alloy described 
in the current study is the revised portion of the Al-rich corner of the Al-Ce-Mn ternary diagram done 
by Yang et al. in [34]. This revised portion of the ternary diagram shows that the Al10CeMn2 and 
Al20CeMn2 phases dominate earlier during solidification, with the latter phase having a slightly 
higher thermodynamic driving force. From this revised ternary diagram, it is expected that for the 
composition of the alloy under investigation (12.37% Ce, 0.94% Mn), the Al10CeMn2 phase would 
form earlier in solidification after which, at ~700 °C, the ternary Al-Ce-Mn phase would transition to 
Al20CeMn2 and Al11Ce3. This phenomenon is shown below in Figure 4.  

 

Figure 4. The modified ternary Al-Ce-Mn liquidus projection from [34] and the position of the Al-Ce-
Ni-Mn alloy investigated in this study. 

Aside from Scheil simulations, ThermoCalc was also used to calculate the solubility of elements in 
each phase. More specifically, the amount of solid solution of Mn in Al23Ce4Ni6, Ni and Mn in Al11Ce3, 
Ni in Al8CeMn4, and Mn in the α-Al matrix was determined throughout the solidification range (734 to 
632 °C). Negligible solubility was found in all cases except for Mn in the α-Al matrix, where the 
maximum solid solution at 632 °C was 0.4 at.%, lower than the 0.6 at.% published in binary Al-Mn 
literature [37,38]. However, Mondolfo’s investigation into Al-Ce-Mn alloys [39] reveals that Ce reduces 
Mn’s solid solubility in Al. The SEM/EDS data discussed in the next section shows how much Mn is 
present in the Al matrix and how its solubility is affected by the solidification rate of the alloy. 

3.2. SEM/EDS Solidification Trends 

Previously in [10], the resulting wedge casting revealed three distinct zones with varying 
microstructures. Figure 1 shows sample locations and how respective cooling rates were determined, 
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while Figure 5 below shows the microstructure at those sample locations. The phases in each zone 
were relatively the same and contained variations of α-Al, eutectic Al-Al23Ce4Ni6, eutectic Al-Al11Ce3, 
primary Al23Ce4Ni6, primary Al11Ce3, and Al20CeMn2. The Al10CeMn2 phase was only present in 
samples C and D near the wall of the casting. All Mn in samples A and B were either in solid solution 
in the Al matrix or Al20CeMn2 phase. 

 

Figure 5. SEM micrographs of each sample’s general microstructure. 

Point scans were performed for each phase to determine the atomic composition. After this, the 
atomic composition was compared to published literature on similar phases to determine the correct 
stoichiometry of a specific phase. The atomic compositions of each phase are summarized here in Table 2.  

Table 2. The atomic percentage of phases identified in the Al-Ce-Ni-Mn alloy by EDS. 

Phase Identification 
Element in phase (at. %) 

Al Ce Ni Mn Fe 

Matrix (α-Al) 
99.77 

+/- 0.21 
- - 

0.23 
+/- 0.21 

- 

Al11Ce3 - Primary 
79.61 

+/- 1.37 
20.36 

+/- 1.36 
- - - 

Al11Ce3 - Eutectic 
93.43 

+/- 1.42 
6.41 

+/- 1.53 
0.16 

+/- 0.37 
- - 

Al23Ce4Ni6 - Primary 
73.37 

+/- 0.57 
8.19 

+/- 0.11 
15.77 

+/- 0.34 
2.56 

+/- 0.06 
0.01 

+/- 0.05 

Al23Ce4Ni6 - Eutectic 
89.09 

+/- 3.14 
3.25 

+/- 0.99 
6.57 

+/- 1.93 
1.10 

+/- 0.24 
- 

Al10CeMn2 
79.02 

+/- 0.83 
7.47 

+/- 0.33 
3.33 

+/- 0.20 
10.17 

+/- 0.45 
- 

Al20CeMn2 
87.99 

+/- 1.00 
4.20 

+/- 0.27 
0.32 

+/- 0.35 
7.50 

+/- 0.77 
- 

The Al matrix contained an average of 0.23 at. % Mn in solid solution. Higher cooling rates near 
the wall (e.g., sample D) resulted in up to 0.44 at. % Mn in the matrix. As previously stated, these 
values are lower than the published literature [37,38] on Al-Mn alloys (~0.62 at.% Mn into α-Al). 
However, also mentioned above, Mondolfo’s investigation into Al-Ce-Mn alloys [39] revealed that 
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Ce lowers the solubility of Mn in the matrix, which explains the lower values of Mn in α-Al presented 
in Table 2. 

Al11Ce3 was present in two morphologies: blocky primary and lamellae eutectic phases. These 
morphologies are consistent with the literature data on the binary Al-Ce alloys [17,19,20]. The 
primary intermetallic resides in samples B, C, and D but not at the top of the casting (sample A). The 
stoichiometry of the primary phase was consistent with the literature [40] and contained no Ni or Mn 
in a solid solution. The lamellae eutectic Al11Ce3 contained a trace amount of Ni (0.16 at. %) in a solid 
solution. Research by Tang et al. in [41] and [42] revealed between 0.6 and 1.7 at.% Ni can be dissolved 
into the Al11Ce3 phase. However, the alloys in these studies contain significantly higher Ce and Ni 
content, which justifies why they experienced an elevated amount of Ni in the solid solution of the 
Al11Ce3 phase.  

The solubility of Ni in the eutectic phase and not the primary phase can be explained by the 
precipitation kinetics of the Al23Ce4Ni6 phases. In the early stages of solidification (~732 °C), the primary 
Al23Ce4Ni6 phase (also known as the τ8 phase [33,41–44]) begins to form, drawing Al and Ni out of the 
liquid at a higher rate than Ce. Eventually, the liquid becomes Ce enriched, and the Al11Ce3 primary 
phase begins to precipitate out of the liquid around 686 °C. Since the primary Al23Ce4Ni6 phase has a 
high growth rate, no excess Ni can be dissolved into the primary Al11Ce3 phase. However, once the alloy 
reaches the eutectic temperature, precipitation of the lamellae Al-Al23Ce4Ni6 and Al-Al11Ce3 phases 
happens simultaneously. These phases are thin and fine, and since Ni has negligible solubility in the Al 
matrix, the remaining Ni goes into both eutectic lamellae phases, resulting in ~0.16 at. % Ni in the Al-
Al11Ce3 eutectic phase. However, due to the nano-scale size of the Al11Ce3 eutectic phase, the electron 
beam during EDS analysis may be penetrating the surrounding Al-matrix, thereby diluting the 
measurements. Therefore, the expected Ni composition in the eutectic Al-Al11Ce3 can be calculated 
based on the ratio of Ce to Ni. Since the Ce:Ni ratio is ~40:1, we can scale the 6.41 at. % Ce up to ~ 20 at. 
% based on our EDS data, which is consistent with the literature. Doing so scales the Ni at. % in the 
eutectic Al11Ce3 to ~ 0.509 at. %, which is closer to the values published in the literature [41,42].  

Similarly, the EDS results from the Al23Ce4Ni6 eutectic phase also present evidence of dilution 
due to the surrounding Al-matrix. When scaling the Ni:Mn ratio of the eutectic phase up to the 
expected composition of 15.77 at. % Ni, it is expected that ~2.6 at. % Mn can be found in the solid 
solution of the Al23Ce4Ni6 lamellae eutectic, which is approximately the Mn content found in the 
primary phase. Aside from the Mn content found in the Al23Ce4Ni6 phases, the amounts of Ce and Ni 
shown in Table 2 are consistent with the published data in [33,41–44]. The eutectic and primary 
phases are larger in sample B than in the other samples. This is consistent with the results presented 
in [14]. As shown in Table 2, both morphologies of this phase have a significant Mn solubility (~ 2.56 
at. %), a phenomenon that is not currently predictable by the ThermoCalcTM software. 

The same conclusion applies to both ternary Al-Ce-Mn phases in the wedge mold casting. It was 
found that the Al10CeMn2 phase has an average of 3.3 at. % Ni in solid solution, while the Al20CeMn2 
phase contains much less (i.e., 0.32 at. %) Ni in solid solution. The Al10CeMn2 and Al20CeMn2 phases 
are consistent in size and morphology with those found and characterized in [34] and [35].  

3.3. DSC Thermal Analysis 

The SEM micrographs and EDS compositional analysis show that the phase morphologies and 
volume fractions within each zone of the wedge mold casting differ significantly. These factors 
depend on the changes in the progression of phase evolution that resulted from varying cooling rates. 
DSC thermal analysis was necessary to understand the phase precipitation characteristics and to gain 
further insight into the solidification kinetics of this alloy. Initial DSC thermal analysis was performed 
in [26] to show how the solidification kinetics affect the alloy’s microstructure. The preliminary DSC 
results are shown in Figure 6 below. The indicated sample locations correspond to those in the 
experimental procedure section above. The solidus temperature, latent heat of fusion of the eutectic 
phase, and liquidus temperature were extracted from the DSC results. 
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Figure 6. DSC data of all samples, modified and adapted from [26]. 

Figure 6 shows that all samples provide a similar solidus temperature (onset) to the 632 °C 
predicted by the Scheil simulation of the ingot material in ThermoCalcTM, except for sample B, which 
is 5 °C lower [26]. The discrepancy in eutectic temperatures between sample B and the ingot suggests 
a compositional variance in the center of the wedge mold (zone 2). Additionally, the exploded view 
in Figure 6, on the right, shows evidence of primary formation in samples B, C, and D at different 
temperatures, suggesting compositional variations between the DSC samples. These results are 
consistent with the SEM micrographs. 

The compositional difference between the samples shown from the initial DSC results suggests 
that further investigation is needed before determining if the end temperature of the eutectic reaction 
can be considered as the liquidus temperature for samples A, C, and D. Additional information is 
also needed from sample B to ensure that no other primary peak forms above 800 °C. For this reason, 
the determined liquidus temperature of each sample is discussed in Section 3.4 below. 

Aside from the liquidus and solidus temperatures, the DSC data show the significant variance 
of the eutectic reaction latent heat of fusion between samples. The latent heat of fusion from DSC 
thermal analysis is calculated based on the energy absorbed (exothermic is identified in Figure 6) 
during the melting of the eutectic phase, which is then normalized by the sample’s total mass. 
Therefore, if the samples have significantly different latent heat of fusion values, they must also have 
different volume fractions of eutectic phases. For example, sample B has the least amount of 
characteristic latent heat of fusion. In Figure 5, sample B also has the highest volume fraction of 
primary phases, indicating that sample B has a different composition than the original ingot. This 
compositional difference results from the cooling gradient induced by the wedge mold configuration. 
This significant cooling gradient varies the alloy’s solidification kinetics, resulting in varying 
compositions within the critical zones of the casting. The significance of how the composition varies 
can be characterized via ICP-OES analysis.  

3.4. ICP-OES Data 

ICP-OES analysis was done to characterize the composition gradient that directly results from 
the solidification kinetics of the Al-Ce-Ni-Mn alloy and the directional solidification induced by the 
wedge mold casting configuration. The results from the ICP-OES experiments are shown in Figure 6. 
In Figure 6, the down arrows highlighted in red indicate the elemental percentage of change 
compared to the original ingot composition shown in Table 1. Green up arrows indicate increases in 
elemental composition based on the original ingot values. 

Figure 7 shows that the ICP-OES results of samples A and C have significant decreases in Ce, 
Ni, and Mn compared to the original ingot composition. In turn, the Ce, Ni, and Mn concentration 
increase in samples B and D. The exact compositions are shown below in Table 3. 
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Figure 7. Summary of the wt.% changes of each sample compared to the ingot composition as 
determined by ICP-OES analysis of location in the wedge mold. NOTE: The up and down arrows 
indicate percent increase or decrease, respectively, from the original ingot composition in Table 1. 

Table 3. OES-ICP data for the Ingot materials and samples A, B, C, and D (all values in wt.%). 

 Al Ce Ni Mn Fe 

Ingot 

(Reference) 
Bal. 12.374 +/- 1.722 3.263 +/- 0.129 0.937 +/- 0.041 0.119 +/- 0.032 

A) 1.55 °C/s Bal. 
9.842 +/- 0.185 

(-20.5%) 
2.707 +/- 0.027 

(-17.0%) 
0.771 +/- 0.016 

(-17.7%) 
0.0917 +/- 0.002 

(-22.8%) 

B) 0.18 °C/s Bal. 
19.024 +/- 0.712 

(+53.7%) 
4.175 +/- 0.192 

(+28.0%) 
1.452 +/- 0.017 

(+55.1%) 
0.157 +/- 0.002 

(+32.0%) 

C) 1.21 °C/s Bal. 
10.183 +/- 0.128 

(-17.7%) 
3.150 +/- 0.032 

(-3.5%) 
0.816 +/- 0.012 

(-12.9%) 
0.087 +/- 0.001 

(-26.6%) 

D) 14.27 °C/s Bal. 
13.652 +/- 0.104 

(+10.3%) 
3.450 +/- 0.028 

(+5.7%) 
1.264 +/- 0.015 

(+35.0%) 
0.157 +/- 0.001 

(+32.2%) 

The ICP-OES-determined compositions of each sample were used in Scheil simulations to 
determine the solidification kinetics of each critical zone of the wedge mold. The results of these 
Scheil simulations are shown in Figure 8. 

 

D) Ce ↑10.3 %; Ni ↑5.7 %; Mn ↑35.0%

B) Ce ↑53.7 %; Ni ↑28.0 %; Mn ↑55.1%

C) Ce ↓ 17.7 %; Ni ↓ 3.5 %; Mn ↓ 12.9 % 

A) Ce ↓ 20.5 %; Ni ↓ 17.0 %; Mn ↓ 17.7 % 
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Figure 8. Scheil simulations of the alloys solidification for the compositions determined by ICP-OES 
analysis of each sample position (presented in Table 3). 

The phase evolutions shown in Figure 8 are consistent with the SEM micrographs and DSC data. 
The only discrepancy is that small amounts of Al6Mn precipitate close to the end of Scheil 
solidification in all the samples. However, SEM/EDS showed no presence of Al6Mn in the casting. As 
mentioned, ThermoCalcTM does not account for the precipitation of Al10CeMn2 and Al20CeMn2. 
Instead, the software predicts the Al8CeMn4 phase to precipitate, which was disproved by the EDS 
data in Table 2. 

The Scheil simulation for each sample reveals that Sample A shows the proeutectic Al23Ce4Ni6 
starting to precipitate at 682 °C. The software predicts 3.8 wt.% (<1 vol.%) of the primary A23Ce4Ni6 
phase which is consistent with the SEM micrographs. The relatively low amount of the primary 
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phase, coupled with the precipitation temperature being close to the eutectic temperature, explains 
why the phase does not register in the DSC results. It is likely that during DSC experimentation, the 
proeutectic formation of the Al23Ce4Ni6 phase is encapsulated in the characteristic peak. Therefore, 
the end temperature of the characteristic peak (655 °C) from the DSC results for sample A is likely 
the liquidus temperature of the sample. This value is lower than the Scheil predicted value of 682 °C. 
The disagreement between liquidus temperatures is likely because the mass fraction of the primary 
phases is not significant enough for the DSC to detect the resulting reaction energy. The DSC and 
Scheil simulation agree that the solidus temperature of sample A is 632 °C. 

The comparison between the DSC and ThermoCalcTM results is summarized in Table 4 for all 
samples. Table 4 shows that all samples agree with the Scheil simulation and DSC results of the 
solidus temperature except for sample B. The DSC results for Sample B show that the solidus 
temperature is 627 °C, while the Scheil simulation predicts the solidus temperature as 632 °C, a 5 °C 
difference. The other samples are between 1 to 3 °C off the simulated value.  

Table 4. Liquidus and solidus temperatures of ICP-OES sample compositions based on Scheil 
simulations compared to DSC. 

 
Liquidus (°C) Solidus (°C) 

DSC ThermoCalcTM DSC ThermoCalcTM 

Ingot 662 734 632 632 
Sample A 655 682 633 632 
Sample B - 841 627 632 
Sample C 700 701 632 632 
Sample D - 758 629 632 

Note: “-” indicates that the value could not be interpreted from the DSC results because it was outside 
the original solidification range predicted by the ingot composition and Scheil simulation. 

The solidification range of sample B’s ICP-OES composition is increased significantly due to the 
hypereutectic Ce and Ni content. Precipitation of the primary Al23Ce4Ni6 phase begins at 840 °C 
compared to 734 °C in the ingot material, as predicted by the Scheil simulation. Since the DSC 
experiment on this sample only went up to 800 °C, the liquidus temperature of the alloy cannot be 
determined by the DSC data. However, the Scheil simulation of sample ‘B’s composition in Figure 8 
does give insight into what exactly is happening during solidification within the wedge mold. This 
large solidification range and low cooling rate (0.18 °C/s) explain why the SEM micrographs of 
sample B show larger primary phases than the other samples. Since Sample B is from zone 2, it can 
be observed that when zone 3 solidifies (sample D) first at a relatively high cooling rate (14.27 °C/s), 
elevated amounts of Ce and Ni reside in the liquid. Excess Ni and Ce would reside in the liquid 
because the high cooling rate of zone 3 does not allow enough time for the primary Al23Ce4Ni6 and 
Al11Ce3 phases to precipitate in significant amounts. Zone 2 begins to solidify much slower because 
the steel mold is now heat-soaked, resulting in significantly reduced heat flux. The slower 
solidification rate and elevated amounts of Ce and Ni allow for forming of large primary Al23Ce4Ni6 
and Al11Ce3 intermetallics.  

Sample D’s Ni and Mn content is very similar to sample B; however, the microstructure is vastly 
different. Figure 8 and Table 4 show that the solidification range for sample D compared to sample B 
is ~83 °C smaller. This smaller solidification range and a significantly higher cooling rate resulted in 
the precipitation of the Al10CeMn2 phase in sample D but not in sample B. As previously stated, the 
revised Al-Ce-Mn ternary diagram from Yang et al. [34] shows that the ternary Al10CeMn2 phase 
transitions to Al11Ce3 and Al20CeMn2 at 700 °C. The high cooling rates experienced in sample D do 
not allow enough time for this reaction to occur, trapping the Al10CeMn2 phase in the solid. This 
phenomenon is also evident in sample C at a cooling rate of 1.21 °C/s. Sample A and B had no 
Al10CeMn2 in their microstructure, which indicates that to remove this phase, an Mn content of 0.771 
wt.% (or less) or a cooling rate lower than 1.21 °C/s is required. 
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Sample C shows good agreement of the solidus and liquidus temperature between the Scheil 
simulation and DSC results, as shown in Table 4. Since sample C has a composition closely 
resembling the ingot composition, the formation of the primary phases is contained in the DSC 
results. Therefore, the liquidus temperature (700 °C) can be extracted from the DSC results. 

4. Conclusions 

This study investigated the solidification kinetics of an Al-Ce alloy with additions of Ni and Mn 
when cast in a wedge mold configuration. The wedge mold configuration was determined to induce 
significant directional solidification, leading to large microstructure variations throughout the final 
cast product. When analyzing the three critical zones of the wedge mold casting via SEM/EDS, DSC 
Thermal Analysis, and ICP-OES, the following conclusions were made: 

1. Cooling rate and directional solidification drastically affect the formation of the ternary Al-Ce-
Mn phases. Cooling rates above 1.21 °C/s do not allow the Al10CeMn2 phase to transition to 
Al20CeMn2 + Al11Ce3 at 700 °C. Therefore, the Al-Ce-Ni-Mn alloy can have its mechanical 
properties tailored based on which Al-Ce-Mn ternary phase benefits specific applications. 

2. Induced directional solidification also significantly impacts the consistency of composition 
throughout the final cast product. The solidification sequence must be considered when casting 
these novel alloys as rapidly solidified areas will lead to hypereutectic compositions in the 
slower cooled regions of the casting, as is evident by the ICP-OES results in this study. A 
hypereutectic composition and large solidification range lead to significant primary blocky 
Al23Ce4Ni6 and Al11Ce3 phases, which may be desirable or undesirable, depending on the 
application.  

3. The Al23Ce4Ni6 phase has a notably higher (~2.6 at. %) Mn solubility than predicted by the 
ThermoCalcTM software. The same goes for the solubility of Ni in Al10CeMn2 (3.33 at. %) and 
Al20CeMn2 (0.32 at. %). 

The comprehensive correlation between the solidification cooling rate, directional solidification-
induced compositional variances, and the resulting microstructure/phase evolution provide critical 
insight into how this novel Al alloy can be tailored for different applications in the automotive industry. 
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