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Aluminum-Cerium (Al-Ce) based alloys have shown promise as cost-efficient high temperature creep-resistant
aluminum alloy. These alloys are also highly printable with laser powder bed fusion (LPBF) additive
manufacturing. This study investigates the creep property of a near eutectic binary Al-10Ce (wt. %) alloy
manufactured by LPBF and its microstructural evolution during creep. The as-built alloy exhibited columnar
grain structure with a weak cube texture and its microstructure consisted of fine eutectic Al + Alj;Ces.
Compressive creep tests with incremental stresses were performed perpendicular to the build direction at tem-
peratures ranging from 275 to 400 °C. The stress exponent was approximately 1 in the low stress regime and 5-7
in the high stress regime, corresponding to diffusion and dislocation creep, respectively. The average activation
energy was approximately 229 kJ/mol-K in the temperature between 275 and 375 °C. After creep deformation,
the melt pool boundary faded and the eutectic Al;;Ces intermetallics slightly coarsened. The grain structure
remained relatively stable and the grain boundary became more pronounced. By comparing the minimum creep
strain rate to other alloys, it was found that LPBF Al-10Ce is more creep resistant than similar cast binary Al-Ce
counterpart, some ternary Al-Ce alloys and LPBF AlSi10Mg alloy. This benchmark results on the creep property

of LPBF binary eutectic Al-Ce alloy provide insights to future development of creep-resistant Al-Ce alloys.

1. Introduction

Currently, few commercial aluminum alloys (AAs) are available for
high-temperature applications. While cast aluminum-silicon (Al-Si)
based alloys and wrought 6xxx or 7xxx alloys exhibit high strength at
room temperature due to precipitation hardening, their strength de-
grades rapidly with increasing temperature and over time because of
microstructural and precipitate coarsening. To retain the high temper-
ature strength, scandium (Sc) and zirconium (Zr) among others have
been used as alloying elements [1]. These elements can form L1y Al3X
type of trialuminide, which exhibit slow coarsening kinetics and provide
precipitation strengthening at high temperature [2]. Aluminum-iron
based alloys with large volume fraction of fine precipitates manufac-
tured through powder metallurgy thermomechanical processing have
also been developed for high temperature applications [3].

Recently, aluminum-cerium (Al-Ce) based near-eutectic alloys have
been gained more attention due to their outstanding microstructural
stability and capability to retain strength after high temperature expo-
sure [4-6]. Earlier development of Al-Ce alloys started with
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melt-spinning technique to fabricate alloy ribbons [7] while recent
studies focused on alloy development for cast alloys with improved
mechanical property [8]. Several rationales and advantages to justify
the use of Ce in Al include but not limited to: (1) Ce has limited solubility
and slow diffusivity in Al matrix, which contributes to the thermal sta-
bility; (2) Similar to Si, Ce improves the castability of Al alloys; (3) Ce
reduces the intergranular corrosion of Al alloys; (4) The price of Ce is
much lower than many other rare earth elements (e.g., Sc) for high
temperature Al alloys; (5) Ce is the most abundant rare earth elements
on the earth crust but is often discarded as byproduct waste [9]. Utili-
zation of Ce in Al therefore will not only improve the high temperature
properties, but also have economic and environmental benefits. On the
other hand, Ce alone has limited effect in improving the strength of the
Al alloys owing to its limited solubility. Therefore, alloy development is
still needed to further strengthen the Al-Ce alloy. Several research
studies have been devoted to developing ternary or higher order Al-Ce
based alloys and show promise. Alloys including Al-Ce-Mg [4,10],
Al-Ce-Ni [11], Al-Ce-Cu [12], Al-Ce-Mg-Si [13], have been investigated.
Notably, Mg has been the most common alloying elements added to
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Al-Ce alloys. It contributes to strength through solid solution strength-
ening and is the most effective strengthening alloying elements on
weight basis [10].

Metal additive manufacturing (AM) research is growing tremen-
dously recently, and there is a desire for printable materials that are
lightweight and can be used in high temperature environments. Many
commercial AAs face issues such as solidification cracking after AM,
especially when processed by laser powder bed fusion (LPBF). To resolve
the solidification cracking and improve the printability of AAs, two alloy
design strategies have been proposed: refining the solidification grains
by alloying with grain refining elements (e.g., Sc or Zr) [14-16] or
designing compositions with eutectic solidification to reduce the solid-
ification range and cracking tendency [17]. Inherently, Al-Ce alloys
exhibit a eutectic reaction at near 10 wt% of Ce, at which the solidifi-
cation cracking tendency based on Kou’s theory is expected to be low
[18]. Several recent studies have further shown that binary and ternary
Al-Ce based alloys can be manufactured by LPBF without the issue of
solidification cracking [19-22]. Moreover, the refined eutectic micro-
structure improves the strength of the Al-Ce alloys compared to their
cast counterparts.

Creep is an important property to consider for materials used at high
temperatures. Recent studies have shown that Al-Ce based alloys exhibit
outstanding creep resistance at high temperatures. Liu et al. showed that
the creep property of cast Al-12.5Ce is better than that of Al-Sc-Zr-based
alloys and comparable to Al-Ni-based alloys [23]. The capability of
Alj;Ces intermetallic to transfer load and obstruct dislocation climb
contributes to the alloy’s creep resistance. Ng et al. reported the creep
resistance of cast ternary Al-Ce-Mg alloy, which is inferior to the binary
Al-Ce alloy [24]. The creep property of Al-Ce alloys manufactured by
LPBF has also been studied recently, all of which exhibit superior creep
resistance compared to the cast counterparts [25,26]. It is noted that the
alloys in these studies focused on ternary or higher-order Al-Ce alloys.
As also pointed out by Rakhmonov et al. [25], there is still a need to
better understand the creep behavior of the baseline LPBF binary Al-Ce
alloy.

The primary objective of this study is to investigate the creep prop-
erty and microstructural evolution of an LPBF binary Al-10Ce alloy. This
study will report a benchmark result for the binary Al-Ce alloy manu-
factured by LPBF, which will provide insights to its fundamental creep
deformation and implications on future alloy design based on Al-Ce
alloys.

2. Experimental procedures
2.1. Materials

Samples with Al-10Ce (wt. %) compositions were manufactured
from gas-atomized powders using a SLM125HL (SLM Solutions, Ger-
many) LPBF system equipped with a single (400 W) IPG fiber laser with
a laser beam focus diameter of approximately 70 pm. Two rectangular
bars with a dimension of 10 mm x 10 mm x 80 mm were manufactured
horizontally with respect to the build plate, i.e., the XY plane as shown
in Fig. 1(a). The processing parameters used include a laser power of
350 W, a scan speed of 1400 mm/s, a hatch spacing of 0.13 mm and a
layer thickness of 0.03 mm. The density of the LPBF sample was
approximately 99.8% at these parameters [27]. Details of the processing
can be found in Ref. [27]. The actual composition of the samples is
measured by energy dispersive spectroscopy (EDS) and determined to be
Al-10.56 wt %Ce by averaging over ten different areas on the
cross-sections. The rectangular bars were machined into several cylin-
drical specimens with a diameter of 8 mm and a height of 16 mm for
subsequent compressive creep tests. The top and bottom surfaces of the
cylinders were ground using a SiC sandpaper (1200 grit) to ensure that
the two surfaces were planar and parallel.
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Fig. 1. Schematic illustration of (a) the build direction of the Al-10Ce bars and
(b) the creep loading direction with respect to the build direction.

2.2. Compressive creep test

A dead-weight lever arm creep test system (Applied Test Systems,
USA) was used for all creep tests. A 3-zone furnace equipped with K-type
thermocouples was used to control the test temperature. Power was run
from a 208V outlet and connected to three temperature controllers. Each
temperature controller supplied power to one zone of the furnace, and
the temperature was controlled within £2 °C of the setpoint tempera-
ture in accordance with ASTM E139-11. Before each test, a load cell was
connected to a multimeter and used to check the exact lever arm ratio for
calibration of the stress. A linear variable differential transformer
(LVDT) was used to measure the displacement during the creep test,
which was also calibrated before each test.

The test cylinder, the SiC blocks, and all surfaces of the creep fixtures
inside the furnace were coated with boron-nitride (BN) spray, a high-
temperature lubricant. The cylinder was placed between the SiC
blocks and centered inside the compression fixtures. A small preload
(<1 MPa) was placed on the weight pan to ensure the specimen would
remain in place for the remainder of the set-up. The furnace was closed
around the frame, and extra insulation was used to fill any gaps in the
furnace to keep the temperature stable during the test. A ramp rate of
5 °C/min was used to heat the specimens to the testing temperature. At
least 1 h was held before beginning the test to ensure the stabilization of
the temperature. To begin the test, the weight was loaded to the first
desired stress and the data collection was started. As the creep specimen
strained during the test, a proximity sensor on the lever arm tripped, and
the lower crosshead moved down to always keep the lever arm level. The
data was monitored and examined periodically during the test. When
the strain vs. time plot showed a clear linear slope, the stress was
increased by approximately 1-5 MPa depending on the temperature.
Each time more weight was added to the weight pan, the date and time
were recorded. The creep tests were stopped when a total of up to 8-10%
strain was achieved in the specimen. The test was repeated for
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temperatures at 275, 300, 325, 350, 375, and 400 °C. It is noted that the
compressive loading direction is perpendicular to the build direction of
the LPBF samples, as shown in Fig. 1(b).

2.3. Microstructural characterization

Microstructural characterization was performed on as-built and all
crept Al-10Ce specimens. These specimens were sectioned using a low-
speed diamond saw along the XZ plane of the cylinder, as shown in Fig. 1
(b). The specimens were mounted in epoxy resin, and their cross-
sections were ground until plane using SiC sandpapers up to 1200 grit.
They were then polished first by using 1 pm diamond pastes followed by
the 0.05 pm colloidal silica suspensions until no scratches remained on
the surface. Immediately after polishing, the specimens were etched
using Keller’s reagent. A scanning electron microscope (JEOL JSM
6510LV) operating at 20 kV was used to observe the microstructure. All
specimens were also tested for hardness using a Buehler Micromet 5101
Micro Hardness Tester. The test force used was 2.942 N, and the hard-
ness was calculated by taking an average across five measurements for
each specimen. Electron backscatter diffraction (EBSD) was performed
on the as-built specimen and specimens crept at 325 °C and 400 °C to
determine the grain size and crystallographic orientation. The FEI Scios
SEM equipped with the EDAX Hickory EBSD system and version 8 of the
TSL-OIM software was used for the EBSD analysis. The surface of all
specimens was repolished using 0.05 pm colloidal silica suspensions
before EBSD measurement. The Al-rich FCC matrix was used to index the
EBSD pattern and the grain size was calculated considering the average
circular equivalent diameter.

3. Results and analysis
3.1. As-built microstructure

Fig. 2 presents the etched optical and backscatter electron (BSE)
micrographs of the as-built alloy along its XZ cross-section. The typical
“fish-scale” type of melt pools due to laser-material interaction are
observed. The low magnification BSE micrograph in Fig. 2(b) showed
melt pool boundary and faint signs of grain boundary. The high
magnification BSE micrograph in Fig. 2(c) showed very fine scale of
eutectic Al + Al;;Ces microstructure, albeit it is slightly coarser along
the melt pool boundary than inside the melt pool. Some directional
growth of the eutectic microstructure perpendicular to the melt pool
boundary was also observed because of thermal gradient during solidi-
fication. The eutectic feature is consistent with the previous trans-
mission electron microscopic observation, which showed that the as-
built alloy exhibits a eutectic Al + Al;;Ces network structure at the
nanometer scale, i.e., the thickness of Al;;Ces ribbons is less than 50 nm
[19]. Overall, the bar specimen for subsequent creep testing shows little
porosity and fine microstructure, which is consistent with the results
from a small cubic sample manufactured using the same processing
parameters [19].
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3.2. Creep property

Fig. 3 shows the strain (¢) vs time (t) curve for all compressive creep
tests from the cylindrical Al-10Ce specimens. Due to the nature of stress
incremental creep test, the strain increases at an incremental rate during
the test duration. This is reflected in the stepwise curves in Fig. 3, with a
much larger apparent slope near the end of each test due to higher
applied load. Various testing time is needed before an accumulation of
near 10% strain is approached. Table 1 shows the different testing
duration for each testing temperature. For the specimen tested at the
lowest temperature of 275 °C, the testing time is about 705 h, indicating
an isothermal heat treatment under various stresses for nearly a month.

For each linear segment, the minimum creep strain rate (¢) was
determined from the calculated slope. Fig. 4 presents the strain rate vs
stress (o) in a log-log plot for each compressive creep test. For example,
the dark blue dots in Fig. 4 indicate that the minimum strain rate ranges
approximately from 2.3 x 1071%t0 1.2 x 10> 5! as the stress increased
from 20 to 110 MPa at 275 °C.

The steady state creep strain rate can be described by the phenom-
enological power-law relationship, expressed as:

&=Ac" exp (;—?) (@)

where A is a material constant, n is the creep stress exponent, and Q is
the creep activation energy, o is the creep stress, R is the gas constant
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Fig. 3. Compressive creep strain vs. time for all Al-10Ce specimens.
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Fig. 2. (a) Optical micrograph, (b) low magnification and (c) high magnification backscatter electron micrograph of the as-built Al-10Ce alloy.
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Table 1

Compressive creep testing conditions including temperature, stress range, and time and measured Vickers hardness for each specimen after test.
Specimen ID As-built 1 2 3 4 5 6
Temperature (°C) N/A 275 300 325 350 375 400
Stress (MPa) N/A 20-110 10-75 10-70 15-45 2.5-35 4.5-17.5
Time (hours) N/A 705 390 508 200 253 363
Vickers Hardness (HV) 97.2 +£ 3.2 71.6 £2.1 66.4 + 2.3 60.6 + 2.2 58.2 + 3.3 59.3 £ 3.7 58.9 £ 0.9
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Fig. 4. Minimum creep strain rate (¢) as a function of stress in a log-log plot for
all Al-10Ce specimens.

and T is the temperature. In a logé — log o curve, Eq. (1) is represented by
a linear line with the slope equal to n. This can be calculated from the
fitted curves for various temperatures following expression:
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Several curves in Fig. 4 show two distinct linear segments, and
therefore two different n values were calculated and reported as ngigusion
for lower stresses and Ngisiocation fOr higher stresses, as listed in Table 2.
The ngifusion values at lower stresses are approximately equal to 1, which
indicate that the diffusion creep is the dominate deformation mecha-
nism. The ngiocarion Values at higher stresses range between 5 and 7.5,
which indicate dislocation creep as the main deformation mechanism.
The ngifusion Was not reported for specimens tested at 275 and 350 °C,
probably because they were not tested at stresses low enough to result in
clear diffusion creep.

For high purity Al, the stress exponent is measured to be n = 4.4 and
the creep activation energy is approximately Q4; = 142 kJ/mol over the

Table 2
Creep stress exponents and threshold stress at various temperatures.

Temperature (°C) Ngiffusion Dyislocation Threshold Stress (MPa)
275 N/A 5.8 51.2

300 1.1 5.1 23.3

325 0.9 5.4 17.8

350 N/A 5.5 11.8

375 0.9 5.2 7.3

400 1.3 7.4 6.3

temperature ranging from 260 to 590 °C [28]. The higher stress expo-
nent Ngisiocation i the Al-10Ce alloy than that of the pure aluminum for
dislocation creep indicates the presence of some threshold stress. To
account for the threshold stress (64), Eq. (1) can be rewritten as:

é=A(6—0y)"exp (;—% 3

The threshold stress for each temperature is determined by fitting the

curve of &7 vs stress for each temperature using a least squares linear
regression. The threshold stress is obtained by extrapolating the fitted
lines to ¢ = 0, as listed in Table 2. The threshold stress represents the
inability of dislocations to climb over the precipitates at low stresses.
Since n = 4.4 represents the dislocation creep in pure Al, normalizing the
curve using this value for the stress exponent isolated the effect of the
fine eutectic Alj;Ces in inhibiting the dislocation movement during
creep deformation.

At a given stress, the creep activation energy can be determined from
Eq. (1) as:

ding

°=Mlam

4

Fig. 5 presents the strain rate vs. temperature curve using the In¢ —
1/T at several compressive stresses. The activation energy was calcu-
lated to be 244.3, 218.2 and 223.2 kJ/mol K for stress of 24.5, 29 and 50
MPa, respectively. Therefore, the average activation energy was found
to be approximately 228.6 kJ/mol-K for dislocation creep in the tem-
perature range from 275 to 375 °C.
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Fig. 5. Estimation of creep activation energy at three different creep stresses.



J. Stinehart et al.

3.3. Microstructural evolution

Figs. 6 and 7 show the BSE micrographs for the evolution of the
microstructure after the compressive creep tests. It is noted from Fig. 1
that the XZ cross-section parallel to the build direction is characterized.
Compared to the as-built specimen, all crept specimens showed spher-
oidization and coarsening of the intermetallic Al;;Ces phases to
different levels. A direct comparison across specimens crept at different
temperatures is difficult due to the different amount of testing time.
Generally, as temperature increased, the melt pool boundaries faded,
while the grain boundaries became more pronounced. At lower tem-
peratures such as 275 °C, the Al;;Ces intermetallics agglomerated and
coarsened slightly and they were still distributed throughout the matrix.
The high magnification BSE micrographs in Fig. 7(a) indicated that
spheroidization of some Alj;Ces intermetallics occurred within the melt
pool, yet the size of them remained in the nanometer range. The
coarsening of the Al;;Ces intermetallics due to Ostwald ripening was
more pronounced along the grain boundaries as the temperature
increased. The high magnification BSE micrograph in Fig. 7(f) of crept
specimen at 400 °C showed that some of the larger intermetallics grew to
approximately 2-3 pm in diameter, particularly along the grain
boundary. The rapid grain boundary diffusion contributes to the faster
coarsening rate of the intermetallics along the grain boundary than
within the grains.

In all crept specimens, the region along grain boundaries appeared
darker than the grain interior compared to the as-built state as shown in
Fig. 7. EDS was performed within the grains, at the Al;;Ces intermetallic
and at the dark spot along the grain boundary. The EDS results indicated
that there was a deficit of Ce in the darker area near the grain boundary
region, so that the region along the grain boundaries is nearly pure Al
decorated by coarsened Alj;Ces intermetallics after creep deformation.
Some of these Ce-depleted region are nearly 4-5 pm in width across the
grain boundary, as shown in Fig. 7. It is also noticed that these regions
align preferentially along the vertical grain boundaries, which formed
nearly parallel to the build direction. Since the compressive stress was
applied out of plane in Fig. 7, the Ce-depleted region is perpendicular to
the compressive stress and thus their thickening corresponds to the
lateral expansion direction of the crept specimen. This indicates that
there is migration of Al atoms toward the vertical grain boundaries. The
microstructure is similar to denuded zone that was observed in other
materials, such as Mg-rare earth alloys [29,30] and superalloys [31,32],
that undergo creep deformation. The exact formation mechanism of
denuded zones remains debatable [33], but is believed to be induced by
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directional diffusion flow [34] or grain boundary sliding/migration
during the creep deformation [34]. In the present crept specimens that
underwent incremental levels of stress and thus different deformation
mechanisms, it is difficult to clarify the mechanisms until further dedi-
cated experiments are performed.

Fig. 8 present the EBSD inverse pole figure maps (IPF-Z) of the as-
built specimen and specimens tested at 325 and 400 °C. Similar to
many other LPBF Al alloys, Al-10Ce alloy developed a microstructural
and crystallographic texture. In the as-built specimen, microstructural
texture can be observed by the general columnar grain morphology,
which formed a fan-like structure within the melt pool and mainly
aligned with the build direction. The corresponding pole figures indicate
aweak cube texture as manifested by the concentrated contours near the
north and south poles in the (001) pole figure. Similar information can
be seen from the inverse pole figures with respect to the specimen di-
rections. This indicates that some of the crystallographic <001> ori-
entations of the as-built Al-10Ce alloy preferentially grow toward the
build direction because of the strong thermal gradient along the build
direction during the cooling process.

Compared to the as-built specimen, the grains in the crept specimens
are still primarily columnar in shape with their long edges aligned
closely to the build direction. Fig. 9 shows the grain size distribution of
the three specimens, which indicates little difference between the three
specimens. The average grain diameters in terms of equivalent area are
23.4, 24.9 and 24.6 pm for the as-built specimen, specimen tested at
325 °C for 508 h, specimen tested at 400 °C for 363 h, respectively. The
average aspect ratio of the grain is 0.42, 0.45 and 0.48, respectively.
Both the average grain size and aspect ratio only increased slightly after
prolonged creep test, indicating that grain growth or dynamic recrys-
tallization was negligible in the Al-10Ce alloy.

After creep deformation, the pole figures and inverse pole figures
remain nearly the same with little changes in the density distribution.
This indicates that no major changes in grain orientation distribution
occurred during creep deformation, which is consistent with the
observation that grain size and shapes also remained stable.

The Vickers hardness of all specimens is listed in Table 1. All crept
specimens showed a reduction in hardness value compared to the as-
built specimen, for example, the hardness decreased by 40% after
creep deformation at 400 °C for 363 h. This can be attributed to loss of
fine eutectic structure due to coarsening. As a comparison, the hardness
of 58.9 for the specimen crept after 363 h of 400 °C was still more than
50% higher than the hardness of the as-cast Al-12.5Ce alloy [23].

Fig. 6. Backscatter electron micrographs of the crept specimens: (a) 275 °C and 705 h, (b) 300 °C and 390 h, (c) 325 °C and 508 h, (d) 350 °C and 200 h, (e) 375 °C
and 253 h, (f) 400 °C and 363 h. The compressive loading direction is out of plane as indicated in the upper right corner.
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Fig. 7. High magnification backscatter electron micrographs of the crept specimens: (a) 275 °C and 705 h, (b) 300 °C and 390 h, (c) 325 °C and 508 h, (d) 350 °C and
200 h, (e) 375 °C and 253 h, (f) 400 °C and 363 h. The compressive loading direction is out of plane as indicated in the upper right corner.

4. Discussions

For the first time, this study measured the minimum creep strain rate
and investigated the microstructural evolution during creep for the LPBF
binary near-eutectic Al-10Ce alloy, which provides a benchmark creep
property for Al-Ce based alloys manufactured by LPBF. Comparisons to
the creep property of other cast or LPBF Al alloys will be discussed and
development of creep resistant Al-Ce alloys will be suggested.

4.1. Compared to cast Al-Ce alloys

Cast Al-Ce based alloys showed excellent castability and decent
strength, and could potentially be a substitute for Al-Si based alloys for
automotive applications. Several recent studies have reported their
creep properties and selected results are summarized in Table 3. Fig. 10
(a) presents the creep strain rate measured at 300 °C superimposed with
that of the LPBF Al-10Ce at same temperature from this study. Liu. et.al.
[23] studied the cast Al-12.5Ce, which is near-eutectic but has a slightly
higher Ce content than this study. At relatively low stresses, the differ-
ence of the strain rates between the LPBF and cast alloys is small,
indicating that the diffusional creep deformation due to vacancy or
atomic diffusion occurs at a similar rate through the lattice or the grain
boundary. However, it is observed that the LPBF alloy is more creep
resistant than the cast alloy as the stress magnitude increases. At stress of
about 55 MPa, the strain rate is almost two orders of magnitude lower in
the LPBF alloy. This indicates that the fine and uniformly distributed
Al;;Ces intermetallics in LPBF alloys are more effective than the blocky
Aly;Ces intermetallics in cast alloys in inhibiting the dislocation move-
ment when the dislocation creep dominates.

With additional alloying elements, some higher-order cast Al-Ce
alloys show improved creep resistance. With addition of 5 wt% Ni, Wu
et al. showed that the improved creep resistant in cast near-eutectic
Al-10Ce-5Ni alloy can be attributed to the enhanced load transfer
from increased volume fraction of intermetallics [11]. Cast
Al-12Ce-0.4Sc alloy showed lower creep strain rate than the LPBF
Al-10Ce alloy. Yi et al. showed that the addition of Sc results in uniform
distribution of Al3Sc precipitates and introduces additional lattice misfit
strain that inhibits the dislocations to climb [35]. Compared to the
Al-7.3Ce-0.22Sc-0.09Zr alloy [36], both alloys showed similar diffusion
creep strain rates at low stresses, while their strain rate curves crossed
over due to the higher stress exponent in the cast
Al-7.3Ce-0.22Sc-0.09Zr alloy. However, the LPBF alloy outperforms the
cast hypoeutectic Al-6.9Ce-9.3 Mg [24] despite its strong solid solution

strengthening from Mg. It was observed that the hypoeutectic compo-
sition consists of large areas with fast creeping Al-Mg solid solution
matrix, which contributes to the inferior creep property. In contrast, the
LPBF Al-10Ce consists of a uniform eutectic microstructure throughout
the matrix without any weak regions. Similarly, the LPBF also is more
creep resistant than the hypoeutectic Al-6Ce-3Ni-0.7Fe alloy [37].
Despite its overall higher volume fraction of intermetallics, the alloy has
weaker Al dendrites and coarser intermetallics than the LPBF binary
alloy. Overall, it seems that more volume fraction of intermetallics and
formation of precipitates increase the stress exponent.

4.2. Compared to LPBF Al-Ce alloys

The creep study on Al-Ce based alloys manufactured by LPBF has
been limited up to date, and the minimum strain rate of them is pre-
sented in Fig. 10(b). Rakhmonov et al. [25] reported the creep behavior
of LPBF Al-7Ce-8Mg alloy, which is inferior to LPBF Al-10Ce alloy
especially as the stress magnitude increases. Although room tempera-
ture strength of LPBF ternary Al-Ce-Mg is higher than binary Al-Ce
alloy [21,22,25,42], the rapid diffusing Al-Mg solid solution may
facilitate the dislocation climb over the fine precipitates at high tem-
perature, and thus lowers the creep resistance. Michi et al. reported the
creep property of LPBF quaternary Al-10.5Ce-3.1Ni-1.2Mn [26]. With
the addition of Ni and Mn, the quaternary alloy outperforms the binary
composition with a much lower strain rate at higher stresses. The much
higher volume fraction of submicron intermetallics in the quaternary
alloy compared to the binary alloy (~35% [26] vs. ~11.8% [19]) ac-
counts for its high strength and creep resistance.

4.3. Compared to LPBF AlSi10Mg alloys

AlSi10Mg alloy is currently the benchmark Al alloy extensively used
in LPBF. This alloy also has a near-eutectic composition and generally
forms a fine cellular microstructure in the as-built state. The small
amount of Mg (<0.5 wt%) will contribute to the strength through pre-
cipitation hardening after T6 heat treatment [43,44], which leads to a
higher room temperature tensile strength than LPBF Al-10Ce alloy.
However, the rapid diffusion of Si and Mg in Al matrix results in rapid
coarsening of the microstructure and precipitates, which deteriorates
the high temperature property of AlSi10Mg alloy [45]. Several studies
reported the creep property of LPBF AlSi10Mg alloys recently. Fig. 10(c)
summarizes the minimum strain rate vs. stress for LPBF AlSi10Mg alloys
found in literature, where the testing conditions expand over a wide
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Fig. 8. Inverse pole figure maps with respect to the Z direction (IPF-Z) for (a) as-built specimen and crept specimens tested at (b) 325 °C for 508 h and (c) 400 °C for
363 h. The corresponding (100) (110) and (111) pole figures are shown below the IPF-Z maps.

range of temperatures and stresses. The minimum strain rate for the
LPBF Al-10Ce measured from this study at 300 °C is superimposed for
comparison. At 300 °C, the minimum strain rate of LPBF Al-10Ce is one
to two orders of magnitude lower than that of the LPBF AlSi10Mg
measured by Glerum et al. [38] and Fiedler et al. [41]. It is noted that the
creep test from Glerum et al. [38] is highly comparable to this study:
both studies measured the compressive minimum strain rates perpen-
dicular to the LPBF build direction. The stress exponent n is generally
higher in LPBF AlSi10Mg alloy, regardless of the measuring range.
Glerum et al. [38] and Fiedler et al. [41] reported a stress exponent of
approximately n = 10-13 and n = 7-8, respectively, which is slightly
higher than that of Al-10Ce within similar stress range. Paoletti et al.
[39] and Uzan et al. [40] reported n = 18~25 for AlSi10Mg alloy, which
is measured at a much lower temperature and very high stress range.
Furthermore, breakdown of the Si cellular network [38-40] was
observed even after crept at lower temperature and shorter duration
compared to the current study. The Si coarsens into blocky particles with
2-3 pm in size after 1 month of exposure to 260 °C [38], yet Fig. 7 shows

that Al;;Ces remains submicron in size after 1 month of exposure to
275 °C. Both the low solubility and slow diffusivity of Ce in Al contribute
to the slow coarsening rate in Al-10Ce alloy. Overall, binary LPBF
Al-10Ce alloy, despite lacking strengthening precipitates compared to
LPBF AlSi10Mg, still exhibits superior creep deformation resistance and
microstructural stability at high temperatures.

4.4. Alloy development

Based on the results of this study and comparisons with recent
literature, several general implications can be deduced for developing
and manufacturing creep-resistant Al-Ce based alloys. First of all,
refining the intemeratllics can improve the creep resistance. The LPBF
with significantly faster cooling rate promotes the refinement of Al-Ce
based intemetallics compared to the cast alloys [19,21,22,37,46], and
thus improve the creep resistance by impeding the dislocation move-
ment. Fortunately, of all the Al-Ce-based alloy investigated by LPBF up
to date, all of them exhibit an outstanding printability without any
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Fig. 9. Grain size distribution for as-built specimen and crept specimens tested
at 325 °C for 508 h and 400 °C for 363 h.

evidence of solidification cacking [12,19-22,25,26,42,46-48]. It is
noted that most of them are based on either binary or ternary eutectic or
hypoeutectic compositions that inherently have low cracking tendency
[18]. Second, increasing the volume fractions of the intermetallics can
further improve the creep resistance by slowing down dislocation creep
and providing load transfer. Some transition alloying elements such as
Ni, Mn and Fe have been shown to increase the volume fraction of in-
termetallics in Al-Ce alloys [20,26,37]. They either form higher order
intermetallics together with Ce or simply form other intermetallics
without Ce. These complicated intermetellics are a result of various
solidification reactions during the solidification process, and more
thermodynamic modeling and precipitates characterizations are still
needed to understand them. Another approach to increase the volume
fraction of intermetallics is to increase the Ce concentration to possibly
the hypereutectic range, which has not been explored up to date. Yet, the
effect of the increased volume fraction of intermetallics on the creep
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ductility remains to be evaluated. Thirdly, elements including Sc and Zr
among others that form AlsX type of precipitates with L1y crystal
structure can also be beneficial to creep property of Al-Ce alloy through
Orowan strengthening [36]. Currently no ternary Al-Ce-Sc or Al-Ce-Zr
intermetallics have been reported, therefore it is expected that alloying
of Sc or Zr either goes into solid solution or forms AlsX precipitates [49,
50]. On the other hand, LPBF Al alloys with Sc and Zr have shown
significantly refined grains [16,51,52], which may negatively impact
the creep property as the grain boundary area increases. Further
research is still needed to understand the extent of potential grain
refinement in Al-Ce alloy by Sc and Zr addition and its effect on creep
property. Last but not least, certain alloying elements such as Mg may
need to be restricted in creep-resistant Al-Ce alloys. Research has shown
that Mg increases the room temperature strength at the sacrifice of
ductility [10,22]. However, at high temperature, the rapid diffusivity of
Mg in Al accelerates the creep rate by promoting the diffusion creep and
dislocation climb creep [24]. The primary Al-Mg solid solution phase
particularly in hypoeutectic Al-Ce-Mg alloy is the creep-weak region
that lowers the overall creep-resistance [24]. Additionally, high con-
centration of Mg has been observed to degrade the printability of Al-Ce
alloy due to excessive vaporization and slag generation associated with
its high vapor pressure [21,22].

5. Summary

The study investigated the microstructural evolution and creep
property of a near eutectic binary Al-10Ce alloy manufactured by LPBF
for the first time, which serves as a benchmark alloy for future devel-
opment of creep-resistant alloy based on Al-Ce compositions. The main
findings are summarized below.

e As-built Al-10Ce alloy exhibited columnar grains having an average
equivalent diameter of approximately 23 pm. The long axis of the
grains aligned closely to the build direction and showed a weak cube
texture. The microstructure consisted of eutectic Al + Al;;Ces with
fine Aly;Ces intermetallics in the nanometer size range. The micro-
structure along the melt pool boundary is slightly coarser than that
within the melt pool.

Compressive creep tests with incremental stresses were performed on
LPBF Al-10Ce alloy between 275 and 400 °C. The stress exponent
was n = 1 at low stress regime indicating diffusion creep, and n =
5-7 at high stress regime indicating dislocation creep. The average
activation energy was approximately 229 kJ/mol-K in the tempera-
ture between 275 and 375 °C. Compared to the cast Al-Ce alloy with

Table 3
Creep stress exponent and activation energy for various cast and LPBF Al-Ce based alloys and LPBF AlSi10Mg alloy from literature.
Alloy Temperature Stress Stress Activation energy Approximate stress resulting in a 1077 Reference
“Q (MPa) exponent, n (kJ/mol-K) s~ ! strain rate at 300 °C

Al-10Ce 275-400 3-110 5-7.5 231 41 LPBF, this study

Cast Al-12.5Ce 260-350 12-70 9-11 215 31 Liu, as-cast, compressive [23]

Al-10Ce-5Ni 300 20-70 12 N/A 45 Wu, as-cast, compressive [11]

Al-12Ce-0.4Sc 300 55-80 23-32 N/A 66 Yi, cast and aged, tensile [35]

Al-6.9Ce-9.3 Mg 300-400 5-66 4-5 246 16 Ng, compressive [24]

Al-6Ce-3Ni-0.7Fe 300 20-58 12 N/A 31 Wu, as-cast, compressive [37]

Al-7.3Ce-0.22Sc-0.09Zr 300 20-65 16-18 N/A 46 Ekaputra, as-cast, compressive
[36]

Al-6.9Ce- 0.027Sc- 300 20-48 11-13 N/A 31 Ekaputra, as-cast, compressive

0.20Zr-0.017Er [36]

Al-7.3Ce-7.7 Mg 300 10-50 8.5 N/A 32 Rakhmonov, LPBF and aged,
compressive [25]

Al-10.5Ce-3.1Ni-1.2Mn 300-400 10-80 6-12 189-264 N/A (>80) Michi, LPBF, tensile [26]

AlSi10Mg 260-300 10-70 6-13 256 19 Glerum, LPBF, compressive
[38]

AlSi10Mg 150-205 125-300 18-24 200 N/A Paoletti, LPBF, tensile [39]

AlSi10Mg 225-300 117-147 25 146 N/A Uzan, LPBF, tensile [40]

AlSi10Mg 300 18-53 7-8 N/A 18 Fiedler, LPBF, compressive

[41]
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Fig. 10. Minimum creep strain rate (¢) as a function of stress in a log-log plot for (a) various cast Al-Ce-based alloys tested at 300 °C [11,23,24,35-37], (b) various LPBF
Al-Ce-based alloys tested at 300 °C [25,26], (c) LPBF AlSi10Mg alloys tested at various temperatures [38-41].

similar composition, LPBF Al-10Ce has much lower minimum creep
strain rates especially as the stress increases. Compared to the LPBF
AlSi10Mg alloy, the minimum creep strain rate is nearly two orders
of magnitude lower in LPBF Al-10Ce alloy. LPBF Al-10Ce alloy is
also more creep resistant than cast and LPBF ternary Al-Ce-Mg al-
loys, suggesting Mg may be detrimental to creep resistance in Al-Ce
alloy. The quaternary LPBF Al-10.5Ce-3.1Ni-1.2Mn alloy is more
creep resistant than the LPBF Al-10Ce alloy, suggesting higher vol-
ume fraction of intermetallics due to alloying of Ni and Mn is
beneficial to creep resistance.

The LPBF Al-10Ce alloy is thermally stable after long time creep
testing. The melt pool boundary faded while the grain boundaries
were more pronounced as creep temperature increased. The grain
size, distribution and crystallographic texture remained relatively
unchanged, indicating little dynamic recrystallization at tempera-
tures up to 400 °C. The Al;;Ces intermetallics slightly coarsened to
different levels depending on the temperature, both within the grains
and along the grain boundary.
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