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Abstract: Al-Ni-Cu alloys are used in energy, automotive, and aerospace industries because of their
excellent mechanical properties, corrosion resistance, and high-temperature stability. In this study,
Al-Ni-Cu alloy powder was subjected to selective laser melting (SLM). The SLM Al-Ni-Cu alloy
was manufactured using appropriate printing parameters, and its properties were investigated. The
results revealed that the As-printed material exhibited a typical melting pool stack structure, with
an ultimate tensile strength of 725 MPa but a high brittleness effect (low ductility). After traditional
heat treatment, the melting pool structure did not completely disappear. The strengthening phase
Al;Cup3Ni precipitated from the boundary of the melting pools; thus, the Al-Ni-Cu alloy maintained
high strength (>500 MPa) and considerably increased ductility (>10%). The SLM Al-Ni-Cu alloy has
considerable industrial application potential; therefore, increasing the heat treatment temperature or
extending the heat treatment time in the future works can promote the decomposition of the melting
pool boundary and solve the problem related to the aggregation behavior of the precipitation phase,
thereby improving the fatigue life of the alloy.
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1. Introduction

The Al-Ni-Cu alloy is a novel aluminum alloy that is often used in the automotive,
energy, and aerospace industries because its Al3Ni eutectic phase exhibits excellent thermal
stability [1-3]. The mechanical properties of Al-Ni alloys in the conventional casting process
are poor due to casting segregation. However, studies have indicated that the mechanical
properties of Al-Ni alloys can be improved through heat treatment [3-9]. Suwanpreecha
et al. [3] doped up to 0.4 wt.% Sc in the cast Al-Ni alloy to improve the hardness and high-
temperature stability without destroying the eutectic structure. Peng et al. [9] revealed
that directional solidification effectively improves the tensile strength and elongation of
the aforementioned alloy. The limited mechanical properties of Al-Ni alloys inhibit their
application. Therefore, in this study, Cu was added to an Ai-Ni alloy to form Al-Ni-Cu alloy
powder and the additive manufacturing method was used to investigate the structural
characteristics and destruction resistance of the Al-Ni-Cu alloy.

The selective laser melting (SLM) process used in this study is additive manufac-
turing technology. In the SLM process, high-power laser selective scanning is used to
melt metal powder. Subsequently, rapid solidification is conducted with a high cooling
rate to ensure adherence to the previous layer [10-12]. The SLM process exhibits the
advantages of cost-effective mold development, the manufacturing of complex geometric
shapes, customization, and high dimensional accuracy [12-15]. The SLM process is typi-
cally applied to aluminum alloys, such as Al-Si-Mg [12,16-18], Al-Mg-Sc-Zr [19-21], and
7075 aluminum alloys [22,23]. Al-Ni alloys exhibit excellent fluidity [3] and are suitable
for the SLM process. In addition, the SLM process is also widely used in titanium-based
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and nickel-based alloys [10,11,13-15,24-26]. However, limited studies have been con-
ducted on SLM AI-Ni alloys. Boussinot et al. [27] reported the eutectic microstructure
of SLM AI-Ni alloys changes when adjusting the nickel concentration and solidification
rate. No relevant study has reported on SLM Al-Ni-Cu alloys. Some reports have in-
dicated that heat treatment can improve the mechanical properties of SLM aluminum
alloys. Churyumov et al. [28] revealed that annealed SLM Al-Mg-Sc alloys exhibit excel-
lent strength and ductility. Knoop et al. [29] revealed that aging treatment parameters
considerably affect the tensile strength of SLM Al-Si-Mg alloys.

Therefore, this study applied the solid solution and aging heat treatment conditions
of typical aluminum alloys to an SLM Al-Ni-Cu alloy to improve the brittleness effect
of the SLM Al-Ni-Cu alloy (low elongation) and to investigate its microstructure, tensile
mechanical properties, and fatigue failure characteristics before and after heat treatment.
Studies of the mechanical properties and fatigue failure mechanism of SLM Al-Ni-Cu alloy
are currently quite rare. Furthermore, the SLM Al-Ni-Cu alloy with high fracture resistance
has considerable potential in the aerospace field. The establishment of aforementioned
information is critical for SLM Al-Ni-Cu alloy industrial application. The results revealed
that conventional treatment conditions of aluminum alloys are unsuitable for SLM Al-
Ni-Cu alloys and that the fatigue failure characteristics can provide references for SLM
industrial applications.

2. Experimental Procedure

An SLM Al-Ni-Cu alloy was manufactured in the study. The printing parameters and
chemical composition are listed in Tables 1 and 2, respectively. The printing parameters
of this study are referred to in Chen’s article [13]. The main additives were 3.8—4.2 and
1.9-2.2 wt.% nickel and copper, respectively. Furthermore, other elements were added to
the alloy in small quantities. The average particle size of the powder was 35 um (powder
manufactured by electrode induction-melting inert gas atomization, EIGA, provided by
Taiwan Circle Metal Powder Co., as displayed in Figure 1). X-ray diffraction (XRD) analysis
indicated that in addition to the aluminum matrix, the alloy powder contained Al;Cuy3Ni,
AlCus, and AI3Ni. The manufacturing direction and the dimensions of the tensile and
fatigue specimens are illustrated in Figure 2a—c. The BD (building direction) was perpen-
dicular to the incident laser beam, and the SD (side direction) was parallel to the incident
laser beam. After printing, the specimen was removed from the support table through
electrical-discharge-machining wire cutting, as displayed in Figure 2d. To speed up the
experiments, the diameter of the fatigue test pieces was limited to 6 mm. Additionally, for
the purpose of simulating real applications and reducing stress concentration, cylindrical
specimens were used.

Table 1. Parameters of the selective laser melting (SLM) process.

Laser Power Scanning Speed Beam Size Hatch Space Layer Thickness
300 W 700 mm/s 35 um 100 um 30 um

Table 2. Composition of the SLM Al-Ni-Cu alloy powder.

Element Ni Cu Fe Mn Zyx Cr Sc
wt.% 3.8-4.2 1.9-2.2 1.2-1.5 0.6-0.8 0.6-0.8 0.45-0.55 0.12-0.2

Element Mg Zn Ti Sn A% Be Pb
wt.% <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
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Figure 1. SEM and XRD analysis of the Al-Ni-Cu alloy powders.
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Figure 2. Schematic of the specimen of the Al-Ni-Cu alloy: (a) manufacturing direction, (b) tensile specimen, (c) fatigue
specimen, and (d) macroscopic morphology photographs.

The SLM AI-Ni-Cu alloy is named the As-printed alloy. The original specimen was
subjected to traditional T6 heat treatment [30-33], which involved solution heat treatment
at 530 °C for 1 h, followed by water quenching. Next, the specimen was subjected to aging
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heat treatment for 2, 4, or 6 h to enhance the precipitation strength of the SLM Al-Ni-Cu
alloy. The failure resistance of the specimen before and after heat treatment was compared.
Table 3 presents the specimen codes for various heat treatments.

Table 3. Heat treatment parameters of the Al-Ni-Cu alloy before and after solution treatment.

As-printed
530 °C for1h
530 °C for1hand 175 °C for 2 h
530 °C for 1 hand 175 °C for 4 h
530 °C for 1hand 175 °C for 6 h

mgnNw >

The specimen was first polished with #80 to #5000 SiC sandpaper in sequence, followed
by polishing with 1 and 0.3 pum Al,O3 particles and 0.04 um SiO, particles in sequence.
Finally, etching was performed by using the Keller’s reagent (5 mL HNO3 + 3 mL HCI +
2 mL HF + 190 mL H;O). The microstructure was observed through optical microscopy
(OM; OLYMPUS BX41M-LED, Tokyo, Japan), and the phase composition was analyzed
through XRD (Bruker AXS GmbH, Karlsruhe, Germany).

A universal testing machine (HT-8336, Hung Ta, Taichung, Taiwan) was used for
the tensile test. The crosshead speed at 1 mm/min, which correspondeds to the initial
strain rate of 18.33 x 10~* s~1, was used to investigate the effects of heat treatment on the
mechanical properties of the Al-Ni-Cu alloy. There are 3-5 samples for each test; the mean
value for these samples was taken as the tensile results.

Finally, a rotating fatigue testing machine (HUNGTA HT-810, Taichung, Taiwan)
was used to load 7, 12, 17, and 22 kg (corresponding stress of 33.01, 56.59, 80.17, and
103.75 kg/mm?, respectively) to test the strength of the Al-Ni-Cu alloy. The fatigue charac-
teristics of the Al-Ni-Cu alloy were compared with the stress—-number (S-N) of cycles to
failure curve. The number of cycles to failure was determined by the average of 3-5 rotat-
ing fatigue tests for respective heat treatment parameters. Moreover, the fatigue fracture
surface was observed through scanning electron microscopy (SEM) to confirm the fracture
phenomenon and determine the fracture mechanism.

3. Results and Discussion
3.1. Microstructure Characteristics

Figure 3a,b illustrate the three-dimensional microstructure of the As-printed SLM
Al-Ni-Cu alloy, which exhibits a layered melting pool structure. The width and depth of the
melting pool are approximately 250 um and 50-100 um. Figure 3c,d illustrate the specimen
obtained after solution heat treatment at 530 °C for 1 h and aging heat treatment at 175 °C
for 6 h (specimen E). The specimen still exhibited an obvious melting pool structure, which
indicates that the traditional heat treatment process (530 °C for 1 h and 175 °C for 6 h) [34]
did not completely decompose the melting pool structure. Many long grains were parallel
to the BD direction in the melting pools (Figure 3d).

Figure 4 displays the XRD analysis results of the As-printed alloy subjected to solution
heat treatment at 530 °C for 1 h and aging heat treatment at 175 °C for 6 h. The phase
compositions of the As-printed material and powder were almost the same as those in
Figure 1, which indicated that the rapid solidification process in SLM did not change
the phase composition. In addition to the aluminum matrix, the alloy contained small
quantities of precipitation strengthening phases, including Al;Cuy3Ni, AlCus, and Al3Ni.
After heat treatment, no new precipitates were formed. Compared with the As-printed
specimen, the quantity of Al;Cup3Ni, AlCus, and Al3Ni precipitated in the SLM Al-Ni-Cu
alloy increased after heat treatment.
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Figure 3. Three-dimensional microstructure of the Al-Ni-Cu alloy: (a) As-printed (50 x), (b) As-printed
(100x), (¢) 530 °C for 1 h and 175 °C for 6 h (50x), and (d) 530 °C for 1 h and 175 °C for 6 h (100x).
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Figure 4. XRD pattern of the Al-Ni-Cu alloy before and after solution treatment.

3.2. Tensile Properties and Hardness

To investigate the influence of the microstructure on the mechanical properties, the
hardness and tensile mechanical properties were investigated at room temperature. Figure
5 displays the results of hardness measurement (HRF). No significant difference was
observed in the hardness between the As-printed specimen and the specimen obtained
after solution heat treatment (530 °C for 1 h) and various aging treatments (175 °C for x h,
x =2,4, and 6). The hardness was approximately HRF95. This result indicated that the
As-printed SLM Al-Ni-Cu alloy had high hardness. The precipitation strengthening effect
of Al;Cuy3Ni is less than decreasing of solid solution strengthening, resulting in decreasing
in hardness. The trend is the same as research of Gao et al. [35]. Thus, the traditional
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heat treatment process could not effectively improve the hardness of the SLM Al-Ni-Cu
alloy matrix.
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Figure 5. Hardness of the Al-Ni-Cu alloy before and after solution treatment.

Figures 6 and 7 illustrate the macroscopic fracture surface and tensile mechanical
properties of the SLM Al-Ni-Cu alloy, respectively, at room temperature. The As-printed
(specimen A) Al-Ni-Cu alloy UTS exhibited a mechanical strength of 725 MPa, which is
considerably higher than that of other aluminum alloys obtained through SLM and the
traditional manufacturing process [9,18,19,21,36]; however, the elongation of the As-printed
alloy was only 3.1%. After solution heat treatment (530 °C for 1 h), the strength decreased
but the elongation increased considerably. Similar results were obtained after aging (175 °C
for x h, x =2, 4, and 6); however, the strength decreased (UTS: 725 — 550 MPa) and ductility
increased (EL: 3% — 10%). Table 4 presents the hardness and mechanical properties of
the As-printed specimen and heat-treated specimen. The specimen subjected to solution
heat treatment at 530 °C for 1 h and aging heat treatment at 175 °C for 6 h (specimen E)
exhibited the best combination of strength and ductility. Therefore, the rotation fatigue
characteristics of the As-printed (specimen A) specimen and specimen E were compared.
According to previous studies [37,38] and the results illustrated in Figure 3, conventional
heat treatment has the following effects on the SLM Al-Ni-Cu alloy structure: (1) local
decomposition of the melting pool boundaries, (2) long grains formation in the area of the
melting pool, and (3) aggregation of precipitated phases near the boundary of the melting
pool. Melting pool structure caused by the rapid cooling in the SLM process can hinder
the movement of dislocation and has high strength. Heat treatment locally decomposed
the melting pool boundaries, resulting in the easy movement of dislocation. Thus, the
SLM Al-Ni-Cu alloy subjected to conventional heat treatment exhibited two mechanical
properties: (1) high hardness and reduced residual stress [12] and (2) increased elongation.
After traditional heat treatment, the tensile strength decreased; however, excellent strengths
of approximately 550 and 370 MPa were maintained for UTS and YS, respectively. The
main cause of the texture effect (advantage) at the boundary of the melting pool was that
Al;CupsNi, AlCu3, and Al3Ni exhibited nonuniform precipitation (defects).
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Figure 6. Tensile test of the Al-Ni-Cu alloy before and after solution treatment: (a) macroview of the

fracture specimen and (b) stress—strain curve.

Table 4. Tensile properties and hardness of the Al-Ni-Cu alloy before and after solution treatment.

- YS (MPa) UTS (MPa) UE (%) TE (%) HRF
A 578 725 3.1 3.1 104
B 373 537 9.8 10.3 97
C 352 540 9.2 9.7 95
D 376 527 8.9 9.4 96
E 378 550 10.1 10.4 95
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Figure 7. Tensile properties of the Al-Ni-Cu alloy before and after solution treatment: (a) strength

and (b) ductility.

3.3. Fatigue Characteristics

The macrofracture morphology and S-N curve of the As-printed specimen (specimen
A) subjected to solution heat treatment at 530 °C for 1 h and aging heat treatment at 175 °C
for 6 h (specimen E) are displayed in Figures 8 and 9, respectively. Under various loads,
the fracture section of the As-printed specimen was flat without large-area cracks. After
heat treatment, the SLM Al-Ni-Cu alloy exhibited a saw-tooth fracture surface (Figure 8).
Critically, the fatigue resistance of the SLM Al-Ni-Cu alloy decreased considerably after

heat treatment (Figure 9). The fatigue life values are listed in Table 5.

Table 5. Fatigue resistance of the Al-Ni-Cu alloy before and after solution treatment.

Load (kg) Stress (kg/mm?) N (Number of Cycles to Failure)
As-printed
7 33 26090
12 56.6 4811
17 80.2 4936
22 103.7 2591
530 °C for 1 h and 175 °C for 6 h
7 33 6767
12 56.6 3754
17 80.2 2436
22 103.7 1204
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Figure 8. Macroview of the fatigue fracture of the Al-Ni-Cu alloy before and after solution treatment:
(a) As-printed and (b) 530 °C for 1 h and 175 °C for 6 h specimen.
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Figure 9. S-N data of the Al-Ni-Cu alloy before and after solution treatment.
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Figure 10 displays the characteristics of the fatigue fracture section before and after
heat treatment. The difference between the crack propagation region and the final crack
region are clearly distinguished from the macrostructure, and both can be observed under
SEM; furthermore, the fracture morphology of the two specimens in the two regions
differed considerably [39]. The macroscopic fractured section of the As-printed material
was flat and had larger undulations after heat treatment. Figure 11ab display high-



Metals 2021, 11, 87 10 0of 13

magnification SEM images of the crack propagation region and final crack region of the
As-printed specimen, respectively. The crack propagation region is small and exhibits
parallel stripes, whereas the final crack region is large and exhibits a wavy dimple fracture
morphology. Figure 11c,d display the crack propagation and final crack regions of the heat-
treated specimen, respectively. Compared with the As-printed specimen, the specimen
obtained after heat treatment had a larger crack propagation region, flatter fracture surface,
and a final crack region with less obvious fluctuations. Overall, the heat-treated specimen
exhibited brittle fracture characteristics. Notably, the SLM Al-Ni-Cu alloy heat-treated
specimen (specimen E) had a tensile elongation of approximately 10% and underwent
brittle failure in the fatigue test [40].

Figure 10. Macrostructure of the fatigue fracture of the Al-Ni-Cu alloy before and after solution
treatment (load: 17 kg): (a) As-printed and (b) 530 °C for 1 h and 175 °C for 6 h.

Figure 11. Microstructure of the fatigue fracture of the Al-Ni-Cu alloy before and after solution treatment (load: 17 kg):
(a) crack propagation region of As-printed, (b) final crack region of As-printed, (c) crack propagation region of 530 °C for
1hand 175 °C for 6 h, and (d) final crack region of 530 °C for 1 h and 175 °C for 6 h.
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Al;CupsNi, AlCus, and Al3Ni were the precipitation strengthening phases, which
increased the ductility of the Al-Ni-Cu alloy and caused it to retain a certain strength after
heat treatment. Al;CupsNi precipitated at the junction of the melting pool. According
to the XRD results, the peak near 45 degree increased significantly after heat treatment.
Combined with the observation of the microstructure, it was inferred that Al;Cu,3Ni was
the main strengthening phase and preferentially precipitated at the grain boundary [22,41].
Therefore, Al;Cuy3Ni failed to delay the propagation of fatigue cracks during the fatigue
test. The boundary of the original melting pool became the starting point of the fracture
that formed a large region of crack propagation, which resulted in a decrease in the fatigue
resistance of the specimen after heat treatment. The crack propagation region of the As-
printed material was smaller and less susceptible than that of the heat-treated sample was.
However, its ductility was poor. The material resisted repeated stress damage due to the
original high strength. Thus, the material had superior fatigue resistance. The texture effect
of the melting pool before and after heat treatment on tensile failure and fatigue failure is
displayed in Figure 12.

Figure 12. Schematic of the force direction and texture effect before and after heat treatment: (a) tensile
failure of As-printed, (b) fatigue failure of As-printed, (c) tensile failure of heat-treated, and (d) fatigue
failure of heat-treated.

This study confirmed that the alloy subjected to solution heat treatment at 530 °C for
1 h and the aging heat treatment at 175 °C for 6 h was affected by the texture effect and
precipitation behavior of the residual melting pool boundary, which reduced the fatigue life
of the alloy. The As-printed material exhibited a high yield strength. Although its ductility
was low, the aforementioned material still exhibited a high fatigue life. Therefore, this
system should deviate from the conventional aluminum alloy heat treatment conditions and
have higher solution temperature and reaction time. The modified conditions caused the
melting pool structure to completely disappear. Thus, uniform precipitation strengthening
can be used to expand the applicability of SLM Al-Ni-Cu alloys.
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4. Conclusions

1. The SLM Al-Ni-Cu alloy exhibited typical melting pool stacking characteristics.
The base contained Al;Cuy3Ni, AlCu3, and Al3Ni precipitates, and the tensile mechanical
properties of the aforementioned alloy, were superior to those of conventionally cast
Al-Ni alloys.

2. The heat treatment process caused the partial decomposition of the melting pool
boundary in the SLM Al-Ni-Cu alloy structure. Long grains were formed in the melt-
ing pool area, and the precipitated phases aggregated near the melting pool boundary.
Therefore, the tensile strength decreased and the elongation considerably increased.

3. Heat treatment promoted Al;Cuy3Ni precipitation at the boundary of the Al-Ni-Cu
alloy melting pool. A texture effect still existed at the boundary of the melting pool, which
resulted in the heat-treated SLM Al-Ni-Cu alloy exhibiting excellent elongation and brittle
fatigue failure.
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