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Abstract: Additive manufacturing (AM), for example, directed energy deposition (DED), may allow
the processing of self-healing metal–matrix composites (SHMMCs). The sealing of cracks in these
SHMMCs would be achieved via the melting of micro-encapsulated low melting point particulates
(LMPPs), incorporated into the material during AM, by heat treatment of the part during service.
Zn-Al alloys are good candidates to serve as LMPPs, for example, when the matrix of the MMC
is made of an aluminum alloy. However, such powders should first be encapsulated by a thermal
and diffusion barrier. Here, we propose a sol–gel process for encapsulation of a custom-made ZA-8
(Zn92Al8, wt.%) core powder in a ceramic alumina (Al2O3) shell. We first modify the surface of the
ZA-8 powder with (12-phosphonododecyl)phosphonic acid (Di-PA) hydrophobic self-assembled
monolayer (SAM) in order to prevent extensive hydrogen evolution and formation of non-uniform
and porous oxide/hydroxide surface layers during the sol–gel process. Calcination for 1 h at 500 ◦C
is found to be insufficient for complete boehmite-to-γ(Al2O3) phase transformation. Thermal stability
tests in an air-atmosphere furnace at 600 ◦C for 1 h result in melting, distortion, and sintering into
a brittle sponge (aggregate) of the as-atomized powder. In contrast, the core/shell powder is not
sintered and preserves its spherical morphology, with no apparent “leaks” of the ZA-8 core alloy out
of the ceramic encapsulation.

Keywords: electroless deposition; boehmite; alumina; core–shell powder; thermal barrier coating;
diffusion barrier; low melting point particulates; self-healing; additive manufacturing

1. Introduction

The field of self-healing materials has been dominated by polymer-based materials,
mainly because chemical reactions in polymers produce a significant energy release and
massive diffusional processes. These are feasible even at room temperature, thus allowing
the design of self-healing agents that are autonomously activated and transported to sites
of damage localization [1,2].

Most structural metals degrade via irreversible mechanisms such as fatigue, creep,
wear, etc. All of these limit the service lifetime of the component and might lead to
catastrophic failure. The concept of metallic-based self-healing materials has thus attracted
a rapid increase in interest in recent years, yet it is at its infancy. Metallic-based self-
healing materials present various potential advantages over polymer-based self-healing
materials. As opposed to polymer-based self-healing materials, metallic-based materials
can potentially repair the damage of high-strength metallic-based structural parts subjected
to high static loads, dynamic fatigue loading, creep, and serve in extreme environments
and elevated temperatures. Furthermore, the emergence of metallic-based self-healing
materials plays a significant role from a sustainability point of view [1]. The potential
economic and ecological benefits associated with the re-use of structural metallic-based
parts that have been damaged and out of service is tremendous in numerous applications.

The main challenges in facilitating effective healing in metal-based materials include
high melting temperatures, low diffusivities, oxidation, and complex fabrication [3,4].
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Nevertheless, there has been some progress in the development of self-healing met-
als. To date, most research conducted on self-healing metals has focused on either
solid-state diffusional healing of micro-cracks or liquid-assisted healing as a means to
repair macro-cracks.

A potentially attractive processing route for self-healing metal–matrix composites
(SHMMCs) is directed energy deposition (DED) additive manufacturing (AM). Towards
this goal, we have designed the following concept material system: (1) A matrix made
of Al 5xxx alloy (Al alloy series, where Mg is the principle alloying element). We have
already demonstrated the successful DED of an Al 5754-O alloy with high density and good
mechanical properties by Laser Engineered Net Shaping (LENS®) [5,6]. A transition from
an Al 5083 gas atomized powder feedstock to Al 5754 characteristics of the as-deposited
material due to selective evaporation of Mg was reported [5,6]. (2) Shape memory alloy
(SMA) wire reinforcement that will facilitate mechanical crack volume reduction by pulling
the crack together in response to external heating (taking advantage of its shape memory
effect). (3) Micro-encapsulated low melting point particulates (LMPPs), which should not
dissolve in the matrix during AM, but should be melted by heat treating the part during
service, flow into adjacent cracks as a result of the action of capillary forces, and seal the
cracks. The LMPP should be homogenously dispersed in the Al-based powder stock before
printing in order to achieve proper deposition of the MMC.

It is quite challenging to print high-quality Al-based alloys by laser-based AM [5,7].
Relatively high laser energy densities might be required to deposit the Al matrix. However,
this high energy will likely also melt the LMPP, thus forming new phases with unwanted
characteristics, which might prevent successful healing of the matrix. A solution to such
a problem could be to encapsulate the LMPP core powder with: (1) a reflective metallic
shell that will decrease the amount of laser energy absorbed in the LMMP powder during
laser-based AM [8,9], (2) metallic outer shell that will serve as a thermal barrier at high
temperatures [10], or (3) a high-temperature ceramic shell, which will serve as both thermal
and diffusion barrier between the Al-based matrix and the LMPP.

Zn-Al alloys are zinc casting alloys suitable for applications requiring high as-cast
strength, hardness, and wear resistance [8]. Here, we use a core powder with a chemical
composition Zn92Al8 (wt.%), known as ZA-8 [8,11], as an LMPP. This LMPP was selected
based on its physical, metallurgical, and mechanical properties and their match with those
of an Al 5083 matrix (see Table 1).

Table 1. Mechanical and physical properties of the ZA-8 LMPP and an Al 5083-O matrix alloy [12].

Property ZA-8 Al 5083-O

Melting point (◦C) 375–404 571–637
Tensile stress (MPa) 220–425 248–283
Yield strength (MPa) 200–290 110–131

Fatigue strength (MPa) 50–105 64–67
Young’s modulus (GPa) 84–88 70–73.6

Here, we propose a sol–gel process for encapsulation of the ZA-8 core powder in a
ceramic alumina (Al2O3) shell. When a crack propagates through the MMC, the brittle
ceramic shell should be cracked too, allowing the release of melted ZA-8 to seal the crack
during a controlled heat treatment. This type of healing design may allow to facilitate MMC
healing under much lower temperatures (say, ~390 ◦C) than previously reported healing
treatments of Al SHMMC (e.g., 592 ◦C for partial melting of an Al–3Si matrix [13,14]), thus
preventing the degradation of both the SMA reinforcement and the metallic matrix.



Coatings 2021, 11, 1389 3 of 13

2. Materials and Methods
2.1. Powder Synthesis and Characterization

The ZA-8 prealloyed powder feedstock was synthesized by a gas atomization process
by TLS Technik GmbH & Co. Spezialpulver KG (Bitterfeld-Wolfen, Germany), especially
for this study.

Powder characterization was performed to confirm the quality of the custom-made
powders in terms of chemical composition and powder sphericity and size distribution. In-
ductively coupled plasma optical emission spectrometry (ICP-OES, PlasmaQuant PQ9000,
Analytik Jena AG, Jena, Germany) was utilized to determine the chemical composition
of the as-received feedstock powder. The so-obtained chemical composition was given in
Table 1 in Ref. [8]. The particle size distribution (PSD) and sphericity of the as-received
powder was measured using via dynamic image analysis (DIA) using a QICPIC system
with a RODOS/L dry dispersion unit (Sympatec GmbH, Clausthal-Zellerfeld, Germany).
The sample size was 6.1 g, the light source frequency was 400 Hz, and the dispersion pres-
sure was 0.50 bar. In this test, high-speed image analysis is carried out using a pulsed light
source with illumination times of less than 1 ns. The particles are optically frozen while a
high-resolution, high-speed camera captures the particle projections with a frequency of up
to 500 frames per second. An algorithm is then applied to evaluate the captured particles
size distribution and sphericity. Sessile drop (static) contact angle (CA) measurements
were conducted at room temperature (T = 20 ◦C) on powder particles before and after
formation of a self-assembled monolayer (SAM). To this aim, a Krüss DSA25S system with
ADVANCE software ver. 1.7.1.0 (Hamburg, Germany) was used. After placing a 6 µL
deionized (DI) water drop on the surface, the CA was measured three times. Average
values are reported herein.

Metallographic samples for cross-section analysis by both light microscopy and scan-
ning electron microscopy (SEM) were prepared by cold mounting the powder particles
in acrylic resin (Struers, Copenhagen, Denmark), followed by mechanical grinding on
1200, 2500, and 4000 grit SiC papers. Final mechanical polishing was carried out on a cloth
wetted with 1 µm diamond suspension. The morphology of the powder particles and
their local chemical composition were characterized before and after micro-encapsulation
in alumina using a SEM (Quanta 200 FEG, FEI, Waltham, MA, USA) equipped with an
energy-dispersive X-ray spectrometer (EDS, INCA detector, Oxford Instruments, Abington,
UK). X-ray photoelectron spectroscopy (XPS) was used to determine the chemical analysis
and oxidation states at the surface of the ZA-8 powder, before and after encapsulation in
alumina. XPS measurements were performed in UHV (2.5 × 10−10 Torr base pressure)
using 5600 Multi-Technique system (Physical Electronics, Inc. (PHI), Chanhassen, MN,
USA). The samples were irradiated with an Al-Kα monochromated source, and the out-
come electrons were analyzed by a spherical capacitor analyzer using the slit aperture
of 0.8 mm. The samples were analyzed at the surface only, i.e., without sputter cleaning.
Sample charging was compensated with a charge neutralizer, and C1s at 285.0 eV was
taken as an energy reference for all the peaks.

2.2. Application of a SAM on the Surface of the ZA-8 Powder Prior to Deposition of Alumina

The alumina shell was formed in this study by a sol–gel process. However, due to
the very negative electrode potential of Zn, extensive hydrogen evolution accompanies
the dissolution of zinc in aqueous solutions [15]. In addition, non-uniform and porous
oxide/hydroxide surface layers are formed during oxidation reactions in aqueous media,
making it very difficult to apply coatings chemically/electrochemically on zinc and its
alloys. Only recently was a successful electroless deposition of metals on zinc-based
powders demonstrated, for the first time [8,9]. It should be borne in mind that when
scaling-up and working with large batches of powder having a high surface area, serious
hydrogen safety concerns (namely, spontaneous ignition and explosion) might appear.

To address this issue, we first modified the surface of the ZA-8 powder with
(12-phosphonododecyl)phosphonic acid (Di-PA) SAM, following protocols that were de-
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scribed elsewhere [16,17]. This SAM molecule was chosen mainly due to its long hy-
drophobic chain, which will provide a barrier between the zinc surface and the aqueous
solution. At the same time, this molecule can promote bonding to both the ZA-8 powder
and the boehmite shell, thanks to its hydrophilic tail groups. Phosphonate monolayers
were reported to react with the (native) oxide layer at the surface of metals and alloys,
which involves the formation of ionocovalent P–O–M bonds by condensation of P–OH
groups with surface M–OH groups [18]. The ZA-8 powder was immersed in 15 mM Di-PA
in tetrahydrofuran (THF) solution at room temperature for 24 h while stirring the solution,
followed by rinsing in ethanol and drying at 70 ◦C in ambient conditions.

2.3. Sol–Gel Processing of the Alumina Outer Shell

Preliminary experiments with Al-Isopropoxide precursor solution did not yield high-
quality, continuous and adherent shells. In contrast, a precursor solution based on alu-
minum sec-butoxide (ASB, Al[OCH(CH3)C2H5]3) [19] yielded good results, as shown below.
The preparation of the sol–gel solution was based on procedures reported elsewhere [19–21].
In brief, the sol–gel process consisted of two distinct reactions:

(1) Hydrolysis of the alcohol groups at 50 ◦C:

Al(OC 4H9)3 +H2O→ Al(OC 4H9)2(OH) + C4H9OH

(2) Condensation and polymerization of the resulting hydroxyl groups:

2Al(OC 4H9)2(OH) + H2O→ C4H9O–Al–O–Al–OC4H9+2C4H9OH

(3) Finally, a calcination reaction at 400–500 ◦C in air is conducted to convert the boehmite
(aluminum oxide monohydrate, Al2O3·H2O, also known as γ-AlOOH) to alumina:

AlOOH→ γ-Al2O3+H2O

Boehmite is known to form γ-Al2O3 when calcined at 300–500 ◦C, δ-Al2O3 when cal-
cined at 700–800 ◦C, θ-Al2O3 at 900–1000 ◦C, before transforming into α-Al2O3 (corundum)
above 1000 ◦C [22–25].

The process steps were thus as follows:

1. ASB was added to DI water pre-heated to 50 ◦C at a molar ratio of 1:80 under vigorous
mechanical stirring.

2. A small amount of nitric acid was added to maintain the pH of the suspension at ~4.0.
3. The suspension was stirred vigorously for 15 min, until a homogenous sol was formed.
4. The SAM-modified powder was added to the sol, continue vigorous stirring for

15 min.
5. The product was washed employing centrifugation in ethanol.
6. The product was then dried at 100 ◦C for 12 h in air and calcined at 350–500 ◦C for

1 h. Both heating and cooling rates were 1 ◦C/min.

A schematic illustration of both the SAM surface modification process and the ZA-8
powder sol–gel encapsulation process is presented in Figure 1.
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Figure 1. A schematic illustration of the SAM surface modification process (left) and the alumina
sol–gel encapsulation process (right).

3. Results and Discussion
3.1. Characterization of the As-Atomized ZA-8 Powder

ICP-OES chemical analysis of the as-atomized powder revealed that it contained
91.0 wt.% Zn, 7.8 wt.% Al, 1.1 wt.% Cu, and some Mg, Fe, Sn and Pb impurities (Table 1 in
Ref. [8]). XPS analysis of the surface of the as-atomized powder before sputter-cleaning
revealed in the current study the elements Al, Zn, and Mg, in addition to high concentra-
tions of O and C. We have already reported [8] that the ZnAl powder consists of a hcp Zn
phase, in addition to some Al0.52Zn0.48 solid solution phase. Native Al2O3 was identified
by XRD on the surface of the untreated ZnAl particles. Differential scanning calorimetry
(DSC) revealed one main endothermic peak at 382 ◦C [8], which was ascribed to the latent
heat generated during melting of the ZnAl alloy [10].

Complementary characterization of this powder is provided herein. Figure 2 and
Table 2 show the PSD and sphericity values of the as-atomized powder, as obtained
from DIA. The definition of powder characteristics and comparison between different
measurement techniques are discussed elsewhere [26–28]. Optomec’s guideline for LENS®

DED is that the powder particles should be spherical (for good flowability) and with a size
of −100/+325 mesh, equivalent to a powder diameter of 44 to 150 µm. It is thus evident
from Figure 2 and Table 2 that the ZA-8 custom-made powder is suitable for DED.

Table 2. Volume-weighted particle size and sphericity of the as-atomized ZA-8 powder. The numbers
in the left column represent the percentiles below which the PSD and sphericity have the 10%, 50%
and 90% smallest values listed in the right two columns, respectively.

Distribution Type PSD Sphericity

d10 (µm) 63.57 0.69
d50 (µm) 106.75 0.90
d90 (µm) 163.43 0.94

An attempt to measure the sessile drop CA of DI water on an as-atomized powder bed
failed due to rapid absorbance of water in the powder, which indicates that the unmodified
powder is very hydrophilic. Microscopic characterization of the as-atomized powder is
given below.
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Figure 2. Volume-weighted particle size distribution (PSD) (a) and sphericity distribution (b) of the
as-atomized ZA-8 powder, as measured by DIA.

3.2. The SAM-Modified Powder—Contact Angle Measurements

Figure 3 shows two DI water drops in a static CA test—one on the Di-PA-modified
powder bed and one still connected to the dispersing syringe. The measured CA was
140.9 ± 0.1◦, indicating that the SAM successfully transformed the hydrophilic surface of
the ZA-8 powder to a hydrophobic surface, as planned.
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3.3. The Core/Shell ZA-8/Alumina Powder

As described in Section 2, the alumina shell was formed on the SAM-modified powder
via a sol–gel process, followed by calcination in an air furnace for 1 h at 350–500 ◦C.
No hydrogen evolution was evident during the sol–gel processing of the SAM-modified
powder. SEM images of both the as-atomized powder’s surface and its cross-section are
shown in Figure 4. Figure 4d clearly shows that no coating exists on the surface of the
powder. The microstructure revealed in the cross-section is heterogeneous and is similar
to that of cast ZA-8-based alloys [29,30]. It consists of primary β dendrites in a lamellar
eutectic (α + η) matrix. The β phase, which is unstable below 275 ◦C, decomposed to form
a Zn-rich η equilibrium phase and an Al-rich α equilibrium phase, following the eutectoid
reaction in the Zn–Al binary phase diagram [31–33].
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(a,c) Everhart–Thornley secondary electrons detector (ETD), (b,d) solid-state backscattered electrons
detector (SSD).

Figure 5 shows SEM images of the sol–gel processed and calcined (at 500 ◦C) powder,
both of its outer surface and of its cross-section. Figure 5a shows powder particles after
scale-up that allowed us to treat 100 g in each batch. No substantial aggregation is apparent.
Figure 5b shows the surface morphology of a coated powder particle. Comparing with
Figure 4a, it is evident that the surface became more compact after the sol–gel and calcina-
tion process. The surface morphology in Figure 5b resembles that of Al-Si microspheres
after boehmite treatment (Figure 1b in Ref. [34]). Figure 5c shows a cracked particle. The
crack formed during calcination at 500 ◦C, most likely due to (1) difference in the thermal
expansion coefficients of the core and shell materials, and (2) thermal expansion of the
ceramic shell caused by volume expansion of the core alloy due to its solid-to-liquid phase
transition during calcination (see Ref. [34] and Figure 7c therein). Although the percentage
of cracked particles was small, such cracking might degrade the properties of the SHMMC
and be harmful to its functionality because it may allow the melted ZnAl alloy to flow
from the LMPP into the surrounding (Al-based) matrix either during AM or heat treatment
during service. Figure 5d is a top view revealing the surface morphology of the alumina
shell. The presence of the coating on top of the core powder is clear. This surface morphol-
ogy resembles that of Al-Si microspheres after boehmite treatment (Figure 1c in Ref. [34]).
Figure 5e is a side view of a cracked zone, which reveals a conformal and uniform shell.
The shell thickness was measured at different locations and was found to be ~1 µm. EDS
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spot analysis of the coated powder was carried out (Figure 5f and Table 3). Spectra 1–3
were acquired at well-coated areas, whereas spectra 4–5 were acquired at areas adjacent to
a crack. A substantial increase in the oxygen concentration (accompanied by a decrease in
the zinc concentration) is evident in alumina-coated areas compared with areas where the
core alloy is exposed (despite its own native oxide layer revealed by XRD, as mentioned
in Section 3.1). Figure 5g shows the microstructure at the cross-section of a particle after
sol–gel processing and calcination at 500 ◦C. The microstructure is different than that of the
as-atomized powder (compare with Figure 4d). The calcination temperature of 500 ◦C is
higher than the melting point, both according to our own DSC results (see Section 3.1) and
the liquidus line in the Zn–Al binary phase diagram at 8 wt.% Al [31–33]. It is apparent
that the ZnAl core was melted during the calcination step, yet the molten alloy remained
encapsulated by the ceramic shell.

Table 3. Local chemical composition (EDS, wt.%) at the five spots in Figure 5f.

Spectrum Zn Al Cu Mg O C

1 62.19 9.20 0.90 0.90 20.18 6.64
2 52.63 11.64 1.95 1.01 26.55 6.21
3 68.43 7.76 0.86 - 18.52 4.43
4 85.43 2.64 1.23 - 5.51 5.19
5 72.23 15.81 1.08 - 4.93 5.95

XPS analysis of the as-atomized powder revealed a Zn 2p3/2 core-level peak at a
binding energy (BE) of 1022.05 eV, an Al 2p peak at 74.4 eV, and an O 1s peak at 531.7 eV.
After sol–gel and calcination processes, the concentrations of oxygen and aluminum at
the surface (without sputter-cleaning) increased from 45.91 and 11.39 at.% to 54.30 and
21.93 at.%, respectively. A Zn 2p3/2 peak appeared at 1021.8 eV, an O 1s peak at 531.2 eV,
and an Al 2p peak at 74.25 eV.

NIST [35] tabulated from different references BE of 1020.8 to 1022.10 eV for the Zn 2p3/2
peak. Moreover, Zn 2p3/2 binding energies of 1021.65 ± 0.01 eV and 1021.00 ± 0.04 eV
were reported for Zn(O) and Zn(II) oxide, respectively, before using the modified Auger
parameter [36]. O 1s BE values of 529.76 ± 0.04 eV and 531.25 ± 0.05 eV were reported
for lattice Zn(II) oxide and hydroxide, hydrated, or defective oxygen, respectively [36].
This supports the claim that the outer layer on the powder is not zinc oxide. Further-
more, hydroxyl groups in the crystal structure or on the surface were correlated with
O 1s BE of 531.9 eV [37]. BE of 74.9 eV has been reported for AlOx oxide on Al [38] as
well as for Al2O3 in minerals [39], whereas BE of 74.0 to 74.6 eV has been reported for
boehmite [40]. The binding energy of the 2p of metallic Al, for comparison, is 72.8 eV [41].
Nguefack et al. [41] prepared hydrated boehmite nano-sized crystallites through a sol–gel
procedure. After calcination at 500 ◦C, XPS revealed BEs of the Al 2p and O 1s at 73.8 and
530.7 eV, respectively.

The Al 2p peaks acquired at the surfaces of both as-atomized and sol–gel-processed
and calcined powders are shown in Figure 6a. Deconvolution and curve fitting of the Al
2p peak reveals the presence of two alumina phases: γ-Al2O3 (29.55% based on peak area,
positioned at 74.50 eV) and boehmite (70.45%, 74.11 eV), see Figure 6b. The full width at
half maximum (FWHM) is 2.45 eV in both cases. The presence of boehmite indicates that
the boehmite-to-γ(Al2O3) phase transformation was not complete under the calcination
conditions used in this study (1 h at 500 ◦C). Some studies used an annealing temperature
as high as 600 ◦C and an annealing time as long as 20 h for this conversion [23,24].
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Figure 5. SEM images of powder after the sol–gel and calcination processes. (a) A batch of powder
after a scale-up process. (b) Surface morphology of a coated powder particle. (c) A particle that
cracked during calcination due to volume expansion of the core alloy when it was melted. (d) Top
view revealing the typical surface morphology of the alumina shell. (e) A side view of a cracked
zone revealing the presence, conformity, uniformity, and thickness of the alumina shell. (f) Location
of spot EDS analyses near a crack. See corresponding chemical composition in Table 3. (g) The
microstructure at the cross-section of the powder particles, revealing that the core alloy was melted
during calcination, yet remained encapsulated by the ceramic shell. All are secondary electron
images, except (g), which is a backscattered electrons image.
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quantities of as-atomized and ceramic coated ZA-8 powders were used for this purpose. 
The as-atomized powder was sintered into a brittle sponge (aggregate) (Figure 7a); many 
of its particles became distorted and lost their sphericity, including particles that were 
melted, leaving behind a distorted skin (Figure 7b). In contrast, the ceramic-coated pow-
der was not sintered (Figure 7c). In addition, the core/shell powder preserved its spherical 
morphology (Figure 7c,d), with no apparent “leaks” of the ZA-8 core alloy out of the ce-
ramic encapsulation. 

Figure 6. (a) XPS Al 2p acquired without sputter-cleaning from the surfaces of as-atomized (red)
and sol–gel-processed and air-calcined at 500 ◦C (green) powders. Peaks of the as-atomized and
coated powders were shifted by −1.15 eV or −1.40 eV, respectively, and are positioned at 74.40 and
74.25 eV, respectively. (b) XPS Al 2p curve fitting (green line) and peak deconvolution (blue and
magenta lines). The Al 2p spectrum seems to represent a mixture of 70.45% boehmite (magenta line)
and 29.55% γ-alumina (blue line).

Thermal stability tests were run in an air-atmosphere furnace at 600 ◦C for 1 h. Similar
quantities of as-atomized and ceramic coated ZA-8 powders were used for this purpose.
The as-atomized powder was sintered into a brittle sponge (aggregate) (Figure 7a); many
of its particles became distorted and lost their sphericity, including particles that were
melted, leaving behind a distorted skin (Figure 7b). In contrast, the ceramic-coated powder
was not sintered (Figure 7c). In addition, the core/shell powder preserved its spherical
morphology (Figure 7c,d), with no apparent “leaks” of the ZA-8 core alloy out of the
ceramic encapsulation.
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Figure 7. SEM micrographs of ZA-8 powder particles after thermal stability tests in an air-atmosphere
furnace at 600 ◦C for 1 h. (a,b) As-atomized powder. Aggregation, core leakage, and particle
distortion are evident. (c–e) A powder pre-treated by two sol–gel cycles, followed by calcination.
No aggregation is evident (c), although some particles have surface cavities (d) or are sintered to one
another (e).

Yet, some particles either have surface cavities (Figure 7d) or are sintered to one
another (Figure 7e). Altogether, it thus seems that the ceramic shell satisfies its functional
requirements. Further work is required in order to prove it in actual AM of the MMC.

In the present study, the encapsulated metal-based LMPP is designed to preserve
the functionality of the LMPP material during AM fabrication and to serve as a rein-
forcement in an Al-based matrix that facilitates macro-cracks sealing upon external heat
treatment. However, metal/ceramic-based core/shell-based materials are also attractive
as high-temperature phase-changing materials (PCMs) used for thermal energy storage
applications [34], such as building parts [42] and solar thermal power plants [43].

4. Conclusions

Here, we proposed a sol–gel process for encapsulation of a custom-made ZA-8
(Zn92Al8, wt.%) core powder in a ceramic alumina (Al2O3) shell. The surface of the
ZA-8 powder was first modified with (12-phosphonododecyl)phosphonic acid (Di-PA)
self-assembled monolayer (SAM), which made it hydrophobic and served as a barrier
between the highly reactive zinc and the aqueous solution, thus preventing extensive
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hydrogen evolution and the formation of unwanted oxide/hydroxide surface layers during
the sol–gel process. XPS analysis of the obtained alumina shell revealed that the shell
material was composed of a mixture of 70.45% boehmite and 29.55% γ-alumina. This sug-
gests that calcination for 1 h at 500 ◦C was insufficient for complete boehmite-to-γ(Al2O3)
phase transformation.

Thermal stability tests in an air-atmosphere furnace at 600 ◦C for 1 h caused melting,
distortion, and sintering into a brittle sponge (aggregate) of the as-atomized powder. In
contrast, the core/shell powder preserved its spherical morphology, was not sintered, and
did not show any apparent “leaks” of the ZA-8 core alloy out of the ceramic encapsulation.
The functional coating system developed in this work may be used in a variety of applica-
tions, including additive manufacturing of self-healing metal–matrix composites, where
crack sealing would be achieved via melting of the low melting point ZA-8 particulates
(LMPPs) embedded in the matrix by heat treatment of the part during service.
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