o’ .
veel materials
e w

Article

Thermophysical Properties of Laser Powder Bed Fused
Ti-6Al1-4V and AlSi10Mg Alloys Made with Varying
Laser Parameters

Stephen Akwaboa !, Congyuan Zeng 1*(, Nigel Amoafo-Yeboah 2, Samuel Ibekwe ! and Patrick Mensah !

check for
updates

Citation: Akwaboa, S.; Zeng, C.;
Amoafo-Yeboah, N.; Ibekwe, S.;
Mensah, P. Thermophysical
Properties of Laser Powder Bed
Fused Ti-6Al-4V and AlSi10Mg
Alloys Made with Varying Laser

Parameters. Materials 2023, 16, 4920.

https://doi.org/10.3390/
mal6144920

Academic Editor:

Matgorzata Karolus

Received: 11 June 2023
Revised: 5 July 2023
Accepted: 7 July 2023
Published: 10 July 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

Department of Mechanical Engineering, Southern University and A&M College,

Baton Rouge, LA 70807, USA; stephen.akwaboa@sus.edu (S.A.); samuel_ibekwe@subr.edu (S.1.);
patrick_mensah@subr.edu (P.M.)

Department of Mechanical and Aerospace Engineering, North Carolina State University,
Raleigh, NC 27695, USA; ntamoafo@ncsu.edu

*  Correspondence: congyuan.zeng@sus.edu; Tel.: +1-413-662-9317

Abstract: This study investigated the influence of diverse laser processing parameters on the ther-
mophysical properties of Ti-6Al-4V and AlSi10Mg alloys manufactured via laser powder bed fusion.
During fabrication, the laser power (50 W, 75 W, 100 W) and laser scanning speed (0.2 m/s, 0.4 m/s,
0.6 m/s) were adjusted while keeping other processing parameters constant. Besides laser processing
parameters, this study also explored the impact of test temperatures on the thermophysical properties
of the alloys. It was found that the thermophysical properties of L-PBF Ti-6Al-4V alloy samples were
sensitive to laser processing parameters, while L-PBF AlSi10Mg alloy showed less sensitivity. In gen-
eral, for the L-PBF Ti-6Al-4V alloy, as the laser power increased and laser scan speed decreased, both
thermal diffusivity and conductivity increased. Both L-PBF Ti-6Al-4V and L-PBF AlSi10Mg alloys
demonstrated similar dependence on test temperatures, with thermal diffusivity and conductivity
increasing as the test temperature rose. The CALPHAD software Thermo-Calc (2023b), applied in
Scheil Solidification Mode, was utilized to calculate the quantity of solution atoms, thus enhancing
our understanding of observed thermal conductivity variations. A detailed analysis revealed how
variations in laser processing parameters and test temperatures significantly influence the alloy’s
resulting density, specific heat, thermal diffusivity, and thermal conductivity. This research not
only highlights the importance of processing parameters but also enriches comprehension of the
mechanisms influencing these effects in the domain of laser powder bed fusion.

Keywords: laser powder bed fusion; density; specific heat; thermal diffusivity; thermal conductivity

1. Introduction

Additive manufacturing (AM), with its distinguished benefits, is increasingly influencing
key sectors such as the automotive, aerospace, electronics, and biomedical industries [1-3].
These benefits include the ability to create parts with intricate shapes and efficiencies in
terms of time and energy savings [4]. Among the multitude of AM techniques for metal part
fabrication, laser powder bed fusion (L-PBF) has garnered significant attention. This method
has facilitated the successful creation and comprehensive study of diverse metallic materials
ranging from aluminum alloys [5], copper alloys [6], and titanium alloys [7], to nickel-based
superalloys [8], stainless steels [9], and even high entropy alloys [10]. In a typical L-PBF
process, a powder bed layer is evenly spread on top of the fabrication chamber, which is then
selectively scanned with a laser, guided by the scanner system. Once the laser scanning is
complete, another powder layer is placed on the previous one, and the process repeats. By
building up layers, a three-dimensional part is finally fabricated. In this process, the laser
spot size is typically around 50 um, leading to a micro-sized melt pool. This minuscule melt
pool allows for extremely rapid cooling rates of up to 10° K/s, resulting in non-equilibrium
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structures within the L-PBF parts [11]. Additionally, parts fabricated through L-PBF are
believed to contain significant amounts of residual stress, defects, and super-saturated solid
solutions, all of which impact the properties of the parts, such as their mechanical, corrosion,
and thermophysical properties [6,7,12].

Thermophysical properties are paramount when considering the application of these
materials, particularly for thermal management applications. NASA researchers have
recently carried out measurements on the thermophysical properties of various additively
manufactured alloys for aerospace applications, such as Inconel 625, Inconel 718, Haynes
282, and stainless steel 316 L, primarily after heat treatments such as solution treatment
and hot isostatic pressing (HIP) [2]. Given that thermophysical properties are susceptible
to atomic-level defects, including point defects (solution atoms) and dislocations (residual
stress) [13,14], investigating these properties in L-PBF parts is a significant undertaking. Fur-
thermore, discerning the correlation between the structures and thermophysical properties
holds substantial research value.

A few studies have delved into the thermal conductivity of L-PBF alloys, exploring
the effects of factors such as sample building orientation, aging heat treatments, and the
role of unique phase constituents. For instance, Zeng et al. [6] performed a study on the
effects of sample building orientation and direct aging heat treatments on the thermal
conductivity values of L-PBF Cu-Cr-Zr (C18150) alloy. They found that the sample building
orientation had minimal influence on thermophysical properties, whereas aging heat
treatments significantly affected them. Zeng et al. [13], Xie et al. [15], Yang et al. [16],
Qi et al. [17], and Azizi et al. [18] all made similar contributions, analyzing different
alloys under various conditions, with the goal of gaining deeper understanding into the
thermophysical properties of L-PBF fabricated materials.

Despite these investigations, the impact of processing parameters on the thermo-
physical properties of L-PBF-produced metallic parts, and the underlying mechanisms
governing these changes, remain unclear. In view of this, the current research fills a gap in
understanding the influence of processing parameters on the thermophysical properties
of metallic parts produced via L-PBE. By studying two different alloys, one with high
thermal conductivity (AlSi10Mg) and another with low thermal conductivity (Ti-6Al-4V),
this research investigates how these properties can be altered under different processing
conditions. Although atomic defects are known to considerably affect thermophysical
properties, they are not readily observable in experiments. To address this challenge, the
CALPHAD method, employing Thermo-Calc software in Scheil Solidification Mode, was
used to enhance the understanding of solid solutions in the as-fabricated L-PBF parts.

2. Materials and Methods

Commercial spherical shaped Ti-6Al-4V (20-50 um, Concept-Laser GmbH, Lichtenfels,
Germany) and AlSil0Mg (20-63 um, Concept-Laser GmbH) alloy powders were used as
the raw materials. The average compositions for the Ti-6Al-4V and AlSi1l0Mg alloys are
shown in Table 1.

Table 1. Average compositions for the Ti-6Al-4V and AlSi10Mg alloy powders.

Element Content (wt.%)

Alloy

Ti Al A% Si Mg Fe
Ti-6Al-4V Bal. 6.02 3.98 / / /
AlSil0Mg / Bal. / 9.92 0.291 0.137

The 3D samples were made with a Concept-Laser GmbH Mlab-cusing-R system
(Figure 1a) located in Louisiana State University (LSU), Baton Rouge, LA. The sample
fabrication process was performed under argon atmosphere to minimize oxidation. To
study the effects of processing parameters on thermal conductivity of the L-PBF parts, two
parameters were selected to be varied, namely laser power and laser scan speed, while
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keeping hatch space (100 um) and layer thickness (30 pm) constant. Laser power values
of 50 W, 75 W, and 100 W, while laser scan speeds of 0.2 m/s, 0.4 m/s, and 0.6 m/s were
chosen. Therefore, in this study, nine combinations of L-PBF samples were made for each
alloy, which was shown in Table 2. Hereafter, for easy distinguishing, the samples were
denoted according to the sample type and the fabrication parameters. For example, when
the laser power and laser scanning speed were 50 W and 0.2 m/s, respectively, the L-PBF
Ti-6Al-4V alloy and AlSil0Mg alloy were denoted as Ti-50-0.2 and Al-50-0.2, respectively
(Table 2). In addition, the sample serial number in Table 2 will be utilized for x-axes in
Figure 2 to easily distinguish the samples. For example, for Ti-6Al-4V alloy, “1” denotes
Ti-50-0.2 sample, while for AlSi1l0Mg alloy, “1” represents Al-50-0.2 sample.

Figure 1. Images showing the experimental setups, (a) laser powder bed fusion 3D printer from
Concept-Laser, (b) pycnometer for density measurement, (c) Netzsch LFA 467 thermal diffusivity tester.

Table 2. Sample processing design and denotation for the samples.

Samples Laser Power (W) Scanning Speed (m/s) San};i)-lg ﬁj&?ﬁ:ﬁg? for San;lilsei Bif[l;t:tlll?); for
1 50 0.2 Ti-50-0.2 Al-50-0.2
2 50 0.4 Ti-50-0.4 Al-50-0.4
3 50 0.6 Ti-50-0.6 Al-50-0.6
4 75 0.2 Ti-75-0.2 Al-75-0.2
5 75 0.4 Ti-75-0.4 Al-75-0.4
6 75 0.6 Ti-75-0.6 Al-75-0.6
7 100 0.2 Ti-100-0.2 Al-100-0.2
8 100 0.4 Ti-100-0.4 Al-100-0.4
9 100 0.6 Ti-100-0.6 Al-100-0.6

Temperature-dependent thermal conductivity (K(T), W/(mK)) is obtained by mul-
tiplying temperature-dependent thermal diffusivity («(T), mm?/s), specific heat (C,(T),
J/(gK)), and density (o, g/cm?®), which is shown in the following equation.

K(T) = a(T) x Cy(T) x p M

Room-temperature density of the samples was determined using a gas displacement
pycnometer (Micromeritics, AccuPyc II 1340, Norcross, GA, USA) (Figure 1b) with a disk-
shaped sample (diameter of 8 mm and thickness of 5 mm). This equipment measures den-
sity by detecting pressure changes of helium within calibrated volumes using Archimedes
Principle. Thermal diffusivity tests were performed using the Netzsch LFA 467 System,
Selb, Germany (Figure 1c), with the sample diameter of 12.7 mm and thickness of 3 mm.
For Ti-6Al-4V alloy, the thermophysical property test temperature range was 100-600 °C,
while for AlSi10Mg alloy, the test temperature was from 100 °C to 400 °C. The specific heat
of the test samples was determined using a reference sample (molybdenum, with known
thermophysical properties). To ensure the repeatability and reliability of the test results,
three samples were measured at each test temperature. Prior to testing, the sample surfaces
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were ground with SiC paper (600 mesh) and then sprayed with graphite to ensure identical
flash-light energy absorption. A more detailed description of the thermal diffusivity and
specific heat measurements can be found elsewhere [13]. To gain a better understanding
of the phase structures and the corresponding phases compositions of the L-PBF Ti-6Al-
4V and AIMg10Si alloys, CALPHAD method (Thermo-Calc software) was applied [19].
Ti-6Al-4V was calculated with the TCNS8: Ni-Alloys v8.2 database, while AlISi10Mg was
simulated with TCAL6: Al-Alloys v6.0 database. Scheil mode of solidification was utilized
to simulate the fast L-PBF solidification process in this study.
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Figure 2. Image showing the thermophysical property test results of L-PBF Ti-6Al-4V and AlSi10Mg
alloy samples from 100 °C to 600 °C and 400 °C, respectively. Specifically, this figure shows results
for (a) specific heat, (c) thermal diffusivity, and (e) thermal conductivity for the L-PBF Ti-6Al-4V alloy
samples, and (b) specific heat, (d) thermal diffusivity, and (f) thermal conductivity for the L-PBF
AlSi10Mg alloys. In this figure, the number “100”, “200”, “300”, “400”, “500”, and “600” denote the
test temperatures in the unit of °C.
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3. Results and Discussion

Densities of the samples were measured at room temperature and the results are
listed in Table 3. According to literature survey, the theoretical densities of Ti6Al4V and
AlSi10Mg alloys are 4.43 g/ cm?® [20], and 2.7 g/ cm? [21], respectively. It is intriguing and
unexpected to find that some of the samples have density values exceeding their theoretical
counterparts. This observation applies, for instance, to samples such as Ti-50-0.4, Ti-50-0.6,
Ti-75-0.2, Ti-75-0.4, and Al-50-0.6. Typically, the densities of as-fabricated L-PBF parts
are lower than the theoretical values due to the unavoidable presence of defects, such as
vacancies and pores. Therefore, instances of relative densities exceeding 100% are most
likely due to measurement uncertainties, a conclusion echoed by other researchers [22].
In this study, helium gas purging was used to determine the sample volumes. Helium
gas would diffuse into the open defects (i.e., pores or cracks) of the L-PBF parts, reducing
the measured sample volumes. As a result, the calculated densities of the samples appear
larger than their actual values. Nonetheless, with the current density data, the preferred
laser powers to achieve high densities in this study are 50 W and 75 W for the Ti-6Al-4V
alloy and 100 W for the AlSi10Mg alloy.

Table 3. Measured densities and the corresponding relative density values for the L-PBF Ti-6Al-4V
and AlSi10Mg alloy samples.

Ti-6Al-4V AISi10Mg
Sample
Density (g/cm®) Relative Density * (%) Density (g/cm®) Relative Density * (%)
50-0.2 4.417 £ 0.006 99.8 2.620 £ 0.003 97.0
50-0.4 4.448 + 0.016 100.5 2.681 £ 0.007 99.3
50-0.6 4.465 + 0.008 100.9 2.715 £ 0.005 100.4
75-0.2 4.425 + 0.012 99.8 2.661 £ 0.008 98.5
75-0.4 4.444 + 0.002 100.2 2.651 £ 0.004 98.1
75-0.6 4.444 + 0.017 100.2 2.644 + 0.006 97.8
100-0.2 4.286 £ 0.016 96.8 2.696 £ 0.005 100.0
100-0.4 4.331 £ 0.007 97.7 2.697 £ 0.003 100.0
100-0.6 4.394 + 0.006 99.1 2.695 £ 0.005 99.6

* The reference density for the relative density is the theoretical density.

Thermal conductivity was determined as the product of thermal diffusivity, specific
heat, and density. The results of these thermophysical property tests for L-PBF Ti-6Al-4V
alloy samples and AlSi10Mg alloy samples are displayed in Figure 2.

Specific heat shows different variation behaviors for L-PBF Ti-6Al-4V and AlSil0Mg
alloys (Figure 2a,b). For the Ti-6Al-4V alloy under each laser power, an increase in laser
scan speed initially decreases the specific heat values (from 0.2 m/s to 0.4 m/s), then causes
it to rise (from 0.4 m/s to 0.6 m/s). Concurrently, under each sample condition (with the
same laser power and laser scan speed), the specific heat generally increases as the test
temperature rises (Figure 2a). Various factors can explain the change in specific heat as
a function of laser scan speed. As is widely accepted, higher laser scan speeds result in
faster cooling rates and higher thermal gradients, which lead to finer microstructures and
phase structures, and vice versa [23,24]. The cooling rate and thermal gradients influence
the formation of different-sized grains and phases with varying size, composition, and
distribution [25]. Smaller grains yield more grain boundaries, disrupting heat flow and
effectively increasing specific heat values [26,27]. Uniformly distributed secondary phases
within the sample produce different behaviors of specific heat compared to when the same
phases segregate into different regions. Moreover, phases with different compositions also
lead to varying specific heat [28]. Consequently, the observed decrease and subsequent
increase of specific heat as a function of laser scan speed can be attributed to the combined
effects of the above factors, namely (i) changes in grain size and (ii) variations in secondary
phases (including their size, distribution, and compositions) induced by changes in the
cooling rate and thermal gradients.
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When compared to the L-PBF Ti-6Al-4V alloy scenario, there are no discernible system-
atic variation patterns for the AlSi10Mg case with respect to specific heat values (Figure 2b).
The notable exception to this is that the specific values for the Al-50-0.6 sample are signifi-
cantly lower than those of other L-PBF samples fabricated using different laser parameters.
It's important to consider that the Al-50-0.6 sample was fabricated with the lowest energy
density. This likely resulted in the quickest cooling rate, leading to the formation of unique
non-equilibrium phases characterized by lower specific heat values.

In general, the specific heat of both L-PBF Ti-6Al-4V (Figure 2a) and AlSil0Mg
(Figure 2b) alloys rises as the test temperature increases. Similar trends have been ob-
served in the majority of other alloys [2]. This behavior can be attributed to several factors.
First, as temperatures climb, atoms vibrate more intensely. For the temperature to increase
further, more energy is required to facilitate even stronger atomic vibrations. This, in turn,
results in higher specific heat values at elevated temperatures [29]. Second, in metallic
materials, as the temperature rises, electrons are excited to higher energy states. These ad-
ditional excitations necessitate more energy, contributing to higher specific heat values [30].
Third, materials tend to expand as the temperature increases. The energy absorbed during
this thermal expansion process also boosts the specific heat values [31]. Fourth, in crys-
talline materials, heat is primarily transported by phonons, which are quantized modes of
vibration occurring at the atomic scale. At high temperatures, these phonons interact more
vigorously with each other, which further increases the specific heat [32]. In summary, the
general increase in specific heat with rising temperatures can be attributed to: (i) enhanced
atomic vibrations; (ii) more electrons being excited to higher energy states; (iii) thermal
expansion; and (iv) stronger interactions between phonons at elevated temperatures.

For both the Ti-6Al-4V alloy and the AlSi10Mg alloy, the thermal diffusivity and
thermal conductivity test results exhibit similar patterns of variation, implying that thermal
diffusivity significantly impacts thermal conductivity (Figure 2c—f). Similar to the case
with specific heat, both thermal diffusivity and thermal conductivity are influenced by pro-
cessing parameters and test temperatures. Particularly for L-PBF Ti-6Al-4V alloy samples,
with a fixed laser power, thermal diffusivity and conductivity tend to decrease as the laser
scan speed increases. Conversely, at a constant laser scan speed, thermal diffusivity and
conductivity rise with an increase in laser power. Additionally for L-PBF alloy samples,
thermal diffusivity and conductivity increase as test temperatures rise, except for the results
observed at 400 °C for L-PBF AlSi10Mg alloy samples.

The dependency of thermal diffusivity and conductivity on processing parameters can
be elucidated as follows: with a constant laser power, an increase in laser scan speed results
in a higher cooling rate, while with a fixed laser scanning speed, a lower laser power also
leads to a quicker cooling rate [33]. The rapid cooling rate positions the L-PBF process in
the realm of solution heat treatment processes. In the solution treatment processes, alloys
are heated and maintained at a specific temperature (not exceeding the melting point). At
this temperature, solute atoms dissolve completely into the solvent atoms (primary metal
atoms). Then, the alloy is rapidly cooled to room temperature through a quenching process,
usually involving immersion in water or oil. This rapid cooling solidifies the solute atoms,
preventing them from precipitating out of the solution. During the L-PBF process, metal
powders are first melted by the laser energy source and then solidify extremely rapidly, at
rates of up to 10® K/s [11]. This intense cooling rate preserves the distribution of the solute
atoms within the matrix atoms, forming a super-saturated solid solution.

Thermo-Calc was employed to calculate phase structures of Ti-6Al-4V and AlSi10Mg
alloys under both equilibrium and non-equilibrium (fast cooling) conditions. Figure 3
displays the proportions of all phases as a function of temperature in equilibrium states
(adequate diffusion) for Ti-6Al-4V and AlSi10Mg alloys. As depicted in the images, the
stable phases, and their respective compositions at room temperature (RT) are provided
in Table 4. Multiple phases are present in both AlSi10Mg and Ti-6Al-4V alloys under
equilibrium solidification conditions. In such cases, the primary phases for AlSil0OMg and
Ti-6Al-4V alloys are FCC_A1 and HCP_A3 phases, respectively. Detailed examination of



Materials 2023, 16, 4920

7 of 12

the phase composition data in Table 4 reveals that the FCC_AI phase in AlSi10Mg alloys
is theoretically pure Al, while the composition of the HCP_A3 phase in Ti-6Al-4V alloy is
nearly Ti-6.25A1.
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Figure 3. Images showing the amounts of all phases in the alloys as a function of temperature at
equilibrium state. (a) Full phase content range for AlSi10Mg; (b) narrow phase content range for
AlSi10Mg; (c) full phase content range for Ti-6Al-4V.

Table 4. Stable phases, the phase mass contents and individual phase compositions of the Ti-6Al-4V
alloy and AlSi10Mg alloy under equilibrium states.

Phase Composition

Alloy Stable Phases at RT ~ Phase Content (wt.%) :

Ti Al \' Si Mg Fe

Ti-6ALAV HCP_A3 96.01 0.9373 0.0625 0.0002 / / /

1F6AL BCC_B2 3.99 0.0028 0.0002 0.9971 / / /
AL9FE2SI2 0.51 / 0.6411 / 0.0892 / 2697

. Diamond_A4 9.71 / / / 1.0000 / /

AlSil0Mg FCC_A1 89.33 / 1.0000 / / / /

MG2SI_C1 0.46 / / / 0.3662 0.6338 /

To obtain a better understanding of the effects of cooling rate on the phase structures
and individual phase compositions, the Scheil mode of solidification was utilized in Thermo-
Calc. This mode assumes that no diffusion occurs in the solid state, while infinite diffusion
occurs in the liquid phase [34]. The simulation results for AlSil0Mg and Ti-6Al-4V using the
Scheil mode are demonstrated in the Figure 4. When compared to the Figure 3 illustrating
solidification under equilibrium conditions, distinct phases emerge under rapid cooling
states. Specifically, the Al18Fe2Mg75i10 phase appears in the AlSi10Mg alloy instead of the
Al9Fe2Si2 phase, and only the BCC_B2 phase appears rather than the HCP_A3 + BCC_B2
binary phases present during equilibrium cooling for Ti-6Al-4V alloy. The cooling rate
evidently exerts a substantial influence on the phase structures of the alloys. The phase
compositions of the alloys were also carefully investigated, with the results listed in Table 4
and shown in the Figure 5. By comparing these results, it is evident that the principal
phases of the alloys under equilibrium conditions contain significantly lower quantity of
solute atoms. Specifically, for the AlSi1l0Mg alloy, it contains 100% Al under equilibrium
conditions in the FCC_Al phase (Table 4), while it possesses approximately 2 wt.% Mg + Si
solute atoms under fast-cooling state (Figure 5). For Ti-6Al-4V, there are only ~6.25 wt.% Al
solute atoms in the major HCP_A3 phase under equilibrium states (Table 4), while almost
all of the 10 wt.% Al + Si atoms remain in the Ti matrix as a single BCC_B2 phase under
fast cooling conditions (Figure 5). Consequently, due to rapid cooling, a higher content of
solute atoms is present in L-PBF samples.
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Figure 4. Images showing the phase changes during solidification process for AlSil0Mg alloy (a) and
Ti-6Al-4V alloy (b) under non-equilibrium states.
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Figure 5. Images indicating the mass contents of solution atoms in the main phases in (a) AlSi10Mg,
and (b) Ti-6Al-4V alloys under Scheil model of solidification.

In alloys, solid solute atoms are potent scatterers of electrons. This electron scattering
reduces the alloys’ electrical conductivity [35]. The Wiedemann—Franz law [36] connects
electrical conductivity and electronic thermal conductivity, as described in Equation (2):

Ae = LoT )

where, A, is the electronic thermal conductivity, L is the Lorentz number, ¢ is the electrical
conductivity, and T is temperature in Kelvins. The scattering by solute atoms in the solid
solution, which reduces electrical conductivity, results in a corresponding decrease in
thermal conductivity contributed by electrons. Simultaneously, the presence of solute
atoms disrupts the regularity of the crystal lattice, impeding the efficient transfer of thermal
energy by phonons and, in turn, lowering the lattice thermal conductivity of the alloy [37].
The overall thermal conductivity of the alloy is the sum of the electronic and lattice thermal
conductivities. Hence, the presence of solute atoms can reduce the alloy’s total thermal
conductivity. Prior research has shown that a higher content of solute atoms tends to
yield lower overall thermal conductivity [13]. Regarding L-PBF Ti-6Al-4V alloy samples
with constant laser power, such as Ti-50-0.2, Ti-50-0.4, and Ti-50-0.6 samples, an increase
in laser scan speed reduces the size of the melt pools of laser scan tracks, resulting in a
faster cooling rate. This accelerated cooling leaves less time for the solute atoms in the
Ti-50-0.6 sample to diffuse and form precipitates. Consequently, compared to the Ti-50-0.2
and Ti-50-0.4 samples, the Ti-50-0.6 sample contains a higher concentration of solute atoms,
which leads to lower thermal diffusivity /conductivity. This rationale also applies to the
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other two groups of samples, which maintain a constant laser power of 75 W and 100 W.
When the laser scan speed is constant, as in the Ti-50-0.2, Ti-75-0.2, and Ti-100-0.2 alloy
samples, higher laser power leads to a larger melt pool size, resulting in a slower cooling
rate, allowing more time for the solute atoms to diffuse and precipitate. As a result, the
Ti-100-0.2 sample contains the smallest number of solute atoms and therefore exhibits the
highest thermal diffusivity /conductivity within this group. This explanation also holds
true for the other two sample groups, which maintain constant laser scan speeds of 0.4 m/s
and 0.6 m/s.

In addition, a higher cooling rate generally results in a finer grain size [38]. As
per previous studies, the grain size post the L-PBF process typically falls within the mi-
croscale [13,39]. However, to substantially influence thermal conductivity, the grain size
must be reduced further to the nanoscale, or more precisely, to a size comparable to the
mean free path of heat carriers such as electrons and phonons, which exists at the atomic
level [40-43]. Consequently, grain boundary (grain size) scattering is likely not the primary
factor affecting the thermal diffusivity /conductivity of the L-PBF Ti-6Al-4V alloy.

While solute atoms significantly influence the thermal diffusivity/conductivity of the
L-PBF Ti-6Al-4V alloy, this does not seem to be the case for the L-PBF AlSi10Mg alloy in this
study (Figure 2d,f). No distinct variation in thermal diffusivity/conductivity is observed for
the L-PBF AlSi10Mg alloy, except that the thermal diffusivity /conductivity of the samples
created with a constant laser power (50 W) is lower than those fabricated with 75 W and 100 W.
This finding suggests that to achieve stable thermal diffusivity /conductivity for AlSi10Mg
alloy, the laser power should be either 75 W or 100 W in this study. When the laser power
surpasses 75 W, no notable variation is discernible for the samples, including Al-75-0.2, Al-75-
0.4, Al-75-0.6, Al-100-0.2, Al-100-0.4, and Al-100-0.6 samples. This implies that the combined
effect of defects (especially point defects such as solute atoms) and grain size is similar across
these six samples, resulting in close thermal diffusivity /conductivity values.

Interestingly, it is important to note that the thermal diffusivity /conductivity of both
L-PBF Ti-6Al-4V and AlSi10Mg alloy samples generally increases with rising test tempera-
ture (Figure 2c—f). This observation is intriguing as this trend contrasts with the behavior
of pure metals, such as copper, aluminum, and titanium [6,44,45]. The thermal diffusiv-
ity /conductivity of these pure metals decreases with increasing test temperature (over the
temperature range explored in this study). The explanation for these contradictory behaviors
in thermal diffusivity /conductivity (increasing with rising test temperature for alloys, while
decreasing with increased test temperature for pure metals) is discussed below.

The variation in temperature-dependent thermal conductivities of pure metals and
alloys, from room temperature to relatively high temperatures (600 °C for the Ti-6Al-4V
alloy and 400 °C for the AlSi10Mg alloy), can primarily be attributed to differences in their
atomic and electronic structures, which ultimately influence their heat transfer capabili-
ties. Specifically, in pure metals, heat conduction is mainly governed by the scattering of
phonons and electrons [46]. Pure metals often demonstrate high thermal conductivity due
to their atoms being identical and systematically arranged in a crystalline lattice and owing
to their possession of a ‘sea’ of freely moving electrons. At lower temperatures, the thermal
diffusivity /conductivity of pure metals is high due to fewer lattice vibrations that scatter
the electrons. However, as the test temperature increases, the atoms vibrate more intensely,
leading to enhanced phonon-electron scattering. This impedes the flow of heat and boosts
thermal resistance. Therefore, throughout the currently tested temperature range, thermal
diffusivity /conductivity decreases with an increase in test temperature [47].

In contrast to pure metals, which contain only one type of atom, alloys are mixtures of
two or more elements, with at least one element being a metal. The presence of different
types of atoms in an alloy gives rise to a more disordered lattice structure, increasing
the scattering of phonons and electrons (termed impurity scattering) [48,49]. At lower
temperatures, the impact of impurity scattering dominates, usually resulting in alloys
having lower thermal conductivity than their constituent pure metals. Nevertheless, as
the test temperature increases, heightened phonon-phonon scattering leads to increased
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thermal conductivity since this effect supersedes the impurity scattering caused by lattice
disorder. Consequently, generally, the thermal conductivity of alloys begins to increase with
temperature. However, beyond a certain temperature, amplified phonon-phonon scattering
would start to hinder thermal flow more than it facilitates it, leading to a decrease in thermal
conductivity [47]. This perfectly explains the observed drop in thermal diffusivity at 400 °C
for L-PBF AlSi10Mg alloy.

4. Conclusions

This study investigated the influence of laser fabrication parameters and test tem-
peratures on the thermophysical properties of Ti-6Al-4V and AlSi10Mg alloys fabricated
using laser powder bed fusion (L-PBF). The investigation utilized both experimental and
simulation studies, together with literature review. The primary conclusions drawn from
the study are as follows:

(1) As the test temperature rises, the specific heat values increase due to several factors,
including enhanced atomic vibrations, excitation of more electrons to higher energy
states, thermal expansion, and stronger phonon interactions at elevated temperatures.

(2) The Ti-6Al-4V alloy exhibits low thermal conductivity, while the AlSi10Mg alloy
demonstrates high thermal conductivity. The response of these alloys to changes in
laser processing parameters varies. Thermophysical properties of L-PBF Ti-6Al-4V
parts are significantly influenced by laser processing parameters. In contrast, the L-
PBF AlSi10Mg alloy in this study does not demonstrate a clear sensitivity to variations
in laser processing parameters. Specifically, at 100 °C, with the variation of laser
processing parameters used in this study, the thermal conductivity of L-PBF Ti-6Al-4V
alloy ranges from 2.6 to 8.5 W/(mK). This phenomenon is due to the fact that a higher
cooling rate leads to an increase in the quantity of solute atoms within the L-PBF parts,
as confirmed by Thermo-Calc simulation, which results in a reduction of thermal
diffusivity and conductivity.

(3) Furthermore, for both L-PBF Ti-6Al-4V and AlSi10Mg alloys, thermal conductivity in-
creases with test temperature; for example, it rises from 8.5 to 16.4 W/(mK) and from
118.2 to 172.0 W/ (mK) for L-PBF Ti-6Al-4V and AlSi10Mg alloys fabricated with a laser
power of 100 W, and a laser scan speed of 200 mm/s, respectively. This trend can be
attributed to the competition between impurity scattering and phonon-phonon scattering.

Author Contributions: Conceptualization, S.A., C.Z., N.A.-Y,, PM. and S.I; methodology, S.A., C.Z.
and N.A.-Y,; visualization, C.Z. and N.A.-Y,; software, C.Z. and N.A.-Y,; validation, S.A., PM. and S.I;
formal analysis, S.A., C.Z. and N.A.-Y,; data curation, S.A., C.Z. and N.A.-Y.; writing—original draft
preparation, S.A., C.Z. and N.A.-Y.; writing—review and editing, S.A., PM. and S.L; funding acquisition,
S.A.,C.Z. and PM. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by the US National Science Foundation under Grant OIA-2118756
RII Track-2 FEC: Rapid Qualification for Additively Manufactured Safety-Critical Components (CAM-
Q); partially supported by the US National Science Foundation under grant number OIA 1946231 and
the Louisiana Board of Regents for the Louisiana Materials Design Alliance (LAMDA); and Louisiana
NASA EPSCoR Faculty Fellow Program (FFP) + Summer Undergraduate Research Funding (SURF)
under the contract number NASA(2023)-SURF-02.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors, without undue reservation, to any qualified researcher. For additional
information on the datasets, please contact the corresponding author.



Materials 2023, 16, 4920 11 of 12

Acknowledgments: This work is supported by the US National Science Foundation under Grant
OIA-2118756 RII Track-2 FEC: Rapid Qualification for Additively Manufactured Safety-Critical
Components (CAM-Q). The research was also partially supported by the US National Science
Foundation under grant number OIA 1946231 and the Louisiana Board of Regents for the Louisiana
Materials Design Alliance (LAMDA). C.Z. was also supported by Louisiana NASA EPSCoR Faculty
Fellow Program (FFP) + Summer Undergraduate Research Funding (SURF) under the contract
number NASA(2023)-SURF-02.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  duPlessis, A.; Razavi, N.; Benedetti, M.; Murchio, S.; Leary, M.; Watson, M.; Bhate, D.; Berto, F. Properties and applications of
additively manufactured metallic cellular materials: A review. Prog. Mater. Sci. 2022, 125, 100918. [CrossRef]

2. Zeng, C.; Guo, S.; Gradl, P.R.; Belcher, T. Thermophysical Properties of Select AM Alloys. In Metal Additive Manufacturing for
Propulsion Applications; American Institute of Aeronautics and Astronautics, Inc.: Reston, VA, USA, 2022; pp. 775-824.

3. Blakey-Milner, B.; Gradl, P.; Snedden, G.; Brooks, M.; Pitot, J.; Lopez, E.; Leary, M.; Berto, F; du Plessis, A. Metal additive
manufacturing in aerospace: A review. Mater. Des. 2021, 209, 110008. [CrossRef]

4. Gradl, PR.; Mireles, O.R.; Protz, C.S.; Garcia, C.P. Metal Additive Manufacturing for Propulsion Applications; American Institute of
Aeronautics and Astronautics, Inc.: Reston, VA, USA, 2022.

5. Manfredi, D.; Bidulsky, R. Laser powder bed fusion of aluminum alloys. Acta Metall. Slovaca 2017, 23, 276-282. [CrossRef]

6. Zeng, C.; Wen, H.; Bernard, B.C.; Raush, J.R.; Gradl, P.R.; Khonsari, M.; Guo, S. Effect of temperature history on thermal properties
of additively manufactured C-18150 alloy samples. Manuf. Lett. 2021, 28, 25-29. [CrossRef]

7.  Ettefagh, A.-H.; Zeng, C.; Guo, S.; Raush, J. Corrosion behavior of additively manufactured Ti-6Al-4V parts and the effect of post
annealing. Addit. Manuf. 2019, 28, 252-258. [CrossRef]

8.  Abedi, H.R.; Hanzaki, A.Z.; Azami, M.; Kahnooji, M.; Rahmatabadi, D. The high temperature flow behavior of additively
manufactured Inconel 625 superalloy. Mater. Res. Express 2019, 6, 116514. [CrossRef]

9.  Ettefagh, A.H.; Guo, S.; Raush, J. Corrosion performance of additively manufactured stainless steel parts: A review. Addit. Manuf.
2021, 37, 101689. [CrossRef]

10. Smith, TM,; Kantzos, C.A.; Zarkevich, N.A.; Harder, B.J.; Heczko, M.; Gradl, P.R.; Thompson, A.C.; Mills, M.].; Gabb, T.P.; Lawson,
J.W. A 3D printable alloy designed for extreme environments. Nature 2023, 617, 513-518. [CrossRef]

11.  Yadav, P; Rigo, O.; Arvieu, C.; Lacoste, E. Microstructural and mechanical aspects of AlSi7Mg0.6 alloy related to scanning
strategies in L-PBF. Int. |. Adv. Manuf. Technol. 2022, 120, 6205-6223. [CrossRef]

12.  Sausto, E; Carrion, P.; Shamsaei, N.; Beretta, S. Fatigue failure mechanisms for AlSil0Mg manufactured by L-PBF under axial and
torsional loads: The role of defects and residual stresses. Int. J. Fatigue 2022, 162, 106903. [CrossRef]

13.  Zeng, C.; Zhang, B.; Ettefagh, A.H.; Wen, H.; Yao, H.; Meng, W.; Guo, S. Mechanical, thermal, and corrosion properties of Cu-10Sn
alloy prepared by laser-powder-bed-fusion additive manufacturing. Addit. Manuf. 2020, 35, 101411. [CrossRef]

14. Wang, YM.; Voisin, T.; McKeown, J.T.; Ye, J.; Calta, N.P; Li, Z.; Zeng, Z.; Zhang, Y.; Chen, W.; Roehling, T.T.; et al. Additively
manufactured hierarchical stainless steels with high strength and ductility. Nat. Mater. 2018, 17, 63-71. [CrossRef] [PubMed]

15. Xie, H; Tang, X.; Chen, X,; Sun, F; Dong, L.; Tan, Y.; Chu, H.; Zhou, H,; Liu, P,; Fu, S. The effect of build orientations on mechanical
and thermal properties on CuCrZr alloys fabricated by laser powder bed fusion. J. Mater. Res. Technol. 2023, 23, 3322-3336.
[CrossRef]

16. Yang, X.; Qi, Y.; Zhang, W.; Wang, Y.; Zhu, H. Laser powder bed fusion of C18150 copper alloy with excellent comprehensive
properties. Mater. Sci. Eng. A 2023, 862, 144512. [CrossRef]

17.  Qi, X,; Takata, N.; Suzuki, A.; Kobashi, M.; Kato, M. Managing both high strength and thermal conductivity of a laser powder bed
fused Al-2.5 Fe binary alloy: Effect of annealing on microstructure. Mater. Sci. Eng. A 2021, 805, 140591. [CrossRef]

18.  Azizi, A.; Hejripour, F; Goodman, J.A.; Kulkarni, P.A.; Chen, X.; Zhou, G.; Schiffres, S.N. Process-dependent anisotropic thermal
conductivity of laser powder bed fusion AlSi1l0Mg: Impact of microstructure and aluminum-silicon interfaces. Rapid Prototyp. ].
2023, 29, 1109-1120. [CrossRef]

19. Saunders, N.; Miodownik, A.P. CALPHAD (Calculation of Phase Diagrams): A Comprehensive Guide; Elsevier: Oxford, UK, 1998.

20. Huang, Q.; Hu, N,; Yang, X.; Zhang, R.; Feng, Q. Microstructure and inclusion of Ti-6Al-4V fabricated by selective laser melting.
Front. Mater. Sci. 2016, 10, 428-431. [CrossRef]

21. Cao, X;; Jiang, Y.; Zhao, T.; Wang, P.; Wang, Y.; Chen, Z.; Li, Y.; Xiao, D.; Fang, D. Compression experiment and numerical evalua-
tion on mechanical responses of the lattice structures with stochastic geometric defects originated from additive-manufacturing.
Compos. Part B Eng. 2020, 194, 108030. [CrossRef]

22. Eschner, N.; Weiser, L.; Hifner, B.; Lanza, G. Classification of specimen density in Laser Powder Bed Fusion (L-PBF) using
in-process structure-borne acoustic process emissions. Addit. Manuf. 2020, 34, 101324. [CrossRef]

23. Salloom, R.; Joshi, S.; Dahotre, N.; Srinivasan, S. Laser surface engineering of B4C/Fe nano composite coating on low carbon steel:

Experimental coupled with computational approach. Mater. Des. 2020, 190, 108576. [CrossRef]


https://doi.org/10.1016/j.pmatsci.2021.100918
https://doi.org/10.1016/j.matdes.2021.110008
https://doi.org/10.12776/ams.v23i3.988
https://doi.org/10.1016/j.mfglet.2021.02.002
https://doi.org/10.1016/j.addma.2019.05.011
https://doi.org/10.1088/2053-1591/ab44f6
https://doi.org/10.1016/j.addma.2020.101689
https://doi.org/10.1038/s41586-023-05893-0
https://doi.org/10.1007/s00170-022-09127-x
https://doi.org/10.1016/j.ijfatigue.2022.106903
https://doi.org/10.1016/j.addma.2020.101411
https://doi.org/10.1038/nmat5021
https://www.ncbi.nlm.nih.gov/pubmed/29115290
https://doi.org/10.1016/j.jmrt.2023.01.218
https://doi.org/10.1016/j.msea.2022.144512
https://doi.org/10.1016/j.msea.2020.140591
https://doi.org/10.1108/RPJ-09-2022-0290
https://doi.org/10.1007/s11706-016-0354-8
https://doi.org/10.1016/j.compositesb.2020.108030
https://doi.org/10.1016/j.addma.2020.101324
https://doi.org/10.1016/j.matdes.2020.108576

Materials 2023, 16, 4920 12 of 12

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.
48.
49.

Alhammad, M.; Esmaeili, S.; Toyserkani, E. Surface modification of Ti-6Al-4V alloy using laser-assisted deposition of a Ti-Si
compound. Surf. Coat. Technol. 2008, 203, 1-8. [CrossRef]

Chowdhury, S.; Yadaiah, N.; Prakash, C.; Ramakrishna, S.; Dixit, S.; Gupta, L.R.; Buddhi, D. Laser powder bed fusion: A
state-of-the-art review of the technology, materials, properties & defects, and numerical modelling. J. Mater. Res. Technol. 2022, 20,
2109-2172. [CrossRef]

Smith, D.S.; Puech, F.; Nait-Ali, B.; Alzina, A.; Honda, S. Grain boundary thermal resistance and finite grain size effects for heat
conduction through porous polycrystalline alumina. Int. |. Heat Mass Transf. 2018, 121, 1273-1280. [CrossRef]

Zhu, Y,; Lian, J.; Jiang, Q. Modeling of the melting point, Debye temperature, thermal expansion coefficient, and the specific heat
of nanostructured materials. |. Phys. Chem. C 2009, 113, 16896-16900. [CrossRef]

Matzke, H.; Lucuta, P.; Verrall, R.; Henderson, J. Specific heat of UO,-based SIMFUEL. J. Nucl. Mater. 1997, 247, 121-126.
[CrossRef]

Saha, R.; Biswas, P. Current status and development of external energy-assisted friction stir welding processes: A review. Weld.
World 2022, 66, 577-609. [CrossRef]

Mott, S.N. Metal-insulator transitions. Phys. Today 1978, 31, 42—47. [CrossRef]

Meingast, C.; Junod, A.; Walker, E. Superconducting fluctuations and uniaxial-pressure dependence of Tc of a Bi;Sr,CaCuyOg,«
single crystal from high-resolution thermal expansion. Phys. C Supercond. 1996, 272, 106-114. [CrossRef]

Lv, W,; Henry, A. Non-negligible Contributions to Thermal Conductivity from Localized Modes in Amorphous Silicon Dioxide.
Sci. Rep. 2016, 6, 35720. [CrossRef]

Li, R,; Yuan, W.; Yue, H.; Zhu, Y. Study on microstructure and properties of Fe-based amorphous composite coating by high-speed
laser cladding. Opt. Laser Technol. 2022, 146, 107574. [CrossRef]

Zeng, C.; Ding, H.; Bhandari, U.; Guo, S.M. Design of crack-free laser additive manufactured Inconel 939 alloy driven by
computational thermodynamics method. MRS Commun. 2022, 12, 844-849. [CrossRef]

Li, J.; Huang, G.; Mi, X.; Peng, L.; Xie, H.; Kang, Y. Influence of the Ni/Co Mass Ratio on the Microstructure and Properties of
Quaternary Cu-Ni-Co-5i Alloys. Materials 2019, 12, 2855. [CrossRef] [PubMed]

Rycerz, A. Wiedemann-Franz Law for Massless Dirac Fermions with Implications for Graphene. Materials 2021, 14, 2704.
[CrossRef]

Jeon, ].; Bae, D. Effect of cooling rate on the thermal and electrical conductivities of an A356 sand cast alloy. J. Alloy. Compd. 2019,
808, 151756. [CrossRef]

Zhang, D.; Prasad, A.; Bermingham, M.].; Todaro, C.J.; Benoit, M.].; Patel, M.N.; Qiu, D.; StJohn, D.H.; Qian, M.; Easton, M. A.
Grain Refinement of Alloys in Fusion-Based Additive Manufacturing Processes. Met. Mater. Trans. A 2020, 51, 4341-4359.
[CrossRef]

Chen, W.; Voisin, T.; Zhang, Y.; Florien, J.-B.; Spadaccini, C.M.; McDowell, D.L.; Zhu, T.; Wang, Y.M. Microscale residual stresses
in additively manufactured stainless steel. Nat. Commun. 2019, 10, 4338. [CrossRef]

Ghosh, T.; Dutta, M.; Sarkar, D.; Biswas, K. Insights into Low Thermal Conductivity in Inorganic Materials for Thermoelectrics. J.
Am. Chem. Soc. 2022, 144, 10099-10118. [CrossRef]

Zhu, J.; Meng, X.; Xu, J.; Zhang, P,; Lou, Z.; Reece, M.].; Gao, E. Ultra-low thermal conductivity and enhanced mechanical
properties of high-entropy rare earth niobates (REsNbOy, RE = Dy, Y, Ho, Er, Yb). J. Eur. Ceram. Soc. 2021, 41, 1052-1057.
[CrossRef]

Hadadzadeh, A.; Asadi, E.; Shakil, S.I.; Amirkhiz, B.S.; Mohammadi, M.; Haghshenas, M. Indentation-derived mechanical
properties of Ti-6Al-4V: Laser-powder bed fusion versus electron beam melting. Mater. Lett. 2021, 301, 130273. [CrossRef]
Heidarzadeh, A.; Javidani, M.; Mofarrehi, M.; Motalleb-Nejad, P.; Mohammadzadeh, R.; Jafarian, H.; Chen, X.-G. Grain Structure
Formation and Texture Modification through Multi-Pass Friction Stir Processing in AlSil0Mg Alloy Produced by Laser Powder
Bed Fusion. Materials 2023, 16, 944. [CrossRef]

Slezak, T.; Zmywaczyk, J.; Koniorczyk, P. Thermal diffusivity investigations of the Titanium Grade 1 in wide temperature range.
AIP Conf. Proc. 2019, 2170, 020019. [CrossRef]

Hrbek, J. Induction heating of thin nonmagnetic sheets in transverse time-variable magnetic field. Acta Tech. 2015, 60, 15-29.
Tong, Z.; Li, S.; Ruan, X.; Bao, H. Comprehensive first-principles analysis of phonon thermal conductivity and electron-phonon
coupling in different metals. Phys. Rev. B 2019, 100, 144306. [CrossRef]

Tritt, TM. Thermal Conductivity: Theory, Properties, and Applications; Springer Science & Business Media: New York, NY, USA, 2005.
Galsin, J.S. Impurity Scattering in Metallic Alloys; Springer Science & Business Media: New York, NY, USA, 2002. [CrossRef]

Qiu, Q.; Liu, Y; Xia, K.; Fang, T.; Yu, J.; Zhao, X.; Zhu, T. Grain Boundary Scattering of Charge Transport in n-Type (Hf,Zr)CoSb
Half-Heusler Thermoelectric Materials. Adv. Energy Mater. 2019, 9, 1803447. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.surfcoat.2008.06.160
https://doi.org/10.1016/j.jmrt.2022.07.121
https://doi.org/10.1016/j.ijheatmasstransfer.2018.01.082
https://doi.org/10.1021/jp902097f
https://doi.org/10.1016/S0022-3115(97)00069-X
https://doi.org/10.1007/s40194-021-01228-7
https://doi.org/10.1063/1.2994815
https://doi.org/10.1016/S0921-4534(96)00589-8
https://doi.org/10.1038/srep35720
https://doi.org/10.1016/j.optlastec.2021.107574
https://doi.org/10.1557/s43579-022-00253-x
https://doi.org/10.3390/ma12182855
https://www.ncbi.nlm.nih.gov/pubmed/31487928
https://doi.org/10.3390/ma14112704
https://doi.org/10.1016/j.jallcom.2019.151756
https://doi.org/10.1007/s11661-020-05880-4
https://doi.org/10.1038/s41467-019-12265-8
https://doi.org/10.1021/jacs.2c02017
https://doi.org/10.1016/j.jeurceramsoc.2020.08.070
https://doi.org/10.1016/j.matlet.2021.130273
https://doi.org/10.3390/ma16030944
https://doi.org/10.1063/1.5132738
https://doi.org/10.1103/PhysRevB.100.144306
https://doi.org/10.1007/978-1-4615-1241-7
https://doi.org/10.1002/aenm.201803447

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

