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Abstract: Laser additive manufacturing with mixed powders of aluminum alloy and silicon carbide
(SiC) or boron carbide (B4C) is investigated in this experiment. With various mixing ratios of SiC/Al
to form metal matrix composites (MMC), their mechanical and physical properties are empirically
investigated. Parameters such as laser power, scan speed, scan pattern, and hatching space are
optimized to obtain the highest density for each mixing ratio of SiC/Al. The mechanical and thermal
properties are systematically investigated and compared with and without heat treatment. It shows
that 2 wt% of SiC obtained the highest strength and Young’s modulus. Graded composite additive
manufacturing (AM) of MMC is also fabricated and characterized. Various types of MMC devices,
such as heat sink using graded SiC MMC and grid type three-dimensional (3D) neutron collimators
using boron carbide (B4C), were also fabricated to demonstrate their feasibility for applications.

Keywords: additive manufacturing; silicon carbide; aluminum; metal matric composite; boron

carbide; neutron collimator

1. Introduction

Metal matrix composite (MMC) shows a great potential in tailoring mechanical, phys-
ical, and metallurgical properties of metals and/or ceramics [1-3]. A metal matrix com-
posite consists of insoluble metal alloy matrix materials such as aluminum, manganese,
iron, and cobalt with one or more other reinforcement materials, usually ceramic par-
ticles like oxides, carbides (silican carbide SiC or boron carbide B4C) or other different
metal phases such as lead, molybdenum, or tungsten, to achieve a combination of prop-
erties that cannot be achieved by the main matrix materials such as hardness and wear
resistance [4,5], strength [6], toughness [7], impact resistance, etc. Among various matrix
materials, aluminum alloys are a common selection because of their light weight and
appropriate mechanical properties. The melting point of the aluminum is high enough to
fit many applications.

Silicon carbide is the most widely used reinforcement because of its good corrosion
resistance, high melting point, high wear resistance, and good compatibility with aluminum
alloys. For example, the SiC particle behaves like a crack blocker, and oxidation of SiC
induces the self-healing. The mechanical strength and healing mechanism can be controlled
by the particle size of the contained SiC particles [8-10]. However, conventional tools and
technologies, such as casting [1], cold spray [11], powder blending and consolidation, and
semi-solid powder processing [12-14], do not provide capability and cost effectiveness
for the fabrication of parts having a complex shape and sophisticated composition for the
custom tailoring of the properties.

Additive manufacturing or 3D printing technology is an enabling technology which
does provide for the fabrication of complex shapes, but unfortunately, current additive
manufacturing technologies require that the powders with a given composition must be
alloyed and made with either plasma or gas atomization techniques prior to their use
in the additive manufacturing process. Additive manufacturing (AM) of alloyed MMC
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powders [15] or metal-coated powders [16] are too complicated and time consuming to be
practically used for industrial levels of development. Moreover, additive manufacturing of
ceramics such as SiC or B4C usually involves binders for sintering at temperatures much
lower than the melting point and the post heating and annealing.

Recently, additive manufacturing (AM) has shown significant advantages in fab-
rication with mixed powders, metals and/or ceramics to achieve the desired perfor-
mance [15-19]. Recent publications by the authors and researchers from Oak Ridge Na-
tional Laboratory (ORNL) show that by directly mixing powders of aluminum and boron
carbide (B4C), excellent neutron attenuation and components such as collimators can
be achieved without sag or distortion at elevated temperatures [19,20]. The hardness
(110 MPa) and Young’'s modulus (11.7 GPa) of mixed B4C/ Al are close to those of Al [19].
The use of Al/B4C is a viable alternative for use in neutron-shielding applications when
toxicity or prompt gamma exposure may be issues [20]. In a publication authored by
Zeng, X.; Jing, Q.; Sun, J.; Zhang, ]. it was indicated that the addition of a ceramic frac-
tal structure can improve the compressive and torsional properties of composite materi-
als [21]. Risse, ].H., et al. described that the mechanical properties (hardness, compression
strength, and Young’s Modulus) of the Al-high Si alloys were correlated to the microstruc-
ture [22]. A significant improvement could be achieved by increasing the Si content from
50 to 70 wt%, inducing the formation of a dense network of primary Si phases. However,
none of these publications have reported the composition ratio impact on tensile strength
and elongation, as well as heat treatment, that are essential to industrial applications.

The main purpose of this paper is to give a systematic analysis of MMC by directly
mixing SiC powders with aluminum alloy AlSil0Mg powders at various weight per-
centages of SiC. The base line for investigation is AlSil0OMg only. After optimizing the
printing conditions in which the part has the highest density value, the mechanical and
thermal properties were compared for three compositions [AlISi10Mg, 2 wt% SiC/98 wt%
AlSil0Mg (SiC/Al: 2/98), and 5 wt% SiC/95 wt% AlSil0Mg (SiC/Al: 5/95)], and the
microstructure properties of the corresponding parts were analyzed through scanning
electron microscope (SEM), X-ray diffraction (XRD), energy-dispersed X-ray spectroscopy
(EDS), and electron backscatter diffraction (EBSD). In addition, hot isostatic pressing (HIP)
heat treatment was proceeded to modify the mechanical properties and microstructures,
and compared with those without HIP treatment. Graded composition was investigated for
5iC/AlSi10Mg MMC. MMC components using SiC/AlSi10Mg and B4C/AlSi10Mg were
also present for various applications.

New compounds may also be synthesized during the AM process. For SiC/Al AM,
SiC + Al yields to Al4Cs and Si [17,18]. For B4C/Al, it also clearly demonstrates newly
formed crystal phases of aluminum carbide (Al4C3) and aluminum diboride (AlB;) during
the melting and solidification process for the mixed compound powders [19]. This will
tailor the mechanical properties, such as tensile strength, stiffness, hardness, Young's
modulus, wear resistance, thermal conductivity, and/or thermal expansion coefficient
(TECQ), to fit to certain applications, such as the engine, brakes, sports tools, machine tools,
aerospace parts, etc.

In Section 2, the characterization of SiC and AlSi10Mg powders and AM parameters
is given. In Section 3, several subdivisions are present. Section 3.1 presents AM pro-
cess optimization for the three compositions, including AlSi10Mg, SiC/Al: 2/98, and
SiC/Al: 5/95. Section 3.2 gives microstructure comparisons under various orientations
through etching. Section 3.3 shows the test results on mechanical properties such as ultimate
tensile strength (UTS), yield strength, Young’s Module, and elongation. Section 3.4 sum-
marizes thermal properties such as coefficient of thermal expansion (CTE) and thermal
conductivity. Section 3.5 discusses the XRD/EDS/EBSD results for the three compositions.
Section 3.6 presents AM examples of MMC components such as graded composition heat
sink and two-dimensional (2D) and three-dimensional (3D) radial neutron collimators.
mboxsectsect:sec4-applmech-3033399 provides conclusions.
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2. Materials and Methods

Silicon carbide (density 3.21 g/cm?) from American Element, Los Angeles, CA, USA
and aluminum alloy (AlSil0Mg, density 2.65 g/cm?) powders from CNPC, Beijing, China
were used. Al alloy powder size is smaller than the SiC. About 80% of the AlSil0Mg
powders were measured to have diameters within 10-30 um. Figure 1 shows the powder
characterization results, including microscopic image, scanning electron microscopy (SEM),
and powder size distribution.
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Figure 1. AlSi10Mg powder size measurement.

Microscopic image, SEM image and powder size distribution for SiC powders are
given in Figure 2. The sample’s particle size generally locates at 10-50 um for SiC, from
the microscopic measurement. As a note, the SiC powders show irregular shapes, which
is not ideal for AM process. Practically, we had no other choice since this was the best
we could find for all suppliers. After making parts and testing, we have learned that
the particle size distribution plays a more important role than the shape. As long as a
well-distributed particle size (Gaussian distribution) is given, high density can be achieved.
Figure 3 presents the result of energy-dispersed X-ray spectroscopy (EDX). It indicates a
pretty pure SiC.
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Figure 2. Silicon carbide powder size measurement.

SiC and AlSi10Mg powders were weighted separately and then put in a glass bottle
for mixing. A roller mixer was used to mix the SiC and AlSi10Mg powders for at least 4 h.
Theoretical density for SiC/Al: 2/98 is 2.659 g/cm3, and for SiC/Al: 5/95 it is 2.673 g/cm3.
A homemade laser powder bed fusion (LPBF) AM system was used in our experiment [23].
The coordinate system follows the international standard of American Society for Testing
and Materials (ASTM) 52921, for which the blade moving direction is the X-axis and the
laser beam incident direction is the Z-axis.

In order to select the optimal AM parameters, the laser power (130-175 W), scan speed
(100-300 mm/s), and hatch spacing (0.1-0.2 mm) were varied to find the best density of
cubical samples. The slicing layer thickness was fixed at 50 pum, and the hatch pattern with
57-degree rotation for each layer was used.
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Figure 3. Characterization of SiC (silicon carbide) powder with EDX (energy-dispersed X-ray spectroscopy).

3. Results and Discussion
3.1. AM Process Optimization

A: AISi10Mg

The laser power and hatch spacing were changed during the matrix test for comparison
of density and surface roughness while maintaining the scan speed of 150 mm/s. After
printing, each cubic sample was separated by an electrical discharge machining (EDM)
system, and the density was measured using the water immersion method (Archimedes
method). In Figure 4a, the relative density (compared with theoretical density 2.65 g/cm?)
shows a clear tendency to increase as the laser power increased. The hatch spacing was
changed over a wider range in the verification test to confirm this trend, as shown in
Figure 4b. High density was obtained with a hatch spacing of 130 pm at 175 W or 140 um
at 150 W. In particular, 100% of relative density (2.65 g/cm?®) was obtained under the
condition of laser power at 175 W, hatch spacing at 130 um, and scan speed at 150 mm/s,
and this was selected as the optimal condition.
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Figure 4. Water immersion density measurement of AlSil0Mg printed cubic parts (a) matrix test,
(b) verification test.

Figure 5 shows the surface roughness (Ra) test results, with a surface stylus profiler.
Generally, the overall Ra value tends to decrease at the higher laser power. This can be
interpreted to mean that the powder is not completely melted at the lower laser power, so
it is difficult to spread the melt pool widely.
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Figure 5. Surface roughness, Ra, measurement of AlSil0Mg cubic parts (a) matrix test, (b) verification test.

B: SiC/Al: 2/98

In the matrix test of SiC/Al: 2/98 (theoretical density 2.659 g/cm?), the scan speed
and hatch spacing were varied for comparison while setting the laser power at 150 W or
175 W. As shown in Figure 6a, high density was obtained at higher laser power and lower
scan speed and at a hatch spacing of 150 um, similar to the AlSi10Mg test results.
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Figure 6. Water immersion density measurement of SiC/Al: 2/98 printed cubic parts (a) matrix test,
(b) verification test.

The verification test was then proceeded by narrowing the range of hatch spacing and
scan speed at a laser power of 175 W. A total of 100% relative density was obtained under
all conditions of this test, as shown in Figure 6b. Among them, the median hatch spacing
of 150 um and the fastest scan speed of 200 mm /s were selected as the optimal conditions.

In Figure 7, surface roughness Ra values also show a similar trend with those AlSi10Mg
tests. Ra tends to decrease at a higher laser power, and their overall values were lower than
20 um. In the verification test, all Ra values were distributed around 10 um, which is very
good for AM.
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Figure 7. Surface roughness, Ra, measurement of SiC/Al: 2/98 printed cubic parts (a) matrix test,
(b) verification test.

C:5iC/ Al 5/95

The SiC/Al: 5/95 (density 2.673 g/cm?) matrix test of cubic samples was also at-
tempted at the same parameters as those of the SiC/Al: 2/98 test. As shown in Figure 8a,
the highest density was obtained at a higher laser power with a hatch spacing of 150 pm.
However, when scan speed was decreased from 150 mm/s to 100 mm/s, the density values
were decreased at all test conditions of laser power and hatch spacing. At the condition
of laser power 186 W, scan speed 150 mm/s, and hatch spacing 0.15 mm, the maximum
relative density value of 98.77% was achieved, which was lower than the previous tests for
AlSi10Mg and SiC/Al: 2/98.
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Figure 8. Water immersion density measurement of SiC/Al: 5/95 printed cubic parts (a) matrix test,
(b) verification test.

In the verification test, a wider speed range was intentionally used to check the perfor-
mance. As shown in Figure 8b, the highest density was obtained at a speed of 150 mm/s,
and the density decreased at high scan speeds.

For the surface roughness shown in Figure 9, a relatively low Ra value was obtained
at a higher laser power. Compared with the previous tests, it is slightly higher.
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Figure 9. Surface roughness, Ra, measurement of SiC/Al: 5/95 printed cubic parts (a) matrix test,
(b) verification test.

3.2. Microstructure Comparison at Different Orientations

The optimal printing conditions for the described three types of compositions, AlSi10Mg,
SiC/Al: 2/98, and SiC/Al: 5/95, are shown in Table 1. Compared to the reference material
AlSi10Mg;, the silicon carbide additive has a relatively lower thermal conductivity (typically
3.8-20 W/mK), so SiC/Al: 2/98 can obtain high-density printed parts with less laser energy
(higher scan speed and higher hatch spacing). However, when the SiC addition rate was
increased to 5%, even when higher energy was applied, the SiC powders interfered with
the thermal conduction, restricting sufficient Al melting, and as a result, they resulted in
pores inside the printed part and subsequently lower the density, as shown in Figure 10. In
terms of surface roughness, SiC/Al: 2/98 obtained the lowest Ra value of around 12 um.

Table 1. Optimal laser printing parameters.

Powder AlSi10Mg SiC/Al: 2/98 SiC/Al: 5/95
Laser power (W) 175 175 186
Scan speed (mm/s) 150 200 150
Hatch spacing (mm) 0.13 0.15 0.15
Water Immersion Density Surface Roughness
M As built —~ 20
= HiPed g
& 15
g
£ 10
oo
=]
<]
o 5
[
g
E o
AlSi10Mg SiC/Al: 2/98 SiC/Al: 5/95 » AlSi10Mg SiC/Al: 2/98 SiC/Al: 5/95
Material Material
(a) (b)

Figure 10. (a) Density comparison of printed cubic parts before and after HIP. (b) Surface
roughness comparison.

In order to modify the mechanical properties of the printed part, the hot isostatic
pressing (HIP) process was performed to improve the microstructures and reduce the
anisotropic properties. For the HIP processing conditions, the residual stress of printed
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parts was relieved for 2 h at 300 °C and 60 MPa, and then the parts were pressed at 475 °C
and 100 MPa for 2 h.

For each composition, four cube parts with a dimension of 20 mm (L) x 20 mm (W) X
15 mm (H) were printed with the optimized printing conditions listed in Table 1. Among
them, two parts were HIP-treated. The density before and after HIP was compared.

Since the density of the AlSi10Mg and SiC/Al: 2/98 parts were almost 100% just after
printing, there were no big differences in the density values after HIP. On the other hand,
the density of SiC/Al: 5/95 was improved from 96.54% to 98.28% due to the decreased
pores under high-temperature and pressure conditions during the HIP process.

After cutting the printed cubic parts in three direction planes (XY/XZ/YZ, ASTM 52921)
as shown in Figure 11, the microstructure and grain boundary were visualized through
etching. Etching times were 10 min for the as-built parts and 2 h for the HIP-treated parts
in Keller’s Reagent (HNO3, HF, HCL, water). Figures 12-14 give the test results for three
compositions. As a note, some straight lines were caused by polishing. The bright spots in
Figures 13 and 14 are unmelted SiC particles.

B
C
YA
Section A: YZ Plane
X Section B: XZ Plane
Y Section C: XY Plane

Figure 11. Directions of the cross-section for measurement (American Society for Testing and Materials
ASTM 52921).

Basically, most of the grain boundaries have similar shapes. They were elongated
with a length up to around 1 mm on the XY plane and stacked as thin layers with around
60 um thickness in the Z-axis direction. The angle of the laser hatch pattern was changed by
57 degrees for each layer, but in most cases, the long grains were oriented in the direction
of 45 degrees and 135 degrees in most of the areas on the XY plane. When the content of
silicon carbide was increased, more small grains were observed to be formed around silicon
carbide. As a result, the grain size showed a tendency to slightly decrease, but the value
was insignificant.

In the etched section of the HIP-treated parts, it was difficult to identify the grain
boundary, although the etching time was extended from 10 min to 2 h. In the case of SiC/Al
MMC parts, the boundary was not found. Only the AlSi10Mg part section was able to
observe faint boundaries. The grain size of the HIP-treated parts decreased slightly in the
Xand Y directions but slightly increased in the Z-axis direction. It seems that most of the
long grains obtained a strong bonding force with each other or integrated into a large grain
boundary under high temperature and high pressure during the HIP process, and then,
only some of the small grains that have relatively low bonding force were distinguished.
The EBSD results in Section 3.5 also confirm the mechanism.
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Figure 12. Comparison of microstructure and grain boundary of AlSil0Mg cubic samples along
different orientations: (Top) etched for 10 min (as built) (Bottom) etched for 2 h (HIP-treated).
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Figure 13. Comparison of microstructure and grain boundary of SiC/Al: 2/98 cubic samples along
different orientations: (Top) etched for 10 min (as built), (Bottom) etched for 2 h (HIP-treated).
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Figure 14. Comparison of microstructure and grain boundary of SiC/Al: 5/95 cubic samples along
different orientations: (Top) etched for 10 min (as built), (Bottom) etched for 2 h (HIP-treated).

3.3. Test on Mechanical Properties

In order to compare the mechanical properties of MMC with different compositions,
dog-bone samples were designed and printed, and tensile tests were performed in com-
pliance with ASTM E8. Rod-shaped dog-bone samples were printed in the directions of
0, 45, and 90 degrees on the same substrate to do the mechanical characteristics, as shown
in Figure 15. Half of the dog bones were HIP treated with the same conditions in Section 3.2.

Figure 15. Example of standard dog-bone parts printing.

Figure 16 and Table 2 summarize the test results of yield strength, ultimate tensile
strength, Young’s modulus, and elongation. SiC/Al: 2/98 obtained the highest strength
and Young’s modulus, and AlSi10Mg got the highest elongated value. For dog bones
under the HIP process, the elongation increased as the residual stress was released and
the grain became finer in a high-temperature and high-pressure environment, but the
strength and Young’s modulus decreased as the material became more ductile. As a note,
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the relative densities of HIP-treated SiC/ Al samples are lower than those samples without
HIP treatment. This is mainly due to the fact that some pores may be incurred in the
boundaries of SiC/ Al during the HIP treatment.

Yield Strength () Ultimate Strength (b)
300 . 500
o ©
§ 250 — S 400
< 200 ./\ == AISi10Mg (As Built) < —o—AlSi10Mg (As Built)
3 —_ B 300
S 150 === AISi10Mg (HIPed) g =@ AlSi10Mg (HIPed)
g =8 SiC/Al: 2/98 (As Built) % 200 =@=SiC/Al: 2/98 (As Built)
2 100 — < SIiC/Al: 2/98 (HIPed) ) SIC/Al: 2/98 (HIPed)
-&’ 50 = SiC/Al: 5/95 (As Built) g 100 —e—SiC/Al: 5/95 (As Built)
B SIC/Al: 5/95 (HIPed) g 0 SIC/Al: 5/95 (HIPed)
0 degree 45 degree 90 degree 0 degree 45 degree 90 degree
Printing Direction Printing Direction
Young's Modulus Elongation
150 (@ 20 (d)
g = 25
@ 120 p P ———
E /Q\ «=@==AISi10Mg (As Built) g 20 === A|Si10Mg (As Built)
.g =0 /2\\ “‘\§ =8 AISi10Mg (HIPed) ED 15 8= AlSi10Mg (HIPed)
§ 60 / \: —8=—SiC/Al: 2/98 (As Built) ?°J == SiC/Al: 2/98 (As Built)
wn r/ SiC/Al: 2/98 (HIPed) 10 SiC/Al: 2/98 (HIPed)
%ﬂ 30 8= SiC/Al: 5/95 (As Built) 5 \ =@=SiC/Al: 5/95 (As Built)
9 o SiC/Al: 5/95 (HIPed) o D— e —- SiC/Al: 5/95 (HIPed)
0 degree 45 degree 90 degree 0 degree 45 degree 90 degree
Printing Direction Printing Direction
Figure 16. Tensile test results of three compositions. (a) Yield strength. (b) Ultimate strength.
(c) Young’s modulus. (d) Elongation.
Table 2. Tensile test results of standard dog-bone parts.
Printing . Ultimate Young's . . .
Material Direction Sample ID Ylel(;ll\i;)r:)ngth Strength Modulus Elor(log/a)tlon Relatu;;]))ensuy
©) (MPa) (GPa) ° °
0 10141 183 388 30 9 100.00
AlSil0Mg
(As-built) 45 10142 193 392 77 9 100.00
90 10143 174 382 21 8 100.00
0 10151 80 170 48 23 100.00
AlSi10Mg
(HIP-treated) 45 10152 105 164 98 24 100.00
90 10153 93 167 66 25 100.00
0 10121 221 403 57 100.00
SiC/Al: 2/98
(As-built) 45 10122 243 397 119 4 100.00
90 10123 216 382 77 3 100.00
0 10131 142 183 114 22 99.55
SiC/Al: 2/98
(HIP-treated) 45 10132 70 184 102 19 99.92
90 10133 141 181 108 19 100.00
0 10071 199 382 32 3 99.21
SiC/Al: 5/95
(As-built) 45 10072 228 367 89 3 99.63
90 10073 189 275 50 1 99.44
0 10081 176 196 97 11 99.89
SiC/Al: 5/95
(HIP-treated) 45 10082 161 196 70 10 100.00
920 10083 114 192 123 10 99.03
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In the case of yield strength and Young’s modulus, the elastic behaviors of the
dog-bone parts printed in the 45-degree direction tended to be different from those in
the 0-degree and 90-degree directions. This seems to be related to the orientation of the
long grains in the 45° and 135° directions when observing the grain boundary. Therefore,
in order to obtain a uniform elastic behavior in all directions, it is necessary to select the
printing conditions to shorten the grain length on the XY plane.

3.4. Test on Thermal Properties

Thermal conductivity of the printed parts was measured using the laser flash diffusiv-
ity method (ASTM E1461). The range of measurement temperature is from room tempera-
ture to 150 °C, and thermal conductivity values for six points were obtained at intervals of
about 25 °C. A comparison of thermal conductivity related to AlSi10Mg, SiC/Al: 2/98, and
SiC/Al: 5/95 is given in Figure 17a. Linear thermal expansion was measured by a dual
push-rod dilatometer following ASTM standard testing procedure E228. Measurements
were made at intervals of 5 °C in the temperature range of 30 °C to 150 °C. The coefficient
of thermal expansion (CTE) measurement results of SiC/Al: 2/98 and SiC/Al: 5/95 are
given in Figure 17b. Due to the fact that SiC has lower thermal conductivity compared with
Al, the addition of SiC causes the equivalent thermal conductivity to become lower.

Thermal Conductivity Coefficients of Thermal Expansion
_ 25
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Figure 17. (a) Thermal conductivity measurement results and (b) coefficient of thermal expansion
measurement results.

3.5. XRD/EDS/EBSD Analysis
3.5.1. XRD Analysis

XRD is a semi-quantitative analysis by crystalline phase technique and might not
obtain accurate quantitative analytical results. Due to the nature of the analysis method,
it is difficult to distinguish between the Al-Si alloy and pure Al because the peak regions
are nearly identical. Also, the AlSi10Mg alloy contained small amounts of various sub-
stances, but they were not detected as it was below the XRD minimum detection limit of
about 3 wt%. The results of XRD analysis before and after HIP for each material are given
as follows.

A: AlSil0Mg

The AlISi10Mg alloy mainly contains about 90% aluminum and about 10% silicon.
Therefore, in the XRD analysis for this alloy shown in Figure 18, only aluminum (or
aluminum-silicon) and silicon were detected as expected, although the quantitative values
were not accurate.
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Figure 18. Phase identification results for AlSi10Mg (a) as-built, (b) HIP-treated.

B: SiC/Al: 2/98

In the XRD analysis of SiC/Al:2/98 as shown in Figure 19, components such as
aluminum (or aluminum-silicon) and silicon from AlSi10Mg, and silicon carbide, were de-
tected. It confirms that silicon carbide powder (melting temperature 2830 °C) is distributed
without being completely melted through the detection of SiC crystals when compared
with the results of AlSi10Mg (melting temperature 570 °C).
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Figure 19. Phase identification for SiC/Al: 2/98 (a) as-built, (b) HIP-treated.

C:SiC/Al5/95

Figure 20 shows the XRD analysis of SiC/Al:5/95. Carbon (graphite) and aluminum
carbon (Al4C3) were additionally detected, as well as aluminum, silicon, and silicon carbide,
as compared to the results of SiC/Al:2/98. This means that silicon carbide was not only
distributed without being completely melted, but also that it was partially melted, and
then the carbon from silicon carbide changed into graphite or alloy with aluminum. Most
likely, Al4C3 compound is created at the boundary areas of SiC particles, where high carbon
concentration is located. However, only Al, Si, and SiC were detected in the HIP-treated
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MMC part. As mentioned before, for detection results as small as around 3%, more
cumulative data is needed to make an accurate judgment. Table 3 lists a summary of the
XRD results for three compositions.
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Figure 20. Phase identification for SiC/Al: 5/95 (a) as-built, (b) HIP-treated.
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Table 3. Summary of XRD quantitative analysis results.
Weight Percent (wt%)
Material AlSi10Mg AlSi10Mg SiC/Al: 2/98 SiC/Al: 2/98 SiC/Al: 5/95 SiC/Al: 5/95
(As-Built) (HIP-Treated) (As-Built) (HIP-Treated) (As-Built) (HIP-Treated)
Al 62.1 63.9 91.5 85.2 81.9 81.3
Si 37.9 36.1 8.1 13.4 9.1 14.1
SiC - - 0.4 1.4 3.7 4.6
C - - - - 3.6 -
AlCs - - - - 1.7 -

3.5.2. EBSD/EDS Analysis
A: AISi10Mg

In EBSD analysis, three types of images can be acquired. The Kikuchi band contrast
map is a direct view of grain size and shape, while the phase and the orientation map show
the crystal phase and the normal direction of the crystal by color. The EBSD technique
cannot differentiate between the same crystal systems, and both aluminum and Si belong
to the cubic crystal system. Therefore, although the scan region is indexed as a single
Si or Al phase, in actuality it could be a mix of both.

Figures 21 and 22 are EBSD results of a cross-section of an AlSi10Mg cubic part before
and after HIP. Numerous fine grains were distributed after HIP treatment, which could
be easily identified with the eye. The fine grains distributed on the cross-section after
the HIP process were more easily observed by EBSD analysis. During the HIP process,
it is predicted that the fine grains were finely decomposed along with their respective
directions at 300 °C and 60 MPa, thereby releasing the residual stress caused by fast laser
heating during printing. And then, as the temperature and pressure increased further to
475 °C and 100 MPa, their bonding strength became stronger, which made macro-level
grain boundaries difficult to identify during the etching test.

Figures 23 and 24 show the results of EDS mapping and element characterization for
the cross-section of AlSil0Mg printed parts. EDS is widely known to be inaccurate for low
atomic number elements such as C, B, N, and O. The carbon and oxygen could be from the
polishing process. Also, no crystalline phases related to carbon and oxygen were detected
in the XRD analysis. Therefore, it is reasonable to conclude that about 90% aluminum and
about 10% silicon form the main components of the alloy. Moreover, there is no change in
the composition observed in EDS tests before and after HIP.

Figure 21. Electron backscatter diffraction (EBSD) analysis results of AlSi10Mg (as-built) (a) Kikuchi
band contrast map, (b) phase map.



Appl. Mech. 2024, 5 466

Figure 22. EBSD analysis results of AlSi10Mg (HIP-treated) (a) Kikuchi band contrast map, (b) phase map.

EDS Layered Image 1

o[8[

100pm

Al Kal Si Kal

C Ka1,2 O Kal

| T ree—|

|y a—|
100pum 100um

Figure 23. EDS mapping images of the cross-section of AlSil0Mg part (as-built).
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Figure 24. EDS quantitative analysis of AlSil0Mg part (as-built).

B: SiC/Al: 2/98

Figures 25 and 26 are the EBSD results for a cross-section of a SiC/Al: 2/98 cubic part
before and after HIP. It shows that the unmelted silicon carbide powder is distributed in
AlSi10Mg. In SiC/Al: 2/98, the AlSi10Mg portion behaves similarly to that of AiSi10Mg
without mixed SiC.

SiC

(a) (b)

Figure 25. EBSD analysis results of SiC/Al: 2/98 (as-built) (a) Kikuchi band contrast map, (b) phase
map. Irregular shapes are unmelted SiC powders.

Al, Si SiC

Figure 26. EBSD analysis result of SiC/Al: 2/98 (HIP-treated) (a) Kikuchi band contrast map,
(b) phase map. Irregular shapes are unmelted SiC powders.



Appl. Mech. 2024, 5

468

Figures 27 and 28 show the results of EDS mapping and element characterization for
the cross-section of SiC/Al: 2/98 parts. It does show that the content of Si is increased
compared with that of AiSi10Mg in Figure 24. Since only a local area of several hundred
microns was used to analyze, the result of the detected content of silicon carbide affects the
measurement results and may not be accurate.
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Figure 27. EDS mapping images of the cross-section of SiC/Al: 2/98 part (as-built). Irregular shapes
are unmelted SiC powders.
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Figure 28. EDS quantitative analysis of SiC/Al: 2/98 part (as-built).
C:SiC/Al: 5/95

Figures 29 and 30 show the EBSD results of a cross-section of a SiC/Al: 5/95 part
before and after HIP. It shows that the unmelted silicon carbide powder is more distributed
compared to that of SiC/Al: 2/98. Similar to XRD tests, Al4C3 was observed for the as-built
sample and disappeared after HIP treatment.

The EDS results of SiC/Al: 5/95 are shown in Figures 31 and 32. It is obvious that the
SiC component is slightly increased compared to that of SiC/Al: 2/98.
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Figure 29. EBSD analysis result of SiC/Al: 5/95 (as-built) (a) Kikuchi band contrast map, (b) phase
map. Irregular shapes are unmelted SiC powders.
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Figure 30. EBSD analysis results of SiC/Al: 5/95 (HIP-treated) (a) Kikuchi band contrast map,
(b) phase map. Irregular shapes are unmelted SiC powders.
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Figure 31. EDS mapping images of the cross-section of SiC/Al: 5/95 part (as-built). Irregular shapes
are unmelted SiC powders.
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Figure 32. EDS quantitative analysis of SiC/Al: 5/95 part (as-built).
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3.6. Examples of MMC Components
3.6.1. Graded Composition AM of Heat Sink

Four material compositions are used for graded composition parts printing. These
include AlSil0Mg, SiC/Al: 2/98, SiC/Al:5/95, and SiC/Al: 10/90. Figure 33 shows a
schematic layout. In order to print without a time delay between all layers, each powder
layer was configured according to the calculated values in Table 4, and printing was
performed continuously under the optimal conditions described before.

Silicon Carbide

10 =7

) — %% Odoooo QO OO 0.250mm: SiC/Al: 10/90
10 mm

O O O 0595 710.150mm:sic/Al: 5/95

o O O 0O QH0.15Omm:SiC/AI:2/99

3.55mm o

..:?. 0,:;...%;9;‘. 2 r"i &
} 3mm: AlSi10Mg 100%

AlSi10Mg
Figure 33. Composition layers of graded printing test sample.

Table 4. Calculations for the powder preparation.

Powder Thickness of Layer Thfe Number of Powder Thickness in
(mm) Slicing Layers Powder Bed (mm)
SiC/Al: 10/90 0.25 5 1.1
SiC/Al: 5/95 0.15 3 0.66
SiC/Al: 2/98 0.15 3 0.66
AlSil0Mg 3 60 13.2

After printing, the cross-section was cut and polished, and then checked with a micro-
scope. Thirty minutes of etching was performed to evaluate the microstructures. Figure 34
shows the microscopic images for both polished cross-sections and etched cross-sections
for five locations of the sample. It is easier to identify the distribution of SiC powder. It is
noticed that the microstructures were a little changed for each layer but with very smooth
transitions between two adjacent compositions.

(b) Etched cross-section view

Figure 34. Microscopic images of cross-section for five different locations of the graded composition
cubic sample.



Appl. Mech. 2024, 5

472

As shown in Figure 35, a multi-functional heat sink was printed using a graded
composition printing technique. There are two types of powder combinations. For the
base part, AlSi10Mg powder was used for ease of mounting and machining, and for the
body, SiC/Al:10/90 was used for tailoring of mechanical properties and heat dissipation.
Between AlSi10Mg and SiC/Al:10/90 layers of the second type, there are SiC/Al:2/98
and SiC/Al:5/95 layers with a thickness of 200 um, respectively, to gradually transit
the compositions.

=

(b)
Figure 35. Graded composition AM of multi-functional heat sink (a) 3D modeling, (b) printed heat sink.

3.6.2. AM of MMC Neutron Radial Collimators and Components

Boron is one of the best neutron absorbers for the range of wavelengths of neutrons.
However, because of the material’s extreme hardness, it is difficult to make custom-shaped
boron carbide parts for neutron scattering instruments. By combining aluminum with
boron carbide to form a matrix, the challenging issue is resolved, and the complex col-
limator and other neutron instrument parts can be printed (Figures 36 and 37). These
additively manufactured neutron collimators and parts have a very high neutron absorbing
cross-section with a small neutron scattering cross-section, and a larger thermal conduc-
tivity compared to other additive manufactured materials [19,20]. They can be used in
cryogenic environments while conducting thermal energy and they will not sag, distort, or
decompose at elevated temperatures.

Figure 36. Neutron scattering instrumentation at the Spallation Neutron Source of ORNL (middle),
boron carbide MMC 3D collimator (left), and 2D collimator (right).

As shown in Figure 36, neutron collimators define the divergence of the neutron beam
in neutron scattering instrumentation. Controlling beam divergence allows for more accu-
rate measurements of the neutron scattering cross-section of the material being examined.
By using additive manufacturing techniques, complex 2D and 3D radial collimators with a
height of 120 mm were printed with mixed boron carbide and aluminum powders. Septic
fin thickness as thin as 300 pm was achieved. AM of aluminum /boron carbide MMC parts
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can also be extended easily to other areas of operation, including custom nuclear shielding
and nuclear tomography.

Figure 37. B;C/Al MMC parts made for ORNL neutron scattering instrumentation. These holder
and bracket are used to shield neutron scattering from mounting detection components.

4. Conclusions

This paper presents a comprehensive investigation on aluminum-based MMC including
SiC. By varying the compositions of SiC and AlSi10Mg powders, mechanical properties and
microstructures were experimentally studied. Samples with and without HIP treatment were
also given for comparison as well as orientations. A few conclusions are made as follows:

(a) High relative density (>99%) is achievable by optimizing AM process parameters.

(b) Mechanical properties show anisotropic properties; however, HIP treatment helps
improve the samples to be more isotropic.

(c) SiC/Al 2/98 obtained the highest strength and Young’s modulus.

(d) Compound AlyC3 was observed for as-built SiC/Al:5/95 MMC samples.

(e) Thermal conductivities close to AlSi10Mg were achieved for both SiC/Al: 2/98
and SiC/Al: 5/95 MMCs.

(f)  During the HIP process, it is predicted that the fine grains were finely decomposed
along with their respective directions at 300 °C and 60 MPa, thereby releasing the
residual stress caused by fast laser heating during printing. And then, as the tempera-
ture and pressure increased further to 475 °C and 100 MPa, their bonding strength
became stronger, which made macro-level grain boundaries difficult to identify during
the etching test.

With continuing advancements of MMC AM,, it is expected in the near future that more
and more functional components will be developed by integrating functions such as me-
chanical strength, wear resistance, radiation shielding or tolerance, electrical enhancement,
and/or chemical resistance.
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