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Abstract: This study compares the tensile properties of commercial aluminum matrix composites
(AMCs) with those of AMCs produced via a nitrogen-induced self-forming process. This process is a
newly developed AMCs manufacturing process that takes advantage of the price competitiveness
and productivity of large-scale products produced via the liquid process. Additionally, this process
has the freedom of choice of the reinforcement phase and the homogeneous dispersibility of the
powder process. Compared to commercial monolithic 6061 alloys, 6061 aluminum alloy matrix
composites exhibit increased Young’s modulus, yield strength, and ultimate tensile strength by
59%, 66%, and 81%, respectively. This study also compares the tensile properties of AMCs with
different matrix compositions, including 2009 and 7050 aluminum alloys. The study shows that
AMCs produced using the nitride-induced self-forming aluminum composite (NISFAC) process
exhibit comparable or superior tensile properties to those obtained using existing commercial powder
metallurgy (P/M) processes.

Keywords: aluminum matrix composite; interface bonding; microstructure; nitridation; tensile strength

1. Introduction

Metal matrix composites (MMCs) are tailored with desired properties by adding
ceramic reinforcing phases to a metal matrix, which can be controlled via the type, shape,
volume fraction, and distribution. Aluminum metal matrix composites (AMCs) have
excellent mechanical and thermal properties, making them highly value-added to the
automobile, electronics, and aerospace industries [1-5]. Therefore, the MMCs market
continues to grow at an annual growth rate of about 6.3% and the total market size is
expected to exceed 433.3 million USD in 2022 [6]. In particular, AMCs are the largest
product segment, accounting for more than 30% of the total MMCs market. The continuous
AMCs market expansion is expected due to the high demand for high-specific-strength
materials required in the automobile and aerospace industries [5,7].

The application of AMCs can be broadly classified into two categories: one is a
structural application and the other is thermal management. AMCs have superior specific
strength and specific stiffness compared to lightweight metal alloys (e.g., Al, Mg) [8-11] and
also have excellent price competitiveness compared to carbon fiber reinforcement polymer
(CFRP) and glass fiber reinforcement polymer (GFRP). Tran et al. [12,13] investigated the
tensile strength and stiffness aligned in the fiber direction of CF and CNT reinforcement
composite wire using the Cu matrix. Remarkably, considering most of the structural
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materials are subjected to load in a multiaxial direction, AMCs are advantageous in that they
have 3D isotropy due to discontinuous reinforcement dispersed in the Al matrix compared
to CFRP or GFRP, which shows good properties only along the longitudinal axis of the
fiber. The anisotropy effect on the mechanical properties of glass and carbon fiber polymer
composites was explored by researchers, where tensile strength is greater in the direction
of fiber alignment [14-16]. In addition, AMCs show excellent environmental resistance
(chemicals, organic fluids, and radiation), wear and abrasion resistance, impact toughness,
and fatigue resistance compared to the polymer matrix composite; thus, they are used in
automobile pistons, engines, cylinders, etc. [3,9,17-20]. It is expected that the application
in the field of structural materials will continue to expand. However, to secure a stable
market for AMCs, which occupy an intermediate position between alloys and polymer
composites in terms of mechanical and price competitiveness, continuous efforts are needed
for properties and price competitiveness that exceed those of competitive materials.

AMCs with high thermal conductivity (TC) and low coefficient of thermal expansion
(CTE) [21-23], which have excellent compatibility with semiconductor materials and can
quickly dissipate heat, are gradually expanding in various fields such as computer chips,
power devices [24], and electronic packaging [25,26]. However, AMCs are challenging
to control the coefficient of thermal expansion compared to Kovar or Invar and have
lower thermal conductivity than pure metals (e.g., Al, Cu), so securing a market that
can replace competitive materials is difficult. Therefore, by taking the unique advantage
of composite materials that can tailor the exact target properties according to the type,
geometry, and volume of the reinforcement phase or by realizing the range of properties that
cannot be achieved by single materials, which are competitive in the thermal management
field, it is necessary to establish a market that can guarantee a solid superiority over
competitive materials.

As discussed above, composite materials generally have an ambiguous position be-
tween conventional materials (light alloys) and cutting-edge (high-tech) materials regarding
price competitiveness and physical properties, so they are constantly being threatened by
competitive materials to secure their market share. Therefore, for the continuous market
expansion of AMCs, it is essential to develop a competitive new manufacturing process
with the flexibility of selection of the reinforcement type, geometry, and volume, while
maintaining the unique advantages of composite materials.

A commercial AMCs manufacturing technique can be divided into a liquid-state
process and a solid-state process, as summarized in Figure 1. Liquid-state processes include
stir casting [27,28] and infiltration [29], while solid-state processes generally use powder
metallurgy (P/M) [30]. Stir casting is of low cost but has limitations in dispersing and
controlling reinforcement particles. Infiltration is widely used for thermal management but
has limitations in manufacturing and unwanted second phases. The P/M process allows for
any shape and size of the reinforcement phase and has the advantage of excellent physical
properties. However, this process involves multiple process steps to manufacture the
final product, as shown in Figure 1, and therefore, the manufacturing process cost is high
compared to other methods. However, the intermediate manufacturing steps are not crucial
for the self-sintering-based technique compared to other processes, as shown in Figure 1.
Table 1 summarizes the advantages and disadvantages of each process [31]. Recently, via
continuous research for process improvement, we developed a new concept of AMCs
manufacturing process based on self-sintering that breaks the conventional notion that
overcoming (or improving) the wettability between Al and ceramic-reinforced phases is
essential in manufacturing AMCs. This self-sintering-based manufacturing method is called
the Nitride-induced Self-Forming Aluminum Composite (NISFAC) process. The NISFAC
process is an innovative and simple process that can simultaneously take advantage of the
price competitiveness and productivity of large-scale products of the liquid process, as well
as the freedom of choice of the reinforcement phase and the homogeneous dispersibility
of the P/M process. Specifically, the NISFAC process involves mixing raw materials (Al
powder and desired reinforcement), heating in a nitrogen atmosphere, and secondary
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Primary Processing Pre-Processing

processing (optional). Not only is the number of processes reduced compared to the
existing process (Figure 1), but each process is straightforward without needing special
equipment and the know-how (Table 1).
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Figure 1. Comparison of MMCs manufacturing techniques [27] (permission taken from Elsevier).
Table 1. Comparison of commercial AMCs techniques with the NISFAC method [31].
Stir Casting Infiltration Powder Metallurgy NISFAC Process
. Low processing temperature
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. Low quality
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temperature additives, and pressure . .
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. Poor wetting between reinforcement and . - .
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industrial equipment,
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bearing materials

beams with maximum
properties in a
uniaxial direction

high-strength, and
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equipment (or processes) so it
can extend the scope of
potential applications

Previous studies reported the mechanisms and process parameters by which AMCs
are manufactured [32-34]. In other words, it was explained that the new process has
sufficient competitiveness compared to the existing commercial process. In that direction, a
further investigation of the characteristics of the AMCs manufactured via the novel process
(e.g., NISFAC) is essential. Therefore, in this study, the level of tensile properties of AMCs
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manufactured via the new NISFAC process was compared to those of the P/M method,
which are commonly evaluated as having superior mechanical properties compared to
other processes. In addition, the behavior of tensile strength of AMCs and their matrix—
reinforcement interfaces were examined via the microstructure.

2. Experimental

AMCs were synthesized using the NISFAC process followed by hot extrusion in the
present work. As mentioned, the NISFAC process consists of three steps: powder mixing,
heating, and secondary processing (optional). First, SiC particles (average particle size:
~9.7 um, purchased from Showa Denko, Minato-ku, Tokyo, Japan) were added to various
aluminum alloy powders (average powder size: ~7-10 pm, purchased from Chengdu
Best New Materials Co., Ltd., Pitong Town, Chengdu, China), namely AA2009, 6061, and
7050. The volume fraction of SiC particles was 15~25%. The Al and SiC particles were
mixed using a turbula mixer (DM-T2, Daemyoung Enterprise Co., Ltd., Dobong-gu, Seoul,
Republic of Korea) without milling media (e.g., balls) or a process control agent. The
mixed powder was placed in a graphite crucible and lightly tapped, charged into a furnace,
and heated for 1.5 to 2 h at 650 to 670 °C under a nitrogen atmosphere. After that, it
was removed from the furnace and air-cooled. The heating rate was 5 °C/min, while
the nitrogen flow rate was 3 L/min. The prepared AMCs were extruded at 350 °C at an
extrusion ratio of 18:1 to produce an extruded rod with a final diameter of 16 mm. After
extrusion, the NISFAC-based AMCs containing 6061, 6063, 7050, and 2009 in this study are
designated as 6061/PS, 6063/PS, 7050/PS, and 2009/PS, respectively (here, PS stands for
the present study). Similarly, the designation of other commercial composites developed
via various companies is presented in Table 2.

Table 2. Summary of mechanical properties of different composites and their matrix (PS: present
study; ER: extrusion ratio; Nr: degree of nitridation; E: Young’s modulus; UTS: ultimate tensile
strength; YS: yield stress; el.: elongation) [35,36].

11‘([1*1‘;‘;;‘ AMCs S‘(ii‘)ze oS 1\(%%1: ?gefniist)y E (GPa)  YS(MPa)  UTS (MPa) (5/11,') ER  Nr(%)

6061 Al - - - 2.7 68.9 276 310 12 - -

6061 (T6) 6061/PS 9.7 175 10 2780 110(£25) 457 (+£10.62) 560 (£478)  4.5(+£0.23) 18:1 19
6061/Materion  2-3 40 29 140 490 620 25

6063 Al - - - 2.7 68.9 214 241 12 - -

6063 (1) 6063/PS 145 175 74 28 105 (+£3.1) 306 (£8.6) 381 (£10.5) 10 (£1.75) 181 05
wn e 2N 27 73.8 290 366 60:1
6092/ DWA 17.5 -— 2.79 106 421 490 6 60:1 -—

7050 Al 283 717 490 552 11

7050 (T6) 7050/PS 9.7 15 10 2.92 103 (£2.7) 487 (£6.5) 606 (£7.7) 4.7 (£0.76) 181 17
7050/ DWA 9.48 15 ~45 98.7 506 538 1.2 14:1 -

2009 Al - - - 2.7 69 324 469 19 - -

2009 (T4) 2009/PS 9.7 175 10 287 93 (42.8) 444 (£75) 570 (£6.28) 44 (L£L1) 18:1 19
2009/DWA 15 2.84 9% 379 572 85

2124 (T4) 2024 /Materion 2~3 25 - 2.88 115 480 680 5 - -—-

The microstructures were observed using an optical microscope (OM, Eclipse LV100ND,
Nikon, Minato-ku, Tokyo, Japan). The cross-sectional samples for OM were cut from
the extruded bar. First, the samples were polished using 400-, 600-, 800-, and 1200-grade
sandpapers. After that, final polishing was performed using the 0.3 pm alumina suspension
for 20 mins and then cleaned with ethanol via a sonicator. Finally, optical images were
taken using an optical microscope. The tensile test specimens were prepared using the
ASTMES standard of a 25 mm gauge length, a 6 mm gauge width, and a 1 mm thickness.
The tensile test was repeated 3 to 5 times for each specimen at an initial strain rate of 107%/s
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at room temperature of 25 °C (Instron 5967, Instron, Norwood, MA, USA) to evaluate
the mechanical properties of AMCs. After the tensile test, the fracture surfaces of the
specimens were observed using a scanning electron microscope (SEM, JEOL, JSM 2001F,
Akishima, Japan). Samples were prepared using focused ion beam milling (FIB, Quanta
3D, FEI Co., Ltd., Hillsboro, OR, USA) and then transmission electron microscopy (TEM)
(Titan 80-300, FEI Co., Hillsboro, OR, USA) to observe the interfacial structure between the
Al and SiC particles.

3. Results and Discussion
3.1. Tensile Properties

Figure 2 illustrates the comparison of the tensile properties of monolithic 6XXX al-
loys (Al6061, Al6063, and Al6092) and 6XXX alloy matrix (Al6061, Al6063, and Al2009)
composites, which were produced in this study and by representative commercial P/M
companies, such as DWA (DWA, Aluminum Composites, Chatsworth, CA, USA) [35] and
Materion products [36]. Density, yield strength, ultimate tensile strength, and elongation
to failure of the AMCs produced in the present study are also summarized in Table 2.
The representative stress—strain curves of all composites (6061/PS, 6063/PS, 7050/PS, and
2009/PS) are presented in Figure Al in Appendix A. While there are variations in the
material features (e.g., the size and volume fraction of SiC particles and the composition
of the matrix) and processing parameters (e.g., extrusion temperature and ratio), it is still
possible to relatively compare the performance of those specimens. In the case of the 6061
Al matrix, Young’s modulus (E), yield strength (YS), and ultimate tensile strength (UTS)
of our AMCs containing 17.5 vol.% SiC (~9.7 pm) were increased by 59%, 66%, and 81%,
respectively, compared to commercial monolithic 6061 alloys. Similarly, E, YS, and UTS
of the 6063 /PS composite increased by 52, 43, and 58%, respectively, compared to their
matrix Al (Figure 2). It can be noticed that (Figure 2), the 6061/17.5 vol% SiC composite
(6061/PS) in the present study has higher tensile properties than other 6XXX Al (e.g., 6063
and 6092) matrix commercial composites containing SiC; this may be due to the smaller
SiC particle size in the present study. On the other hand, the tensile properties of all the
composites produced by Materion (AMC640XA) are superior compared to those produced
in the present study, possibly due to the very fine sizes (2~3 um) and high volume fraction
(25-40%) of SiC particles in Materion’s composites. Due to its outstanding mechanical prop-
erties, AMC640XA has various potential applications, including precision and high-speed
machinery, aerospace, defense, and the automotive sector. Considering that the SiC particle
size and volume fraction have a significant effect on the tensile properties of AMCs, it can
be seen that our products have excellent tensile properties. Although there is no direct
comparison of tensile data, it can be seen that the tensile properties of the 6063 Al matrix
composite manufactured via the NISFAC process are comparable to those of commercial
AMCs by DWA’s 6092 Al matrix composite and 6063 Al alloys (Figure 2). Concerning the
S5iC vol.% of ~15% and the SiC size of ~9.7 um, 7050/PS shows ~4% and ~13% higher
Young’s modulus and tensile strength, respectively, compared to 7050/DWA (Table 2).
Similarly, the yield strength of 2009/PS is ~1.2 times that of 2009/DWA. In particular,
DWA'’s products have an extrusion ratio of 60:1, which is higher than ours. This product is
suggested as a suitable material for aviation structures and was used for the ventral fins
and fuel access covers of F-16 Falcon fighters.

The tensile properties for composites of 2009 and 7050 Al matrices are shown in
Figure 3. Alloy 7050 Al was treated with T6, and in the case of 2009 Al, the tensile
properties of 2024 Al with a similar composition under the T4 condition were used as
a standard. The mechanical properties such as E and UTS of the 7050/PS composite
increased by 44 and 10%, respectively, compared to their matrix Al (Figure 3) except
YS. Similarly, E, YS, and UTS of the 6063/PS composite increased by 35, 37, and 22%,
respectively, compared to their matrix Al (Figure 3). In the case of commercial 7050 Al,
which has very high strength, it has similar characteristics to that of DWA [35], although
the effect of adding reinforcement is relatively smaller compared to 6XXX Al In the case
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of the 7050 Al composite, the SiC particle size (~9.5 um), volume fraction (15%), and
extrusion ratio (14:1) of both our and DWA were under similar conditions. In addition,
the 7050 Al/SiC composite manufactured via the NIAFAC process shows slightly higher
mechanical characteristics than DWA. However, when the matrix composition was 2XXX
Al, the tensile properties were significantly improved by adding the reinforcing phase to
their matrix alloy. Materion composite (AMC225XE) has a SiC particle size of 2-3 pm and a
volume fraction of 25% and shows higher values of tensile properties than other materials,
as seen in Figure 3 [36]. As mentioned previously, it can be due to the finer SiC particles
and higher volume fraction in the 2124 Al matrix.
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Figure 2. Mechanical properties of NISFAC-based Al6061/SiC and Al6063/SiC composite compared
with commercial composite and their matrix.
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Figure 3. Mechanical properties of NISFAC-based Al7050/SiC and Al12009/SiC composite compared
with commercial composite and their matrix.

In addition to the strength, the true stress-logarithmic strain curve of AMCs compos-
ites manufactured via the NISFAC process has been modeled with power law to examine
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the flow stress behavior via a strain hardening exponent. An attempt has been made to
compare the work-hardening exponent n regarding the power law represented by o = K",
wherein ¢ is the flow stress and K is constant. The flow curves of developed AMCs are
presented in Figure A2 in Appendix A. A positive n value implies that flow strain hardening
is the dominant mechanism for strain rates between 1072 to 107°/s [37] (here, it is 1074/s).
The magnitude of 7 is relatively higher than their matrix. The work hardening exponent
of the Al 6061 heat-treated alloy is ~0.05-0.07 [38,39], while the Al6061/SiC composite in
this study shows ~0.13 and is the highest for the 2009/SiC composite (~0.15). The higher
value of n is caused by a higher dislocation storage capacity by the existence of SiC in the
Al matrix, which impends the movement of dislocation, and dislocations are accumulated
near the Al-SiC interface, resulting in the improvement of mechanical properties in the
present AMCs. In another way, the AMCs with higher values of # have a higher straining
effect (resistance to thinning) against the plastic deformation while making the products.

From the results presented in Table 2, the tensile properties of the composite manufac-
tured via the NISFAC process are similar to or superior to those obtained in the existing
commercial P/M process. Moreover, it is essential that these mechanical properties were
obtained from a composite manufactured via a process that is incomparably simpler than
the P/M process. In other words, the NISFAC process proves it is a process that is capa-
ble of manufacturing AMCs with characteristics equal to or superior to those of existing
commercial AMCs as well as their price.

3.2. Microstructural Features

Figure 4 shows the distribution of SiC particles (Figure 4a—c) and the fracture surface
after the tensile tests (Figure 4d—f) in the composites with different matrices. It has been
observed that the SiC particles are not only relatively uniformly distributed on the Al matrix
but also form intimate contact with the matrix (Figure 4a—c). In addition, it was found
that ductile failure of the Al matrix with dimples occurred in all composites regardless
of the Al matrix composition, as shown in Figure 4d—f. The fracturing of SiC particles
was observed instead of a pulled-out impression on the matrix. The breakage of SiC
particles instead of de-cohesion at the Al-SiC interface suggests that the interfacial strength
is greater than the particle strength. Few cracks are observed in the Al matrix surface,
as indicated by the yellow-colored dotted circle in Figure 4d. Also, the matrix cracks at
the Al-SiC interface (yellow color arrow) during the transfer of tensile load from Al to
SiC particles. Generally, preferred void nucleation via particle breakage and decohesion
between the matrix and the reinforcement are lacking in fracture surfaces, as shown in
Figure 4d—f. An excellent wetting between Al-SiC can be observed in Figure 4e,f for
6061/5iC and 7050/SiC MMCs, respectively. The SiC particles crack (white color arrow)
when the local stress exceeds the particle fracture strength, which is characteristic of a
strong particle-matrix bond. This is further evidence of strong interfacial bonding between
Al and SiC in AMCs manufactured via the NISFAC process. These results were also
confirmed via TEM observation at the SiC—matrix interface. As shown in Figure 5, the
Al matrix is in very close contact with the SiC particle surface and there are no reaction
products such as Al4C3, which impairs the mechanical properties of the composite. This
is probably because the NISFAC process has a much lower manufacturing temperature
than the existing liquid-phase process (stirring and infiltration), suppressing the unwanted
reaction products. The high-angle annular dark-field (HAADF) and high-resolution TEM
(HRTEM) images are in Figure 5a and Figure 5b, respectively, exhibiting the Al-SiC interface
structure in detail. The energy dispersive spectroscopy (EDS) mapping (Figure 5a) and
fast Fourier transform (FFT) analysis (Figure 5b) at the interface of Al and SiC revealed a
reaction layer and it was AIN. This reaction layer was formed due to the nitridation that
occurred during the manufacturing of the composite material in a nitrogen atmosphere,
which is consistent with the results of previous studies [32,33]. In addition, this reaction
layer is very densely bonded at the atomic scale to the Al matrix and the SiC particles.
The interfacial structure of composites is an essential factor affecting the overall properties
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(d)

of composites. In particular, the mechanical properties of composites are determined
via the interfacial strength between the reinforcement and the matrix, and the interfacial
strength is determined via the physical and chemical interactions occurring at the interface.
Therefore, good wetting is essential to create a robust interface. However, the binding
force due to physical interaction is several k] /mole in size, but the binding force due
to chemical interaction is several hundred to several thousand kJ/mole [40]. Therefore,
a limited reaction between the matrix and the reinforcing phase is required to form a
strong interfacial bond. In addition, Drehmann et al. [41] deposited Al coatings on various
ceramic substrates (Al,O3, AIN, SizNy, and SiC) using a cold gas spraying process and then
performed a tensile test to measure the adhesive strength. They found that the adhesion
strength was not related to the difference in ionicity or CTE of the ceramic substrate and
reported that the order of contact strength was AIN > SiC > Al,O3 > Si3Ny. It was suggested
that local heteroepitaxy between fcc-Al and w-AIN is a crucial factor facilitating adhesion
as Al/AIN adhesion strength is the greatest.

- "’."LY . YLD

8t & 7050/PS

o S8 S S &
] -'u"'i' d ’5’%”’.@"}‘&[}'

Figure 4. Micrographs of different NISFAC composites: optical micrograph of (a) 2009/PS,
(b) 6061/PS, and (c) 7050/PS and SEM images of the tensile fracture surface of (d) 2009/PS,
(e) 6061/PS, and (f) 7050, PS.

Figure 6 is a TEM observation of the 6061 Al/SiC (6061/PS) composite, which shows
that the Al matrix is in very intimate contact (Figure 6a,b) with the surface of the SiC
particles and that a reaction layer with a thickness of several nm containing very fine
crystallites exists at the interface between the two phases (Figure 6¢,d). These reaction
products were identified as MgO and AIN via EDS mapping (Figure 6¢) and FFT analysis
(Figure 6d). Therefore, the excellent mechanical properties of the composites prepared via
the NISFAC process can be attributed to the good wettability and the formation of AIN due
to the nitridation reaction. The nitrification degree of the composites prepared in this study
is about 0.5~1.9% (Table 2). This means that about 0.8 to 3 vol.% of AIN was formed by
itself in the process of manufacturing the composite. Therefore, the fine AIN formed via the
nitridation reaction may contribute to the mechanical properties by increasing the volume
fraction of the reinforcing phase. The interfacial structure shown in Figures 5 and 6 implies
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that the wettability problem between Al and SiC has been solved even though no artificial
manipulations (pressure, stirring, and catalyst addition such as Mg) were applied during
the composite manufacturing. Furthermore, it is essential to have a stiff phase comparable
to SiC at the interface to ensure that the particle can contribute more effectively to load
transfer, resulting in a higher Young’s Modulus in the AMCs [8]. In the present study, the
AMCs produced using the NISFAC process have a stiff AIN interlayer between Al and
5iC, as seen in Figures 5 and 6, which further contributed to the improvement of Young's
modulus in AMCs than their matrix.

(b)

Figure 5. TEM images at matrix-SiC interface; (a) high-angle annular dark-field (HAADF) image
and (b) high-resolution TEM (HRTEM).

The most significant advantage of the NISFAC process is that composites can be
manufactured regardless of wettability. In other words, since there is no restriction on
the type, size, and volume fraction of the reinforcing phase in the NISFAC process, it is
possible to manufacture hybrid AMCs with various types of reinforcing phases added to
the metal matrix, which can be tailored to the desired properties via the characteristics of
the final product. This can be attributed to expanding product diversity and application
fields. We continue to establish process conditions that exhibit optimal properties under
various combinations of manufacturing conditions (type and size of Al and reinforcement
phase, volume fraction, Al composition, manufacturing temperature, time, and nitrogen
concentration) obtained through years of research. The presented results are the first results
obtained from these studies. Therefore, it is believed that it will be possible to manufacture
a composite material with improved properties if an optimal process is established.
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g
500nm |

ST

(d)

Figure 6. TEM micrographs at Al/SiC interface of 6061 Al/SiC (6061/PS); (a) TEM image showing
Al and SiC, (b) magnified image at Al-SiC interface, (c) EDS mapping at Al-SiC interface in the red
box on (b) at Al-SiC interface, and (d) HRTEM at Al-SiC interface with FFT at dashed red color box
on (d).

4. Conclusions

This study compared the tensile properties of monolithic 6xxx alloys and 6xxx alloy
matrix composites produced using the NISFAC process with those produced by represen-
tative commercial P/M companies. The results showed that the AMCs produced in this
study had excellent tensile properties. In the case of the 6061 Al matrix, Young’s modulus,
yield strength, and ultimate tensile strength were increased by 59%, 66%, and 81%, respec-
tively, compared to commercial monolithic 6061 alloys. Overall, the tensile properties of
the composite manufactured via the NISFAC process were similar to or superior to those
obtained in the existing commercial P/M process and it holds the potential for various
applications in aerospace, defense, and the automotive sector.
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Figure Al. Representative stress—strain curves of different NISFAC-based AMCs; (a) 6061/PS,
(b) 6063/PS, (c) 7050/PS and (d) 2009/PS.
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Figure A2. Flow stress behavior of different NISFAC-based AMCs; (a) 6061/PS, (b) 6063/PS,
(c) 7050/PS and (d) 2009/PS.
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