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Abstract

Lightweight aluminum matrix composites with superior strength and structural integrity
are in high demand for next-generation transportation and aerospace applications. In
this work, Al6060-based composites reinforced with ~2 wt.% TiB, were produced using
a hybrid processing route that combines ultrasonically assisted stir casting with radial-
shear rolling (RSR). This strategy enabled uniform particle dispersion, strong matrix—
reinforcement bonding, and substantial microstructural refinement (grain size 4-6 pm) with
reduced porosity. Consequently, the Al6060/TiB, composites demonstrated substantial
gains over the as-cast alloy, combining a yield strength of 108.6 MPa, ultimate tensile
strength of 156.9 MPa, and microhardness of 76.3 HV0.2 with a balanced ductility of ~9%.
The demonstrated synergy of ultrasound-assisted casting and severe plastic deformation
highlights a scalable pathway for fabricating high-performance aluminum composites,
positioning them as promising candidates for aerospace, automotive, and other advanced
engineering sectors.

Keywords: Al6060 alloy; aluminum matrix composites (AMCs); TiB; reinforcement;
ultrasonically assisted stir casting; radial shear rolling (RSR); microstructure evolution;
mechanical properties

1. Introduction

The current progress in materials science and mechanical engineering is strongly
influenced by the growing demand for materials that combine low density, high strength,
and resistance to extreme service conditions. In this regard, metal matrix composites
(MMCs) have attracted considerable attention. These materials consist of a metallic or
alloy matrix reinforced with either a single type of ceramic particle (binary composite)
or multiple types (hybrid composite), thus integrating the advantages of both classes of
materials [1,2]. According to Straits Research [3], the global MMC market is valued at
USD 547.34 billion in 2024 and is projected to reach USD 1269.64 billion by 2033, with a
compound annual growth rate of 9.8%. Within this segment, aluminum matrix composites
(AMCs) dominate in both market share and growth rate, owing to the low density of
aluminum combined with its corrosion resistance, thermal and electrical conductivity, and
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the substantial improvement of mechanical performance provided by reinforcement [4,5].
Key application areas driving this expansion include the aerospace [6], automotive [7],
marine [8], and defense [9] industries, where the demand for weight reduction and high-
performance materials is becoming increasingly critical.

The industrial fabrication routes for aluminum matrix composites (AMCs) are gen-
erally categorized into three groups: (i) solid-state processes, (ii) liquid-state processes,
and (iii) deposition processes, as comprehensively reviewed in [10]. Among these, stir
casting remains one of the most attractive liquid-state techniques due to its versatility, low
equipment cost, scalability, and ability to achieve a reasonably uniform distribution of the
reinforcing phase [11-14]. In the past decade, increasing attention has been paid to two-step
processing strategies that combine stir casting with supplementary treatments to overcome
challenges such as structural heterogeneity, poor wettability, porosity, and non-uniform par-
ticle dispersion, which otherwise degrade the performance of the final composites [15-17].
Particularly effective is the integration of stir casting with ultrasonic treatment, where
acoustic vibrations facilitate particle deagglomeration, improve dispersion in the melt, and
strengthen interfacial bonding between the matrix and reinforcement [18,19]. Vacuum-
assisted casting has also shown benefits by reducing gas entrapment and suppressing
pore formation, thereby enhancing the density and homogeneity of the composites [20,21].
Further improvements can be obtained through the combination of stir casting with post-
casting deformation or forming techniques, including rolling [22,23], forging [24], and
related processes, which refine the grain structure, homogenize particle distribution, and
eliminate casting defects, ultimately leading to substantial strengthening. Casting—forming
integration, in fact, constitutes the technological basis of most modern metallurgical pro-
duction chains. In this context, growing attention has recently been devoted to processes
operating under complex stress-strain conditions, as they allow for large plastic defor-
mations accompanied by pronounced shear components [25-27]. Such regimes promote
grain refinement via dynamic recrystallization and substructure evolution [28-30]. Among
these, radial-shear rolling (RSR) is of particular interest, as it combines the advantages
of conventional rolling with the generation of intense shear fields [31,32]. Nevertheless,
systematic studies on the influence of RSR on the microstructure and properties of cast
AMCs remain scarce, limiting the current understanding of the mechanisms responsible
for their strengthening and performance.

Regarding the choice of matrix material, both pure aluminum [33] and a wide range
of aluminum alloys [34-36] have been employed for reinforcement with either conven-
tional ceramic phases such as Al,O3, TiB,, B4C, SiC, WC, TiC, and Si3Ny, or waste-derived
reinforcements [37,38]. The latter not only help to reduce composite production costs
through the utilization of secondary resources, but also contribute to addressing critical
environmental challenges associated with industrial and municipal waste management.
Among ceramic reinforcements, titanium diboride (TiB;) has received particular attention
due to its unique combination of properties, including high hardness, tensile strength
(~373 MPa), high melting point (~3230 °C), and relatively low density (4.52 g/cm?) [39]. A
further advantage of TiB; is the feasibility of in situ particle formation via reactions between
titanium-containing precursors (e.g., K,TiFs and KBF4) and the aluminum melt, which
yields fine, uniformly distributed particles with strong interfacial bonding and reduced
casting defects [40]. Moreover, combining TiB, with other ceramic phases in hybrid com-
posites [41,42] enables the design of materials with tailored multifunctional performance,
expanding their potential applications in both structural and functional components.

Building on the above considerations, this study explores the experimental fabrication
of Al6060-based aluminum composites reinforced ex situ with 5-10 pm TiB, particles via stir
casting combined with ultrasonic treatment, which promotes improved particle dispersion
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and strong interfacial bonding. To further enhance the mechanical properties and achieve
a homogeneous microstructure, the composites were subsequently processed by radial-
shear rolling (RSR), a technique capable of introducing intensive shear deformation and
stimulating dynamic recrystallization. The novelty of this work lies in the integrated
application of stir casting, ultrasonic treatment, and RSR to Al6060/TiB, composites,
along with the experimental investigation of the role of RSR in tailoring the structure and
performance of cast AMCs—a subject that remains scarcely explored in the literature. This
combined approach enables the production of composites with superior strength, density,
and particle distribution uniformity, thereby broadening their potential for applications in
aerospace, automotive, and other advanced engineering sectors.

2. Materials and Methods
2.1. Raw Materials

For this study, the Al6060 aluminum alloy was selected as the matrix material. Rect-
angular specimens with dimensions of 3 x 30 x 160 mm were cut from commercially
available Al6060 plates supplied by Metall-Komplekt LLP (Karaganda, Kazakhstan). The
nominal chemical composition of the alloy is provided in Table 1.

Table 1. Chemical composition of Al6060 alloy (wt%).

Mg Si Mn Fe Cu Zn Ti Others Al
0.35-0.50  0.30-0.60 <0.10 0.10-0.30 <0.10 <0.15 <0.10 <0.15 97.65-99.35

Titanium diboride (TiB,) particles with a purity of 99.5%, gray-black in color and with
anominal particle size range of 5-10 pm, were used as the reinforcing phase. These particles
were procured from Luoyang Tongrun Info Technology Co., Ltd. (Luoyang, China). The
morphology, particle size distribution, chemical composition, and phase purity of TiB, were
characterized using scanning electron microscopy (SEM), energy-dispersive spectroscopy
(EDS), and X-ray diffraction (XRD), respectively. Figure 1 presents representative SEM
micrographs of the TiB; particles, their XRD pattern with the characteristic peaks corre-
sponding to TiB,, the particle size distribution, and the elemental composition obtained
by EDS.

The SEM observations revealed that the TiB, particles exhibit predominantly irregular,
angular morphologies with a rough surface texture and a wide variation in size. The
particle size distribution confirmed that the majority of particles fall within the range of
5-10 pm, with an average size of 6.59 &= 0.57 pm. The XRD pattern verified the presence of a
single TiB, phase without detectable secondary impurities. The main diffraction peaks were
consistent with the reference PDF database, confirming the high phase purity of the powder.
EDS analysis further identified titanium (Ti) and boron (B) as the principal elements,
with contents close to the stoichiometric composition of TiB; (Ti ~ 67.65 + 0.80 wt% and
B ~ 27.28 £ 0.22 wt%). A minor carbon signal (C ~ 5.07 + 0.18 wt%) was attributed to
surface contamination introduced during analysis.
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Figure 1. SEM morphology, XRD pattern, size distribution, and EDS spectra of TiB, powders used
for aluminum reinforcement.

2.2. Fabrication of Composite

A schematic illustration of the fabrication process for the A16060/TiB, composites is
shown in Figure 2. To facilitate loading into a graphite crucible with a diameter of 84 mm,
the Al6060 matrix plates were pre-cut into specimens of 3 x 30 x 160 mm, thoroughly
cleaned, and weighed in accordance with the nomenclature presented in Table 2. The re-
quired amounts of TiB, powder were also weighed according to this scheme. To minimize
the temperature difference between the molten metal (750 °C) and the reinforcing particles,
both the aluminum with crucible and the TiB, powder were preheated in a PM-5 muffle fur-
nace (Plavka.Pro, Korolev, Russia) to 500 °C at a relatively slow heating rate of 3.75 °C/min.
This procedure prevented particle agglomeration caused by sintering at higher heating rates
and ensured the removal of residual moisture from both the reinforcement and the crucible.

Table 2. Nomenclature of the fabricated materials.

Nomenclature Al6060 (wWt%) TiB; (Wt%)
Al6060-C (cast) 100 0
Al6060-R (rolled) 100 0
Al6060/TiB,—C (cast) 98 2
Al16060/TiB,—R (rolled) 98 2
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Figure 2. Schematic representation of the fabrication route for Al6060/TiB, composites using stir
casting combined with ultrasonic treatment and subsequent radial-shear rolling (RSR).

Figure 3 presents the ultrasonically assisted stir casting setup and the radial-shear
rolling (RSR) mini mill available at Karaganda Industrial University, which were employed
in this study for producing the cast and subsequently rolled composites, respectively. The
Al6060 alloy in a graphite crucible was melted in a JC-S-220-4 electric resistance furnace
(Zibo JC Eco-Tech Co., Ltd., Zibo, China) at 750 & 10 °C. To remove dissolved hydrogen and
reduce gas porosity, argon was purged through the melt at a flow rate of 2 L/min. The TiB,
particles were then gradually introduced into the vortex of the melt, which was generated
by a four-blade steel impeller coated with graphite paste and operated at ~600 rpm for
10 min. The melt temperature was continuously monitored using a K-type chromel-alumel
thermocouple.

After mechanical stirring, the crucible with the melt was rapidly transferred to the
working zone of a BR-12NFT-80/300 electric resistance furnace (Henan Dming Technology
Co., Ltd., Luohe, China), where ultrasonic treatment was carried out using a JH-LRT30
ultrasonic system (Hangzhou Precision Machinery Co., Ltd., Hangzhou, China). A titanium-
alloy ultrasonic probe was immersed into the melt and operated at 20.5-20.7 kHz for 15 min
to suppress particle clustering and improve particle-matrix wetting [18,19,33,37]. The
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ultrasonically treated melt was then poured into a preheated (450 °C) seven-channel steel
mold (925 x 220 mm per channel) and allowed to cool in air until solidification was
complete and room temperature was reached. From each casting batch, 5-6 composite
billets were obtained, with the upper sections containing external shrinkage removed prior
to further processing.

I

Mechanical
stirrer

Figure 3. Experimental facilities: ultrasonically assisted stir casting setup and radial-shear rolling
(RSR) mini mill employed in this study.

The cast billets with an initial diameter of 25 mm were subjected to warm radial-shear
rolling after preheating at 200 °C for 15 min, using the RSR mini mill (Figure 3). Rolling
was carried out in four passes to achieve a final diameter of 16 mm (925 mm — J22.4 mm
— 20 mm — J17.9 mm — J16 mm), corresponding to a total area reduction of 59%
and a true strain of ~0.9. The three rolls of the mill were positioned symmetrically at
120° intervals around the rolling axis. The rolling process was conducted at a roll rotation
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speed of 100 rpm, with a constant feed angle of 20° and a tilt angle varying from 10° to 7°,
following the recommendations in [43].

2.3. Material Characterization

To evaluate the microstructure and mechanical properties of the Al6060/TiB, compos-
ites after casting and RSR, different types of specimens were prepared (Figure 4).

Cast AMCs Tensile test specimens (before / after test) Rolled AMCs
16

{

|

|

|
|
f
I
|
f
|
|
|
|

i

" Hardness test specimens (316x30 mm)
Specimens for

|| SEM, EDS, XRD, and EBSD Q
| \l Density test specimens (016x12 mm)
| ] i L SR L ’
ol 3 B fe 3 4 5 a % %

. i

Figure 4. Representative specimens prepared for tensile testing, microhardness measurements,

density determination, and microstructural and phase characterization by SEM, EDS, XRD, and EBSD.

Tensile test specimens were machined into a dog-bone geometry (gauge diameter
9 mm, gauge length 60 mm) in accordance with ASTM E8 standards [44]. For each material
condition, three specimens were tested to ensure reproducibility. The tests were carried out
on a WDW-100 kN universal testing machine (Jinan Xinluchang Testing Machine Co., Ltd.,
Jinan, China) at a constant crosshead speed of 1 mm/min, corresponding to an average
strain rate of ~10~% s~!, until specimen failure at room temperature. Based on the test
results, the yield strength (YS), ultimate tensile strength (UTS, MPa), and elongation (%)
were determined.

For hardness measurements, cylindrical samples with a diameter of 16 mm and a
height of 30 mm were used. For each condition, at least five indentations were performed at
different locations on each specimen to account for possible microstructural heterogeneity.
The hardness of the composites was evaluated using the microindentation method in
accordance with ASTM E384 [45] on an HVT-1000A microhardness tester (Laizhou Laihua
Testing Instrument Factory, Laizhou, China) equipped with a diamond pyramid indenter
with an included angle of 136° between opposite faces. Cylindrical specimens with a
diameter of 16 mm and a height of 30 mm were used for the tests. Prior to measurement, the
sample surfaces were sequentially ground with SiC abrasive papers of decreasing grit size
(from 400 to 1500), followed by final polishing on cloth disks with an alumina suspension
(1-0.3 pm) until a mirror-like finish was achieved. After polishing, the specimens were
cleaned with ethanol and dried with compressed air. For each specimen, a minimum of five
indentations were performed at different locations. The Vickers microhardness (HV0.2) was
calculated using Equation (1), based on the average diagonal length d of the indentation
produced under a load of 0.2 kgf (~1.96 N) applied for 15 s:

HV0.2 ~ 1.8544F/d? ~ 0.18544d 2 (1)



J. Manuf. Mater. Process. 2025, 9, 309

8 of 19

The density of the materials was determined using the hydrostatic weighing
method [46] with an MH-300A electronic densitometer (Shenzhen Omena Technology
Co., Ltd., Shenzhen, China). Cylindrical specimens with a diameter of 16 mm and a height
of 12 mm were prepared for testing, with five specimens produced for each composition.
Prior to measurement, the samples were carefully cleaned of surface contaminants. The
mass of each specimen was recorded first in air (m,;;) and then in distilled water (mwater)
at a temperature of 23 = 1 °C. The density of water at this temperature, taken from [47],
was Qwater = 0.9975412 g/ cm?. The densitometer automatically recorded the masses with
an accuracy of 0.01 g. The theoretical density of the composites (oy,) was calculated using
the rule of mixtures according to Equation (2):

Oth = 0A1 X Wto/oAl + 0r X wt%; (2)

where g, is the density of the aluminum matrix (~2.71 g/ cm3), 0r is the density of the
reinforcement (~4.52 g/ cm?), and wt%,; and wt%, are the weight fractions of the matrix
and reinforcement, respectively, as listed in Table 2. The experimental density (gexp) wWas
determined according to Archimedes’ principle using Equation (3):

Oexp = [mair/ (Mg — mwater)] X Owater ©)]

The discrepancy between experimental and theoretical density was used to estimate
the porosity of the materials according to Equation (4):

Porosity (%) = [1 — (Qexp/0m)] % 100 4)

Microstructural and phase characterization of the composites was carried out us-
ing scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDS), X-ray
diffraction (XRD), and electron backscatter diffraction (EBSD). Microstructural images were
obtained with a JSM-IT200 scanning electron microscope (Jeol, Tokyo, Japan) equipped
with a secondary electron detector, operated at an accelerating voltage of 20 kV. Elemental
analysis was performed using the built-in EDS detector.

Specimens were sectioned along the diametral plane of the billets using a Brilliant 220
precision cutting machine (ATM Qness GmbH, Mammelzen, Germany), with the thickness
of each slice being 3 mm. The samples were then hot-mounted in carbon-containing
Struers PolyFast resin (Struers ApS, Ballerup, Denmark) using a Citopress-5 mounting
press (Struers, Cleveland, OH, USA). Grinding was performed on a Saphir 520 automatic
grinding-polishing machine (ATM Qness GmbH, Mammelzen, Germany) with SiC-based
abrasive papers of progressively finer grit sizes: P320 — P500 — P800 — P1200 — P2000.
Polishing was carried out on cloth disks using diamond suspensions with particle sizes
of 9 — 3 — 1 um, followed by final polishing with an Eposil M suspension (ATM Qness
GmbH, Mammelzen, Germany) containing particles of 0.06 pm at pH = 9.5.

Phase analysis was conducted via XRD using a Rigaku SmartLab diffractometer
(Rigaku Corporation, Tokyo, Japan) with monochromatic Cu K« radiation (A = 1.5406 A).
The scans were performed in the 20 range of 5-90° with a step size of 0.05°.

The microstructural examination of samples after RSR was further complemented
by EBSD analysis, which has proven effective in similar studies [48-50]. EBSD mapping
was performed using a Thermo Fisher Scientific Helios 5 UX SEM (Waltham, MA, USA),
yielding crystallographic orientation maps (Inverse Pole Figure, IPF) in the RD-ND (rolling
direction—normal direction, i.e., longitudinal section) and TD-ND planes (transverse
direction—normal direction, i.e., transverse section).
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A16060—C (cast)

10 um
[

A16060/TiB-—C (cast)

3. Results and Discussion
3.1. EDS and XRD

Figure 5 presents the results of the EDS analysis of as-cast Al6060—-C and A16060/TiB,—
C samples, including the original SEM image and the corresponding elemental distribution
maps. The EDS spectrum and maps for the Al6060-C alloy confirm the presence of the
main alloying elements, Mg and Si. In both materials, the measured Al content appears
underestimated due to the contribution of surface C and O [51,52]. The elevated C signal in
both cases is consistent with the use of a graphite crucible: diffusion and/or reaction of the
melt with carbon may lead to surface carburization of the ingot and/or the formation of
carbon-rich inclusions, subsequently detected by EDS.
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Figure 5. SEM-EDS analysis of cast A16060-C and A16060/TiB,-C composites, showing micrographs,
elemental distribution maps, and representative spectra.

The EDS data for the Al6060/TiB,—C sample qualitatively confirm the presence of
Ti- and B-containing regions. The Ti and B signals are spatially correlated (coincident
regions), consistent with the presence of TiB, particles embedded in the aluminum matrix
after casting. In this case, the Ti/B maps serve as a reliable indicator of the reinforcing
phase [53,54]. These EDS observations are in agreement with the XRD results, where both
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cast and rolled samples exhibit characteristic peaks of Al and TiB, (Figure 6). It should be
emphasized, however, that the sensitivity of the employed methods imposes limitations:
thin interfacial reaction layers or amorphous/oxide films of low volume fraction may
not be detected by either XRD or EDS. Therefore, the absence of such products in the
results should be considered qualitative and constrained by the detection limits of the
techniques used.

o Al
m TiB
° s . 2
Al16060/TiB,—R (rolled) - - h . h JL 1 o
[ ]
5 I
I n
St [ ]
)
= . °
T |AlGOGO/TiBC(cas) o g b )
-8 [ )
Lz ° 4
Al6060-R (rolled) l .
[ J [ ] ¢
Al16060-C (cast) J N * }L .
s 1 ~ 1 v 1 L 1 ® 1 ¥ 1 1 ~ 1 1 1 1 1 1 = 1 1 1
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
20 (°)

Figure 6. XRD diffractograms of Al6060 and Al6060/TiB; in as-cast and RSR-processed conditions.

For the as-cast Al6060 alloy, the diffraction pattern reveals the strong reflections corre-
sponding to the aluminum phase. The most prominent peaks are observed at 20 = 38.443°,
44.722°, 65.072°, and 78.232°, corresponding to the {111}, {200}, {220}, and {311} planes,
respectively. Among these, the (200) reflection exhibited the highest intensity, followed by
(111) and (220), in agreement with standard PDF no. 01-072-3440 [55,56]. No additional
phases were detected for Al6060-C, which is expected given the relatively narrow range of
alloying elements in the Al6060 composition.

After RSR, the Al6060-R samples retained the same aluminum peaks as the as-cast al-
loy; however, their absolute intensities increased significantly due to enhanced crystallinity
and reduced porosity. The relative intensities also changed: the (200) reflection remained
the most intense, followed by (220), while the (111) peak, although higher than in the as-cast
state, remained less intense than both (200) and (220). This redistribution of intensities
reflects the development of deformation-induced texture, consistent with FCC aluminum
alloys subjected to severe plastic deformation [57,58]. Thus, XRD analysis reveals not a
change in phase composition, but rather the evolution of crystallographic texture in the
aluminum lattice induced by RSR.

In the diffraction patterns of the Al6060/TiB,—C and Al6060/TiB,—R composites,
additional peaks are clearly observed at 260 = 27.681°, 34.624°, and 41.840° (PDF no. 000-35-
0741), which are identified as TiB; [59,60]. Their moderate intensity is consistent with the
relatively low content of the reinforcing phase (2 wt.%). Importantly, the TiB, peaks exhibit
relatively sharp profiles, indicating the preservation of the original crystalline structure
and the absence of significant disordering during contact with the melt. This is consistent
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with the SEM-EDS data, where TiB; particles are observed as discrete inclusions without
visible reaction layers.

No characteristic reflections of intermetallics such as Al3Ti (20 ~ 39.5°, 40.6°) or AlB,
(26 ~ 42°) were detected in the diffractograms. This indicates that, under the present exper-
imental conditions, thermodynamically feasible reactions leading to TiB, decomposition
and the formation of new phases did not occur to a detectable extent. Possible reasons
include: (i) the high chemical stability of TiBy, (ii) the relatively short residence time of
particles in the melt, and (iii) their low volume fraction, which reduces the probability of
significant interfacial reactions. Thus, the XRD results confirm that the reinforcing phase
retains its crystalline integrity and discrete morphology when transferred from the powder
state into the cast composite.

For the rolled composite, TiB, peaks remain at the same positions but become sharper
and more pronounced. This can be attributed to the more uniform distribution of particles
throughout the matrix after RSR, as well as the elimination of pores, which improves
diffraction conditions. In addition, the aluminum matrix exhibits a redistribution of peak
intensities, indicating texture formation. Notably, the relative intensity of the TiB; reflection
at 20 = 41.840° increases, most likely due to the preferred orientation of particles along
the rolling direction. While TiB, particles do not deform plastically, they can rotate and
redistribute within the plastically deforming aluminum matrix.

A key issue in the development of Al/TiB, composites concerns the possible formation
of reaction products at the particle-matrix interface. According to the literature [61-63],
at temperatures above 900 °C and under prolonged holding, partial dissociation of TiB,
may occur, releasing Ti and B and leading to the formation of Al;Ti intermetallics and
aluminum borides. In the present study, however, the melt temperature did not exceed
750 £ 10 °C, and the residence time of the particles in the melt was limited to 10-15 min.
These conditions are clearly insufficient for the thermodynamic and kinetic initiation of
TiB, decomposition reactions. Therefore, the XRD analysis confirms that the composites
remain two-phase systems (Al + TiB;), with no additional compounds detected within the
resolution limits of the method.

3.2. SEM and EBSD

SEM micrographs (Figure 7) reveal the classical contrast between the cast and de-
formed states. In the as-cast Al6060-C sample, a coarse dendritic morphology is observed,
with individual grains reaching several tens of micrometers in size, featuring well-defined
boundaries and localized porosity. In contrast, RSR processing induces pronounced mi-
crostructural recrystallization and structural homogenization (Al6060-R). The introduction
of ~2 wt.% TiB; particles further modifies this picture. SEM images show that the rein-
forcing particles are distributed relatively uniformly throughout the matrix and, unlike
in conventional casting without external treatment, do not form extended agglomerates.
This effect is a direct consequence of ultrasonic melt treatment, which is known to dis-
integrate particle clusters and promote aluminum wetting [64—-66]. The average particle
size, provided by the supplier and confirmed by morphological analysis, is 6.59 &+ 0.57 um
(Figure 1). Visual inspection of the SEM micrographs indicates that the characteristic
interparticle spacing within the matrix is on the order of 15-25 um, which is consistent
with expectations for the given concentration and powder size. This suggests a sufficiently
homogeneous distribution, whereby a substantial fraction of the matrix volume is affected
by the reinforcing phase despite its minor overall fraction.

The particle-matrix interface is also of particular importance. At higher magnification,
no distinct interlayers or reaction products are observed at the interface. The contact appears
clean and well-bonded, consistent with the XRD results, which revealed no reflections of



J. Manuf. Mater. Process. 2025, 9, 309 12 of 19

new intermetallic phases such as Al3Ti. Such an interface character suggests good adhesion
and, consequently, the ability of the particles to efficiently transfer load from the matrix
during tensile loading. Only in isolated cases are thin microgaps or localized contrast
regions detected around the particles, most likely associated with crystallization stresses or
mismatch in thermal expansion. However, the fraction of such defects is negligible, and
they are not expected to critically affect the composite integrity.

Al6060-C (cas) -~ Al6060/TiB,—C (cast)

200kv WD 119 mm  Std.-PC60.0 HighVac. [G1x250 100 pm SED 20.0kv WD102mm  Std-PC60.0 HighVac. [S1x250 100 uym

A Al6060-R (rolled) © . Al6060/TiB,~R (rolled)

-4

L4 .
Std.-PC 380  HighVac [B1x500 50 um S| mm  Std-PC380 HighVac [S1x500 I 50 um
025

Figure 7. SEM micrographs of cast and rolled Al6060 and Al6060/TiB, samples.

A comparison of cast and rolled samples highlights several fundamental differences.
Following RSR, the cast structure undergoes significant grain refinement. In SEM images
of the rolled specimens, grains appear markedly smaller and elongated along the rolling
direction. Casting-induced porosity is largely absent in the rolled material, as most pores
are either closed, fragmented, or dissolved into the matrix, consistent with previous find-
ings [67-69]. Simultaneously, TiB, particles undergo partial redistribution. Whereas in the
cast state they are arranged in a predominantly random manner, after RSR they exhibit
partial alignment and a tendency to orient along the rolling direction. Some particles
are incorporated into newly formed grain boundaries, which further contributes to the
stabilization of the refined structure.

EBSD orientation maps (Figure 8) provide a detailed insight into the effect of RSR
and the role of 2 wt.% TiB, on the texture and grain structure. After radial-shear rolling,
the Al6060-R alloy exhibits pronounced anisotropy of the grain structure. In the RD-ND
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plane, elongated band-like grains are clearly visible, alternating with larger recrystallized

regions. The average equivalent grain diameter in this state is about 12-15 um, while
local areas with coarser grains up to 30-35 um are still preserved. The TD-ND projection
further reveals extended blocks of uniform orientation, confirming incomplete dynamic

recrystallization: part of the structure still retains features of the cast morphology.
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Figure 8. EBSD orientation maps of the RD-ND and TD-ND planes of rolled Al6060-R and
Al6060/TiB,-R samples.

The addition of 2 wt.% TiB, markedly alters the microstructure. In the Al6060/TiBy—
R samples, the grain structure becomes significantly finer and more homogeneous. In

both RD-ND and TD-ND maps, a uniform mosaic of small, differently oriented grains is

observed. The average equivalent grain size decreases to 4-6 um, while the maximum grain

size does not exceed 10-12 um. The presence of TiB, particles promotes both enhanced

nucleation during dynamic recrystallization and effective suppression of grain growth via

the Zener pinning effect [70,71].

Furthermore, EBSD maps demonstrate a weakening of the rolling texture: the color
distribution of grains in Al6060/TiB,—R is noticeably more heterogeneous than in A16060-R,
indicating reduced texture anisotropy. Thus, a comparison of the two EBSD series shows
that while RSR alone induces grain refinement in Al6060, it also retains marked anisotropy
and partial deformation texture. The introduction of TiB, provides an additional strength-



J. Manuf. Mater. Process. 2025, 9, 309

14 of 19

Stress (MPa)

UTS (MPa)

ening effect through the combined action of grain refinement and texture weakening [72,73].

These observations are consistent with the SEM results (Figure 7), which also showed

that

TiB, particles, after stir casting and ultrasonic treatment, are relatively uniformly dispersed
and well-integrated into the aluminum matrix. Together, these findings explain the ex-
pected increase in yield strength and hardness in Al6060/TiB;-R compared to Al6060-R,

along with a reduction in anisotropy of mechanical properties.

3.3. Mechanical Properties

The results of mechanical testing (Figure 9) clearly demonstrate that the combination of
ultrasonically assisted stir casting and subsequent RSR leads to a substantial enhancement
of strength and hardness, while also influencing ductility. In the as-cast state, the A16060-C
alloy exhibits relatively low yield strength (YS = 61.7 MPa) and ultimate tensile strength
(UTS = 103.3 MPa), with an elongation to fracture of about 19.5%. This performance is
consistent with its coarse-grained dendritic structure, the presence of shrinkage porosity,

and insufficient intergranular cohesion, as previously observed in SEM images.
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Figure 9. Comparison of mechanical properties of the investigated samples.

Elongation (%)

Porosity (%)

The addition of 2 wt.% TiB; to the cast alloy (Al6060/TiB,—C) increases strength:
YS rises to 90.8 MPa and UTS to 135.3 MPa, while elongation decreases to 12.0%. The
strengthening effect is attributed to dispersed TiB, particles impeding dislocation motion,



J. Manuf. Mater. Process. 2025, 9, 309

15 of 19

whereas the reduced ductility is associated with local stress concentrations around particles
and residual porosity (~0.59% compared to ~0.32% in Al6060-C).

After radial-shear rolling (Al6060-R), mechanical performance is significantly im-
proved: YS increases to 98.6 MPa and UTS to 145.1 MPa, driven by grain refinement
(average grain size ~12-15 um, Figure 8) and reduced porosity (~0.21%). Elongation
remains at a moderate 12.3%, indicating retained ductility owing to partial recrystallization.

The most outstanding properties are observed in the rolled composite (A16060/TiBy—
R): YS reaches 108.6 MPa, UTS rises to 156.9 MPa, and the average microhardness achieves
76.3 HV0.2 (compared to 50.2 HVO0.2 in the as-cast Al6060-C). This superior combination
results from multiple strengthening mechanisms acting simultaneously: grain refinement
(Hall-Petch mechanism [74,75]), dispersion strengthening by TiB, particles (Orowan mech-
anism [76,77]), and increased density after RSR, where porosity is reduced to ~0.14%.
However, ductility further decreases to 9.0%, reflecting the limited ability of the matrix to
deform plastically in the presence of rigid particles.

In summary, the combination of stir casting, ultrasonic treatment, and RSR enables a
significant improvement in the strength and hardness of Al6060/TiB, composites compared
with the as-cast state. While in the unreinforced Al6060 alloy the improvement is mainly
due to grain refinement and densification, in the composite an additional contribution
from dispersion strengthening by TiB, allows achieving UTS values above 156 MPa and
hardness of ~76 HV0.2, while retaining acceptable ductility (~9%).

4. Conclusions

In this study, the structure and mechanical properties of Al6060/TiB, aluminum matrix
composites fabricated by ultrasonically assisted stir casting followed by radial-shear rolling
(RSR) were experimentally investigated. The main findings can be summarized as follows:

1. Microstructure. Ultrasonic treatment of the melt during stir casting ensured a uniform
distribution of TiB, particles (~2 wt.%) within the aluminum matrix, preventing the
formation of pronounced agglomerates and reaction layers at the particle-matrix
interface. Subsequent RSR further refined the grain structure (reducing the average
size to 4-6 um in Al6060/TiB,-R compared to 12-15 um in Al6060-R) and reduced
porosity relative to the as-cast state.

2. Phase composition. XRD and EDS analyses confirmed that the reinforcing phase is
preserved as discrete TiB; particles without the formation of intermetallic compounds
such as Al3Ti or AlB,. In rolled samples, enhanced texture effects of the aluminum
matrix were observed: the relative intensities of the main Al reflections changed, with
(200) and (220) becoming more pronounced than (111), consistent with deformation-
induced texture evolution. Partial alignment of TiB, particles along the deformation
direction was also observed.

3. Mechanical properties. The as-cast Al6060—C alloy exhibits low strength (UTS~103 MPa,
YS~62 MPa) but high ductility (~19.5%). The addition of 2 wt.% TiB, in the as-cast con-
dition (Al6060/TiB,—C) increases strength (UTS~135 MPa, YS~91 MPa) but reduces
elongation to ~12%. RSR of the unreinforced alloy (Al6060-R) improves strength
(UTS~145 MPa, Y5~99 MPa) through grain refinement and defect reduction, while
retaining satisfactory ductility (~12%). The rolled composite (Al6060/TiB,-R) demon-
strates the highest performance, with UTS~157 MPa, YS~109 MPa, microhardness
~76 HV0.2, and ductility of ~9%. These improvements are attributed to a combined
effect of grain refinement (Hall-Petch mechanism), dispersion strengthening by TiB,
particles (Orowan mechanism), as well as reduced porosity and improved particle
distribution uniformity.
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In conclusion, the integrated approach combining ultrasonically assisted stir cast-
ing and radial-shear rolling represents an effective processing strategy for producing
Al6060/TiB; aluminum matrix composites with enhanced strength, hardness, and density
while maintaining acceptable ductility. The obtained results broaden the potential appli-
cations of such materials in aerospace, automotive, and other high-technology industries
where an optimal balance of lightweight design and high performance is required.
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