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A B S T R A C T   

This study uses the stir-casting technique to combine a semi-solid AA2024 alloy directly with finely-sized β-SiCp 
embedded as a powder or with mechanically alloyed granules as a delivery agent. Liquid-state primary fabri-
cation tends to form agglomerates of reinforcement particles, whereas rolling better distributes the composite 
constituents. Sub-micron reinforcements of low volume fractions do not significantly increase the hardness of the 
composite materials. Uniaxial tensile testing at elevated temperatures over a wide range of strain rates showed 
simultaneous increases in the ductility and crack resistance of AA2024 þ SiCp granules embedded as a powder 
when compared to the non-reinforced control material at lower strain rates, with the same toughness as the 
control material. The maximum engineering strain of 252.7 � 19.2% was observed in AA2024/SiCp at a strain 
rate of 10� 4 s� 1. This improvement in properties is attributed to grain refinement in the MMCs, leading to 
pinning events during the straining and ductility increases. The resultant impediments to grain growth and crack 
propagation allow the fine-sized reinforcements to control dynamic microstructural changes during fatigue. Cube 
{001}<100> is a dominant texture component in AA2024, whereas the Goss {011}<100> and S {123}<634>
components mainly represent the texture of the discontinuously reinforced aluminum matrix.   

1. Introduction 

The development and study of metal-matrix composites (MMCs) 
represents a challenging and rewarding task in the field of material 
science, as they have the potential for useful combinations of mechan-
ical properties which cannot be achieved using conventional alloys. 
Modification of different light alloys with reinforcing constituents pro-
vides a direct, practical route to fabricating light-weight composite 
materials by imparting new properties such as increased elastic 
modulus, high wear resistance, and increased ultimate tensile stress at 
required ductility levels. Incorporation of fine ceramic particles can 
refine the grain structure in the MMC matrix [1–4] to achieve these 
beneficial mechanical properties. The right choice of matrix alloy, 
reinforcement volume fraction and size (micro and/or nanosized re-
inforcements), morphology (fibers, whiskers, particulates, or in 

combination), and their specific physical characteristics (thermal expan-
sion, thermal conductivity) will determine the resulting properties of the 
MMC. The production technology and thermomechanical processing 
will partially determine the feasibility of using the MMC in a finished 
product. Research activities and industrial applications of Al-, Ti-, and 
Mg-based MMCs has significantly evolved over the past 25 years, as 
documented by Clyne (1993) [5], Miracle (2005) [6], and Srivatsan 
et al. (2018) [7]. Nowadays, laboratory-scale research aims to test 
different concepts ex situ and in situ to increase applications of MMCs 
[8]. For example, a few specific, industrial-scale studies have been 
performed to create metal-carbon nanotube composites [9] and to 
employ them as radiation resistant materials [10]. Different additive 
manufacturing approaches have also been used to develop MMC print-
ing strategies for specialized applications [11–13]. A number of indus-
trial companies (e.g., Rio Tinto Alcan [14,15], Materion [16–18]and 
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Alvant [19]) as well as emerging start-ups (e.g., Gamma Alloys [20,21]) 
specialize in industrial scale MMC research, development, and 
production. 

At present, many primary fabrication routes conventionally used for 
large-scale production of alloys are not applicable for many types of 
MMCs. This is one of the reasons that prevents their widespread use in 
industry. Major technological limitations are often attributed to diffi-
culties with adding ceramic dispersoids to liquid metals, inhomogeneous 
distribution of reinforcements in the matrix, increased melt viscosity 
(which has a substantial, negative effect during casting), and chemical 
reactions at the reinforcement–matrix interface [22]. In some cases, the 
given obstacles are explained by the physical nature of the material 
constituents, such as a high contact angle between the aluminum matrix 
and SiCp [23]. One example of such an effect is the difference in the 
coefficients of thermal expansion between the reinforcement compo-
nents and the matrix, which often results in the development of residual 
stresses at metal/particulate interfaces. Another aspect is the process 
used to fabricate MMCs. The attractiveness of liquid-phase fabrication 
techniques of MMCs is associated with the minimization of energy costs 
to produce large amounts of material. At the same time, liquid-phase 
processing routes [24], such as stir casting, infiltration, or spray casting 
are influenced by low wettability of some ceramic constituents, such as 
SiC and Al2O3 (contact angle > π/2). This deteriorates the incorporation 
of reinforcements into the molten matrix metal, leading to their inho-
mogeneous distribution and clustering [25–27]. The problem is acutely 
expressed for the case of nanosized ceramic particles, when the rein-
forcement/matrix interface area is large. A number of processing 
methods have been proposed to overcome the above-mentioned diffi-
culties, e.g., pneumatic powder injection, ultrasonic-assisted fabrication, 
squeezing, and centrifugal casting [28–31]. However, one should consider 
that sonication and centrifugal casting may lead to significant design 
complexities for large-scale facilities. Additional obstacles are related to 
the capture of the gas atmosphere and slag during mechanical stirring, 
intensive oxidation of reinforcements, and void or microdefect forma-
tion. The creation of the required protective atmosphere and the 
development of refinement techniques that do not target reinforcements 
are also needed to improve the casting quality of MMCs. 

Powder metallurgy methods such as mechanical alloying, reaction 
milling, cryomilling, and microwave and spark plasma sintering help to 
exclude low-wettability aspects attributed to liquid-state processing [22, 
28,32,33]. Solid-state processes provide an opportunity to incorporate a 
large volume fraction of reinforcements into the matrix and to combine 
different components, which are not suitable for processing MMCs 
following liquid-state routes. Nevertheless, the questions relevant to the 
amount of energy required for milling, compacting/extrusion stages, 
uniform distribution of reinforcements (especially nanosized), porosity, 
and proper interfacial bonding should still be addressed. A detailed re-
view on different approaches for mixing and homogeneous distribution 
of nanoparticles is given in Ref. [34] Several relatively new processing 
technologies to produce MMCs based on spray atomization and deposition 
[35,36], friction stir processing [37], powder injection molding [38], equal 
channel angular pressing [39], and roll-bonding [40,41] confirm new de-
velopments in this direction. 

Besides primary MMC fabrication routes, subsequent thermo-
mechanical processing is an important stage that shapes the resulting 
properties of the material. The rolling conditions of MMCs are deter-
mined by the consolidated effect of the matrix alloy and different 
characteristic factors attributed to the reinforcement particles. For 
example, the effect of the size and volume fraction of SiCp on the evo-
lution of the microstructure in aluminum alloys was addressed by 
Humphreys et al. in Ref. [42]. The study pays attention to cold rolling, 
particle-stimulated nucleation (PSN) and pinning effects, recovery and 
recrystallization phenomena, as well as grain growth in particulate 
reinforced composites. The impact of deformation on ceramic particles 
is discussed in terms of the fracture and realignment of ceramic re-
inforcements. In a related work [43], the authors discussed the 

strengthening mechanisms that govern the changes in mechanical 
characteristics of MMCs during thermomechanical processing. Detailed 
studies on the deformation (yielding behavior and elastic response) of 
discontinuously reinforced MMCs were performed by Prangnell et al. 
[44,45]. The effect of deformation by torsion on dynamic recovery/r-
ecrystallization of AA2024 with different volume fractions of SiCp is 
given in Ref. [46]. The interesting aspects of the resultant superplastic 
behavior of MMCs are documented in Refs. [22,47–49]. 

This study aims to contribute to the growing area of research on 
MMCs by exploring improvements in mechanical properties and 
microstructural changes during high-temperature, uniaxial tensile 
testing of AA2024/β-SiCp reinforced with fine-sized β-SiCp particulates. 
AA2024 is the basis for this research as one of the more common, high- 
strength 2xxx series alloys. The alloy is well studied and widespread in 
the industry (mainly for high-strength structural applications) because 
of its high strength-to-weight ratio, good formability, and dispersoid 
hardening response to heat treatment. AA2024 is also in demand for 
products for which high durability in tension is required [50]. However, 
2xxx wrought alloys are characterized by fair general or stress corrosion 
cracking resistance (based on exposures to sodium chloride solution) 
compared to other aluminum alloys, owing to a greater change in 
electrode potential with variations in the amount of Cu in solid solution 
[51]. They have low tribological properties [52], and AA2024 is less 
ductile at elevated temperatures (~0.6Tmelt) compared to that of su-
perplastic aluminum-based alloys [49]. 

In this paper, we study how the incorporation of fine-sized ceramic 
reinforcements by different methods changes the mechanical charac-
teristics of AA2024-based MMCs at elevated temperatures. We quantify 
changes in mechanical performance obtained from uniaxial tensile 
testing of AA2024/β-SiCp and strain characteristics at different tem-
peratures and strain rates. The effect of adding SiCp dispersoids on 
deformation-induced microstructural changes is discussed. Scanning 
and transmission electron microscopy (SEM)/(TEM) and energy- 
dispersive X-ray spectroscopy (EDS) analysis are performed to describe 
intermetallic phases formed in the matrix. Electron backscatter diffrac-
tion (EBSD) analysis is performed to estimate the effect of SiCp disper-
soids on grain structure and substructure development during 
deformation. It is found that embedding a low volume fraction of rein-
forcement particulates has a positive effect on grain refinement during 
thermomechanical processing, keeping grain sizes smaller by pinning 
grain boundaries. Along with the uniformly distributed fine-sized 
intermetallic particles, this consistently influences dynamic recovery 
and slows down dynamic grain growth (DGG). This is considered as a 
good prerequisite to control grain size and increase ductility, the 
application of which is seen in improved hot workability and super-
plastic forming of MMCs at high strain rates. The results of this study 
demonstrate that a properly processed AA2024 MMC can exhibit 
enhanced ductility, and cracking resistance with retained toughness 
compared to conventional alloys, opening the door to the more wide-
spread use of MMCs in the correct industrial settings. 

2. Material and methods 

AA2024 commercial alloy (Al–4.2Cu–1.3Mg–0.6Mn–0.23Fe–0.5Si, 
wt.%) was used as a matrix material. The alloy was melted in a clay- 
graphite crucible in a Nabertherm K4/13 furnace at 700�С. The tem-
perature of the melt was controlled by a K2 chromel–alumel thermo-
couple and associated temperature controller. The melt was then slowly 
cooled to 620–640�С. The temperature interval was chosen close to the 
solid-liquid range, which in addition to enabling mechanical stirring 
facilitates the incorporation of reinforcements in the vortex. Two ap-
proaches were used to disperse the SiCp reinforcement constituent in the 
alloy melt. In the first case, β-SiCp powder with a high volume fraction of 
fine-sized particles (D90 ¼ 530 nm, i.e. 90% of the particles are 530 nm 
or smaller) was delivered in portions to the melt surface. The second 
variant was employed to introduce mechanically alloyed (AA2024þβ- 
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SiCp) granules1 of 10% volume fraction and a mean size of 54 μm as a 
carrier agent of SiCp to the alloy melt. Reinforcements were introduced 
in portions and accompanied by mechanical stirring for several minutes. 
The four-blade impeller was made of a Ti alloy to reduce dissolution of 
constituent elements when immersed in the melt. Stirring was main-
tained until the addition of reinforcement was completed, and then the 
slurry was reheated to 750�С and cast into a water-cooled copper mold 
20 � 40 � 100 mm3 in size. The cooling rate in the mold was approxi-
mately 15 K/s. High volume fractions of reinforcements require pre-
heating molds as well as squeeze casting to provide a uniform 
distribution of SiC in the ingot. Homogenization annealing on the as-cast 
materials was performed in two stages, following a typical AA2024 heat 
treatment procedure; annealing at 380�С for 8 h (formation of fine 
precipitates) followed by 490�С at 14 h (elimination of dendrite 
liquation). 

Homogenized ingots were then hot rolled (T ¼ 420 �C, εHR ~0.6) and 
cold rolled (εCR ~0.85) to a sheet thickness of 1.2 mm using a reversing 
DUO-250 two-roll mill with steel rolls 230 mm in diameter. The rolling 
process was undertaken at 0.24 m/s. The rolling strain per pass was 
~0.02. To maintain the temperature during the hot rolling stages, the 
samples were kept for approximately 3 min in the furnace before each 
pass to reheat to the rolling temperature. After the thermomechanical 
treatment, MMC sheets were annealed at T ¼ 490 � 5�С for 5 min in a 
salt bath to recrystallize the structure and limit the stage of grain 
growth. AA2024 alloy cast and thermo-mechanically processed under 
the same condition was used as a reference material to compare the 
resulting properties. Differential scanning calorimetry (DSC) was con-
ducted using a LABSYS ATD-DSC (Setaram Instrumentation) employing 
a heating/cooling rate of 20�С/min for a range of 20–400�С and 5�С/ 
min for 400–700�С. The samples were placed in corundum (Al2O3) 
crucibles in an air atmosphere (cast materials) and in an Ar atmosphere 
(AA2024/SiC MA granules). An identical, empty corundum crucible was 
used as the reference. The DSC thermograms were corrected by sub-
tracting the baseline obtained with an empty crucible following the 
same heating/cooling procedure. 

Mechanical properties and microstructural evolution were estimated 
at intermediate stages. The Vickers hardness was characterized 
following the ASTM E92 standard. A Wilson Wolpert Vickers indenter 
with a load of 5 kg for 15 s was used to evaluate the hardness. At least 15 
measurements were recorded per sample. At least 15 measurements 
were recorded per sample. Uniaxial tensile testing was conducted at 
450�С and 490�С at constant strain rates of 10� 1, 10� 2, 10� 3, and 10� 4 

s� 1 in a Walter þ Bai AG LFM 100 kN testing machine equipped with a 
high-temperature, three-section chamber and operated with the com-
mercial Dion Pro software. ASTM E2448-18 was used as reference 
standard to evaluate the superplastic properties of the metallic sheet 
materials. To maintain a constant strain rate, the traverse speed was 
increased as the test samples elongated. Before loading, the specimens 
were heated in the chamber and maintained at the deformation tem-
peratures for 20 min. Tensile samples were prepared along the rolling 
direction using a DK77 spark erosion machine (current did not exceed 2 
A). The tensile sample gauge dimensions of 14.0 � 6.0 � 1.2 mm cor-
responded to the length (l0), width (w0), and thickness (t0). Sample 
gauge dimensions were selected following GOST 1497 (ISO 6892 
analogue), where l0 ¼ 5:65�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w0 � t0
p

: Square tag ends, instead of 
standard samples with the transition radius between the gripped ends 

and the parallel length of the gauge section, were used for all the ex-
periments to determine the superplastic characteristics. The data from 
two to three specimens were collected for each tensile condition. After 
testing, the deformed samples were rapidly removed from the chamber 
and quenched in water to attain room temperature. 

Sectioned and mounted samples were mechanically ground using 
standard silicon carbide 600-, 1200-, 2400-, and 4000-grit abrasive 
papers in conjunction with water lubricant. Each abrasive size was used 
for several minutes at low pressure to produce a flat surface. Specimens 
were cleaned between each stage to prevent contamination by abrasive 
particles. Final polishing was performed using a 40 nm OP-U colloidal 
silica suspension. To estimate the surface quality, a Carl Zeiss Axiovert 
200 M MAT light microscope was used under different illuminations 
including polarized light. For preliminary estimation of the grain size of 
the rolled or deformed samples, the microstructure was revealed by 
anodizing (16 V, 0–5�С) using Barker’s reagent (HBF4 (46 ml), HBO3 (7 
g), and H2O (970 ml)). Specimens for electron microscopy studies were 
electropolished using a CH3OH þHNO3 solution (volume ratio 7:3). The 
process was conducted at a temperature of � 30 �C for 10 s with an 
applied DC potential of 12 V. 

Detailed microstructural studies were performed using a Vega3 
TESCAN 3LMH SEM with a LaB6 filament. The SEM was equipped with 
an X-MAX 80 EDS detector (Oxford Instruments) and an electron 
backscatter diffraction system (HKL NordlysMax, Oxford Instruments). 
SEM imaging was performed at an accelerating voltage of 20 kV in 
secondary-electron (SE) mode and backscattered electron (BSE) mode at 
working distances of 10–15 mm. EDS analysis was carried out on 
representative areas of interest by acquiring point spectra or selected 
area mapping. Fine reinforcement particles, precipitates, and disloca-
tion structure were analyzed by TEM using a JEOL JEM 2100 at 200 kV. 
EDS data were collected in STEM mode by an X-Max detector (Oxford 
Instruments). EBSD data were obtained at 20 kV using beam scan 
mapping (AZtecHKL) to control the position of the electron beam within 
the field of view. The step size was chosen to be 0.5 μm for the selected 
area of 278 � 278 μm2. The acquired data were analyzed by the in-house 
Vmap program [53] and the HKL EBSD post-processing software [54]. 
The EBSD maps obtained from the non-deformed regions of 
AA2024/β-SiCp tensile samples contained more than 85% indexed 
points (aluminum). The EBSD maps collected from the deformed regions 
(particularly at high strain rates) and failure areas were characterized by 
a lower percentage of indexed data. This was attributed to distortion of 
the crystal structure, development of cracks, and presence of SiCp clus-
ters. The definition of a high-angle grain boundary was set with a lower 
limit of 15� misorientation (HAGBs, shown in black on the EBSD maps), 
and all boundaries below this limit (down to 2�) were classified as 
low-angle grain boundaries (LAGBs, shown in grey on the EBSD maps). 

3. Results 

3.1. As-cast and homogenized microstructure 

Fig. 1 illustrates as-received β-SiCp particles and AA2024þSiCp MA 
granules and optical micrographs of the as-cast structures of AA2024 
alloy, AA2024/SiCp (powder, 2 vol %), and AA2024/SiCp (10 vol %, 
AA2024þSiCp granules). BSE images at higher magnification and EDS 
elemental mapping can be found in the supplementary materials 
(Fig. S1). The microstructure of the matrix alloy consists of cored den-
drites of an aluminum solid solution with various constituents in the 
inter-dendritic regions. As shown in the figures below, a clustering of 
SiCp powder is observed in the as-cast material (Fig. 1e), whereas the 
granules are separately distributed (Fig. 1f). This example of an 
Al–Cu–Mg/SiC system shows significant difficulties to introduce, 
distribute, and retain dispersed reinforcement particles in the melt. The 
approach, based on embedding powder particles directly into the matrix 
alloy, is associated with high surface tension of the Al2O3 film and low 
wettability of the ceramic. The difference in the densities of AA2024 

1 Mechanical alloying (MA) of AA2024 powder with β-SiCp nanosized parti-
cles was conducted in a Retsch PM400 planetary ball mill using a stainless steel 
vial and balls (16 mm in diameter, 16.2 g each) under an argon environment. 
The ball-to-powder weight ratio was 10:1. MA was performed at a speed of 300 
rpm for 6 h where each milling interval of 5 min was followed by a 5 min break. 
No process control agent was used during MA. The chosen milling regime is 
applicable only for low-volume fractions of SiC, as its further increase leads to 
intensive cold welding due to the high heat capacity of SiC. 
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(2.78 g/cm� 3) and SiC (3.16 g/cm� 3) also plays a dual role: the oxide 
Al2O3 film results in the floating of SiCp whereas a consolidated intro-
duction of powder particles (e.g. as a briquette) leads to their settling. 
Nevertheless, negative influences of these factors can be minimized. As a 
preliminary stage, it is recommended to use preheated powder to pre-
vent the melt from cooling and to eliminate residual moisture. If 
injecting is not used, the powder can be sieved in the process of its 
introduction into the melt. These procedures seek to reduce the presence 
of large clusters in the slurry during primary fabrication stages. The 
semisolid temperature interval facilitates embedding SiCp by changing 
rheological properties of the melt by increasing its viscosity, owning to 
the transformation to a dendritic structure [55]. An overview of the 
different processing techniques designed to overcome the difficulties of 
incorporating and dispersing the discontinuous reinforcements within 
an aluminum alloy matrix is presented in Ref. [56]. 

The applied homogenization treatment mostly eliminated dendritic 
liquefaction in the matrix, and stimulated reprecipitation of the solute as 
fine and more uniformly distributed second-phase particles. This reflects 
the role of secondary phases in the formation of the initial microstruc-
ture and properties of the material which further evolve during subse-
quent thermomechanical processing. In AA2024 the concentration of Cu 
and Mg exceeds the maximum solubility of these elements in solid so-
lution. The type of soluble compounds (containing Cu, Mg, Si, or their 
combination) is controlled by both concentrations of elements and their 
weight ratio. A Cu content exceeding 2 wt % leads to the formation of 
θ-Al2Cu, whereas Mg > 0.5 Si results in the introduction of Mg atoms 
with the S–Al2CuMg phase. The presence of Fe and Mn leads to the 
nucleation of Al6CuFe (if Fe » Si) or Al20Cu2Mn3 and T-Al12CuMn2 (if 
Mn » Fe) phases. Formation of Al6(FeMn) [50,57] and Al12(FeMn)3Si 
phases can also be observed and is presented in the following sections. 
These nanosized dispersoids, formed as a result of solid-phase in-
teractions during heat treatment, is more resistant to growth and, in 
addition to θ-Al2Cu and S–Al2CuMg, they control evolution of the grain 
structure. Annealing improved the hot workability of the cast ingots and 
provided uniformity of the properties. The optimal solution treatment 
also provides greater improvements to the tensile properties and reduces 
the fatigue crack growth rates [58]. 

Unlike secondary phases, which show an increase in size or volume 
fraction resulting from temperature or strain, the SiCp reinforcements 
are more resistant to this effect at the given temperatures. Fig. 2a shows 

SEM images of the as-cast, homogenized microstructure of the AA2024 
matrix reinforced with SiCp (2 vol %, powder). It is confirmed by EDS 
elemental mapping that both fine SiCp particles and separately distrib-
uted, coarse ceramic reinforcements are present in the microstructure. 
The presence of the oxide layer on the surface of SiCp can be considered 
from a number of aspects. Firstly, oxidized SiCp acts as a source for 
additional oxidation of the AA2024 melt. The effect of a silica layer on 
wettability is discussed in detail in Ref. [59,60], and despite an observed 
decrease in the contact angle, it is both governed by the process duration 
and temperature, and limited by the strong reactivity between SiO2 and 
aluminum. The reactivity of SiC reinforcements has another aspect: a 
reaction of SiC and molten aluminum by the following chemical process 
3SiC(s) þ 4Al(1) → A14C3(s) þ 3Si(s) [61]. The reaction takes place 
intensively at temperatures exceeding 1073 K, but the formation of 
Al4C3 was also observed at the melting point of Al [60,62–64]. There-
fore, in the given temperature interval, SiO2 may react more efficiently 
as a protective layer. 

Fig. 2b illustrates the changes occurring in the matrix of AA2024 
reinforced with (AA2024þSiCp) MA granules (10 vol %). An option to 
use MA granules as a “delivery agent” resolves the problem of wetta-
bility, facilitates dispersoid incorporation, and reduces the time to 
accommodate particulates in the melt. It is apparent from this figure that 
MA granules are more uniformly distributed in the matrix of the ho-
mogenized material compared to the distribution of the fine-sized SiCp 
powder. EDS analysis confirms slight changes in the granules in the alloy 
after casting and subsequent heat treatment. On one hand, this is 
considered as a possibility to provide a local hardening for the material. 
However, a special attention should be paid to their size; large granules 
may significantly reduce cold workability and ductility of the material. 
For example, strong and brittle granules that kept their original size due 
to the presence of an Al2O3 protective layer will not be able to restrain 
grain growth in the matrix and will play a role of stress concentrators 
during straining. One of the ways to eliminate this drawback is to pro-
duce fine-sized MA granules far smaller than the mean grain size of the 
matrix alloy. An increase of the volume fraction of the granules and the 
use of an inert, protective environment may impart a significant 
improvement in the properties of MMCs. 

Fig. 1. SEM micrographs of (a) β-SiCp and (b) AA2024þSiCp MA granules and (c) corresponding X-ray diffraction spectra. Optical images (in polarized light) of as- 
cast materials: (d) AA2024 alloy, (e) AA2024/SiCp (2 vol %, powder), (f) AA2024/SiCp (10 vol %, AA2024þSiCp MA granules). 
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3.2. As-rolled microstructure, DSC analysis, and hardness measurements 

The baseline, homogenized AA2024 alloy and AA2024-based MMCs 
underwent rolling in two stages. Hot rolling at 420�С provided accept-
able loading for the rolling mill to break down the cast structure into a 
wrought one, reduced the impact of high temperature on the developing 
grain structure. At the given temperature, the thickness decreased from 

20 mm to 8 mm by reaching 60% reduction (rolling strain per pass was 
~0.02), and the materials demonstrated good ductility. Subsequent 
processing to a sheet thickness of 1.2 mm by cold rolling provided an 
additional reduction of 85% to obtain a refined grain structure in the 
matrix. Fig. 3 illustrates the rolled and recrystallized microstructure of 
the AA2024 alloy and its modification by SiCp, as well as the DSC 
thermograms (in the temperature range of 400–700 �C) of the processed 

Fig. 2. SEM images and relevant EDS maps of homogenized AA2024 (380�С/8 h þ 490�С/14 h) reinforced with SiCp (2 vol %), which were introduced into the 
matrix as (a) a powder and (b) AA2024þSiCp MA granules. 

Fig. 3. Optical images of the rolled (εHR ~0.6 þ εCR ~0.85) and recrystallized (490�С/5 min in salt bath) microstructure of (a) AA2024 alloy, (b) AA2024/SiCp (2 vol 
%, powder), and (c) AA2024/SiCp (10 vol %, AA2024þSiCp MA granules). DSC scans from (d) AA2024, (e) AA2024/SiCp and SiCp, and (f) AA2024/(AA2024þSiCp) 
and AA2024þSiCp MA granules. 
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materials and their constituent components. 
As can be seen from Fig. 3a–c, the microstructure of the MMCs is 

characterized by a slightly lower mean grain size (~7 μm) than that of 
the AA2024 alloy (~10 μm). This could be attributed to the effect of 
reinforcing particles causing easier nucleation of new, recrystallized 
grains, thus limiting excessive grain growth in later stages of heat 
treatment. Stages of hot and cold rolling generate a high density of 
dislocations. The presence of dispersoids as well as SiCp increases the 
amount of dislocations and obstructs their movement, retaining a finer- 
grained structure at subsequent stages of recrystallization annealing. In 
addition to the development of the desired microstructure, thermo-
mechanical treatment performs another important function related to 
the segregation of secondary phases and reinforcement particles. Liquid- 
state primary fabrication tends to form agglomerates of reinforcement 
particles, whereas rolling better distributes the composite constituents. 
The same effect was observed during rolling of extruded Al-Cu-Mg [65, 
66]. More evidence is available concerning the positive effects of me-
chanical processing on the homogeneous distribution of the re-
inforcements [56] and the healing effects of metal flow [67]. The major 
disadvantage is a linear arrangement of ceramic particles in the rolling 
direction. 

DSC thermograms, obtained using the same heating and cooling rates 
as those used for sample manufacture (Fig. 3d–f), reflect the major phase 
transformations occurring in the heat treated AA2024 matrix and in its 
behavior in the presence of reinforcement particles. Comparative DSC 
scans for SiCp and AA2024 þ SiCp MA granules in the given temperature 
interval are also presented. The response from the matrix alloy at the 
first stage of heating (up to 400�С) is characterized by the following 
sequence of phase transformations, related to aging [68]: original su-
persaturated solid solution (α0) → α1 þ Guinier-Preston (GP) zones → α2 
þmetastable θ’’ → α3 þ θ’ → α4 þ stable θ (Al2Cu) phase and α0 → α1 þ

GP zones → α2 þ S’ → α3 þ stable S (Al2CuMg) phase, where αi is the 
composition of the matrix in equilibrium with the relevant second 
phase. The most pronounced exothermic peak centered at 293�С 
(AA2024) is likely attributed to the formation of a semi-coherent θ0

phase (the process is accompanied by a parallel exothermic trans-
formation to create S0 phase) followed by their subsequent dissolution 
(Fig. 3d). The presence of SiCp in the matrix at this stage is characterized 
by a larger degree of peak spreading and overlapping, as well as shifted 
peak maxima towards lower temperatures (Table 1). Formation of the 
stable θ (Al2Cu) and S (Al2CuMg) phases takes place between 470 and 
480�С. The endothermic peak observed at ~505 �C indicates partial 
melting of the matrix alloy resulting from the dissolution of Cu-rich 
phases. SiCp (Fig. 3e) and AA2024þSiCp MA granules (Fig. 3f) shift 
the maximum of this endothermic process to ~513 �C. An increase in 
peak temperature for AA2024/(AA2024þSiCp) is also accompanied by 
the additional absorption of energy (Fig. 3f) indicated by the peak 
centered at 532 �C. It can be explained by the delay of the partial melting 
in the MA granules. 

Table 2 shows the hardness values of the as-cast, homogenized, and 
rolled materials. The maximum hardness in the as-cast condition was 
obtained for powder-reinforced AA2024/SiCp (2 vol %). Homogeniza-
tion annealing resulted in strengthening due to the formation of a su-
persaturated solid solution of Cu and Mg in Al and fine dispersoids in the 
microstructure. Rolling with subsequent short-term recrystallization 
annealing slightly decreased the hardness values. From the obtained 

data, it follows that sub-micron reinforcements of low volume fractions 
do not significantly increase the hardness. Girot et al. [56] indirectly 
support this conclusion by stating that large reinforcing particles are 
more effective against abrasive wear on the MMC than smaller ones. 

3.3. High-temperature tensile testing 

Uniaxial tensile testing at elevated temperatures was conducted to 
evaluate plastic and strength characteristics of the investigated AA2024- 
based materials. Experiments were conducted at 450 �C and 490 �C, the 
latter of which is close to the solidus for AA2024, and constant strain 
rates of 10� 1, 10� 2, 10� 3, and 10� 4 s� 1. Fig. 4 shows the true stress–true 
strain diagrams of the studied materials, and Table 3 provides the tensile 
testing data analysis. It is worth mentioning that we applied a constant 
strain rate when the samples deformed uniformly without necking. As 
the length of the deformed part increased, the strain rate increased as 
well to keep the strain rate constant. 

At elevated temperatures and high and intermediate strain rates, 
AA2024 is characterized by low engineering strain (58.3–122.5%). The 
maximum ductility (179.3 � 28.4%) for the given conditions for 
AA2024 is achieved at 10� 4 s� 1 (490�С). The strain rate sensitivity index 
m varies from 0.20 � 0.01 (450�С) to 0.27 � 0.03 (490�С), which re-
flects low aptitude of this alloy for superplasticity. AA2024/SiCp (2 vol 
%) reinforced with fine-sized powder exhibits similar strains 
(69–118.3%) at high and intermediate strain rates. The maximum en-
gineering strain (252.7 � 19.2%) for this material was observed at a 
strain rate of 10� 4 s� 1. The m value varies from 0.21 � 0.01 (450�С) to 
0.33 � 0.02 (490�С), which is considered as an opportunity to improve 
the ductility of composite materials at temperatures close to the tem-
perature of solidus for the matrix alloy. The most pronounced effect of 
the increase in the ductility by reaching superplasticity levels was 
observed in a number of studies [49] by reinforcing the studied alloy 
with whiskers. The volume fraction of reinforcements can reach 20% and 
still provide high-strain rate superplasticity. AA2024/SiCp (10 vol %, 
MA granules) showed minimal values of engineering strain (21–104%) 
of the studied materials for the given testing conditions. During the test 
of this material, crack formation often occurred because of high-volume 
fraction of composite granules. This resulted in failure at the early stages 
of testing. At the same time, the m value was 0.22 � 0.01 (450�С) and 
0.33 � 0.02 (490�С). It could be concluded that AA2024þSiCp MA 
granules have the potential for distribution of strengthening 

Table 1 
Thermal properties and heat effects associated with corresponding DSC peaks (the heating cycle, TS, TL and Tm are the solidus, liquidus, and melting temperatures).  

Material DSC Peak Temperature, �C Change of enthalpy (ΔH, J/g) at the given peak temperature (Tp, �C) 

TS Tm TL Tp ΔH Tp ΔH Tp ΔH 

AA2024 510 645 657 293 9.31 505 � 0.06 645 � 27.41 
AA2024/SiCp 540 645 660 288 1.77 513 � 0.29 645 � 19.51 
AA2024/(AA2024þSiCp) 545 642 654 267 1.56 513, 532 � 0.05, � 1.00 642 � 20.46 
AA2024þSiCp MA granules 590 648 660 230 3.57 550, 588 – 648 � 14.10  

Table 2 
HV5 hardness of AA2024 alloy and AA2024/SiCp measured at different pro-
cessing stages.  

Processing stage/Material Vickers hardness, HV5 

AA2024 AA2024/SiCp 

(2 vol %, 
powder) 

AA2024/SiCp (10 
vol %, MA 
granules) 

As-cast 90.7 �
3.3 

107.9 � 7.1 97.2 � 4.4 

Homogenization annealing 
(380�С/8 h þ 490�С/14 
h) 

135.4 �
4.9 

129.6 � 3.2 111.2 � 3.7 (134.2 
for areas with 
granules) 

Rolling and recrystallization 
(490�С/5 min) 

122.2 �
2.5 

126.4 � 3.6 120.8 � 4.6  
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components in the matrix. However, more attention should be paid to 
their preparation process, size, volume fraction, and elimination of 
linear arrangements to improve ductility. 

3.4. Deformation-induced microstructural changes at elevated 
temperatures 

The effect of temperature and deformation on grain growth in the 
AA2024/SiCp (2 vol %) is demonstrated by EBSD orientation maps ob-
tained after uniaxial tensile testing in Fig. 5a–d. Related boundary 
misorientation plots for the testing conditions are given in Fig. 5g and h. 
The mean grain size in the non-deformed regions does not exceed 7 μm 
(450 �C) and 8 μm (490�С) depending on the straining regimes. The 
grain structure of AA2024/SiCp in the non-deformed regions is charac-
terized by relative stability to the effect of the temperature and does not 
significantly evolve during the test (Table 4, Fig. 5a, d). For the 
deformation-affected areas, grain growth caused by the deformation 
(DGG [69,70]) was observed for all strain rates and testing tempera-
tures. The measured grain size is given in Table 4 and observed in Fig. 5b 
and c (450 �C) and 5e-f (490 �C). 

It is worth noting that DGG occurs for the given composite materials 
at relatively modest rates even at 490 �C. It is likely caused by the 

presence of fine β-SiCp particulates and a high fraction of second-phase 
dispersoids. This in turn helps the material to resist grain growth by 
Zener pinning [71,72] even during the perturbation of pinning events 
during deformation, thus reaching high strains at low strain rates. 
Coarse particles are additional sources for stress accumulation, which 
may stimulate the formation of a substructure with further dynamic 
recovery and recrystallization. The effect of the temperature and strain 
rate is reflected by the formed substructure (Table 4, Fig. 5g and h). At 
450�С, regardless of strain rate, where intensive development of LAGBs 
(up to 26%) is observed in the deformed regions. The substructure 
development at 490�С is more rate-sensitive. Testing at low strain rates 
(10� 4 s� 1) results in almost a four-fold decrease in LAGBs (to 6.5%) 
formed during the deformation, and at given conditions this parameter 
is close to a non-deformed structure. An intermediate stage of LAGB 
formation during high strain rate testing is shown in Fig. 5j and k. It 
illustrates inhomogeneity of plastic deformation due to high stress 
concentration near coarse particles as well as in some grains charac-
terized by a high amount of dislocations. 

Fig. 6a–d shows changes in the grain size of the non-deformed (static 
grain growth) and deformed (DGG) parts of the AA2024 and AA2024/ 
(AA2024þSiCp) samples. Grain boundary misorientation plots for the 
given testing conditions are given in Fig. 6e and f. A continuous 

Fig. 4. Effect of the strain rate (10� 1, 10� 2, 10� 3, and 10� 4 s� 1) and testing temperature (450 �C and 490 �C) on the true stress–strain characteristics of (a, d) AA2024 
alloy, (b, e) AA2024/SiCp (2 vol %), and (c, f) AA2024/(AA2024 þ SiCp). 
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temperature effect (490�С) results in the slower increase of the mean 
grain size for AA2024/SiCp (Fig. 5d) and AA2024/(AA2024þSiCp) 
(Fig. 6с) MMCs compared to that for the АА2024 alloy (Fig. 7a). Besides 
some difference in the initial microstructure (caused by the effect of 
reinforcement particles on the development of grain structure during 
thermomechanical treatment), the difference in the grain size resulted 
from the pinning effect from the reinforcement particles on grain 
boundary movement. Dynamic grain growth demonstrates a similar 
tendency. It is observed in all strained materials at the given tempera-
ture and testing rates (Figs. 5f and 6d), but its maximum rate is reached 
for the AA2024 alloy (Fig. 6b). 

The anisotropy of the mechanical properties of the MMC is mainly 
attributed to the size, morphology, and spatial distribution of the re-
inforcements. In case of a low volume fraction of the hard phase, the 
crystallographic texture developed in the soft matrix is assigned a sig-
nificant role in the overall anisotropic response. The texture of rolled 
AA2024 is generally characterized by heavy textures of Cube, Goss, and 
S components [73]. Deformation texture plays a significant role in 
determining the orientation of the material during further processing. 
Information on the crystallographic texture was derived from EBSD 
maps of AA2024/SiCp (Fig. 7a–d), AA2024 (Fig. 7e and f), and 
AA2024/(AA2024þSiCp) (Fig. 7g and h). Orientation distribution 
function (ODF) data were used to evaluate the main texture components 
in the recrystallized samples. The EBSD orientation maps (Fig. 7) and the 
corresponding ODF (Fig. S2) indicate that the recrystallization texture 
consisted of several components with a range of orientations, such as the 
Cube {001}<100>, Goss {011}<100>, and S {123}<634> compo-
nents. It can be seen that Cube (e.g. ϕ1 ¼ 0�, Φ ¼ 0� ϕ2 ¼ 0�) is a 
dominant texture component in AA2024, whereas Goss (e.g. ϕ1 ¼ 0�, Φ 
¼ 45� ϕ2 ¼ 0�) and S (e.g. ϕ1 ¼ 59�, Φ ¼ 37� ϕ2 ¼ 63�) components 
mainly represent the texture of the discontinuously reinforced 
aluminum matrix. This observation is partly supported by Ref. [74], who 
showed that a hard phase, introduced into an aluminum alloy, does not 
modify the main components of the texture. It has also been observed 
that the texture levels for the reinforced materials are weaker than those 
for the matrix alloy. However, the particle size should be considered: 

fine particles (<0.1 μm) provide homogeneous deformation and a more 
pronounced texture intensity in reinforced materials than 
non-reinforced materials, whereas large particles lead to a more het-
erogeneous deformation and consequently to a decrease in the texture 
intensity. As expected, the tensile testing resulted in a weakened texture 
due to dynamic recrystallization. 

Fig. 8 shows defects formed near the fracture zone, and presents EDS 
maps acquired from the area with coarse secondary particles after high- 
strain rate testing (10� 1 s� 1) at 490�С. At intermediate strain rates, the 
formation of cracks with no further development was detected on the 
stress–strain diagrams. It is seen from the figure that cracks mainly form 
in SiCp clusters, but do not increase intensively. β-SiCp particulates 
introduced into the matrix are also characterized by surface oxidation. It 
is explained by the tendency of SiC to form a passivation layer of SiO2 at 
elevated temperatures. The presence of a fraction of fine-sized β-SiCp 
results more intense oxidation [75,76], including in the given temper-
ature interval, during stir casting. The EDS analysis performed in the 
area of β-SiCp localization reveals a higher concentration of Mg. This can 
be attributed to the formation of the Mg2Si phase specific for concen-
trations of Mg>0.9% and Si>0.5% [77]. Coarse intermetallic pre-
cipitates are θ-Al2Cu and S–Al2CuMg phases. A small volume fraction of 
a coarse (Al, Fe, Si, Mn) constituent phase was also observed. 

3.5. Fine structure (TEM) in AA2024/SiCp 

TEM studies of the deformed structure were carried out to investigate 
the distribution of β-SiCp particulate and second-phase dispersoids in the 
AA2024 matrix. Figs. 9–11 show TEM images and EDS element maps 
(Fig. 9a and b and Fig. 10a and b) acquired from samples deformed at 
different conditions. Generally, second-phase precipitates in AA2024 
are represented by several major groups [78]: θ-Al2Cu, Al2CuMg, and 
Al12(FeMn)3Si (hardening precipitates of rounded or irregular shape), 
and complex intermetallic dispersoids of the Al20Cu2Mn3 (or T-Al12C-
uMn2) and Al6MnFe (or Al6CuMnFe) systems. It was reported that 
stoichiometric ratios for some constituent phases may vary significantly 
[79,80]. The size of fine, Mn/Fe enriched dispersoids for the initial 

Table 3 
Data of tensile strength and toughness, elongation, and strain rate sensitivity of AA2024 and SiCp reinforced composites at room and elevated temperatures. For 
elevated temperatures, data are given first as ranges tested at 450 �C before the slash, then as ranges tested at 490 �C.  

Material ε0, s� 1 T25, 
�C ε0, s� 1 T450/T490, 

�C N 

Rp0.2, MPa Rm, MPa εf, 
% 

ut, 
MJ/m3 

N Rp0.2, 
MPa 

εf, 
% 

ut, 
MJ/m3 

m 

AA2024 4.7 �
10–3 

303 � 8 465 � 19 7.4�
1.4 

42 � 9 2 10–1 54.3 � 1.5 
36.3 � 5.1 

117.7 � 22.2 
58.3 � 21.6 

54.4 � 11.8 
20 � 9.7 

0.20�
0.01/0.27�
0.03 

4/4 

10–2 35 � 2.8 
23.0 � 2.8 

122.5 � 4.9 
83.5 � 12.0 

38.6 � 5.8 
18 � 0.2 

2/2 

10–3 21 � 1.4 
14 � 4.2 

99 � 4.2 
92 � 2.1 

17.7 � 2.4 
10 � 0.8 

2/2 

10–4 11.7 � 0.6 
3.5 � 0.6 

103.8 � 16.7 
179.3 � 28.4 

11.1 � 2.2 
10 � 2.6 

4/4  

AA2024/2% SiCp 4.7 �
10–3 

268 � 21 351 � 55 3.1�
1.7 

19 � 9 2 10–1 45.7 � 1.2 
33.3 � 1.2 

118.3 � 3.2 
69 � 17.5 

46.2 � 2.1 
18.6 � 5.1 

0.21�
0.01/0.33�
0.02 

4/4 

10–2 28.3 � 2.1 
19.5 � 0.7 

106 � 21.9 
86 � 25.5 

23.7 � 3.7 
14.9 � 0.3 

2/2 

10–3 19.5 � 2.1 
11.5 � 2.1 

92 � 19.8 
104 � 29.7 

14.5 � 3.2 
10 � 0.4 

2/2 

10–4 8.5 � 0.9 
2.7 � 0.5 

124.7 � 19.7 
252.7 � 19.2 

11.9 � 1.9 
13.4 � 2.5 

4/4  

AA2024/(AA2024 þ 10% SiCp) 4.7 �
10–3 

270 � 1 312 � 12 1.3�
0.2 

9 � 1 2 10–1 40/24 58/21 19/3 0.22�
0.01/0.33�
0.02 

1/1 
10–2 26/16 73/37 12/4 1/1 
10–3 16/8 30/88 4/5 1/1 
10–4 8/3 30/104 2/4 1/1 

List of symbols: ε’ – strain rate, s� 1; T25 – room temperature (25 �C); T450 – elevated tensile temperature (450 �C); T490 – elevated tensile temperature (490 �C); Rp0.2 – 
yield strength, MPa; Rm – ultimate tensile strength, MPa; εf – elongation to failure, %; ut – tensile toughness, MJ/m3; m – strain rate sensitivity index; N – number of 
samples tested at the given conditions. 
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material does not exceed 200 nm and is characterized by an elliptical or 
rod-like morphology. They are formed during long-term homogenization 
annealing and are uniformly distributed in the matrix. During static 
annealing and deformation, they help to restrain grain growth by the 
Zener pinning mechanism. A similar function to reduce the migration rate 

of the grain boundaries is performed by β-SiCp located both at the grain 
boundaries (Fig. 9c) and in the matrix. 

The joint effect of the high temperature (490�С) and deformation 
leads to an increase in precipitate size. As a result, this may reduce their 
pinning force on the grain boundaries. 

It was observed that during deformation, fine dispersoids of 
Al6(FeMn) phases are linked by dislocation helices (Fig. 9d and e and 
Fig. 11). It is considered that particles become obstacles for further 
movement of dislocations during straining. In addition to dislocation 
helices, samples deformed at high strain rates are characterized by the 
presence of wavy dislocations. At high strains, intersection of slip sys-
tems results in the development of dislocation walls, which contribute to 
further evolution of the substructure. 

4. Discussion 

Major findings of this research show that modification of AA2024 by 
SiCp leads to the refinement of microstructure and deceleration of DGG 
at elevated temperatures. At near-solidus temperatures, the deformed 
powder-reinforced MMC demonstrates higher elongation at a low strain 
rate and provides better performance at a high strain rate compared to 
that for the matrix alloy, all while retaining the toughness of the matrix 
material. The obtained data give evidence of the resistance of fine-sized 
reinforcements to the propagation of cracks. With respect to the ob-
tained results, an attempt was performed to analyze the contributing 

Fig. 5. Illustration of DGG in the matrix of AA2024/SiCp using (a–f) EBSD maps in the Inverse Pole Figure (IPF) colors and distribution plots of boundary 
misorientation for different strain rates and temperatures (g) 450 �C and (h) 490 �C. White color on the EBSD maps indicates unindexed points, which represent 
clusters of reinforcement/large precipitates or defects/cracks formed during deformation; the tensile direction is parallel to the x axis. TEM images (j) bright field and 
(k) weak beam dark field, which illustrate parallel screw dislocations and dislocation walls in the AA2024/SiCp sample deformed at 10� 1 s� 1 at 450 �C. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 4 
Mean grain size and fraction of LAGBs in AA2024/SiCp (2 vol %), AA2024/ 
(AA2024 þ SiCp) and AA2024 after high-temperature uniaxial testing at 
different strain rates.  

Testing 
temperature, �C 

Strain 
rate, s� 1 

Mean grain size, μm LAGBs, % 

non- 
deformed 

deformed non- 
deformed 

deformed 

AA2024 
490 10–4 10 � 0.6 14.0 �

1.2 
9.8 12.4 

AA2024/SiCp (2 vol %) 
450 10–1 6.9 � 2.3 10.1 �

4.3 
8.5 26.7 

10–4 7.1 � 1.8 11.2 �
3.3 

5.1 23.1 

490 10–1 6.1 � 1.7 8.9 � 2.9 5.6 23.3 
10–4 8.0 � 3.2 11.4 �

2.5 
4.4 6.5 

AA2024/(AA2024 þ SiCp) 
490 10–4 6.6 � 1.8 9.8 � 3.2 2.6 3.1  
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factors to the formation of microstructure and exhibited properties of 
MMCs. 

The plots in Fig. 4a, d shows a significant effect of temperature on 
ductility of AA2024 matrix alloy. At a low strain rate (10� 4 s� 1), the 
elongation increases with a rise of testing temperature from ~103.8 �

16.7% (450�С) to ~179.3 � 28.4% (490�С). Dissolution of Cu and Mg at 
higher temperatures explains this observation, which may result in their 
faster diffusion through the aluminum matrix [81]. As a result, a high 
ductility at low strain rates is provided by diffusional creep acting both 
as an individual process and as an accommodation mechanism for grain 

Fig. 6. EBSD maps (IPF colors) and distribution plots of boundary misorientation for the non-deformed and deformed regions of (a, b, e) AA2024 alloy and (c, d, f) 
AA2024/(AA2024þSiCp) deformed at 10� 4 s� 1 (490 �C). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 

Fig. 7. EBSD orientation maps obtained after uniaxial tensile testing of the AA2024/SiCp samples (deformed and non-deformed regions) tested at strain rates of 10� 4 

s� 1 at (a, b) 450 �C and (c, d) 490 �C; (e, f) AA2024 alloy, and (g, h) AA2024/(AA2024þSiCp). 
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boundary sliding. The effect was clearly demonstrated in Refs. [81] by 
comparing the behavior of aluminum-based alloys with different con-
centrations of solutes. Owing to the continuous diffusion/deformation 
processes, further impact of high temperature results in the enhance-
ment of microstructural changes (e.g. growth of second-phase particles). 
Thus, DGG (a deformation-induced process influenced by the migration 

rate of grain boundaries which increases with temperature) becomes one 
of the factors that limits ductility.Whereas the temperature-related so-
lute effect results in better performance of the matrix alloy, it does not 
explain the observed, significant increase in ductility of the MMC at the 
same testing conditions. Fig. 4b,e shows how the introduction of rein-
forcement components of a small volume fraction may result in 

Fig. 8. Defects formed during the deformation of AA2024/SiCp (2 vol %) at 10� 1 s� 1 and 490�С: (a) SEM image and (b) EDS elemental maps.  

Fig. 9. STEM images and selected EDS element maps of AA2024/SiCp deformed at strain rates of (a) 10� 1 s� 1 and (b) 10� 3 s� 1 at 450 �C. Al and Mg element maps are 
not shown on the figure because of the uniform distribution of these elements in the observation area. BF TEM images were acquired from regions deformed at strain 
rates of (c) 10� 2 s� 1, (d) 10� 3 s� 1, and (e) 10� 4 s� 1. 
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increased elongation (252.7 � 19.2%) at 10� 4 s� 1 (490 �C) in 
AA2024/SiCp (2 vol %) compared to those (179.3 � 28.4%) for AA2024. 
We assume that both the refined microstructure and the resistance to 
grain growth provided by ceramic particles is responsible for this in-
crease. We see certain confirmations of this assumption in research 
presented by Daehn [82] who states that there is a balance between the 
substructure refinement due to the flow and diffusional coarsening at 
elevated temperatures. Reinforcements in the matrix stabilize the sub-
structure against coarsening and contribute to the lower grain growth 

rates. Based on a number of experimental evidences, Hassan et al. [83] 
pointed out that a key factor affecting the improvement in ductility of an 
aluminum alloy reinforced with SiCp is the degree of metal-working. A 
higher degree of reduction from metal-working helps to increase the 
composite ductility by reducing the matrix porosity, dispersing the 
reinforced particles more finely and breaking up the second-phase in-
clusions to more effectively disperse them. SiC by nature is characterized 
by a higher degree of size and phase stability in the given temperature 
interval. By contrast, hardening particles (e.g. θ-Al2Cu and S–Al2CuMg) 

Fig. 10. (a, b) STEM images and selected EDS element maps of AA2024/SiCp deformed at strain rate of 10� 1 s� 1 at 490 �C. Al and Mg element maps are not shown on 
the figure owing to the uniform distribution of these elements in the observation area. BF TEM images were acquired from regions deformed at strain rates of (c, d) 
10� 1 s� 1 and (e) 10� 2 s� 1. 

Fig. 11. BF TEM images of Al6(FeMn) dispersoids: (a) non-deformed region, (b) pinning event at a grain boundary of a deformed region at 10� 2 s� 1/490 �C, (c) high 
resolution TEM image of elliptical particle with related (d) SAEDs from the matrix and precipitate, (e, f) parallelogrammic particle and SAED. 
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which form in the MMC matrix tend to increase in size and change in 
volume fraction. For example, straining of AA2024 at 490�С illustrates 
how gradual dissolution of Cu leads to a steady decrease of pinning 
pressure on migrating grain boundaries. Unlike AA2024, the presence of 
SiC particulates in AA2024/SiCp (2 vol %) compensates for the gradual 
disappearance of the second-phase particles, and subsequently slows 
down both static and DGG at high temperatures during deformation at 
low strain rates. The effect of SiCp on the static and DGG is noticeable 
from the data in Table 2, and by comparing EBSD maps acquired from 
the samples of AA2024/SiCp (Fig. 5d–f), AA2024 (Fig. 6a and b), and 
AA2024/(AA2024þSiCp) (Fig. 6c and d) deformed at a strain rate of 
10� 4 s� 1 (490 �C). 

Reinforcements may have a positive effect on grain microstructure at 
lower temperatures as well due to insignificant size changes, whereas 
second-phase particles demonstrate a size increase due to Ostwald 
ripening (when a thermodynamically unstable two-phase system re-
duces its total energy by means of increase in the mean size of the second 
phase) [84,85] and/or as a result of strain-induced particle coarsening 
[70]. This changes the ratio in the pinning (drag) pressure (PZ) exerted 
by the spherical particles of a radius r and volume fraction fv on a unit 
area of the boundary by PZ ¼

3�fv�γ
2�r ; where γ is the average boundary 

energy of the system. It leads to a decrease of pinning force on migrating 
grain boundaries and an increase of the mean grain size following the 
Zener equation (DZ ¼ A r

fv, where DZ is the Zener limiting grain size in 
normal grain growth and A is a proportionality coefficient) [86]. 
Embedding thermodynamically stable ceramic particles, which are to a 
less extent subject to changes and are able to retain their initial prop-
erties, can be considered as an additional opportunity to design a grain 
structure with predictable behavior and properties. 

In addition to the temperature effect on secondary phases and grain 
growth, an important time-dependent factor – strain rate – has a sig-
nificant effect on the development of substructure and crack propaga-
tion. A low-temperature deformation results in intensive development of 
substructure. The percentage of low-angle grain boundaries is used as an 
indicator of substructure development. It is worth noting that disloca-
tions are formed in large amounts during deformation at high strains. 
However, they are generally not represented during analysis of EBSD 
maps to eliminate data distortion due to the presence of surface relief 
(boundaries below misorientation angles of 2� were not taken into ac-
count during substructure measurements). Their migration is partially 
limited by both fine-sized reinforcements and dispersoids. The stored 
energy of the formed substructure has an additional effect on the rate of 
migration of HAGBs. At low strain rates and high temperatures stresses 
in the material are low, thus the mechanism of deformation is controlled 
by grain boundary sliding and dislocation creep. The dislocation density 
also remains low due to faster recovery, and the failure of the material is 
influenced by the steady increase in stresses caused by grain growth. At 
high strain rates, when stresses sharply increase, the formation and 
propagation of cracks become the dominant factors for material failure. 

Despite the fact that AA2024 alloy has a good combination of 
characteristics, such as fracture toughness and resistance to fatigue 
crack growth [50], the introduction of reinforcement particles at the 
right volume fraction is likely to have additional beneficial effect on 
fatigue behavior. The morphology, size, and volume fraction of re-
inforcements become especially important when studying the fatigue 
characteristics of MMC. Experimental data presented in Ref. [87] show 
that an increase in volume fraction of ceramic reinforcements reduces 
ductility and fracture toughness. When considering this effect sepa-
rately, the deterioration in properties can be explained by brittle frac-
ture of large reinforcement particles. Large reinforcements (and 
especially their agglomerates) may become the sources for crack origi-
nation due to a weak connection at the matrix-reinforcement interface. 
The reduction in particle size provides an improvement in tensile 
ductility. The smaller reinforcing particles cavitate less easily than their 
larger counterparts. As a result, an MMC containing small-sized 

reinforcements can accommodate greater strains. The effects of particle 
size on the fracture toughness in SiCp/Al–Cu–Mg are clearly shown in 
Ref. [88]. In addition, the lower rates of work hardening tend to reduce 
the flow stress and facilitate an improvement in the fracture toughness. 
The positive effect of fine-sized particles on fatigue strength is shown in 
Ref. [83]. The evidence also indicates that reinforcement improves not 
only the stress-controlled fatigue behavior, but also the resistance to 
fatigue crack propagation. At the same time, the matrix reinforced with 
low volume fractions prevents propagation of cracks. In this regard, the 
formation of a large number of closed cracks and interface voids results 
in a more uniform distribution of stress in the matrix, and subsequently 
extends cracking resistance of AA2024/SiCp (2 vol %) during deforma-
tion at high strain rates. At low strain rates the same effect provides 
more uniform deformation, preventing the extensive development of 
new, large cracks and the propagation of existing ones. 

On the basis of the data obtained in this study, industrial prospects 
for using MMCs with embedded, fine-sized reinforcements of a low 
volume fraction appear promising, as they exhibit the following bene-
ficial features: (a) the formation of a fine-grained structure and reduc-
tion of static and DGG rates, (b) ensuring a large degree of elongation of 
MMCs at high strain rates, (c) positive effect of reinforcements and 
solutes on ductility of MMCs at elevated temperatures in comparison 
with the matrix alloy, (d) inhibition of crack propagation by a low 
volume fraction of the reinforcements. This represents both an oppor-
tunity to point out the improved properties of MMCs of interest, and to 
optimize the technological parameters of production such as scalable 
production methods, thermomechanical treatments, and optimization of 
volume fractions. An example is the formation of materials under su-
perplastic conditions, where a superplastic matrix modified by re-
inforcements with a low sensitivity to forming conditions can exhibit the 
required plastic characteristics in the optimal temperature and strain 
rate regimes. 

5. Conclusions 

The addition of a low volume fraction (2%) of fine-sized SiCp re-
inforcements to AA2024 commercial alloy was shown to enhance both 
ductility and cracking resistance at elevated temperatures at low strain 
rates. Liquid-state fabrication in the semisolid temperature interval en-
hances the embedding of powder by changing the rheological properties 
of the melt. As an alternative, mechanically alloyed granules are shown 
to be promising “delivery agents” to uniformly distribute re-
inforcements. Thermomechanical processing of MMCs facilitates the 
formation of a finer grain structure due to the positive effect of particle 
stimulated nucleation (PSN) and the restraining effect of reinforcements 
on the growth of recrystallized grains. The positive effect is expressed in 
as higher ductility of the AA2024/SiCp while retaining similar strength 
and toughness of the matrix alloy alone. The baseline, high ductility in 
the matrix alloy is due to the solute effect and high density of dispersoids 
restraining grain boundary movement, whereas the major contribution 
of SiCp is likely due to a lower rate of DGG. This provides a better control 
of microstructural changes and compensates dissolution or 
temperature/deformation-induced coarsening of constituent phases. A 
positive effect of SiCp is manifested as an additional barrier to the 
propagation of cracks, leading to large material elongations at high 
strain rates. This fact can have a positive influence during fatigue loads, 
as well as in the case of optimization of forming regimes. Further work to 
optimize processing conditions, dispersoid volume fractions, and ther-
momechanical treatment is likely to expand the benefits and operating 
envelope of Al-based MMCs. 
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