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Fracture mechanism of mechanically alloyed Al composite
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Abstract

In this study, the in situ tensile test in SEM was used for online observation of the de-
formation process and fracture mechanism of mechanically alloyed Al composite; also dif-
ferent techniques, including Scanning Electron Microscope (SEM), the Energy-Dispersive
X-ray Spectroscopy (EDX), Transmission Electron Microscopy (TEM), Electron Diffraction
and High-Resolution Scanning TEM (HR-S/TEM) were used for identifying of secondary
phases. Microscopic analysis revealed spherical grains in the interval of 30–40 µm. The presence
of intermetallic secondary precipitates Al-Fe-Si, Mg5Si6, and Al-Fe(Mn, Si) nanoparticles was
confirmed. The in-situ test showed that the first cracks were created on the sample’s surface
and simultaneously in triple junctions of grains. Also, decohesion of Mg5Si6 and Al-Fe(Mn, Si)
nanoparticles and rupture of large Al-Fe-Si particles were observed. Subsequently, the cracks
propagated along the grain boundaries. The fracture surface is complex and composed of two
systems. Based on the performed analysis, the model of fracture mechanism was proposed.

K e y w o r d s: mechanical alloying, Al composite, in-situ tensile test in SEM, fracture mech-
anism

1. Introduction

There is a growing need for advanced lightweight
engineering materials that can provide the required
strength, creep, tribology properties, high-tempera-
ture resistance, etc., at a reduced weight [1]. The re-
searchers try to achieve the desired unique properties
by a combination of different matrices (Al, Mg, . . .)
and secondary phases (Al2O3, TiO, Y2O3, SiC, ThO2,
CNT, fullerenes, . . .) [2–4]. Due to the high tensile
strength, low densities, and good corrosion resistance,
dispersed light matrix composites are widely used in
many applications, such as aircraft, automotive indus-
try, sport, etc. [5, 6].
There are a lot of methods to fabricate disper-

sion strengthened Al composites as stir casting, high-
energy ball milling, ultrasonic-assisted techniques,
squeeze casting, friction stir welding, mechanical al-
loying, etc. The major problem and disadvantage of
metal matrix composites are the relatively high costs
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of the process of fabrication. The cost-effective pro-
cessing is, therefore, an essential element to produce
composites. Among all, mechanical alloying (MA) is
the promising and widely used method for preparing
dispersion strengthened materials. MA method has
a lot of advantages: achieving of fine structure, ho-
mogeneous distribution of dispersed phase, the pro-
cess is performed at room temperature, MA process is
also economically effective. Furthermore, the homoge-
neous distribution of particles results in good mechani-
cal properties; such materials exhibit good plasticity,
strength, creep properties, etc. [7–9]. Mechanical al-
loying (MA) has also been considered a viable method
for the fabrication of nanocomposite materials [10].
The methods of preparation, mechanical proper-

ties, and the methods for improvement of dispersion
strengthened composites characteristics were thor-
oughly researched and clarified; however, little at-
tention was paid to the mechanism of fracture. The
study of cracks initiation and analysis of the ways of

mailto://oksana.velgosova@tuke.sk


14 O. Velgosová et al. / Kovove Mater. 60 2022 13–20

their propagation is very important for determining
the strength limits and fracture resistance of materials
[11]. Such analysis also can help better understand the
interfacial interactions and the influence of the mor-
phology of the matrix grains and particles on fracture
mechanism. Furthermore, the results of the fracture
analysis can lead to improvement of the microstruc-
ture of the composite.
The in-situ tensile test in SEM is the best method

for investigating fracture mechanisms because it en-
ables observation and record of deformation processes
directly. The initiation and development of the plas-
tic deformation, initiation of cracks, and final fracture
can be observed in real time and reliably described.
This work aimed to determine and characterize the

structure elements (grain size, types of the secondary
phases, their size, and shape) of mechanically alloyed
IN-9052 Al alloy. Based on the in situ observation of
the fracture mechanism, we also analyzed the behav-
ior of these phases during the deformation process.
The second aim was to study the damage initiation
and failure of mechanically alloyed IN-9052 material,
considering the impact of the matrix grains, particles’
shape, size, and distribution. The in situ observation
also allowed us to propose a simplified damage model
of the mechanically alloyed IN-9052 Al composite sys-
tem.

2. Materials and methods

The experimental material, NOVAMET IN-9052
alloy, is a commercial aluminum alloy produced by
mechanical alloying. The nominal composition of the
experimental alloy was: 4 Mg, 0.2 Fe, 0.5 Si, 1.1 Cu,
1.2 C, and 0.8 O in wt.%. The preparation of the al-
loy consisted of high-energy dry milling of aluminum
alloyed with Mg and Cu and carbon in the form of car-
bon block in the presence of active grinding additives.
Grinding particles were very small (∼ 8 µm in diame-
ter), and iron contamination during grinding occurred.
Grinding takes place in a protective atmosphere of
argon. The obtained granules are degassed in a vac-
uum, then pressed by the hot isostatic pressing (HIP)
method, and finally extruded. At room temperature,
the alloy is characterized by a high yield strength of
620–650MPa and a yield strength of 635–975MPa,
and a relatively high elongation of 10–14%.
Electroerosive machining was used to prepare very

small flat tensile test pieces (0.15 mm thickness). Next,
the specimens were ground and polished down to the
thickness of approximately 0.1mm. Finally, the speci-
mens were polished on both sides by ion beam milling
with a PIPS instrument. The test pieces were fitted
into the special deformation grips in the electron mi-
croscope JEOL SEM 5310, which enables direct ob-
servation of the deformation. Based on direct observa-

Fig. 1. TEM microstructure showing the matrix grain
boundaries with an intermetallic Al-Fe-Si precipitate (a)
and lower magnification SEMmicrophotograph of the sam-
ple microstructure with the same rod-like precipitates (b).

tion, both the deformation and failure processes (the
crack initiation and propagation) of the test pieces
were possible to detect. Qualitative analysis of sec-
ondary phases and matrix were realized by means of
metallography, SEM (Jeol 6610), EDX (Oxford Instru-
ments X-max 50mm2), TEM (Jeol 1200EX), electron
diffraction, and HR-S/TEM (Titan Themis).

3. Results and discussion

3.1. Microstructure analysis

The results of the electron microscopy examina-
tion show that the composite has a polyhedral struc-
ture in which fine dispersion phases are located at the
grain boundaries and inside the grains. The grains of
the aluminum matrix are polygonal with a size in the
interval of 30–40µm. Figures 1a,b show the metal-
lographically prepared microstructure and the grain
boundaries of the sample with rod-like Al-Fe-Si parti-
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Fig. 2. SEM microphotograph of Al-Fe-Si (rod-like) particles and EDX map analysis.

Fig. 3. STEM DF2 microphotograph, EDX analysis, and FFT diffraction of the Mg5Si6 (β′′) phase.
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Fig. 4. STEM microphotograph and EDX analysis of Mg5Si6 needle-like and Al-Fe(Mn, Si) spherical nanoparticles.

cles confirmed with EDX analysis in Fig. 2.
Further investigation of the microstructure re-

vealed precipitation on the nanometric level. For ex-
ample, needle-like nano precipitates in Fig. 3 consist-
ing of Mg and Si can be observed according to STEM
and EDX analysis. In addition, the FFT diffractogram
shows a good correlation of calculated crystallographic
planes with the triclinic Mg5Si6 (β′′) phase, which is
an important hardening precipitate [12].

The next STEM micrograph and EDX map in
Fig. 4 reveal Mg-Si precipitate and spherical precip-
itate containing primarily Al, Fe, and Mn elements,
but Si is also measurable. The larger precipitates
containing Fe and also the nano-precipitates can be
classified into the iron-containing phases Al(Fe, Mn,
Cr)Si. There can be different structures of these inter-
metallics that are associated with the morphology of
Al-Fe-Si. The most common crystalline structures are
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Fig. 5. Initiation (a) and propagation (b) of crack during specimen loading.

Fig. 6. Microfractures initiation in the triple grain junctions (a) and (b); cracking of secondary phase (c); the scheme of
microdamage by secondary phase particle cracking (d).

monoclinic β-AlFeSi, cubic α-AlFeSi, and hexagonal
α′-AlFeSi [13].
Intermetallic secondary precipitates can be sepa-

rated into different categories:
– rod-like discontinuous large particles of Al-Fe-Si.

Average size 5–7 µm and 1–2 µm in diameter.
– fine Mg5Si6 needle-like nanoparticles distributed

quasi uniformly in a matrix with a size of about 5–
40 nm (Fig. 3),
– Al-Fe(Mn, Si) spherical intermetallic nanoparti-

cles with a mean size of about ∼ 30 nm (Fig. 4).

3.2. Analysis of deformation and fracture
mechanism

A tensile test was performed on the tensile
test specimens at 20◦C at a deformation rate of
6.6× 10−4 s−1. With increasing stress, the first cracks
were initiated on the surface and propagated approx-
imately perpendicularly in the direction of the tensile
load (Fig. 5).
During the deformation, the initiation of cracks

was also observed in the triple grain junctions on the
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Fig. 7. Fracture surfaces with dimples and facets of inter-
crystalline fracture.

surface of tested samples [14]. With further loading,
the cracks formed in triple points propagated along the
grain boundaries (Figs. 6a,b), and the coalescence of
cracks caused by triple grain junctions was observed.
Also, under the influence of the applied stress, the
plastic flow, and the accumulation of stress in the
particles, cracks of large particles occured (Fig. 6c).

The scheme in Fig. 6d corresponds to current notions
about the nucleation of microdamage by secondary
phase particle cracking.
The fracture surface of the tested sample is shown

in Fig. 7. The micromechanism of failure of the ana-
lyzed system is very complex; the coexistence of the
two systems on the fracture surface is obvious. There
are facets of brittle intercrystalline fracture and the
facets of ductile dimple fracture, Fig. 7. It can be con-
cluded that ductile tearing, gradual ductile tearing,
and shear tearing are applied within the ductile fail-
ure.
We assumed that in the case of a material with a

plastic matrix and hard secondary phases, the mate-
rial would damage by a ductile transcrystalline frac-
ture with dimples. In this case, it was not so clear. De-
pending on the stress-strain processes, the formation,
growth, and joining of cavities can lead to various dim-
ple morphologies. If the growth and coalescence of the
cavities take place in a zone where the plastic defor-
mation takes place in several sliding systems, approx-
imately uniform dimples or cavities are formed which
are oriented in the direction of tensile stresses, and
the dimples at the fracture surface are equiaxed. Such
behavior is illustrated in the scheme in Fig. 8a. Un-
evenness in deformation processes in micro volumes of
plastic materials often results in uneven development
and uneven coalescence of the dimples. In this case,
fracture propagation is gradually accompanied by lo-
cal plastic deformation; the dimples are elongated in
this case, shown by the scheme in Fig. 8b. If the fail-
ure occurs in the shear zone, then the failure is called
a ductile shear rupture (Fig. 8c). These basic mecha-
nisms of plastic failure have been experimentally con-
firmed in several systems.
A detailed study of the deformation changes

showed that they were caused by decohesion of Mg-Si

Fig. 8. Schemes of ductile fracture.
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and Al-Fe(Mn, Si) particles, by rupture of large rod-
like Al-Fe-Si, and by the formation of cracks in triple
grain junctions.
Decohesion on the matrix-particles interface can

result from different physical properties of phases pre-
sented in the system. The difference between the co-
efficients of thermal expansion of the particles and
the matrix may create residual thermal stresses af-
ter cooling from the processing temperature to room
temperature [15]. There is a significant difference be-
tween the Al matrix and, e.g., the Mg5Si6 phase. Ma-
trix has higher thermal expansion coefficient and lower
elastic modulus (α = 23.5–26.5 × 10−6 K−1, E =
70GPa) than Mg5Si6 (α = 13.02 × 10−6 K−1 and E =
110GPa) [16]. Large differences in the thermal expan-
sion coefficients result in high-stress gradients, which
arise on the interphase boundaries during the hot ex-
trusion. Since αmatrix > αparticle, high compressive
stresses can be expected. However, because the stress
gradients arise due to temperature changes, their par-
tial relaxation can occur during cooling. Superposition
of the external load and the internal stresses can ini-
tiate cracking at interphase boundaries. This is in ac-
cordance with the dislocation theories that argue that
the particles in the composite may cause an increase
in the dislocation density because of thermal strain
mismatch between the ceramic particles and the ma-
trix during preparation and/or thermal treatment. In
our case, the coefficient of thermal expansion of the
matrix is higher than that of the secondary particles,
and the resulting thermal tension may relax around
the matrix-particle interfaces by emitting dislocations.
Based on the analysis of initiation and propagation

of the cracks observed during the in-situ deformation
process, we proposed the model of fracture mecha-
nism. The three steps of cracks initiation, propagation,
and coalescence are shown in Fig. 9:
– The microstructure of the initial state: Al ma-

trix and three categories of particles: A – rod-like
large particles of Al-Fe-Si, B – fine Mg5Si6 needle-
like nanoparticles, size of about 5–40 nm, and C – Al-
Fe(Mn, Si) spherical nanoparticles with a mean size of
about ∼ 30 nm.
– Increasing the tensile load caused the formation

of the local cracks, predominantly on the surface of the
sample (Figs. 5a, 6b), predominantly on the matrix-
particles interface simultaneously, the cracks of parti-
cles category A occured (Fig. 6c).
– The further increase of the deformation caused

propagation and coalescence of the cracks, preferen-
tially along the grain boundaries (Fig. 6a).

4. Conclusions

The work aimed to characterize the structure,
determine secondary phases in mechanically alloyed

Fig. 9. The model of fracture mechanism.

IN-9052 Al alloy, and, based on the “in-situ” tensile
test in SEM, observe and analyze the influence of mi-
crostructure components on the fracture mechanism.
Based on the microscopical analysis, it was found
that the aluminum matrix has a polyhedral structure
with grains size 30–40 µm in diameter. Different types
of fine dispersion phases were also determined: rod-
like particles of Al-Fe-Si (average size 5–7 µm and 1–
2 µm in diameter), fine Mg5Si6 needle-like nanoparti-
cles with a size of about 5–40 nm, and Al-Fe(Mn, Si)
spherical intermetallic nanoparticles with a mean size
of about ∼ 30 nm. Dispersion phases were located at
the grain boundaries and inside the grains.
The in situ tensile test in SEM observation of the

deformation showed that the first cracks were initi-
ated on the surface; also, the cracks were observed in
the triple grain junctions. It was also observed that
the increase of tensile load contributed to the frac-
ture by the decohesion of Mg5Si6 and Al-Fe(Mn, Si)
and by the rupture of large rod-like Al-Fe-Si particles.
The SEM analysis of the failure surface showed that
the failure micromechanism of the analyzed system is
complex and is composed of two systems: the facets of
brittle intercrystalline fracture and the facets of duc-
tile dimple fracture. Also, a simplified model of the
fracture mechanism was proposed.
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