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A B S T R A C T

Structural heterogeneity is an inherent feature that occurs practically in all cast materials. In this work, we 
demonstrated that the chemical heterogeneity resulting from the SHS reaction of TiC formation in the aluminum 
Al1000 alloy bath can enhance the strength by refining the matrix grains in in-situ cast TiC/Al1000 composites. 
Using advanced characterization techniques including X-Ray synchrotron radiation diffraction, (S)TEM-HREM 
and SEM-EBSD studies, we identified two types of aluminum solid solutions within the dendritic grains of the 
Al1000 matrix, distinguished by different lattice parameters. These differences result from the presence of 
unreacted titanium, which locally forms a supersaturated solid solution in the form of nanoprecipitates with a 
size of about 10 nm and a smaller lattice parameter compared to titanium-free regions. Another structural 
heterogeneity influencing the mechanical properties and fracture of composites is the agglomeration of TiC 
particles driven by the pushing and engulfment of particles at the crystallization front. Fractographic analysis 
revealed a correlation between mechanical properties and wear resistance in TiC/Al1000 composites with TiC 
contents ranging from 5 to 15 vol%. In samples with more than 10 vol% TiC, particle agglomeration contributed 
to increased strength but reduced ductility, due to weakened interfacial bonding and non-uniform deformation 
under load.

1. Introduction

Fabrication of metal matrix composites (MMCs) by in-situ casting 
techniques has attracted much attention since it offers significant ad
vantages over ex-situ methods including fine particle size, clean inter
face, and good wettability of the reinforcement with the matrix as well 
as homogeneous distribution of the reinforcement. However, the most 
important aspect is the ability to control microstructural elements by 
adjusting the processing conditions. Among the several groups of com
posite materials produced via in-situ methods, aluminum metal matrix 
composites (Al-MMCs) are one of the most widely studied, encompass
ing numerous matrix compositions and types of reinforcing particles 
[1–6]. They found many importants applications in the automotive and 
aerospace industries as well as in electrical engineering due to their 

unique combination of properties e.g. high strength-to-weight ratio, 
elastic modulus, low thermal coefficient, excellent corrosion resistance, 
and wear resistance. It is well known that the microstructure of the 
composites, determining their strength and ductility, is primarily 
controlled by processing conditions during fabrication [7]. In one of the 
most effective process − the Self-propagating High-temperature Syn
thesis (SHS) − a key factor influencing the final microstructure is the 
interaction between the solidification front and the particles [8]. This 
phenomenon is called particle pushing and engulfment phenomenon or 
interaction between a solid particle and advancing solid/liquid inter
face. This interaction largely determines the uniformity of nanoparticle 
distribution in the composite [9,10]. The nonuniform distribution of the 
nanoparticles in MMCs is commonly explained by particle pushing by 
the advancing solid, liquid interface during solidification. As the melt 
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solidifies, particles may be pushed ahead of the interface, engulfed by 
the solid, or trapped between dendrite arms [11]. This often leads to 
particle agglomeration at grain boundaries, while grain interiors remain 
nearly particle-free, resulting in limited reinforcement after solidifica
tion [12,13]. As a consequence, practically no reinforcement after so
lidification is achieved. Therefore, the effective nanoparticle dispersion 
involves two key steps: achieving a uniform particle distribution in the 
liquid metal and retaining the particles during solidification. On the 
other side, the uniform dispersion in the melt requires overcoming van 
der Waals forces and reducing particle agglomeration, which is 
commonly achieved by ultrasonic treatment or electromagnetic stirring 
during induction melting [14]. Dispersion stability also depends on 
sufficient interfacial energy and good wettability between the melt and 
the nanoparticles. During the solidification, nanoparticles can be 
captured either by increasing melt viscosity to reduce particle pushing 
[15] or by using nanoparticles with a higher Hamaker constant than the 
liquid metal, such as core–shell particles, which promotes their spon
taneous engulfment by the solid phase [16]. In our previous work [17]
we demonstrated that a modified SHSB process can be used to cast 
aluminium-based composites reinforced with TiC and (Ti,W)C nano
particles. The process is controlled by adding a moderator that in
fluences supercooling, thereby affecting the nucleation and growth of 
TiC particles. By adjusting the moderator amount, the size, quantity, and 
distribution of reinforcing particles can be tailored. Till now, many re
ports have been focused on the tailoring the amount, size and distribu
tion of the in-situ synthesized ceramic phases, including SiC [18,19], 
Al2O3 [20,21], TiC [22] as well as B4C [23,24] in metals matrices and 
their impact on mechanical properties. For many years, the primary goal 
of research was to produce materials with a uniform distribution of 
reinforcement within the metal matrix to achieve high strength while 
high ductility seemed to be achieved by a fine size of the reinforcing 
particles. However, even when the reinforcing particles were very fine 
and homogeneously embedded in the matrix, a loss of ductility was often 
observed. To overcome this limitation, a new strategy has been pro
posed, in which a favorable combination of strength and ductility is 
achieved by controlling particle distribution and designing a tailored 
microstructural architecture. Typical architectures reported in the 
literature include so-called heterostructures, such as tri-modal struc
tures, “composite within a composite” designs, and layered structures 
[25–30]. In these materials, an inhomogeneous microstructure is 
intentionally created, with “soft” regions responsible for ductility and 
“hard” regions providing high strength.

Finally, it is well known that several strengthening mechanisms 
contribute to the improved mechanical properties of MMCs: (i) load- 
bearing strengthening, (ii) Orowan strengthening, (iii) Hall-Petch 
strengthening, and (iv) dislocation density difference induced by the 
Coefficient of Thermal Expansion (CTE) mismatch during fabrication. 
The load-bearing strengthening occurs when the applied external load is 
transferred from the soft matrix to the stiff and hard nanoparticles, 
contributing to the overall strengthening of the nanocomposites [31]. 
Orowan strengthening is another significant mechanism for reinforcing 
MMCs [32] in which closely spaced hard nanoparticles impede dislo
cation motion. These non–shearable ceramic particles pin crossing dis
locations, forcing them to bow around the particles under external 
loading, which increases the composite’s strength. Hall-Petch strength
ening results from grain refinement. Dislocations moving from one grain 
to another with different crystallographic orientations must change the 
direction and slip system [33], which increases resistance to deforma
tion and contributes to strength improvement [34,35]. The last mech
anism, generally considered less significant for strengthening of Metal 
Matrix Nano Composites (MMNCs), especially when nanoscale re
inforcements are used, is CTE mismatch [36]. All above mentioned 
strengthening mechanisms play a role in reinforcing the matrix of the 
composite, but with different degrees of effectiveness. The most effec
tive strengthening mechanisms in MMNCs are Orowan and Hall–Petch, 
while load-bearing and CTE mismatch contribute to a lesser extent. The 

increase in strength may result from a combination of the aforemen
tioned strengthening mechanisms, with the Orowan mechanism 
appearing to be the most effective [37]. In this study, the additional 
strengthening effect associated with chemical heterogeneity of Ti dis
solved in the Al matrix, observed in in-situ MMCs, is deeply investigated. 
This effect related to supersaturation of Ti may be interpreted as a 
combination of Hall-Pech (grain size reduction in saturated regions), 
Orowan (enhanced lattice misfit and increased dislocation generation) 
and solution strengthening mechanisms (higer Ti contration), opening 
new perspectives in the design of in-situ cast composites. We propose 
that, this phenomenon mainly occurs in the case of in-situ casting, due to 
the highly exothermic and non-equilibrium nature of TiC formation, in 
which not all of the titanium is consumed during the reaction. Never
theless, similar effects may also arise in other particle–matrix systems 
produced via SHS, rendering this mechanism universal and relevant for 
the further development of MMCs. The influence of TiC volume fraction 
on mechanical properties, hardness and wear resistance is also studied. 
Finally, fracture surface examination at critical TiC content enables to 
explain the dominant fracture mechanisms and the observed variations 
in strength and ductility.

2. Experimental procedure

The composites based on the aluminum Al1000 alloy were produced 
using Ti and C powders as reactants, with initial weight percentages 
added to achieve nominal TiC volume fractions of 5%, 10%, and 15% 
according to the detailed procedure presented in [17]. The in-situ re
actions for synthesizing the TiC particulates reinforcement in the Al-Ti-C 
system was proposed by Nukami and Flemings [38] based on DTA and 
XRD analysis. Similarly to our case the particulate TiC-reinforced 
aluminum composite specimens were processed by compacting a 
mixture of titanium, carbon, and additionally aluminum powders into 
preforms that were infiltrated with molten aluminum. During heating of 
an aluminum infiltrated preform, an exothermic reaction Ti + 3Al=
TiAl3 occurs between about 890 and 990 K. Synthesis of TiC particles by 
the reaction 3TiAl3 + Al4C3 = 3TiC + 13Al occurs at about 1150 K and 
by the reaction TiAl3 + C = TiC + 3Al occurs continuously up to about 
1265 K. The The structure, phase composition were examined by high- 
energy X-ray diffraction measurements at DESY in Germany, 
Hamburg, using the beamline P07B (87.1 keV, λ = 0.0142342 nm). The 
casting concept is shown in Fig. 1 along with a sample cutting schema 
indicating the locations from which the samples were spark-eroded for 
different analyses. The lattice parameters of the matrix and volume 
fraction TiC were calculated by Rietveld analysis and High Score Plus 
software [39,40]. Microstructural observations were carried out by FEI 
Quanta 3D field emission gun scanning electron microscope (SEM) 
equipped with Trident energy dispersive X-ray spectrometer (EDX) 
produced by EDAX and TSL electron backscattered diffraction (EBSD). 
The fracture surface of samples after tensile tests was investigated by 
SEM FEI E-SEM XL30. The detailed microstructural characterization, 
including determination of the crystal structure and high-resolution 
observations at the atomic scale, was performed by use of trans
mission electron microscopes (TEM) FEI Tecnai G2 200 kV and Thermo 
Fisher Titan Themis 200 G3. Samples for SEM observations were me
chanically and then electrolytically polished at room temperature with a 
Struers electropolishing LectroPol-5 using an electrolyte of nitric acid 
(vol. 1/3) and methanol (vol. 2/3). Samples for TEM in the form of la
mellas were prepared by Focused Ion Beam (FIB) method using Thermo 
Fisher Scios 2 Focus Ion Beam Scanning Electron Microscope. The me
chanical properties of the composites were determined in the tensile 
tests using an Instron TT-DM machine equipped with an electronic 
measuring system.

Tests were conducted at 293 K with an initial strain rate of 10-3s− 1. 
The hardness was measured using United Test hardness tester by 
applying the Vickers method using a load of 9.8 N (HV1) for 10 s. The 
abrasive wear resistance of the composite materials was assessed using 
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the ball-on-disc method on an ELB-07 tribotester (ELBIT, Poland) based 
on ISO 20808:2004(E) standards. The main test parameters were as 
follows: Al2O3 ball with a diameter of 3 mm, friction track diameter of 
approximately 3.5 mm, disc rotational speed of 192 rpm and loading 
force of 4 N. Each test was conducted at room temperature for 10,000 s. 
The wear volume was measured by Keyence VHX 7000 digital 
microscope.

3. Results and discussion

The strengthening mechanism in aluminum-based composites is 
attributed to several factors: (i) the volume fraction and particle size of 
TiC (contributing to load-bearing and Orowan strengthening), (ii) grain 
refinement of the matrix (via Hall–Petch strengthening) and (iii) the 
lattice mismatch between the aluminum matrix and TiC particles. In our 
recent study [41], we analyzed all of the aforementioned mechanisms 
based on the multiscale microstructural investigations of two Al-based 
composites containing 5 and 15% TiC particles. The results are consis
tent with commonly accepted strengthening principles for metal matrix 
composites [42]. However, further detailed microstructural and struc
tural studies revealed new previously unreported phenomena that may 
influence the mechanical properties of the investigated composites. 
Fig. 2 (a-c) shows the set of SEM BSE micrographs acquired at different 
magnifications for the composite fabricated with a nominal 5 vol% TiC 
content.

The microstructure is typical of metal matrix composites, with 
reinforcement particles predominantly located in the interdendritic re
gions, and a smaller fraction embedded within the dendritic grains. In 
addition, contrast variations are visible within the dendritic grains, 

likely resulting from variation in chemical composition and grain 
orientation. At the higher magnification, distinct differences in grain 
size across various regions are clearly observable. Moreover, the line 
scan shown in Fig. 2d indicates an increased Ti content in the brighter 
regions, demonstrating that the flower-type regions are enriched in Ti. 
The phase map image shown in Fig. 3a confirmed that the TiC particles 
are mainly distributed in the inter-dendritic spaces, however, some of 
them also occur inside the dendrite grains. The total volume fraction of 
TiC particles, determined by X-ray analysis, is 4.2 vol%, which is slightly 
lower than the nominal value due to the density difference between the 
introduced TiC reactants and the final TiC particles. The same area 
fraction was calculated from image analysis which remains below 5%, as 
shown in Fig. 4. This indicates that not all of the titanium and graphite 
were consumed during the SHS reaction, and the reaction yield was 
therefore less than 100%. Similar trends are observed for composites 
containing 10 and 15 vol% TiC, as shown in Fig. 4. SEM EBSD exami
nation performed in the area shown in Fig. 3b confirmed that the 
contrast visible in Fig. 2c is due to grain orientation. The dendritic 
grains, which feature submicron grains, are characterized by random 
orientations and both low- and high-angle grain boundaries (Fig. 3 (a- 
c)). The misorientation profile shown in Fig. 3c indicates significant 
misorientation reaching up to 60◦ and notable grain refinement with a 
mean grain size below 1 μm.

In order to determine the crystal structure of both the matrix and TiC 
particles, as well as to calculate the volume fraction and lattice param
eters of each phase, the high-energy synchrotron radiation diffraction 
and subsequent Rietveld analysis were performed. Fig. 5 presents a set of 
high-energy X-ray diffraction patterns for the Al-based composite ac
quired at five different points, together with the analysis of (222) Al 

Fig. 1. (a) Casting concept showing the individual steps of the in situ process. (b) Sample cutting scheme indicating the locations from which the samples were 
spark-eroded.

Fig. 2. (a–c) SEM images acquired in backscattered electron (BSE) mode of composite with a nominal 5 vol% of TiC at different magnifications, revealing char
acteristic compositional contrast variations within the dendritic grains; (d) EDS line scan performed along the yellow line marked in Fig. 1b. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article).
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matrix peak.
The diffractograms appear almost identical, for each point, indi

cating good homogeneity of the composite. The volume fraction of TiC 
particles varies slightly between 3.8 and 4.2% at all five points, being 

consistent with the measurements obtained from SEM BSE observations 
(4.2%) (Fig. 4).

Interestingly, the broadening of the peaks corresponding to (220), 
(311) and (222) planes of Al matrix is visible. This is clearly visible in 

Fig. 3. (a) EBSD phase map; (b) inverse pole figure (IPF) orientation map with the corresponding misorientation profile; (c) distribution of the misorientation angle 
measured along the line indicated in (b).

Fig. 4. Series of SEM-BSE images for samples with nominal TiC contents of 5%, 10%, and 15%, together with the corresponding TiC volume fractions calculated 
based on X-ray diffraction data and image analysis.

Fig. 5. Set of X-Ray synchrotron radiation diffraction patterns recorded at five different positions of sample (a), result of Rietveld analysis of (222) Al matrix peak (b) 
and plot showing volume fraction of TiC phase calculated for individual measuring positions (c).
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Fig. 5b, where the (222) peak was subjected to the Rietveld refinement 
procedure and then deconvoluted into two peaks with maxima located 
at different values of 2Theta. These positions can be attributed to two 
lattice parameters of the Al matrix a1 = 4.0421 Å and a2 = 4.0578 Å, 
with volume fractions of 47.4% and 52.6%, respectively.

Additionally, the deconvoluted peaks show differences in shape due 
to varying full-width at half maximum (FWHM), which is particularly 
evident in their width. This reflects differences in grain size across re
gions with different lattice parameters. Based on this, the average grain 
size was calculated as D1 = 630 nm for the peak/region 1, and D2 = 550 
nm for peak/region 2. In order to confirm synchrotron radiation 
diffraction studies, advanced microstructural analysis was conducted, 
mainly based on TEM. Since the observation area is important here, the 
thin foil for TEM observations was prepared by FIB method. This 
enabled precise selection of the observation area and ensured uniform 
sample thickness (approximately 80 nm), providing consistent condi
tions for EDS chemical analysis and high-resolution microstructure ob
servations. Fig. 6(a) shows the location where the thin foil was cut, 
including both areas.

The elemental distribution maps reveal a uniform distribution of Al, 
C and O, whereas Ti exhibits segregation. A variation in Ti concentration 
is observed at the boundary between a single Al grain and the elongated 
ones, with Ti reaching up to 0.6 at.% in the single grain. According to the 
Ti-Al phase diagram [43], the maximum solubility of Ti in Al, signifi
cantly decreases from 0.7 at.% at 650◦C [44] to a negligible level at 
room temperature which is consistent with the SEM/EDS analysis shown 
in Fig. 1d. Therefore, it can be assumed that the region of the single 
aluminum grain constitutes a supersaturated solid solution of titanium 
in aluminum. Furthermore, these types of grains are expected to exhibit 
higher strength compared to Ti-free grains due to solid solution 
strengthening. To confirm the formation of a supersaturated solid so
lution in the selected matrix grains, TEM observation including bright 
field (BF), selected area electron diffraction (SAED) and high resolution 
transmission electron microscopy (HR-TEM) were performed. Fig. 4
shows BF microstructures and corresponding SAED patterns taken from 
two areas (A1 and A2), both well indexed in accordance with the Al 
[013] zone axis. As the lamella was prepared across the area exhibiting 
different contrast, a clear difference is also evident in BF microstructure 
(Fig. 7a). A distinct boundary (marked with a dashed line) can be seen 
between elongated grains which are approximately 2 µm in length and 
500 nm in width from the area with grains that are difficult to identify.

This area is most likely a single Al grain oriented along [103], 
similarly to the purple region shown in Fig. 3 (c). Fig. 7 (b) and (d) 
present BF microstructures taken at higher magnifications from regions 
R1 and R2, respectively. Although the BF microstructures were acquired 
under Bragg conditions, contrast variations associated with a high 
density of dislocations and/or precipitates are still visible. The signifi
cant differences are also visible in SAED patterns. As mentioned before, 
both regions have the same [103] Al zone axis, but in the case of region 
R2, additional diffusion streaks (marked by arrows) located between the 
main diffraction spots can be distinguished (Fig. 7 (e)). The presence of 
these streaks in the diffraction image suggests the presence of fine pre
cipitates in the examined microstructure.

To confirm the presence (or absence) of precipitates in the analyzed 
regions, high-resolution HR-TEM studies were carried out. The HR-TEM 
images from the region R1 are presented in Fig. 8. The Reduced Fast 
Fourier Transform (FFT) image shows only diffraction spots corre
sponding to the (200) and (311) planes of Al with [013] zone axis. 
However, large contrast differences can be seen in the HR-TEM image, 
related to a high density of structural faults, including dislocations. This 
is clearly visible in the IFFT (Inverse Fast Fourier Transform) image 
taken from the selected area (indicated by white square in HR-TEM 
image) after noise reduction by applying the FFT image masking pro
cess. It can be seen that in the selected area there is a high density of 
dislocations (examples indicated by white circles) resulting from 
stresses/strains accompanying the movement of the crystallization front 
and the presence of previously formed TiC particles.

The results of HR-TEM analysis conducted in region R2 are presented 
in Fig. 9. In this case, the reduced FFT image generated from the entire 
HR-TEM micrograph reveals distinct additional reflections, indicated by 
arrows. Interestingly, this type of diffraction occurs only in specific re
gions. As shown, the diffraction patterns obtained from the yellow re
gions do not exhibit additional reflections, in contrast to the regions 
where these reflections are visible.

The additional reflections are connected with the occurrence of a 
supersaturated solid solution of titanium in aluminum, as shown in 
Fig. 9 (d), simulating the positions of the atom columns of Ti and Al in 
the magnified IFFT image, based on the diffraction vectors g and inter
planar spacing measured from FFT image. Since additional reflections 
do not appear in all areas of the high-resolution images, it can be 
assumed that this supersaturated solid solution has a tendency to form 
precipitates approximately 10 nm in size (Fig. 9 (a) red square). This, in 

Fig. 6. (a) SEM BSE image with marked location of lamella cutting, (b) and (c) chemical composition results of taken from both Area 1 and Area 2, (d) STEM-HAADF 
image with marked both areas and (e-h) elemental mapping.
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Fig. 7. (a) Lower magnification BF image and BF microstructures from regions R1 and R2 acquired with higher magnification (b), (d) and corresponding SEAD 
patterns (c), (e), respectively.

Fig. 8. HR-TEM, FFT and IFFT images taken from the region R1.

Fig. 9. (a) HR-TEM image and (b) corresponding reduced FFT, IFFT image generated from the red area in HR-TEM image, (c) IFFT image obtained from yellow area 
in HR-TEM image and (d) magnified area marked by red rectangle of IFF image. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

W. Maziarz et al.                                                                                                                                                                                                                               Materials & Design 264 (2026) 115756 

6 



consequence, causes the refinement of the matrix microstructure and 
strengthening of the entire composite. The presence of Ti atoms in the 
solid solution causes a change in the interplanar spacing of selected 
crystallographic planes, as shown in Fig. 10. It is visible that the addi
tional reflections occurring between the (113) type planes of the Al solid 
solution result in a significant increase in the interplanar spacing d113 
from 1.222 to 1.245 Å. This is not observed for (200) type planes, where 
there are no additional reflections, and the spacing remains similar, 
differing only in the magnitude due to measurement error.

Based on the above considerations and taking into account the 
pushing-engulfment phenomenon of TiC particles at the crystallization 
front during the in-situ fabrication of composites, a formation mecha
nism for the flower-type microstructure, as shown in Fig. 11, can be 
proposed. In the initial stage of in-situ casting, TiC particles are formed 
as a result of an exothermic reaction initiated in pure graphite and ti
tanium powders, which are introduced into the molten aluminum in the 
form of compacts. A certain amount of unreacted Ti dissolves in liquid Al 
(in accordance to the Ti-Al phase diagram) due to the temperature in
crease caused by exothermic reaction. During cooling, the Al matrix 
begins to crystallize (forming the central part of the flower-type grain 
shown in Fig. 11), while the advancing crystallization front simulta
neously pushes TiC particles outward, creating the surrounding region 
of the flower-type structure. Further cooling suppresses the diffusion of 
Ti atoms in the Al matrix due to the negligible solubility of Ti in Al at 
lower temperatures. The Al matrix supersaturated with Ti exhibits a 
larger lattice parameter than that of pure aluminum. As seen in Fig. 11, a 
single dendritic grain is surrounded by TiC particles located within the 
interdendritic regions. Due to the different lattice parameters of both the 
solid solutions and the TiC particles, a high level of internal stresses can 
be expected in the region of these solid solutions, inhibiting grain 
growth. As previously discussed, the newly found grain formation 
mechanism in TiC/Al1000 composites introduces two additional 
strengthening effects related to the grain refinement of the Al matrix and 
solution strengthening, which have not been incorporated into tradi
tional models of composite strengthening to date.

In order to demonstrate the influence of strengthening mechanisms 
on hardness, strength, plasticity and resistance to abrasive wear, com
posites with a volume fraction of TiC particles ranging from 5 to 15 vol% 
were produced. The tensile strength curves, results of hardness and 
abrasion wear resistance measurements of these composites compared 
to of the cast aluminum of the Al1000 series are shown in Fig. 12. The 
stress–strain curves show that there are two types of samples, the first 

with TiC particle content up to 10%, in which the strength improves by 
about 18% compared to the aluminum Al1000 alloy and relatively slight 
reduce in plasticity, and the second, containing 15 vol% TiC, in which 
there is a clear loss of plasticity with a simultaneous increase in strength, 
Fig. 12a. Additionally, there is an almost linear change in hardness and 
wear index (Fig. 12c). Such a division of the properties of the investi
gated composites suggests that they can be used as structural materials 
with improved strength and plasticity (TiC from 5 to 10 vol%) or 
functional materials with increased hardness and resistance to abrasive 
wear (15 vol% TiC). Changes in these properties are closely related to 
the microstructure of the analyzed composites. It was observed that the 
addition of more than 10 vol% TiC causes strong agglomeration of 
particles [27].

The different fracture mechanisms of composite samples containing 
5 and 15 vol% of TiC particles as well as the initial aluminum alloy were 
analyzed by SEM observation of fracture surfaces after tensile tests, as 
presented in Fig. 13. The fracture surface of the initial Al alloy is char
acterized by a ductile, fibrous fracture with pronounced signs of plastic 

Fig. 10. FFT images for regions without (a) and with (b) the titanium in Al solid solution and results of measurement of interplanar spacings by the profile intensities 
along indicated lines.

Fig. 11. SEM-BSE image of the flower-type microstructure with the marked 
ranges of occurrence of individual solid solutions and TiC particles.
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deformation (Fig. 13 (a)). The shear-lip zone occupies about two-thirds 
of the total fracture area. The central fibrous region is composed of deep 
dimples with diameters varying between 7 to 45 μm. Some individual 
dimples reach depths of 55–60  µm along the direction of the applied 
load, indicating high ductility and relatively low strength. For the 
specimen containing 5 vol% of TiC, tensile loading results in a typical 
cup-and-cone fracture. The presence of a second phase (inclusions) al
ters the fracture morphology compared to the pure metal. The fracture 

surface lies almost entirely in a plane normal to the sample axis. In this 
region (Zone 2 in Fig. 13 (b)), a dimpled relief is observed. The fracture 
surface of the specimen with 5 vol% TiC formed as a result of cavity 
initiation in the matrix during testing (dimples up to 30  µm in size), 
along with the formation of small pores (1–3  µm) at the TiC particle 
sites, which subsequently coalesced.

The shape of the dimples on the fracture surfaces of the tensile-tested 
samples is characteristic, indicating the dominance of maximum 

Fig. 12. Set of mechanical properties of aluminum Al1000 series alloy and composites containing 5–15 vol% TiC, tensile strain–stress curves a) results of micro 
hardness measures, UTS-ultimate tensile strength, YS-yeald stress and A-starin b), along with HV and wear index c).

Fig. 13. Fracture surface of samples after tensile tests for a) the initial aluminum alloy, b) composite containing 5 vol% of TiC particles c) composite containing 15 
vol% of TiC particles.
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principal stresses. In the peripheral areas of the fracture surface (zone 1), 
inclined at an angle, the resulting dimples are more elongated in the 
applied load direction and formed due to maximum shear stresses. The 
location of TiC inclusions is also clearly visible in the BSE images. In 
general, at the micro level, the fracture surface is homogeneous, and the 
fracture is ductile. The dimples are smaller and shallower compared to 
the initial sample. No brittle fracture areas or cracks were observed on 
the fracture surface, which indicates effective interaction between the 
inclusions and the matrix, as well as their uniform and finely dispersed 
distribution. This is most likely due to both the size and spatial distri
bution of the inclusions, which do not cause significant local stress 
concentrations. This observation aligns with the findings of the other 
researchers [45,46], who reported that coarse inclusions lead to higher 
stress concentrations during loading, promoting crack initiation and 
reducing ductility. In contrast, finely dispersed inclusions increase the 
probability of smaller dimples forming, thereby contributing to the 
improvement of the alloy's mechanical properties [47]. Therefore, the 
addition of 5 vol% TiC allows the studied alloy to retain sufficient 
ductility while achieving higher strength compared to the aluminum 
Al1000 series. The fracture surface of the composite containing 15 vol% 
TiC is characterized by noticeable heterogeneity in both macro- and 
microrelief. In addition to the ductile fracture zone with a dimpled 
microrelief, there is also significant microstructural splitting (approxi
mately 800  µm in length) and secondary cracks located in areas of stress 
concentration (Zone 1 in Fig. 13 (c)). As was mentioned before, 
increasing the TiC content to 15 vol% leads to the formation of ag
glomerates [32]. J. Yang et al. observed the negative effects of precip
itate agglomeration on the mechanical properties of composites [48]. 
Although a greater amount of TiC inclusions acts as barriers to dislo
cation movement and slows down slip processes, thus enhancing 
strength and resistance to tensile loading. Their distribution within the 
metallic matrix weakens the bonding between structural components 
and causes uneven deformation processes. This effect is confirmed by 
the increased Ti signal observed in the 15 vol% TiC sample, as shown in 
Fig. 13c, particularly along crack edges and within fracture features, 
indicating the presence of TiC agglomerates at probable crack initiation 
sites. It should be noted that EDS analysis of fracture surfaces is subject 
to well-known methodological limitations due to their highly rough and 
irregular topography; therefore, only qualitative, not quantitative, 
analysis is presented. Nevertheless, the observed Ti enrichment in crit
ical fracture regions provides supporting evidence for TiC agglomeration 
and associated weakening at the phase interface. At the macroscopic 
scale, this behavior manifests as a significant reduction in ductility 
compared with other sample groups, which correlates well with the 
tensile test results.

4. Conclusions

The presented research shows an effect of microstructural hetero
geneity on the strengthening and fracture mechanism in in-situ cast TiC/ 
Al composites. The new strengthening mechanism is associated with the 
SHS reaction of TiC carbide formation resulting in heterogeneous dis
tribution of Ti in Al solute solution. This effect, contributes to Hall-Pech 
relation due to grain refinemnet in saturated regions, Orowan mecha
nism by interaction of dislocations with nanoparticles and solution 
strengthening related to higer Ti contration. This opens new perspec
tives in the design of other in-situ cast composites systems. In this contex, 
the following detailed conclusions can be drawn: 

1. Unreacted Ti during the SHS reaction of formation of TiC carbide 
occurring in liquid aluminum forms nanocrystalline regions of about 
10 nm in size of a supersaturated solid solution of titanium in 
aluminum. This alters the lattice parameter of this solid solution and 
further refines the grains within the dendritic matrix. As a result, an 
additional strengthening effect is achieved for the composite.

2. Strength and plasticity of the tested composites are strongly depen
dent on the amount of TiC particles added, which is associated with 
other strengthening mechanisms. Tensile tests showed that the 
investigated composites can be divided into two groups with respect 
to the reference aluminum Al1000 series alloy (without TiC). The 
first group, containing 5–10 vol% of TiC, shows a moderate increase 
in strength and similar plasticity, while the second group containing 
15 vol% TiC, demonstrates a strong increase in strength but a 
reduction in plasticity.

3. Hardness and resistance to abrasive wear increase almost linearly 
with the TiC content. This behaviour, in combination with me
chanical properties, allows the composite properties to be tailored 
for a specific application.

4. Analysis of fracture mechanisms by observing the fracture surface 
after the tensile test showed very good agreement with that obtained 
in the tensile test. The agglomeration of TiC particles, observed in 
samples with TiC content greater than 10 vol%, was the primary 
reason for reduced plasticity. This was due to weakened bonding 
between the particles and the matrix, leading to uneven deformation 
during loading.
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Zabaleta, M. García de Cortázar, E. Olejnik, Microstructure and mechanical 
properties of Al/TiC and Al/(Ti,W)C nanocomposites fabricated via in situ casting 
method, J. Mater. Res. Technol. 28 (2024) 1852–1863, https://doi.org/10.1016/j. 
jmrt.2023.12.126.

[15] J.Q. Xu, L.Y. Chen, H. Choi, X.C. Li, Theoretical study and pathways for 
nanoparticle capture during solidification of metal melt, J. Phys. Condens. Matter 
24 (2012) 255304, https://doi.org/10.1088/0953-8984/24/25/255304.

[16] H.C. Hamaker, The London—van der Waals attraction between spherical particles,.
[17] Physica 4 (1937) 1058–1072, https://doi.org/10.1016/S0031-8914(37)80203-7.
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