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Abstract Al-TiC nanocomposites have been the subject of extensive materials research due to their unique
mechanical properties and low weight. The purpose of this research was to examine the impact of different weight
fractions of TiC on the mechanical properties of aluminum, such as hardness and tensile properties. For modeling,
molecular dynamics simulations were used as a precise approach to investigate pure aluminum and Al-TiC
nanocomposites containing 0, 1, 2, 3, 4, and 5 wt% TiC. The simulated density values revealed a linear increase

ﬁiﬂz&rg 5 from 2.70 to 2.84 g/cm? with increasing TiC content up to 5 wt%. Tensile property analysis showed that Young's
Simulation, modulus and ultimate tensile strength increased by 32% and 54%, respectively. Two predictive models were
Nanocomposite, developed for tensile strength and Young's modulus. Nanoindentation simulations displayed a remarkable 257%
Tensile, improvement in hardness, from 35 to 125 HV. The developed hardness regression model exhibited high accuracy.
Hardness Micro-mechanism analysis indicated that three main strengthening factors were effective load transfer, dislocation
pinning, and residual stresses. Comparative validation with experimental data showed excellent correlation. This
work provides valuable guidelines for designing optimized Al-TiC nanocomposites through highly accurate
predictive models. The findings suggest that a TiC content of 3-4 wt% is the optimal composition for balancing

mechanical properties and density.
https://doi.org/10.30501/jamt.2026.563480.1349 URL: https://www.jamt.ir/article 245022.html
1. INTRODUCTION providing unprecedented insight into the structure-

Aluminum matrix nanocomposites reinforced with
TiC nanoparticles represent a significant innovation in
materials science and engineering. These novel
materials synergistically combine the low density of
aluminum (density = 2.7 g/cm®) with the excellent
mechanical properties of TiC reinforcements (hardness
= 28-35 GPa), offering substantial potential for weight-
critical applications in aerospace, automotive, and
defense technologies (Habba et al., 2024). The unique
combination of properties in Al-TiC nanocomposites
arises from complex interactions across multiple length
scales, particularly at the metal-ceramic interface, where
stress transfer and deformation mechanisms are
governed by atomic-scale effects (Guo et al., 2020).

Despite extensive experimental research on such
materials (Golla et al., 2023; Reddy et al., 2018),
fundamental understanding of several key aspects
remains incomplete, including the specific contribution
of the interfacial structure to load transfer efficiency, the
quantitative  roles of  different strengthening
mechanisms, and the optimal nanoparticle size and
distribution for maximizing property enhancement. This
knowledge gap significantly hinders the rational design
and systematic optimization of such nanocomposites for
specific engineering applications. The present study
addresses these challenges through an integrated
computational approach that combines molecular
dynamics simulations with predictive modeling,

property relationships of Al-TiC nanocomposites from
the atomic to the microscale.

2. MATERIALS AND METHODS

The research employed an advanced multiscale
simulation framework using the LAMMPS molecular
dynamics package along with well-parameterized
interatomic potentials. The hybrid potential scheme
combined the Embedded Atom Method (EAM) for
aluminum-aluminum interactions with the Tersoff
potential for titanium-carbon and aluminum-titanium
carbide interfacial bonds, providing a realistic
representation of both metallic bonding in the matrix
and the covalent/ionic character at the interfaces. The
simulation system consisted of a carefully constructed
computational cell with dimensions of 100 x 100 x 100
A3, containing an FCC aluminum matrix (lattice
parameter = 4.05 A) and systematically varying
concentrations of spherical TiC nanoparticles (lattice
parameter = 4.32 A) ranging from 0 to 5 wt%. The
nanoparticle diameters were precisely controlled within
the range of 15-25 A to correspond with experimental
observations while avoiding finite-size effects.

To obtain physically sound and consistent results,
the study employed a rigorous two-step simulation
procedure. First, the system underwent extensive
equilibration through energy minimization using
conjugate gradient algorithms, followed by NPT
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ensemble relaxation at 300 K for 1 ns with a time step
of 1 fs. Second, comprehensive mechanical
characterization was performed through uniaxial tensile
testing along the [100] crystallographic direction at a
strain rate of 10™' s™' and nanoindentation simulations
using a spherical indenter with a diameter of 50 A at a
loading rate of 0.5 m/s. The simulation results were
thoroughly validated against experimental data for Al-
TiC nanocomposites and exhibited good agreement in
elastic constants and yield strength values.

3. RESULTS AND DISCUSSION

Simulation results revealed several important and
nuanced findings regarding the mechanical properties
and  strengthening  mechanisms  of  Al-TiC
nanocomposites. The elastic properties exhibited a
characteristic nonlinear enhancement with increasing
TiC content, with Young's modulus increasing from 72
GPa for pristine aluminum to 95 GPa for the 5 wt% TiC
composite. This behavior was accurately predicted by a
modified Halpin-Tsai model (Luo et al., 2018), w in
which nanoparticle clustering effects were incorporated
through an empirical shape factor, § = 2 + 40Vp,
demonstrating excellent predictive capability (R* =
0.97) across the entire composition range. Tensile
simulations showed a 54% increase in ultimate tensile
strength, from 130 MPa to 200 MPa, accompanied by a
reduction in fracture strain from 30% to 17%, indicating
a transition toward semi-brittle fracture behavior. The
hardening was correctly replicated by considering three
synergistic mechanisms: (1) pinning of dislocations at
nanoparticle interfaces (Gorowan = 18\/71, MPa), (2)

effective load transfer to the harder ceramic phase
(Otranster = 25V, MPa), and (3) creation of beneficial
residual stresses by thermal expansion mismatch (Germal
=12V, MPa) (Ahmadi et al., 2021; Zhuang et al., 2024).
Nanoindentation simulations revealed a dramatic 257%
increase in Vickers hardness, from 35 HV for pure
aluminum to 125 HV for the Al-5 wt% TiC composite.
The hardness evolution exhibited three distinct regimes:
a rapid increase at low TiC concentrations (0-2 wt%), a
linear enhancement in the intermediate range (2-4 wt%),
and a saturation trend above 4 wt% due to nanoparticle
clustering effects. Atomic-scale characterization
provided unprecedented insight into interfacial
behavior, revealing that dislocation pinning accounted
for approximately 40% of the overall strengthening
effect, while load transfer and thermal mismatch effects
contributed 35% and 25%, respectively. The study
identified 3-4 wt% TiC as the optimal concentration
range, providing the best balance between enhanced
mechanical properties (=110 HV hardness, ~185 MPa
UTS) and sufficient ductility (=19% fracture strain).

4. CONCLUSION

This multiscale study represents a significant
advancement in the understanding and design of Al-TiC
nanocomposites through several important contributions
that bridge fundamental science and engineering
applications. The present work establishes the first
atomic-scale quantitative analysis of the strengthening
mechanisms in this material system, providing detailed
insight into the complex interactions among dislocation
dynamics, load transfer efficiency, and thermal

mismatch effects at the nanoscale. The advanced
predictive models developed in this work for elastic (R?
= 0.97), plastic (R?> = 0.96), and hardness (R? = 0.98)
properties constitute a robust framework for
computational materials design and optimization,
substantially reducing the need for expensive and time-
consuming experimental trials.

The finding that 3-4 wt% represents the optimal TiC
content establishes a practical benchmark for industrial
applications requiring balanced mechanical properties,
particularly in lightweight structural components where
strength and damage resistance are critical. Among the
most significant findings, the interfacial structure-
property correlations demonstrate that effective
interface engineering is the primary factor governing
nanocomposite behavior, with dislocation-nanoparticle
interactions accounting for approximately 40% of the
overall strengthening effect.

These findings have important implications for a
wide range of engineering applications, including
lightweight structural components for next-generation
aircraft and spacecraft, wear-resistant components in
automotive braking systems and engine parts, and
thermal management systems for advanced electronic
packaging. The integrated simulation and modeling
methodology employed in this research establishes a
new paradigm for accelerating nanocomposite
development and can be extended to other metal-
ceramic systems, potentially reducing conventional
design cycles by several orders of magnitude.

Future research directions emerging from this work
should focus on three primary areas: temperature-
dependent property characterization to establish
performance under service conditions, creep and fatigue
behavior assessment to evaluate long-term reliability,
and manufacturing process optimization to translate
these fundamental insights into large-scale production.
The quantitative predictions and fundamental insights
provided by this study will facilitate the more efficient
design of high-performance Al-TiC nanocomposites and
serve as a framework for investigating other advanced
material systems through multiscale simulation
techniques.

REFERENCES

1.  Ahmadi, M., Hosseini-Toudeshky, H., & Sadighi, M. (2021).
Micro-mechanical damage analysis of Al-Tic particulate
reinforced composites by Peridynamic theory. Amirkabir
Journal of Mechanical Engineering, 53(8), 4701-4716.
https://doi.org/10.22060/mej.2021.19143.6958

2. Golla, C. B., Babar Pasha, M., Rao, R. N., Ismail, S., & Gupta,
M. (2023). Influence of TiC particles on mechanical and
tribological characteristics of advanced aluminium matrix
composites fabricated through ultrasonic-assisted stir casting.
Crystals 13(9), 1360. https://doi.org/10.3390/cryst13091360

3. Guo, R.-F., Wang, Y., Shen, P., Shaga, A., Ma, Y.-H., & Jiang,
Q.-C. (2020). Influence of matrix property and interfacial
reaction on the mechanical performance and fracture mechanism
of TiC reinforced Al matrix lamellar composites. Materials
Science and Engineering: A 775, 138956.
https://doi.org/10.1016/j.msea.2020.138956

4. Habba, M. L, Barakat, W. S., Elnekhaily, S. A., & Hamid, F.
(2024). Microstructure and tribological behavior of Al-TiC
composite strips fabricated by a Multi-Step densification
method. Scientific Reports 14(1), 20767.
https://doi.org/10.1038/s41598-024-70560-x



https://doi.org/10.22060/mej.2021.19143.6958
https://doi.org/10.3390/cryst13091360
https://doi.org/10.1016/j.msea.2020.138956
https://doi.org/10.1038/s41598-024-70560-x

74 L. Mirzaei & S. Mosleh-Shirazi/ Journal of Advanced Materials and Technologies (JAMT): Vol. 14, No. 4, (Winter 2026), 72-89

Luo, Z., Li, X., Shang, J., Zhu, H., & Fang, D. (2018). Modified
rule of mixtures and Halpin—Tsai model for prediction of tensile
strength of micron-sized reinforced composites and Young’s
modulus of multiscale reinforced composites for direct extrusion
fabrication. Advances in Mechanical Engineering 10(7),
1687814018785286.
https://doi.org/10.1177/1687814018785286

Reddy, M. P., Himyan, M., Ubaid, F., Shakoor, R., Vyasaraj, M.,
Gururaj, P., & Gupta, M. (2018). Enhancing thermal and
mechanical response of aluminum using nanolength scale TiC
ceramic reinforcement. Ceramics International 44(8), 9247-
9254. https://doi.org/10.1016/j.ceramint.2018.02.135

Zhuang, W., Li, J., Cao, Q., Qin, L., Jia, J., & Liu, J. (2024).
Microstructure, mechanical properties and strengthening
mechanism of in-situ synthesized TiC/6061 nanocomposites.
Heliyon 10(17), e37122.
https://doi.org/10.1016/j.heliyon.2024.e37122



https://doi.org/10.1177/1687814018785286
https://doi.org/10.1016/j.ceramint.2018.02.135
https://doi.org/10.1016/j.heliyon.2024.e37122

VY-AQ A(\Y'f Qu.w.ﬁ)) ¥ c‘)w MY 09> d.:_er;,:_: 6[.&!6)}{.5) J‘}A MM

423,&:3 ‘5‘.&‘5J‘9L25‘9:|y MLZLAJ

Journal Homepage: www.jamt.ir

&

& &
d//l; )//AK-/.:’/?

ALTIC lacy ) 5ol 6 (SSw ol J s e Solis gluand 5 5L

M5 ghae ool ¢ gl

ol Gl Gl ot pimio ol 0Ly e 5 pigo oSl 330 prclign oLk penlid )57

Ol Gl Gl ok i oS> i3l g0 il 5 pennligo 2 Sl plsle]

Slessse 5l S a o« Sew Bh5 5 3 p pamie SSKG ol s ALTIC glacy 5 5elS 50 RN
TiC s 555 glo S 56 o il 5 Biln ilods Lo 3l po ab iy gla inssy 3 4 533,50
b JsS0e Saals glagslonnt 3l s3ladie sl il (128 5 o o o T (SO ol
3l ALTIC (slacy s galS 50 5 Sl e T oy 5 (51 G35 55055 S5 Ol oty ) 15300 5 51 03l
TiC 535 doy3 0 Sl 3l L a8 3l 0L I (s3loand uls i o3lizad TIC 55 Aop3 0 5 F 0 Y ) o
5 Kb Jsde (28 ol ) 53 .l (Rl YAY glom® 4 YV Sl e ok o aelS K
e sl Sheboss Joe 53 ol ol i Sl 8l G331 Ao 3 OF 5 Y o ey ol 23S i
Gho )3 YOV 5 5gr (SB35 50 (g3l (g, 5l oslinad b s (g3l A3 ] 208 oSl 5 SO
Sy VU s 5l eddaily) s Jde 3L RIS YO HY 4 Y0 5l sew s 4S5 sbay 313 OLES |
CS o O sgdeee e L UL ol ale a5l AU Las s (pl oS 315 0L b 5l Soe b 3
@L:.} L oolwans @L‘_} o Gl J,.<;L:, (o Glaesls banslie .ol Wle s sla 25 555 5 s Sl
Sy 55o8 50 b gl gl slamly (383 e gladde ST Zags cul sy flf:ﬁuﬂ
ot I3 ot K5 e TIC G35 doss Y= (S 5 o 3l 0L i S e sl b g ol L ALTIC
S sl 1 S 5 SO ol g

https://doi.org/10.30501/jamt.2026.563480.1349 URL: https://www.jamt.ir/article 245022 .html

:adlae 4:;.'";1)\3
AAE 72X VAR TRV P RGN
A AN SN0

VERO/YN S alad b

HEYS{PRNLY
(solwd e
«Slmand
W gpelS 5L
e

S SIS ol s caslis 5 VL el 4 5L
Alizadeh et al., 2021; Jafari et al., 2024;) s |5 55>

dode —)

.(Mosleh-Shirazi & Akhlaghi, 2019

S b el Cusl 4 Gl 4y d !

(TIC) paols duylS (BOT 3 &5 ool o SCl e
5 Sl ol Vb Sl e Gl ola S5s Woe
Fe oSy i e3le S Ul gioay ¢ gn e T e L 5 5L
Hu et al., 2019; Maziarz et al., 2024; ) ol oils alli

S Whesls 0Lz L=l gla_iass (Wojeik et al., 2020

ol S Gl el pgredl 4 TIC 05538

il mloo 35208 glagl 51 S (AD gl

Ladlyn (gilugyn Wil ilee glaaia) 53 5 ol
B ol syt eslind e S S 5 sl
3 st Saslie il S8 Omes 2l S e
515 535 e Y a3 JS3 CllB 5 Say i
«Jb= L (Khosravi & Akhlaghi, 2015; Yang et al., 2019)
ol O 5 T (e 5 oS sz T s 3 S,
e cpl A3l Sl Ko bas )8 5y s dilg e oS

S ))ML;G ;5141‘.)"‘: BE rm}] )\ oslaial o gdows o g0

65‘}:":’ dua.a oylw QUK.A Slsedgs
Spo ple y pdigo sl Sl imio ol ok O 1 L
mosleh@sutech.ac.ir : )Kaf\:.;


mailto:mosleh@sutech.ac.ir
https://doi.org/10.30501/jamt.2026.563480.1349
https://www.jamt.ir/article_245022.html

\24 YY-AQ (\¥ ¥ QL“.M.A)) ¥ o)L«.,i N¥ 0,9 d:_ej;.:_: LSLQLSJJu) J‘}A anllzd / L;)‘):J c\.a.a eJL.o} ;;5‘);:‘3\:3

g Ol g S i | eSS B RS A s

Aot ol Lslge (b 4 WS o el 2 b
.(Srivastava et al., 2021; Zhang et al., 2014) 1.5 S

sy gbgasles e oo Sl

ey i talie )3 (o LIS olaasis
Spte Jad 53 S5 w58 i gl Sesn wle
olde s ol @tﬁ Clad imen 5 oSy -4
Sl 4 81 Kosg sl (Liet al., 2025) Ljls o]
bods oy ool o2 ln p3Y il (MD) J 58350 Sl
G o3sm ol 53 s g lelllas i Ll (S e ol 3
Llos g S jae ( SO ol IS olie b a8 (slaesls
S s pde Ol iagn OlKs (Ren et al., 2024)

S e Bl & el LS5 dalbele dadlas
s Olousl S ol JwElh Lls e Jol sl sl
L7 ol blasdl o Ot 51 30 ey sla 25
Barman et al., ) &S (g3ledde 5 (5 Se3lll Gl sba

(2025; Hou et al., 2022; Praski et al., 2025

Pl Sl e Guote sbdle (lpedle

S L L E gl Sls s L 1 s

orlets Dy S e b s el Sy Gla S s

Jde (Jle (¢l s (Saurabh et al., 2025) ,Uﬁf‘_;a ol |, 4L

A KL dake i @l gl ol Sdis
(Zhou et al., 2024) > ,5

G o 5D TIC il S35 sladeo s b (sl s
SaS w4 paie ] SBIS 5 e ol (Ao O
ol Ssls e sl e S s Sl (s 3laa
U S50 L G il de S Wl Rasn ol
L Jols ml etis aslie 5 CojspelS 50 L8, TIC
LS oo 5,0, ol Sl ime 5 Ll et Slaesls
s 8es b placyjaelS 6l b il iyl slaas
S g (SO

&uyujmjdmr@l‘@xﬂﬂﬁé&
Abbasi Nahr et al.; 2025, Balasundar et al., 2024; ) Sph o

Ol g4y (Bedolla-Becerril et al., 2022; Hamid et al., 2021

YEA U o Sialsbl &8 s S 5518 0len 5 'l (Jls

L Al-TiC g;i)j,wlsj;b 3 u‘:"iL“" Coo glie Seg 5 Ao
Habba et) conl 0Kl ()5 o s sladl b 5l eslaxl
S 5 b eslaal b Yn:b'.a\p‘ adllas ¢ pooman (al, 2024

spp ¢ izl Sl aul s 5 Tl S Clad aul b

(Ahmadzadeh, 2025) ool 03 5

ol 3lse nl S5 s S B slasd iy S|

Sl CH eSS w8 b pla il Oloran (sl 0l
S SO ol sl e gl s i Ll
L ol Slallls ol Jilos ol o sl el alils
Slagsloand 5 ARLLST S5 i 3 S
Shinde et al., 2021; Zhang et al., ) <ol (55,0 4B iy
5ol (sl sl bl s el (ol e sDle 12022

o3 051 e sl DS 5l ehan SO ol
Glolls Gl cwl sdds Sy S gbay TIC 555
S oS5 L el Sldlas abil 5 (2l
L Sloles goludde las Sy, 5 slawsin ab iy

(Farid et al., 2023) &S - 4t »

sop s adlas gl s 8 L s e e S S SO

Oliioes a5 a5 sl @ J 5050 Sals (g5l ool go ol
o s 56 elde 53 1 sle 5l 45 das s | Ol oyl
Yazdchi &) 4S5 (giledbe (8L il Lol
31 eslazwl .(Mosleh-Shirazi, 2025; Zardosht et al., 2025
Cooy S5l 50 o 5o IS0 50 Sl (g5lwand
L i oo | g ol 5l 51 ids el Wil 5 e g 310
o5 94 .(Khandan et al., 2024) .s o2l calsee glasl
e e T PR I ST PR PW g

020 3l S Sy U s SaS Wil o s gy ol oo yls

L ssloand ool ] Gty iy 0 L siSeu sl Jols

B ’..M..SLL rl§.>r.~.~" | ¢ r;r...a"' Jﬁbc)‘)ﬁ;ﬂ.«m’"' u..ol_,:—.’w‘)}'&

4. Friction stir processing (FSP)
5. Molecular Dynamics (MD)
6. Coefficient of Thermal Expansion (CTE)
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