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ABSTRACT

In this research, the effective parameters on fatigue crack growth in metal matrix nanocomposites were
investigated. Materialsfof the study were aluminum, nickel, magnesium, titanium and copper and fillers of
single-walled carbon nanotubes. Modeling was carried out using abaqus software and the effect of parameters
such as weight percentage of carbon nanetubes, initial crack angle, initial crack length, material of different
backgrounds and sheet thickness was<nvestigated. The analysis showed that the increase in the initial crack
length leads to an increase in the CGR and the number of cycles of failure. An increase in the initial crack angle
leads to a decrease in FGR, resulting in an increase in the number of fracture cycles. Also, CNTs with higher
weight percentages showed more resistance to crack growth. By increasing the thickness of plate, FGR
decreased and the number of cycles increased toscomplete failure. Finally, by examining the material of
nanocomposites, it can be said that the fatigue strength of materials with single - walled carbon nanotubes is
relatively high in the order of mg-al-cu-ni and ti, vespectively.. The results showed that proper combination of
materials and control of the crack geometry can help'to increase the life of parts.
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1.Introduction

The'topic of fracture mechanics and strengthening of
cracked structures against crack propagation and
growth is one of the most important fields in
mechanical.engineering. Nanocomposites, due to their
unique properties, are recognized as key materials in a
wide range of engineering applications, including
aerospace, automotive, and biomedical industries.
Among these; metal matrix nanocomposites are
particularly susceptible to corrosion, excessive stress,
and fracture [1]; therefore,their reinforcement,
strength enhancement, and fracture prevention have
become major focuses of eurrent research. In recent
years, the use of carbon nanotubes in the fabrication
of nanocomposites has increased due to their
outstanding  mechanical«” properties.  Carbon
nanotubes possess extremely high<tensile strength
and Young’s modulus, and these€haracteristics have
attracted considerable attention from researchers.
Meanwhile, a study titled 'Investigation of Fracture
Toughness Parameters of Epoxy Matrix Nano-
composites for Various Crack Angles' by Faridoun et
al. in 2012 showed that adding carbon nanotubes to
polymer-based materials can improvesmechanical
properties, including fracture toughness [2]. Also, in
a study titled 'Tensile Properties of Epoxy Polymer
Reinforced with Nanosilica Particles and« its
Simulation by XFEM Method in Abaqus Software!
by Wang et al. in 2013, it was demonstrated that
increasing the content of nanofillers increases the
tensile strength of nanocomposites [3]. In 2024,
Salari and Fatemian investigated crack growth in
metal matrix nanocomposites and showed the impact
of various parameters on the fatigue life of the
structure [4].

2.Relationship governing the problem
In this paper, considering that the performed
modeling is in the macro state, therefore, the best
relationships that can be used to calculate the
properties of the nanocomposite are the mixture rule
relationships. This rule is a general term for a
formulation that describes the properties of a
composite material made from two or more
substances. The mixture rule can be used to estimate
the equivalent properties of a composite, such as:
density, elastic modulus, Poisson's ratio, yield stress,
maximum principal stress, and energy release rate
based on the properties and the ratio of the matrix
and filler components.[5-9]
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To define the crack path and growth rate in Abaqus
software, Paris's law and its transformations within
the software are used, which are as follows:
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Using the coefficients C and m in Paris's equation,
the crack growth rate in Abaqus software can be
determined, which is represented by the parameters
Cl1, C2, C3, C4.

3.Finite element analysis

For the simulation of the model, a square sheet with
dimensions of 1.0 by 1.0 meter and a thickness of
0.003 meters, along with an initial crack of 0.05
meters in length, was considered and modeled in
Abaqus software. In this research, the crack is
considered to be an edge crack. Then, to investigate
the parameters mentioned in the problem description
section, the material properties were applied to the
model by combining single-walled and multi-walled
carbon nanotubes with the aforementioned metal
matrices’at weight percentages of 0.5%, 1%, 1.5%,
3%,-and 5%, according to the table below.

Table 1. Al + SWCNT 0.5%

C1 2 C3 Cc4

Composites (cycle/P (Unit (m/cycle/ (Unit
a%%) Iess) Pa*) less)
Al (6061-
15.871 1.5
T6)+swent 5 -2.1028 0.0228 745

[10]

Figure 1. modeled sheet view in Abaqus



4. Results and Discussion

Thispaper analyzed the fatigue crack growth in metal-matrix
nanocomposites reinforced with carbon nanotubes. For this
study, five matrix materials were selected: aluminum, nickel,
magnesium, titanium, and copper. Subsequently, to analyze
and study the fatigue crack growth, parameters such as initial
crack length, initial crack orientation, weight percentage of
single-walled carbon nanotubes, the type of metal used in the
nanocomposite matrix,, and the sheet thickness were
investigated using the finite element software ABAQUS.
The summary of ‘the results is as follows: a) With the
increase in initial crack length, the slope of the crack length
curve increases, and.the crack growth rate also increases. In
other words, as the initialerack length increases, the initial
stress intensity factor increases, leading to an increased
fatigue growth rate and a reducéd number of cycles to
complete fracture of the .component. Essentially, the
component fails sooner. b) ' With the increasenin the initial
crack angle, the equivalent stress intensity factor, or the total
energy release rate (Geq), decreases, consequently reducing
the fatigue growth rate and increasing the number of cycles
to complete fracture of the component.«This means the
component fails later.

In other words, as the crack angle increases, the effect of
Mode Il is enhanced, and the effect of Mode I is reduced.
Since Mode | is more dangerous for crack growth, this
results in a reduced crack growth rate and an increased
number of cycles. Therefore, a crack angle of zero degrees
(pure Mode 1) leads to earlier failure, and vice versa. c)
Based on the obtained results, it can be stated that with an
increase in the weight percentage of single-walled carbon
nanotubes, the slope of the crack length versus the number
of cycles curve decreases because the fatigue growth rate is
reduced, and the number of cycles to complete fracture of
the component increases, leading to later failure. In other
words, since the fatigue strength of nanoparticles is greater
than that of the matrix, it is observed that as the weight
percentage of SWCNTSs increases, the material's resistance
to crack growth increases, and the number of cycles to
fracture also increases. d) Given the varying resistance to
crack growth in different nanocomposite matrices, the
fatigue crack growth rate and the number of cycles to
fracture for these materials differ. Based on this, we can
conclude that the fatigue strength of materials combined
with single-walled carbon nanotubes, from lowest to highest,
is as follows: Magnesium - Aluminum - Copper - Nickel -
Titanium €) Finally, by examining the obtained results, it is
observed that as the thickness of the nanocomposite sheet
increases, the stress state transitions from plane stress
towards plane strain. The differing stress components in
these two states near the crack tip cause variations in the
fatigue crack growth rate. With these considerations, it is
seen that increasing the nanocomposite sheet thickness
slightly reduces the stress intensity factor and the fatigue
growth rate, and increases the number of cycles to complete
fracture, leading to later failure. However, these changes are
not as significant as those related to other parameters. It has

also been assumed that the fracture toughness of the material
remains constant and its variations with material thickness
are disregarded.

it B

Figure 2. Crack surface obtained from the combination
of SWCNT nanotubes with different matrices
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Table 1: Properties of materials used in the research in the state of SWCNT nanocomposite with'a weight
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Figure 1: View of the modeled project sheet in Abaqus software
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Figure 4: Crack growth path until the moment of failure for different initial crack lengths

e
N
shatiads
e
e
P
Eati
g
B
i X
H R
it SRRy
it o
nhIHHHHTT SO
i 1 i ) ORI
R . s
A |w;\'.=!'l|= il 2 )
2 odex
i {n it A
priLsM o raoeay
pe T eire ] s A
$ ez W by
e e AR
e Afeees \\ Nttty
e s TR
[ "4 0630-04 o} Sre0s N
e s W
BEt EL Ll \
S0 8 bl
ERTS i ||'§'Imﬂ‘llll|,,.l i
i e
i R N
g it T
i v it AR
. it L it N{"ml :lln b ey
v R Sacll AL
ly it DAL
Qi (o
o L ‘.“h
i i

alite gadsl 5 Jab 3 odel Cawdy 5 57 pedaws i JSCi
Figure 5: Crack surface obtained from different initial crack lengths
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Table 2: The measured crack length in each cycle for each initial crack length (mm)
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Figure 6: Graph comparing crack length versus number of cycles for different initial crack lengths
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Figure 7: Analysis of the crack growth path until the moment of failure for different initial crack angles
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Figure 8: Crack surface obtained from different initial crack angles
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Table 3: The measured crack length in each cycle for each initial crack angle
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Figure 9: Graph comparing crack length versus number of cycles for different initial crack angles
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Table 4: The measured crack length in each cycle for each SWCNT weight percentage (mm)
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Figure 12: Graph comparing crack length versus number of cycles for different weight-.percentages in the
SWCNT state
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Figure 13: Effect of the applied matrix material on the nanocomposite sheet in the SWCNT state on crack
growth
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Figure 14: Crack surface obtained from the combination of SWCNT nanotubes with different:matrices
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Table 5: The measured crack length from the combination of SWCNT with different matrices
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Figure 15: Graph comparing crack length versus number of cycles from the combination/of SWCNT with
different matrices
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Figure 18: Graph comparing crack length versus number of cycles for each thickness of the
nanocomposite sheet
Coom 4 Slamio 15 5| Candg o j5alS gl 59 Cwlies iall b aS cantsl oaims yLis YU Jgaz g 10505 0 ol Cows =
o S S A8 £ g Dolite Sl S 5 S g 3l g9 cnl o 55 sbeadlie (g Dglite 9 99,00 (lazio (15,5
5 ond ALl St 0y Fp g SR S ey )l LeS i joslS giling s s Gl L aS S g5 se penilis ol b 05
5 S ;300 sl ol )b o5lail 4y Dl sy el Al oy o TCllSE AT 5 o axdad g b co yiol38l axkad LS celSs B S sl
w00 )Ja_,.ﬁ),.a oole ol A S QT g_;lj,u._u )\ 9708 wL» ools Sl ‘;AP S Cewl 0l uajs e

G S axd -

oole gy &S ab Sl g ou)S sledglgil ol pen 4y (6318 Al slocyj5elSsil o (FKs 5 ol Jdow 4 dlie (ol o
@l ((Kis S50y gy 9 Jedot sl asll o g aiad Sl dalllas )l (sl e 5 el oo ke (SIS riegl] di
e )3 odliinl 350 SIS iz o)l ST (05 ladlglgil (9 wess dsl S5 SIS agly wdsl S5 ok (een
Sliss 25 S & @l ez 8T 18 el 3550 (LT sgaze (loll I3l il eoliiil b )5 cuelied 5 CjealSsil

GRIFIL ke L dgdign i 55 S5 b, 55 4l SIS 5 Job gmie ced eyl S5 Jobo il L (G
elS askad JolS CnS b S slans g 4l (l ) (s 085 £ 5 5 09,5 I (Rl Bl adgl (A5 Sad o poiadsl S5 ok
e y(58 ConSdy 5395 dalad @y 5o by oo

SRl (S al; £ a0 9 Geg JS 6550 Gl €59 )Mo by Jolos (i3 S g 0 el S il Gulsl L (o
Las o8 ol Oliiee oo Sjlsas iy oo CanSl 4y 50 askad g il oo (il askad JolS CenSA B IS ShssTges S o
G2l & e ey Sl FSUylas Sl 6l T oge a5 Lilil 5 058 oo a8 Toge il g oad g Il oge 5145 5 angly a8l
9 S yon CSt & F3g) (LAlls S 090) 453 he S asly SISl oe A )3 9 9 doe S Slasd BIGTS 5 ol &5

ol



SlasiranS )5 Jsb jlogei cord co)lar S5 ()5 alglyili (39 woys SRl L a5 S Gl s osel Cesss mli @ 4z L (@

(50 ConS Ay 5 0 dskad 5wl oo aldl ankd Lol S T S Slaws g 4l a5 (Stas o) £ g wbiee a5 S

(5339 2,5 Sl b aS 098 o onalive (il i a5l D35l (S plSotial (92 45 35 Gl Ol S0 Sl o,
e e iy CenSl 1 S Sl g 03,8 o (ial3l S5 0, 4 esle Caeglie SWCNT GilJIsik

S 3laas (izrod 9 @K S 50 £ 5 S el b alidee (sladine ;0 S5 ol ) Cueglie (o9 Dglite 4y 4z L (o

=5 AlSl Lo S 5 8lge (K plSoctul a5 28,5 4zl Gl oo bl (e 2 Al oo Dglite JSGaSH L Slge Gl S B

ol gy cad i ol @S 3o oSS

poeilied = JS = e = pwiensl] = oo

@ Slamio 15l Cundg oo 59l gl 5,9 Cuolies (o8l L aS 08,5 e cdlive sdel Cunds ol jo Cds b coles o (o
S D) 5 oo Solite Sl I S Jlg> 0 S 90 cnl po 25 sladdlie g Dsliie 5 0900 lazmbe 55 S
Ll (s 0l &5 9 EIOAD o ol (eS Ca el gl 3)9 Cualied (ialE L aS 098 co owd el (I b gl e (S
505 6oyl 050l 4y i bty o S 4y 50 ke gyl o il Axdad JolS St b S Sl g 00
ol 00 a8 10 ool ColBis 4 Cari ] Slys 5l 5 0095 ol oole oSl (o i 4 el 00l (B8 uied § o

P OlFe y il lo il b wlse 158 Rl (Srws jae Sl gy a5 285 ot (g g ol Cewsds b 0 2B L (4
oo e emalS il 3l ond asslo lakad >l o 3,08 ol ] oy daksd S5 par ,iSToo LT canslio Sl L oS 5 L
335 8 4z g5 090 wlgs

&=y
[1] R. Jones, S. Pitt, D. Hui, A. Brunner. Fatigue crack growth in nano-composites, Compos Struct, 99
(2013) 375-9.
[2] A. Fereidoon, L. Mottahedin, S. T. Latibari, Investigation/of fracture toughness parameters of epoxy
nanocomposites for different crack angles, Journal of Polymer Engineering, 32 (2012) 311-7.
[3] Z. Wang, F. Liu, W. Liang, L. Zhou, Study on Tensile Properties of Nanoreinforced Epoxy Polymer:
Macroscopic Experiments and Nanoscale FEM Simulation Prediction, Advances in Materials Science
and Engineering, 2013 (2013) 1-8.
[4] A. Negi, G. Bhardwaj, J. Saini, N. Grover, Crack growth analysis of carbon nanotube reinforced
polymer nanocomposite using extended finite element method, Proceedings of 'the Institution of
Mechanical Engineers, Part C: Journal of Mechanical Engineering Science, 233 (2018).
[5] M. R. Nakhaei, G. Naderi, M. H. R. Ghoreishy, Experimental Investigation’of Mechanical Properties,
Fracture Mechanism and Crack Propagation of PA6/NBR/Clay Nanocomposites, Iranian Journal of
Polymer Science & Technology, 33 (2020) 159-72 (In persian).
[6] L. Rodriguez-Tembleque, J. Vargas, E. Garcia-Macias, F.C. Buroni, A. Saez, XFEM<crack growth
virtual monitoring in self-sensing CNT reinforced polymer nanocomposite plates using=ANSYS,
Composite Structures, 284 (2022) 115-37.
[7] M. Salari, S.M.S. Fatemian. Investigation of crack growth in metal matrix nanocomposites: Second
National Conference on Structural and Fluid Mechanics, Bonab, Iran, 2024 (In persian).
[8] M. Malaki, A. Fadaei Tehrani, B. Niroumand, Fatgiue behavior of metal matrix nanocomposites;
Ceramics International, 46 (2020) 326-336.


https://www.sciencedirect.com/author/55963425600/secil-sevim-unluturk
https://www.sciencedirect.com/author/14025591900/behzad-niroumand
https://www.sciencedirect.com/journal/ceramics-international

[9] S:E. Shin, D.H. Bae, Fatigue behavior of A12024 alloy-matrix nanocomposites reinforced with multi-
walled carbon nanotubes, Composites Part B-engineering, 134 (2018) 61-68.

[10] M. Vaghari, G.R. Khayati, S.A. Jenabali Jahromi, Studying on the fatigue behavior of Al- AI203
metal matrix=nanocomposites processed through powder metallurgy, Journal of Ultrafine Grained and
Nanostructured Materials, 52 (2019) 210-17.

[11] HM. Mahan, S.V. Konovalov, S.M. Najm, O. Mihaela, T. Trzepiecinski, Experimental and
Numerical Investigations of the Fatigue Life of AA2024 Aluminium Alloy-Based Nanocomposite
Reinforced by TiO2 Nanoparticles Under the Effect of Heat Treatment, International Journal of Precision
Engineering and Manufacturing, 25 (2024) 141-53.

[12] Q. Pu et. Al, Microstructural insights into short fatigue crack growth in particle-reinforced Al-matrix
composite sheet, International Journal of Fatigue, 193 (2025) 108787.

[13] T. Balakumar, A. Edrisy;'R.A. Riahi, Fatigue Crack Growth Behavior of Additively Manufactured
Ti Metal Matrix Composite with TiB, Particles, Coatings, 14(11) (2024) 1447.

[14] H. Wang, H. Shin, A multiscale model to predict fatigue crack growth behavior of carbon
nanofiber/epoxy nanocompesites, International Journal of Fatigue, 168 (2023) 107467.

[15] N. R. Burhani, Effect of €Compaction Pressure on Final Properties of Multiwall Carbon Nanotubes
(MWCNTs) reinforced Aluminum (Al) Composite, Seri Iskandar, Malaysia: Universiti Teknologi
PETRONAS, (2010).

[16] B. N. Gohain, S. Kirtania, Evaluation of Axial Young’s Modulus of CNT-based Composites using
Square, Hexagonal and Cylindrical Representative Volume Elements, ADBU-Journal of Engineering
Technology, 6 (2017).

[17] S. S. Salam, N. M. Mehat, S. Kamaruddin,/Optimization of Laminated Composites Characteristics
via integration of Chamis Equation, Taguchi‘method and Principal Component Analysis, IOP Conf
Series: Materials Science and Engineering, 551 (2019) 1-8.

[18] S. M. A. K. Mohammed, D. L. Chen, Carbon Nanotube-Reinforced Aluminum Matrix Composites,
Advanced Engineering Materials, 22 (2019).

[19] D. Kopeliovich. Estimations of composite materials properties. https://www.substech.com. (2023).

[20] S. Chang, C. Lee, S. Jeon, Measurement of Rock Fracture Toughness Under Modes I and II and
Mixed-Mode Conditions by Using Disc-Type Specimen, Engineering.Geology, 66 (2002) 79-97.

[21] www.Matweb.com, Online Materials Information Resource.

[22] M. Ahmad, K. A. Ismail, M. H. M. Hanid, F. Mat, A. M. Roslan, Modification of the design of
circular thin-walled tubes to enhance dynamic energy absorption characteristies: Experimental and finite
element analysis, IOP Conference Series: Materials Science and Engineering, 917 (2020) 1-13.

[23] A. Carpinteri, M. Paggi, Are the Paris’ law parameters dependent on each other? Fracture and
Structural Integrity, 1 (2008) 10-6.

[24] D. Roylance, Introduction to Fracture Mechanics, Cambridge, (2001).

[25] P. Kumar, P. S. Shinde, G. Bhoyar, Fracture Toughness and Shear Strength of the Bonded Interface
Between an Aluminium Alloy Skin and a FRP Patch, Journal of The Institution of Engineers, (India)
Series C, 100 (2018) 779-789.

[26] F. Habashi, Nickel, Physical and Chemical Properties, Encyclopedia of Metalloproteins, Springer,
New York, (2013).

[27] Nickel chemical element. www.britannica.com/science/nickel-chemical-element, (2025).

[28] J. Bashyal, Nickel (Ni) Element: Important Properties, Uses, Health Effects,” (2023):

www.scienceinfo.com/nickel-ni-element-important-properties.


https://scispace.com/authors/s-e-shin-2k1u760sne
https://scispace.com/authors/donghyun-bae-2vmsfbkci9
https://scispace.com/journals/composites-part-b-engineering-9c5y7jwm
https://link.springer.com/article/10.1007/s12541-023-00906-4#auth-Hamid_M_-Mahan-Aff1-Aff3
https://link.springer.com/article/10.1007/s12541-023-00906-4#auth-S__V_-Konovalov-Aff1-Aff2
https://link.springer.com/article/10.1007/s12541-023-00906-4#auth-Sherwan_Mohammed-Najm-Aff4-Aff5
https://link.springer.com/article/10.1007/s12541-023-00906-4#auth-Oleksik-Mihaela-Aff6
https://link.springer.com/article/10.1007/s12541-023-00906-4#auth-Tomasz-Trzepieci_ski-Aff7
https://link.springer.com/journal/12541
https://link.springer.com/journal/12541
https://www.sciencedirect.com/journal/international-journal-of-fatigue
https://www.mdpi.com/journal/coatings
https://www.sciencedirect.com/author/57211929328/hyunseong-shin
https://www.sciencedirect.com/journal/international-journal-of-fatigue

[29].d.. Zacharias, The Temperature Dependence of Young's Modulus for Nickel, Physical Review
Journals Archive, 44 (1933) 116-122.

[30] Nickel — Properties — Price — Applications — Production, www. material-properties.org/nickel-
properties-applications-price-production.

[31] J-M. Silvaa, R. A. Claudiob, C. Moura Brancoc, J. Martins Ferreirad, Creep-fatigue behavior of a
new generation Ni-base superalloy for aeroengine usage, Procedia Engineering, 2 (2010) 1865-1875.
[32] Magnesium: https://en.wikipedia.org/wiki/Magnesium.

[33] K.D., Naoum," Magnesium: Definition, Composition, Properties, and Applications,
www.xometry.com/resources/materials/what-is-magnesium. (2023).

[34] Magnesium. https://pubchem.ncbi.nlm.nih.gov/element/Magnesium.

[35] V.K. Bommala, M.Gs Krishna, C.T. Rao, Magnesium matrix composites for biomedical
applications: A review, Journal of Magnesium and Alloys, 7 (2019) 72-79.

[36] Yield strength of magnesium, www.studybuff.com/what-is-the-yield-strength-of-magnesium.

[37] Z.Q. Cui, HW. Yang , W.X. Wang, Z:F. Yan, Z.Z. Ma, B.S. Xu, H.Y. Xu, Research on fatigue crack
growth behavior of AZ31B ‘magnesium alloy electron beam welded joints based on temperature
distribution around the crack tip,JEngineering Fracture Mechanics, 133 (2015) 14-23.

[38] N. Xiong, S. Friedrich, S.R. Mohamed, I. Kirillov, X. Ye, Y. Tian, B. Friedrich, The Separation
Behavior of Impurities in the Purification of High-Purity Magnesium via Vacuum Distillation, Journal of
Sustainable Metallurgy, 8 (2022) 1561-1572.

[39] M. M. Jamel, H. Lopez, B. Schultz, W. Otieno, The Effect of Solidification Rate on the
Microstructure and Mechanical Properties of Pure Magnesium, Metals, 11 (2021) 1-13.

[40] TITANIUM ALLOY GUIDE, An RTI International Metals, (2000) 37-42.

[41] The ISCAR Reference Guide for Machining Titanium, www.iscar.com.

[42] T. Chen, B. Barua, T. Hu, M. C. Messner, T. El-Wardany,An ICME Modeling Framework for
Titanium/Tungsten-Carbide Metal Matrix Composites, Argonne National Laboratory U.S. Department
of Energy laboratory managed by UChicago Argonne, (2023).

[43] F. A. Alshamma, O. A. Jassim, Dynamic crack propagation.in nano-composite thin plates under
multi-axial cyclic loading, Journal of Materials Research and Technology, 8 (2019) 4672-81.
[44] S. Arifeen, G. Potirniche, A. Elshabini, F. Barlow, Modeling of Failure.in Aluminum Alloy Braze

for a High Temperature Thermoelectric Assembly, 46" International.Symposium ‘on Microelectronics
(IMAPS 2013), Orlando, FL USA, (2013).

[45] D. Marzal, Modeling and Testing of Shape Memory Alloys: Solar Sail Applications;California State
University, Long Beach ProQuest Dissertations & Theses, (2022).

[46] N. D. Toan, Combined Hardening Behavior for Sheet Metal and its Application - Chapter 5: Case
Study for Magnesium Alloy Sheets to Predict Ductile Fracture of Rotational Incremental Eorming, AIJR
Publisher, India, (2019).



https://journals.aps.org/archive/
https://journals.aps.org/archive/
http://www.iscar.com/

