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In this article, the strength of the filament produced by the extrusion method has been investigated. For this
purpose, testing samples were produced using ABS and carbon nanotubes as printable nanocomposite
filaments in 3D printer. Carbon nanotubes were incorporated into ABS, and nanocomposite filaments were
produced and their strengths were measured. In order to predict the strength of a nanocomposite filament,
a suitable multi-scale model was developed. This model started from the microscale and after passing the
in-between scale of meso, ended at the macroscale. For each scale, a suitable and separate representative
volume element was defined, and its strength was predicted. Two parameters, CNT length and orientation,
were captured at the microscale, and CNT agglomeration was taken into account at the mesoscale. Finally,
at the macroscale, the strength of the nanocomposite filament was estimated using a genetic algorithm. In
this study, the strength of the nanocomposite was calculated with two weight fractions of 0.1% and 0.5%,
and it was observed that the final strength of the nanocomposite with weight fractions of 0.1% and 0.5%
increased by 14% and 20%, respectively. The outputs of the modeling procedure were in very good
agreement with experimental observations.
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Fig. 9 The effect of nanotube agglomeration on the final strength of
nanocomposite. a) weight fraction 0.1% and b) weight fraction 0.5%
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Fig. 11 Relative error diagram of observed and predicted strength values.
a) weight fraction 0.1% and b) weight fraction 0.5%
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Fig. 10 Chart of observed and predicted strength values. a) weight
fraction 0.1% and b) weight fraction 0.5%
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Fig. 14 Frequency distribution of modeling results for robustness. a)
weight fraction 0.1% and b) weight fraction 0.5%

0.1 559 8 (W aled plSoial sl g3lodoe @S Sl ase 14 U
20,505 (59 S (o g0y

oy boles 5l 5 Ll plSinl polie 2 Jaam o Coles o
sanlive 4 jables ol oads atuie g,z glasols b Loyl Cadls

WF=0.1%
70
O Observed and Predicted
65 Linear: R2 = 0.9964 Ll
RMSE =3.028
60 4O a
C]DD
55 o 4
=l
2
(5] =)
o 50 (=]
<4
a
45 o DD@
=2}
=2
40 g
EG
35 o
g L il‘
I a = I
30
30 35 40 45 50 55 60 65 70
Observed
WF=0.5%
90
O Observed and Predicted
linear
Linear: y = 1.003*x - 0.2894
80 - R? =0.9962 a
RMSE =4.636 &
70 o
o a
2 Y
° 12}
5 60 of
o =2}
a o0
g
50 [ _a o
]
a
e Dm
40 a
o | h
30
30 40 50 60 70 80 90
Observed

Fig. 12 Correlation coefficient between the observed values and the
predicted values. a) weight fraction 0.1% and b) weight fraction 0.5%

(A oad fn i polie 5 oadaiulne polis (o (Siwuosd e 12 S0
223 0.5 (539 S (0 920,301 (559 o

WF=0.1% [il-‘—ﬂl
10
8
6
S
= 4
2
0 L
50 100 200 300 400 500
n
WF=0.5% Ihi
30
25
20
S
<15
g
10
5
0
50 100 200 300 400 500
n

Fig. 13 Convergence trend of stochastic modeling. a) weight fraction
0.1% and b) weight fraction 0.5%

39 S (990,001 59 S (Wl Bolas (g5leJoe o], Ken 13 &

40,005

2416

039940l (509US 9 pole Ay s



0940l (5 )9Ud 9 pole &y puiss

Gbgec shug 5 by el

SIoelS S ails) plizminnl (52)75 5 5 pls () 2

&= o6

[1] Babazade, A., Hadad, M.J., Safarabadi. M., “Investigation of the

Effect of Graphene Nano Plates and Carbon Nanotubes on the

Improvement of Mechanical Properties of Aluminum Matrix

Nanocomposites,” In Persian, Journal of Science and Technology of
Composites, Vol. 7, No. 4, pp. 1197-1206, 2021.

[2] Bavafa Bigdilou, M. Eslami-Farsani, R. and Ebrahimnezhad-Khaljiri,
H., “The Effect of Carbon Nanotubes on High Velocity Impact
Behavior of Hybrid Kevlar- Ultrahigh Molecular Weight
Polyethylene Fibers Composite with Interlayer Configuration,” In
Persian, Journal of Science and Technology of Composites, Vol. 6,
No. 4, pp. 533-540 2020.

[3] Shahkarami, M. and Zeinedini, A., “Flexural Properties of 3d-
Printed Hierarchical-Sinusoidal Corrugated Core Sandwich Panels
with Natural Fiber Reinforced Skins,” Polymers and Polymer
Composites, Vol. 30, pp. 09673911221101299, 2022.

[4] Pirouzfar, S. and Zeinedini, A., “Effect of Geometrical Parameters
on the Flexural Properties of Sandwich Structures with 3d-Printed
Honeycomb Core and E-Glass/Epoxy Face-Sheets,” in Proceeding
of Elsevier, pp. 2724-2738.

[5] Espalin, D., Muse, D. W., MacDonald, E. and Wicker, R. B., “3d
Printing Multifunctionality: Structures with Electronics,” The
International Journal of Advanced Manufacturing Technology, Vol.
72, pp. 963-978, 2014.

[6] Penumakala, P. K., Santo, J. and Thomas, A., “A Critical Review
on the Fused Deposition Modeling of Thermoplastic Polymer
Composites,” Composites Part B: Engineering, Vol. 201, pp. 108336,
2020.

[7] Niyogi, S., “Chemistry of Single-Walled Carbon Nanotubes,”
Accounts of Chemical Research, vol. 35, no. 12, pp. 1105-1113,
2002.

[8] Sun, C., Liu, K., “Dynamic Torsional Buckling of a DoubleWalled
Carbon Nanotube Embedded in an Elastic Medium,” European
Journal of Mechanics-A/Solids, Vol. 27, No. 1, pp. 40- 49, 2008.

[9] Shofner, M., Lozano, K., Rodriguez-Macias, F. and Barrera, E.,
“Nanofiber-Reinforced Polymers Prepared by Fused Deposition
Modeling,” Journal of applied polymer science, Vol. 89, No. 11, pp.
3081-3090, 2003.

[10] Gnanasekaran, K., Heijmans, T., Van Bennekom, S., Woldhuis, H.,
Wijnia, S., De With, G. and Friedrich, H., “3d Printing of Cnt-and
Graphene-Based Conductive Polymer Nanocomposites by Fused
Deposition Modeling,” Applied materials today, Vol. 9, pp. 21-28,
2017.

[11] Daver, F., Baez, E., Shanks, R. A. and Brandt, M., “Conductive
Polyolefin—-Rubber Nanocomposites with Carbon Nanotubes,”
Composites Part A: Applied Science and Manufacturing, Vol. 80,
pp. 13-20, 2016.

[12] Kapoor, S., Goyal, M. and Jindal, P., “Enhanced Thermal, Static,
and Dynamic Mechanical Properties of Multi-Walled Carbon
Nanotubes-Reinforced Acrylonitrile Butadiene Styrene
Nanocomposite,” Journal of Thermoplastic Composite Materials,
Vol. 35, No. 2, pp. 216-280, 2022.

[13] Dorigato, A., Moretti, V., Dul, S., Unterberger, S. and Pegoretti, A.,
“Electrically Conductive Nanocomposites for Fused Deposition
Modelling,” Synthetic Metals, Vol. 226, pp. 7 -14, 2017.

[14] Shokrieh, M. M. and Moshrefzadeh-Sani, H., “A Novel Laminate
Analogy to Calculate the Strength of Two-Dimensional Randomly
Oriented Short-Fiber Composites,” Composites Science and
Technology, vol. 147, pp. 22-29, Jul. 2017.

[15] Shokrieh, M. M. and Moshrefzadeh-Sani, H., “On the Constant
Parameters of Halpin-Tsai Equation,” Polymer, vol. 106, pp. 14-20.

[16] Rafiee, R., Zehtabzadeh, H. and Amini, M. R., “Predicting
Mechanical Properties of 3d Printed Nanocomposites Using Multi-
Scale Modeling,” Additive Manufacturing, pp. 104055, 2024.

[17] Esbati, A. H. and Irani, S., “Multiscale Modeling of Fracture in
Polymer Nanocomposite Reinforced by Intact and Functionalized

CNTs,” In Persian, Journal of Science and Technology of
Composites, Vol. 4, No. 1, pp. 35-46, 2017.

2417

2255 550 S L o s stled IS iy 5355
plotinl polie wopd 0.1 S5 S 50 Cel o5 Jlews (o205 sloools
G o e b ko3 319 52,8 s 5 4y U plSoxind 5 eSilis
4 e plSoinl 5 uSiles plSoiinl polie 0oy 0.5 Sjg s 4o g ijls
Wl AW 5 e b oo, 061 §3.3 s

S Al (sl ool s &y (2785 5 (6,15 b denlin 2 Jgur

Table 2 Comparison of theoretical and experimental results obtained for
ultimate strength

(JSlKe) 00l S iy Sl 39 S
Al aglsil
' 2oy onSile 0l (g S o3Il S
(Uaz ws o) e lase ) (LK)
(U i
(0o,0)
(3.19%) 36.84 (2.8%) 36.70 35.70 0.1
(0.61%) 37.40 (3.3%) 38.40 37.17 0.5
SRR Ee2—D

gy 53 edliinl (gl canlie CujenalSEl il ploviul g cnl o
hal ol 423513 oo 0590 (02025 5 (65985 ) 99 & ol eS o
s i 3y S 2 janelS gl 455, 5 ABS Ll 5, a5,
5285 )18 S (seil ot ABS (alls iy i Sl 400, (s S
S 2 55 55eelS 5l glaaris, aalol jo 0l e ] (Sl ples
s dnlome L] plSorinl 5 428,58 25 (pgel cod il i
e 0358 5 & S8t e i oo S, sloie i 2
x5z 5 Jsb 3B 5,Sule alie 50 il o 5,8 5 55 eg,Salo Guliio
35 B 530 oo 3 A8 gu)p 2l PSRl 2 23y o Alsil
bogySe ool jo Cald )0 0l oy @l Pl () 50 gl
Sl Sy gy okt LS olie 3 i slo il oKl 4 25
(Folad Conle dy 4z i b aioman ol plonil S o581 STl (Bl
ol (glmosls ol I Sk e plSiminl aSiyl 4y pl3ll g Loyl
3 oeSiln ol S 5 0 iy o5 55 e ] St e oS 2L
odpzinw Joo 85 a0 (gl Tatl i 00 e S0 jelS B s e
008l p (e S Lawgi 00l 03] (eSSl polia s
Wlosd (3l ol 38155 50 o ias olys o 30 (gl S
S8 L o a5 al eanlin w0dd St 5 ol polie ol annlis 5l
it &l e s sl 0855 i iy |, asles oSl polie Yy
sae] s 4y oles plSoil polie (g ks (g5l o 5l oael s 4y gl
O 52l lhs o0 4 a5 b siad e (028 @S L Joe G2k
Sl 85 5l 0ut03ls dangs Joe oS ST Bl o0 55 5 (275 gy S
S35 s slinn 2 Blytangs polinsiz oo el 55 VL
Ll 5l ey jamelS gl anss ) plloiun] cress ;o conlin [l CBs 5 ogdle
3leatlge 8 r0a g5k L Jolite (Solai glaJus 4 i 121 0o
ol Cnle (58 L5 45 conosls A Jan pie s sloae
o S5 1 S s 5 Lo sl A il sl
il e la]



Gbgec shug 5 by el

SIoelS S ails) plizminnl (52)75 5 5 pls () 2

[36] Lordi, V., Yao, N., , “Molecular Mechanics of Binding in Carbon-
Nanotube-Polymer Composites,” Journal of Materials Research,
Vol. 15, No. 12, pp. 2770-2779, 2000.

[37] Al-Saleh, M. H., Al-Saidi, B. A. and Al-Zoubi, R. M.,
“Experimental and Theoretical Analysis of the Mechanical and
Thermal Properties of Carbon Nanotube/Acrylonitrile—Styrene—
Butadiene Nanocomposites,” Polymer, Vol. 89, pp. 12-17, 2016.

[38] Kulkarni, M., Carnahan, D., Kulkarni, K., Qian, D. and Abot, J. L.,
“Elastic Response of a Carbon Nanotube Fiber Reinforced
Polymeric Composite: A Numerical and Experimental Study,”
Composites Part B: Engineering, VVol. 41, No. 5, pp. 414-421, 2010.

[39]Needleman, A., Borders, T., Brinson, L., Flores, V. and Schadler,
L., “Effect of an Interphase Region on Debonding of a Cnt
Reinforced Polymer Composite,” Composites Science and
Technology, Vol. 70, No. 15, pp. 2207-2215, 2010.

[40] Tan, H., Jiang, L., Huang, Y., Liu, B. and Hwang, K., “The Effect
of Van Der Waals-Based Interface Cohesive Law on Carbon
Nanotube-Reinforced Composite Materials,” Composites Science
and Technology, Vol. 67, No. 14, pp. 2941-2946, 2007.

[41] Rafiee, R., “Influence of Carbon Nanotube Waviness on the
Stiffness Reduction of Cnt/Polymer Composites,” Composite
Structures, Vol. 97, pp. 304-309, 2013.

[42] Allen, D. M., “Mean Square Error of Prediction as a Criterion for
Selecting Variables,” Technimetrics, Vol. 13, pp. 469-475, 1971.

[43] Allen, D. M.,“The Relationship between Variable Selection and
Data Augmentation and a Method for Prediction,” Technimetrics,
Vol. 16, pp. 125-127, 1974.

[44] Taguchi, G. “Introduction to Quality Engineering,” Asian
Productivity Organization, White Plains, New York, Vol. 198-210,
1986.

[45] Taguchi, G. “System of Experimental Design: Engineering Methods
to Optimize Quality and Minimize Cost,” White Plains, New York,
pp. 52-59, 1987.
[46] Falkenauer, E., Genetic Algorithms and Grouping Problems,
Chichester, England: John Wiley & Sons Ltd. New York, 1998.
[47] Immanuel, S. D. and Chakraborty, U. K.,* Genetic Algorithm: An
Approach on Optimization,” 2019 International Conference on
Communication and Electronics Systems (ICCES), pp. 701-708,
2019.

[48] Eklund, S. E., “A Massively Parallel Architecture for Distributed
Genetic Algorithms,” Parallel Comput., Vol. 30, pp. 647-676, 2004.

[49] Ghazfan, D. F., Srinivasan, B. and Nolan, M., “Massively Parallel
Genetic Algorithms,” Citeseer, 1994.

[18] Arasteh. M,Ojaghnezhad, F., “Young Modulus and Longitudinal
Damping Coefficient of the Composite Copper Reinforced by
Carbon Nanotubes,” In Persian, Journal of Science and Technology
of Composites, Vol. 2, No.7, pp. 931-940, 2020.

[19] Mozaffari, S., Panahizadeh, V., “Experimental Analysis of Impact
Strength, Tensile Strength and Elastic Modulus of Polyamide 6 /
Polyolefin Elastomer / Carbon Nanotubes / Carbon Nanotubes,” In
Persian, Journal of Science and Technology of Composites, Vol. 8,
No. 3, pp. 1668-1676, 2022.

[20] Bashiri Goodarzi, H. and Yarmohammad Tooski, M., “An
Experimental Study of the Effects of Carbon Nanotube and
Graphene Addition on the Impact Strength of Epoxy/Basalt Fiber
Composite,” In Persian, Journal of Science and Technology of
Composites, Vol. 6, No.3, pp. 411-418, 2019.

[21] Setoodeh, A.R. Sokhandani, N. and Zebarjad, S.M., “Theoretical
and Experimental Study on the Effect of Multi-walled Carbon
Nanotubes on Improving the Tensile Properties and Toughness of
Vinyl Ester Resin,” In Persian, Journal of Science and Technology
of Composites, Vol. 5, No. 4, pp. 539-550, 2019.

[22] Eslami-Farsani, R. Shahrabi-Farahani, A. Khosravi, H.and Zamani,
M. R., “A Study on the Flexural Response of Grid Composites
Containing Multi-Walled Carbon Nanotubes,” In Persian, Journal of
Science and Technology of Composites, Vol. 4, No. 1, pp. 101-108,
2017.

[23] Akar, A. O., Yildiz, U. H., Tirkes, S., Tayfun, U. and Hacivelioglu,
F., “Influence of Carbon Nanotube Inclusions to Electrical, Thermal,
Physical and Mechanical Behaviors of Carbon-Fiber-Reinforced
Abs Composites,” Carbon Letters, Vol. 32, No. 4, pp. 987-998, 2022.

[24] Tambrallimath, V., Keshavamurthy, R., Saravanabavan, D., Koppad,
P. G. and Sethuram, D., “Mechanical Characterization of Pc-Abs
Reinforced with Cnt Nanocomposites Developed by Fused
Deposition Modelling,” Journal of Physics: Conference Series, Vol.
1455, No. 1, pp. 012003, 2020.

[25] Dul, S., Fambri, L. and Pegoretti, A., “Filaments Production and
Fused Deposition Modelling of Abs/Carbon Nanotubes Composites,”
Nanomaterials, VVol. 8, No. 1, pp. 49, 2018.

[26] Yang, L., Li, S., Zhou, X., Liu, J., Li, Y., Yang, M., Yuan, Q. and
Zhang, W., “Effects of Carbon Nanotube on the Thermal,
Mechanical, and Electrical Properties of Pla/Cnt Printed Parts in the
Fdm Process,” Synthetic Metals, Vol. 253, pp. 122-130, 2019.

[27] Pinto, V., Ramos, T., Alves, S., Xavier, J., Tavares, P., Moreira, P.
and Guedes, R. M., “Comparative Failure Analysis of Pla, Pla/Gnp
and Pla/Cnt-Cooh Biodegradable Nanocomposites Thin Films,”
Procedia Engineering, Vol. 114, pp. 635-642, 2015.

[28] Asif, M., Ramezani, M., Khan, K. A., Khan, M. A. and Aw, K. C,,
“Experimental and Numerical Study of the Effect of Silica Filler on
the Tensile Strength of a 3d-Printed Particulate Nanocomposite,”
Comptes Rendus Mécanique, Vol. 347, No. 9, pp. 615-625, 2019.

[29] Yao, T., Zhang, K., Deng, Z. and Ye, J., “A Novel Generalized
Stress Invariant-Based Strength Model for Inter-Layer Failure of Fff
3d Printing Pla Material”, Materials & Design, Vol. 193, pp. 108799,
2020.

[30] Rahmati, A., Heidari-Rarani, M. and Lessard, L., “A Novel
Conservative Failure Model for the Fused Deposition Modeling of
Polylactic Acid Specimens,” Additive Manufacturing, Vol. 48, pp.
102460, 2021.

[31] Zhao, Y., Chen, Y. and Zhou, Y., “Novel Mechanical Models of
Tensile Strength and Elastic Property of Fdm Am Pla Materials:
Experimental and Theoretical Analyses,” Materials & Design, Vol.
181, pp. 108089, 2019.

[32] Rafiee, R. and Zehtabzadeh, H., “Predicting the Strength of Carbon
Nanotube Reinforced Polymers Using Stochastic Bottom-up
Modeling,” Applied Physics A, Vol. 126, No. 8, pp. 595, 2020.

[33] Prasad, P. N., Mark, J. E. and Fai, T., “Polymers and Other
Advanced Materials,” Plemun Press, New York, 1995.

[34] Richardson, T. L. and Lokensgard, E., “Industrial Plastics: Theory
and Applications,” Cengage Learning, 2004.

[35] Kulich, D. M., Gaggar, S., Lowry, V. and Stepien, R,
“Acrylonitrile-Butadiene—Styrene Polymers,” Encyclopedia of
Polymer Science and Technology, Vol. 1, 2002.

>

2418

<0940l (5 )9Ud 9 ol Ay s



