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Abstract.  The pull-out  energy dissipation [1-4]and fracture  toughness of  woven para-aramid 
fabrics modified by low-temperature plasma-enhanced chemical vapor deposition (LT-PECVD) 
were investigated with emphasis on single- and multi-yarn interactions [5]. Pull-out energy was 
quantified from force–displacement responses by separating the contributions of crimp extension, 
initial interlacement rupture, and stick–slip sliding [6], while pull-out fracture toughness [7] was 
evaluated as the energy dissipated per unit area during yarn extraction within the stick–slip regime.

Results demonstrate that total pull-out energy increases markedly with the number of extracted 
yarns, confirming the dominant role of collective yarn interactions and frictional confinement in 
woven architectures [8-10]. However, plasma-treated fabrics exhibited a pronounced reduction in 
pull-out energy compared to pristine, particularly under multi-yarn extraction. For three-yarn pull-
out, plasma modification led to nearly a 50 % decrease in total energy dissipation, primarily due to 
reduced  stick–slip  and  interlacement  rupture  contributions.  This  behavior  is  attributed  to 
treatment-induced relaxation of the woven structure, which lowers packing density and normal 
pressure  at  warp–weft  crossover  regions,  thereby  diminishing  friction-controlled  energy 
dissipation.

A consistent trend was observed in pull-out fracture toughness. The pristine fabric showed the 
highest  toughness  across  all  fabric  opening lengths,  while  plasma-treated fabrics  the  lowest. 
Maximum fracture toughness values reached approximately 3.8 kJ m ² for pristine under three-yarn⁻  
extraction, compared to about 1.4 kJ m ² for plasma-treated fabrics. Increasing fabric opening⁻  
length resulted in a systematic decrease in fracture toughness for all cases, reflecting progressive 
loss of interlacement confinement [11].
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The combined energy and fracture toughness analyses reveal  that  although plasma treatment 
effectively  tailors  fiber  surface  characteristics,  it  compromises  network-level  mechanical 
confinement that governs energy absorption in woven para-aramid [12]. These findings highlight a 
critical trade-off between interfacial surface modification and macroscopic fracture resistance, 
providing mechanistic insight for the optimization of advanced textile architectures subjected to 
friction-dominated deformation and damage processes. 

References 
[1] B.A. Cheeseman, T.A. Bogetti, Ballistic impact into fabric and compliant composite laminates,  
Compos. Struct. 61 (2003) 161–173. https://doi.org/10.1016/S0263-8223(03)00029-1
[2] Y. Zhou, M. Ali, X. Guo, D. Yang, An overview of yarn pull-out behavior of woven fabrics, Text. 
Res. J. 89 (2019) 223–234. https://doi.org/10.1177/0040517517741156
[3] M.P. Rao, Y. Duan, M. Keefe, B.M. Powers, T.A. Bogetti, Modeling the effects of yarn material 
properties and friction on the ballistic impact of plain-weave fabrics, Compos. Struct. 89 (2009) 556–
566. https://doi.org/10.1016/j.compstruct.2008.11.012
[4] G. Nilakantan, R.L. Merrill, M. Keefe, et al., Experimental investigation of the role of frictional 
yarn pull-out and windowing on the probabilistic impact response of Kevlar fabrics, Compos. Part B 
Eng. 68 (2015) 215–229. https://doi.org/10.1016/j.compositesb.2014.08.033
[5] R. Gu, J. Yu, C. Hu, L. Chen, J. Zhu, Z. Hu, Surface treatment of para-aramid fiber by argon 
dielectric barrier discharge plasma at atmospheric pressure, Appl. Surf. Sci. 258 (24) (2012) 10168–
10174. https://doi.org/10.1016/j.apsusc.2012.06.100
[6] N.E. Bilisik, G. Erdogan, K. Bilisik, Pull-out properties of nano-processed para-aramid fabric 
materials  in  soft  ballistic:  An  experimental  analysis,  Appl.  Sci.  (Basel)  15  (2025)  2260. 
https://doi.org/10.3390/app15052260
[7] D.F. Adams, L.A. Carlsson, R.B. Pipes, Experimental Characterization of Advanced Composite 
Materials, 3rd ed., CRC Press, New York, 2003.
[8] Z. Dong, C.T. Sun, Testing and modeling of yarn pull-out in plain Kevlar fabrics, Compos. Part A 
Appl. Sci. Manuf. 40 (2009) 1863–1869. https://doi.org/10.1016/j.compositesa.2009.04.019
[9] K. Bilisik, Properties of yarn pull-out in para-aramid fabric structure and analysis by statistical  
model,  Compos.  Part  A  Appl.  Sci.  Manuf.  42  (2011)  1930–1942. 
https://doi.org/10.1016/j.compositesa.2011.08.018
[10] F.D. Thomas, J. Roark, P. Moy, S. Sockalingam, D.J. O'Brien, T. Weerasooriya, Experiments and 
simulations for dynamic yarn pull-out response of Kevlar® fabrics, Compos. Part A Appl. Sci. Manuf. 
181 (2024) 108147. https://doi.org/10.1016/j.compositesa.2024.108147 
[11]  K.  Bilisik,  M.  Syduzzaman,  Carbon  nanotubes  in  carbon/epoxy  multiscale  textile  preform 
composites: A review, Polym. Compos. 42 (4) (2021) 1670–1697. https://doi.org/10.1002/pc.25955
[12] J.E. Kirkwood, K.M. Kirkwood, Y.S. Lee, G. Ronald, J.R. Egres, J.N. Wagner, Yarn pull-out as a 
mechanism  for  dissipating  impact  energy  in  Kevlar  KM-2  fabric  Part  II:  Predicting  ballistic 
performance, Text. Res. J. 74 (2004) 929–936. https://doi.org/10.1177/00405175040740101

https://doi.org/10.1002/pc.25955
https://doi.org/10.1016/j.compositesa.2011.08.018
https://doi.org/10.1016/j.compositesa.2009.04.019
https://doi.org/10.3390/app15052260

