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Influences of fiber crossover and undulation on unidirectional properties of filament winding composites
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Abstract : The presence of fiber crossover and undulation (FCU) structures in single-filament winding (SFW) significantly
influences the mechanical properties of composite layers. However, due to the complexity involved in characterizing its influence
mechanism, this structural feature is often overlooked in winding composite design. A new multidimensional research method that
integrates stiffness coefficient analysis, tensile testing, and numerical simulation was proposed in this paper. First, a theoretical FCU
model was established to analyze stiffness coefficient variations. Subsequently, a multiscale comparative study was conducted
between SFW and the novel multi-filament winding (MFW) technique. The results indicate that the effects of FCU on the mechani-
cal properties of composite layers prepared by SFW technique exhibit fluctuating changes with the winding angle. To characterize
the microscale failure mechanisms induced by FCU, scanning electron microscopy was employed for analysis. Additionally, a meso-
scale finite element model incorporating fiber bundle cross-corrugation structure was developed. Implemented via user-defined
subroutine, this model accurately predicts failure mode evolution and strength characteristics with an error below 7.79%. Compared
to MFW technique, composite layers fabricated using SFW exhibit higher stiffness, lower damage load, and shorter damage displace-

ment. Moreover, specimens prepared using SFW technique exhibit significant stress concentration near a 22.5° winding angle due to
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the tensile-shear coupling effect. However, in the region around 67.5°, defects caused by stress concentration are compensated. This

is manifested by a 41.30% improvement in tensile properties for specimens prepared using MFW technique when the winding angle

equals 30°. At a winding angle of 60°, the tensile properties of specimens produced by both techniques are nearly identical.

Keywords : fiber crisscrossing and corrugation ; multi-filament winding ; multiscale study ; wave effect ; failure mode predic-

tion
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Tab.1 Mechanical property parameters of carbon fiber composites

Parameters Notation Numerical value
Tensile modulus/GPa E E,E, 150.0,8.41,8.41
Shear modulus/GPa G,,G,,G 5.42,3.48,5.42
Poisson's ratio Vi Vasa Vi 0.42,0.48,0.42
Density/(g+cm™) P 1.78
Prepreg thickness/mm D 0.183
Tensile strength/MPa X, Y, 2418,28.7
Compressive strength/MPa X, Y, 1131,104.8
Shear strength/MPa S 40.2
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Tab.2 Unidirectional tensile properties obtained from experiments and RVE modeling

Experimental RVE modeling
Winding angle/ : : ) :
©) Process Tensile Tensile Tensile Prediction error/% Tensile Prediction error/%
modulus/GPa  strength/MPa modulus/GPa strength/MPa

w0 MFW 33.10 1322.51 29.82 9.91 1255.92 5.04

SFW 35.98 1 156.40 30.55 15.09 1106.58 431

B MFW 32.06 1375.03 34.96 9.05 1311.80 4.60

=30 SFW 38.63 999.63 35.75 7.46 928.33 7.13

=45 MFW 36.32 1 409.56 34.49 5.04 1 340.69 4.89

SFW 34.33 1256.42 35.68 3.93 1158.56 7.79
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SFW 40.23 1476.54 36.37 2.14 1 500.96 1.65
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