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ABSTRACT

The present study investigates the importance of commingled towpregs and their effect on
Kevlar/PP composites. A commingling machine was fabricated in-house for the towpregs'
production. The study begins with optimising nozzle design geometry using 3D CFD
simulation and experimental testing. Three different nozzle geometries were analysed to
understand their airflow behaviour and commingling efficiency in terms of fluid parameters
vorticity magnitude (VM), turbulent kinetic energy (TKE), turbulent intensity (TI) and radial
velocity (RV). Among the chosen nozzle designs, configurations | and Il work on backwards
airflow principles, while configuration (CONF) I1Il functions with forwarding airflow
principles. To gain a comprehensive insight into the airflow dynamics within distinct nozzle
sections, an analysis is conducted on the contours of 3D and surface streamlines. Subsequently,
COM towpregs are manufactured employing these three nozzles under the same processing
conditions. The structural properties of the resulting COM towpregs, including nip frequency,
nip stability, yarn regularity, and mingling tendency, are then evaluated to determine the
effectiveness of the simulated nozzle designs.

Further, the pre-opening behaviour of nozzles was analysed by recording/capturing the
commingling process during the production. Among the studied nozzles, the nozzle
Configuration 111 with forward airflow principle can produce towpregs with compact structure,
high nip frequency, and mixing quality at lower pressure (4.5 bar) compared to other nozzle
designs. Nozzle CONF Il have the excellent ability to mix both reinforcement and matrix
filaments across the yarn structure. The nozzle can also form stable nips in the yarn structure,
making the textile's performance effortless.

Nozzle CONF Il diameter was optimised, and commingling process parameters were
conducted through 3D CFD simulations and Box-Behnken design studies. Simulations were
performed for nozzles with cylindrical diameters of 3, 5, 7, and 9 mm, and towpregs were
subsequently manufactured at these diameters to assess the effect on the quality properties of
Kevlar®PP commingled towpregs. Among the studied diameters, the 7 mm nozzle diameter
yielded towpregs of exceptional quality compared to others. The available empty space for
commingling individual Kevlar® and PP filaments reached an optimal level at the 7 mm
nozzle, offering improved fibre displacement within and between the Kevlar® and PP filament
bundles. The Box-Behnken design study highlighted that air pressure can significantly

influence the formation of higher stable nips.



Furthermore, interaction parameters such as delivery speed and overfeed of fibre bundles
should be minimal to enhance fibre-air interaction and to increase stable nip frequency in
towpregs. The optimal processing parameters for quality towpregs were arrived at an air
pressure of 4.5 bar, delivery speed of 2 m/min, and overfeed of 3% and 1% for Kevlar and PP
filaments, respectively. Towpregs produced under these conditions using a 7 mm nozzle
diameter exhibited the highest nip frequency, nip stability, weavability, and homogeneous
fibre-matrix mixing quality.

The consolidation quality of the unidirectional (UD) composites made with commingled
(COM) Kevlar®/pp towpregs produced at the optimised conditions were compared with UD
composites of friction spun (FS) and braided (BR) towpregs. The composites were produced
with 50 % fibre volume using unidirectional layer wrapping technique under compression
moulding machine at constant consolidation parameters. Among these composites, UD-COM
composites outperformed other composites in terms of lowest void, higher flexural,
interlaminar shear and 1zod notch impact properties. The towpregs' structure and the fibre-
matrix distribution within the towpregs' cross-section significantly affect the consolidation
quality and composite properties. The COM towpregs offered a homogenous distribution of
fibre and matrix, reducing melt flow distance, eventually reducing the void and increasing the
composite mechanical and impact properties.

The current study investigated the influence of woven textile preforms using COM towpregs
on consolidation quality and composite performance. Woven preforms, including UD,
Satin/Sateen, and 3D orthogonal structures, were manufactured using Kevlar®/PP COM
towpregs with a fibre volume close to 50%. To ensure a fair comparison, the areal density of
these composites was kept constant. The evaluation was done in terms of void content, flexural
strength, modulus, interlaminar shear strength, Izod notch impact, and dynamic impact
resistance properties. Remarkably, 3DO-WC outperformed UD-WC and SA-WC across all
these mechanical and impact properties. The study underscored the importance of through-
thickness directional towpregs in enhancing the absorption of higher impact energy. The
combinational effect of parameters such as fibre orientation, fibre volume in the loading
direction, increased structural integrity and stability played a crucial role in influencing the

mechanical and impact properties of the composites.
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