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Abstract Thermoplastic composites are an area of growing interest due to increasing
environmental awareness as they are recyclable. However, high melt viscosities and
poor fiber matrix adhesions lead to quality and performance issues. The commin-
gling technique is a considerable solution to this problem; hence, textile preforms
are engineered by utilizing both fibers and thermoplastic matrix simultaneously
in the dry state. Such dry prepregs are capable of being converted into compos-
ites through the application of heat and pressure. Commingled prepregs provide
close fiber-matrix physical contacts resulting in better interfaces and wetting char-
acteristics. The chapter discusses possible techniques for prepregs manufacturing
at fiber, yarn, and fabric levels. Thermoplastic commingled composites fabrication
techniques have also been elaborated, including thermoforming and pultrusion. The
impact of commingling on mechanical performance parameters is highlighted, and
possible commingling routes are predicted to achieve endurable characteristics.

Keywords Commingling - Commingled Yarn - Weaving - Thermoforming -
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1 Introduction

Composite materials are the combination of two or more materials (reinforcement
and matrix), providing unique characteristics that are not exhibited by the individual
component. Matrix may be thermoplastic or thermoset; however, the reinforcements
could be particles, fibers, yarns, and fabrics. Thermoset matrices are of low viscosity
and hence are capable to provide better impregnations, while thermoplastic matrices
are of high viscosity and are thus difficult to impregnate within reinforcement mate-
rials. On the other hand, reinforcement materials have porosity issues at micro, meso,
and macro levels which require viable impregnations to provide better mechanical

M. Hussain () - A. Abbas - M. A. Asghar

School of Engineering and Technology, National Center for Composite Materials, National
Textile University, Faisalabad 37610, Pakistan

e-mail: muzzamal.hussain @ntu.edu.pk

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 79
Y. Nawab et al. (eds.), Natural Fibers to Composites, Engineering Materials,
https://doi.org/10.1007/978-3-031-20597-2_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-20597-2_4&domain=pdf
mailto:muzzamal.hussain@ntu.edu.pk
https://doi.org/10.1007/978-3-031-20597-2_4

80 M. Hussain et al.

and physical characteristics to the composites. The conventional thermoforming route
isn’t capable to provide the proper impregnations and desired characteristics; hence
the commingling technique is used. Commingling involves the fabrication of dry
prepregs, comprising a thermoplastic matrix and reinforcement materials. Natural
fibers reinforced composite materials are an area of growing interest due to environ-
mental burdens. Natural fibers are usually hydrophilic and synthetic thermoplastic
matrices are hydrophobic. Such affinity differences do not allow proper adhesion and
bonding.

Commingling: expounded as converting into a single mass/entity, is a chiefly
preferred technique to obtain better reinforcement wetting/impregnation character-
istics resulting in increased fiber-matrix adhesion. Natural fiber composites (NFCs)
offer poor integrities governed by improper fiber matrix interactions; hence commin-
gled NFCs are an area of interest. Textile preforms offer commingling opportunities
at each possible stage i.e., fibers, yarns, nonwovens, woven, and knitted fabrics.
Commingling technique for thermoplastic composites creates an effective route
allowing to achieve better fiber wettings. Conventional thermoplastic composites
manufacturing follows a route where reinforcement materials and thermoplastic
sheets are stacked alternatively for composite thermoforming. However, the commin-
gling technique allows dry prepreg formation, the prepreg consists of both thermo-
plastic matrix and reinforcement in desired proportions. The prepregs are directly
thermoformed for composite formation [1]. Figure 1 shows the described fabrication
routes.

Fiber reinforced composites are used in different applications including sports,
packaging, automobile, aerospace, agriculture, etc. Fiber reinforced composites have
two components: reinforcement and matrix. Depending upon the nature of applica-
tions, the material of the components may vary. The reinforcement material deter-
mines the properties of composites material being the main load-bearing component.
The use of Natural Fiber Composites (NFCs) has increased in recent years due to
many environmental reasons [2—8].

The properties of NFCs depend on many factors e.g., fiber orientation, fiber length,
fiber diameter, fiber distribution, fiber volume fraction, and porosity [9]. Natural
fibers used for reinforcement are jute, banana, flex hemp, banana coir, etc. [10-15].
NFCs are more preferred because, at the end of their life cycle, the amount of CO,
emitted is the same as consumed by these fibers during their growth [16]. NFCs
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Fig. 1 Conventional and commingled composite fabrication routes
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can have either one or both components made with natural material, However, the
use of natural fibers as a reinforcement is most convenient due to its availability in
abundance, easy processing, and cost-effectiveness [6—8, 17—19]. The NFCs can be
made using both thermoset and thermoplastic composites however thermoplastics
are more preferred due to recyclability and processing. There is a certain issue while
processing the thermoplastic matrix due to high viscosity, which makes fabrication
quite difficult. Apart from the high viscosity of the matrix, the natural fibers have a
rough surface, protruding fibers on the surface, and poor wetting properties, these
lead to low fiber volume fraction and low fiber matrix interface [2]. The fiber matrix
interface can be improved through chemical treatment of fibers, but while dealing
with the spun fibers the yarn-packing density is more difficult to achieve due to a
higher amount of hairiness. These issues can be reduced by commingling the natural
fibers with the matrix. The commingling in thermoplastic provides readymade dry
prepreg which can be converted to composite by hot press.

2 Techniques of Commingling

The commingling of natural fibers with the matrix can be done at three levels i.e.,
fiber, yarn, and fabric. However, the integrity and desired mechanical characteristics
may vary depending on the adopted technique.

2.1 Fiber Level Commingling

The fiber level mixing is done either to make a non-woven mat or mixed at the blow
room stage to later make spun yarn. The fiber—fiber mixing is shown in Fig. 2. The
natural fibers and thermoplastic matrix in the form of short fibers are mixed in the
blow room to form the blow-room stage commingled yarn and then the commin-
gled fabric can be woven from such yarns. However, this blend of fibers and matrix
yarn can be subjected to hot compression molding to form non-woven composite
matts. Literature comprises novel studies on fiber level commingled composites.
Ameer et al. [20] developed jute and polypropylene fibers commingled nonwoven
prepregs with different blend ratios of jute and polypropylene, the prepregs were
then converted into composites via thermoforming. The characterizations show
maximum mechanical performance at 40% jute and 60% polypropylene ratio by
volume in nonwoven commingled preforms. Increasing or decreasing the percentage
of both polypropylene and jute causes the properties of composite material to change.
However, the key concern is also to reduce the composites-moisture interactions as
natural fibers are hydrophilic. Moisture absorption decreases linearly via increasing
thermoplastic fibers percentage in nonwoven mats. Karaduman et al. [21] archi-
tected nonwoven commingled composite sandwich structures having polyester foam,
polypropylene honeycomb, and balsa wood inside the core. Flexural behaviors of
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Fig. 2 Flow chart of fiber—fiber commingling [9]

nonwoven commingled sandwich composites show an enhancement with increasing
fiber volume fractions.

Increasing environmental concerns have compelled the industry to find more
more sustainable composite solutions. Although polyolefins i.e., polypropylene-
based natural fiber reinforced thermoplastic composites are considered environment
friendly due to recyclability. A significant share of such composites is of natural mate-
rials, and also these reduce environmental burdens via reducing non-biodegradable
synthetic materials consumption. Polylactic acid (PLA) is a biodegradable thermo-
plastic material and is a suitable alternative to polyolefins. Lingansio et al. [22]
fabricated nonwoven sandwich commingled prepregs through the pultrusion tech-
nique. Prepreg comprised flax/PLA commingled yarns as outer layers and nonwoven
sheets as inner sandwich materials (Fig. 3). Commingled yarns providing better
matrix distribution and good fiber matrix adhesion provide superior mechanical
attributes over conventionally fabricated nonwoven sandwich composites (Fig. 3).
Different surface treatments i.e., alkali, benzoyl chloride, KMnQy, and saline treat-
ments also led to good fiber wetting characteristics, governing better fiber-matrix
adhesion [23]. Nonwoven fabrication methods offer a wide range of opportuni-
ties to engineer commingled composites. Matrix/reinforcement percentage critically
defines composite mechanical characteristics.
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Fig. 3 Commingled nonwoven sandwich prepreg [22]
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2.2 Yarn Level Commingling

Yarn level commingling involves the spinning of reinforcement fibers with thermo-
plastic matrix fibers. Variable mixing ratios can be set w.r.t required characteristics
i.e., mechanical properties, hydrophobicity, etc. Yarn produced by this process is
used to engineer fabrics that are capable of being converted into composites after
thermoforming. Yarn level commingling comprises three basic techniques including
core-spun commingled, co-wrapped commingled, and co-twisted Commingled yarns
(Fig. 4).

Core-spun commingled yarns comprise reinforcement core and thermoplastic
fibers wrapping. This is carried out at the spinning stage. However, core-wrapped
yarns have matrix yarn wrapped on reinforcement core [24], and the process is carried
out at the doubling stage of spinning. Described architectures have been shown in
Fig. 5. Thermoplastic matrix and reinforcement yarns can also be co-twisted. The
process is carried out at the doubling stage of spinning. Figure 5 shows the co-
twisting setup of jute and polypropylene yarns [2]. Roving machine modifications
can be performed for the purpose. Four polypropylene yarns are fed with one jute
yarn from the input side of the simplex machine instead of roving. The yarns are
initially passed over two guide rollers which help them to behave as a single toe.
In the simplex drafting frame, the top assembly is disabled, hence no draft occurs.
Afterward, the flyer inserts the required twist (1-2 twists per inch) into yarns.

Fig. 4 Yarn level
commingling technique [24]

(‘;o-twisted Yarn




84 M. Hussain et al.

Apron

Flyer «——

Co-Twisted
Commingled Yarn

Roving Bobbin

T T
Polypropylene Jute

Fig. 5 Co-twisting setup on roving machine

Fig. 6 Commingled
filaments extrusion setup Spinneret
[25] ’

Matrix Fibers
Extrusion

Reinforcement
Fibers Extrusion

mm = Commingling Point
Filament Commingled
Yarn

For yarn level commingling two different extrusion setups could also be installed
having a common ending point where newly extruded filaments are mixed as shown
in Fig. 6. Both filaments form a dry prepreg filament yarn capable of being converted
into cured composite upon thermoforming i.e., polypropylene and glass fibers [25].

2.3 Woven and Knitted Commingled Composites

Woven commingled composites can be architected using different warp and weft
yarns, the reinforcement and matrix yarns can be used in either warp/weft or
both directions simultaneously. Knitted commingled composites are engineered
with specialty inlaid structures (Fig. 7). Thermoplastic yarns are utilized in base
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Fig.7 a Woven commingled prepreg b knitted commingled prepreg front view c¢ knitted
commingled composite prepreg (top view) [26]

knitting; however, reinforcement yarns are inlaid. Asghar et al. [2] compared the
mechanical characteristics of commingled and non-commingled woven thermo-
plastic composites using jute and polypropylene. Results elaborated that commingled
composite performed better than non-commingled composites fabricated through
thermoforming. Moreover, fiber wetting also showed an improvement during SEM
analysis of woven commingled composites.

Awais et al. [26] compared the knitted inlaid unidirectional commingled compos-
ites and woven commingled composites, the results showed superior mechanical
performance of knitted commingled composites. Woven commingled composites,
architected through interlacement of thermoplastic yarns and reinforcement yarns,
possess crimps in structure. The crimps are retained by reinforcement yarns during
thermoforming; hence the yarns are not 100% unidirectional which leads to a nega-
tive contribution to mechanical characteristics. However, knitted inlaid structures
comprise straight inlaid reinforcement yarns with base knitting thermoplastic mate-
rial, the inlaid yarns do not have any crimp, so the unidirectional mechanical char-
acteristics are better. However, fabric architectures do not influence the inherent
mechanical properties of the material i.e., flax being the strongest natural fiber
showing higher mechanical characteristics [27].

3 Fabrication of Commingled Composites

3.1 Thermoforming

Thermoplastic materials have the capability of being molded into newer shapes upon
melting. Thermoforming composites fabrication technique involves the application
of heat and pressure for converting dry commingled prepregs into a composite form.
The thermoforming machine comprises of two heavy metal platens whose working
temperatures can be adjusted according to requirements as shown in Fig. 8. The
plates are moveable and can be set into a close position after specimen placement
between the plates. Teflon sheets are utilized to avoid direct contact of composite with
platens. Along with temperature setup, the thermoforming machine also comprises
of hydraulic pressure setup which helps to keep specimens under constant pressure.
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Fig. 9 a Non-commingled stacking sequence b commingled prepregs stacking sequence [26]

Temperature and pressure cycle times could be set on thermoforming machines and
automatic appropriate processing could be achieved.

Stacking sequence of reinforcement materials during thermoforming helps
achieve the isotropic mechanical properties. Usually, the cross-ply laminates of 0°—
90° are used for both commingled and non-commingled composites thermoforming
(Fig. 9). For non-commingled thermoplastic composites after each reinforcement
ply a thermoplastic matrix e.g., polypropylene sheet is to be placed. However,
commingled dry prepregs are directly placed upon each other in a 0°-90° sequence.

3.2 Pultrusion

Pultrusion is a well-known manufacturing technique for thermoset composites, where
the product of a constant cross-section is required up to a certain length. However,
for commingled thermoplastics, the pultrusion can be used as a preparatory process
before thermoforming, where the thermoplastic composites are fabricated i.e., sand-
wich commingled structures. Straight commingled yarns are passed through the
respective guides of the pultrusion machine (with no heating arrangement) in the
form of two warp sheets having a predetermined distance between them. The gap
can be utilized for incorporating nonwoven sheet or any other high-performance
fibers governing a sandwich commingled structure, which are then subjected to
thermoforming to make the sandwich composite [22].
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3.3 Effect of Different Factors

Temperature and pressure are the two basic factors influencing thermoplastic
commingled composites fabrication. Temperature is necessary to heat the prepreg
till the melting point of the thermoplastic matrix. However, pressure is likely to be
applied to overcoming the voids and required free spaces in composites which can be
a place for moisture and other environmental factors settlement in the future. Pres-
sure also allows the viable impregnation governing a better fiber-matrix adhesion
and better fiber volume fraction.

However, optimization of parameters is necessary during any product engineering,
and the same is for thermoplastic commingled composites. Compression pressure
could be a parameter during thermoforming. While fabricating a thermoset composite
by thermoforming technique, the phenomenon is different as compared to the ther-
moplastic composites. In thermoset composites, fibers are in a solid state while the
matrix is liquid. As the compression is applied matrix being in a liquid state tends
to bleed, hence there is less stress on fibers due to matrix stress dissipation. On the
other hand, in thermoplastic composites both fiber and matrix are in the solid state.
When temperature and pressure are applied in thermoforming, the solid matrix fibers
cannot bleed, and hence remain in place until they reach their melting point. In this
case, there is higher stress on fibers, which can tend fibers to group closer to each
other until the matrix does not come into a molten state (Fig. 11).

Natural fibers used in commingling are usually lignocellulosic, such fibers have
their unique fibrils architecture. Lumen being the sensitive portion of fibril can quench
and fiber can be damaged due to instant stresses. Damaged fiber structures can lead to
compromised mechanical characteristics. Different behaviors of natural fibers rein-
forced commingled prepregs have been shown in Fig. 10. When there is no compres-
sion, the commingled yarns are in their original round cross-sectional and relaxed
state. The yarn cross-section turns elliptical while subjected to the instant compres-
sion loading, such a phenomenon compresses the reinforcement fibers and makes
them closer in bundles. Lumen inside fibers also starts being compressed and fiber
performance is compromised. However, in Fig. 10c during gradual compression,
jute fibers remain in their original round state and are not compressed like instant
loading. Hence the gradual compression loading helps natural fibers to keep their
original shape retained, providing a positive share of the composite performance.
Pressure increments are also crucial, short increments help to bleed out the thermo-
plastic matrix slowly and steadily imparting minimum stress on the reinforcement
fibers.

4 Effect on Physical Properties

Physical properties of composites include fibers/yarns orientations within commin-
gled composites, fibers wetting, and moisture management behaviors. Woven
commingled composites are engineered by using matrix and reinforcement yarns
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in warp and weft respectively. Woven fabrics have crimps in their architectures, and
the crimps are retained in reinforcement yarns even after composites fabrication.
Such crimps contribute to directional mechanical properties reduction, as yarns are
not straight. However, knitted commingled composites consist of straight inlaid yarns
without having any crimp, hence the mechanical properties are superior to woven
commingled thermoplastic composites [27]. Commingled composites possess better
fiber wetting properties, leading to enhanced fiber-matrix adhesion. The commin-
gling technique distributes the matrix more evenly with the reinforcement fibers,
hence there are more chances of impregnation. Woven composites fabricated by
thermoforming of fabrics and polypropylene sheets exhibit poor wetting compared
to the woven commingled composites. Figure 11 shows the microscopic analysis of
both woven and woven commingled composites. It can be seen that there is improved
wetting in woven commingled composites as compared to woven composites [27].
Moisture regain identifies the amount of moisture absorbed in the dry weight
of a composite. Polypropylene has the least moisture regain of 0.4%, hence is
nearly hydrophobic. Increasing the amount of polypropylene in jute reinforced
nonwoven composites decrease the affinity of composite towards moisture. However,
the increase above a certain limit causes fiber volume fraction to decrease, which
ultimately tends the mechanical performance of composites to be compromised [20].
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5 Mechanical Properties of Commingled Composites

Composite processing parameters are also influential in the mechanical character-
istics of commingled yarns composites. Consolidation pressure and holding time
directly relate with mechanical properties up to a certain limit [28].

5.1 Tensile Properties

Tensile strength describes the maximum load bear by the materials in directional
extensions. Composite materials being a macroscopic combination of matrix and
reinforcement exhibit the unique characteristics of both materials. Fiber matrix inter-
face/adhesion is crucial in defining the tensile properties of composites. Natural fiber
reinforced non-commingled composites exhibit poor tensile characteristics due to
poor fiber wetting and low adhesion [2]. Due to this factor, the material cannot behave
as a single entity compromising its strength. Fabric architectures also play an impor-
tant role in tensile characteristics even within commingled composites. Stain rates
during tensile testing are also influential. Tensile strength and modulus of E-glass and
polypropylene woven composites increase with increasing strain rates [29]. Woven
thermoplastic composites having multiple layers show better mechanical charac-
teristics; however multiple layered composites having commingled prepregs show
superior tensile strength over the same number of layers comprising non-commingled
composites, as shown in Fig. 12.

5.2 Flexural and Impact Behaviors

Flexural characteristics determine the maximum bending loads and strains of
composite materials. Non-commingled composites possessing poor fiber matrix
adhesion have poor flexural properties. However, commingled composites have supe-
rior characteristics. Similarly, the knitted commingled UD composites have better
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shear behaviors than woven commingled composites [27]. Shear characteristics of
woven commingled composites seem to be compromised by increasing strain rates
in testing [29]. Commingling level can also be influential on flexural performance
i.e., fiber and yarn level commingling offer better fiber matrix interface compared
to the fabric level commingling. Similarly, an increasing number of reinforcement
layers enhance the composite strength. However, the overall flexural performance
of commingled composites is better than non-commingled composites as shown in
Fig. 13.
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6 Conclusion

Commingling is a promising method for thermoplastic composites engineering with
matrix and reinforcements having different affinities. Different commingling levels,
i.e., fibers, yarns, and fabric offer a variable range of properties. Nonwoven commin-
gled thermoplastic composites show an increasing trend of mechanical properties
with an increase in matrix content up to a certain limit; however, moisture affini-
ties have shown a linearly decreased trend. Commingled yarns can be manufactured
using core-spun, core-wrapping, and co-twisting methods with some machine modi-
fications. Both knitting and weaving can be employed in UD thermoplastic prepregs
manufacturing. Knitted commingled UD composites show better mechanical perfor-
mance i.e., tensile, flexural, impact, etc. as compared to woven commingled compos-
ites. Knitted and woven structural modifications are also vital in property enhance-
ment. Though, the commingling techniques are an influential initiative toward natural
fiber reinforced composites manufacturing with more effective material utilization
and properties attainment.
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