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초록: 본 연구에서는 다른 방식의 커밍글 얀(commingled yarn)과 제직방법을 이용하여 유리섬유와 폴리프로필렌

복합 프리프레그를 제조하고 그 구조 특성과 성질에 대해 살펴보았다. 복합 프레프레그 제조를 위하여 covering 방

식과 air textured 방식으로 제조된 두 종류의 커밍글 얀을 이용하여, 평직과 능직으로 직조하였다. 프리프레그 제작

시 커밍글얀 방식과 직조방법에 따라 유리 섬유의 배열이 불규칙적으로 이동됨을 확인하였고, 이는 열가소성 수지

인 폴리프로필렌의 높은 점도에 기인한 것이다. 직조된 유리섬유 패턴의 변형은 프리프레그의 기계적 물성에 큰 영

향을 미치는 것을 확인하였다. 본 연구에서 확인된 결과들은 향후 하이브리드 섬유를 이용한 프리프레그 개발 시

공정을 설계하는데 도움이 될 것으로 기대된다.

Abstract: Glass fiber/polypropylene (GF/PP) composite prepregs were produced using different types of commingled

yarns with different weave patterns. The commingled yarn used in this study was prepared using covering and air textured

methods and the prepared commingled yarns were woven into two different weave patterns, plain and twill. The results

show the effect of the commingling method and weave pattern on impregnation and alignment of GF in the composite

prepregs due to the flow of the highly viscous molten PP resins. The mechanical properties (tensile strength, puncture

impact properties, and Izod pendulum impact resistance) of the prepared composite prepregs were also evaluated. The

results of this study show that the best tensile and impact resistance properties of composite prepreg is achieved using

fabrics with a twill weave pattern made from air textured yarn (ATY) commingled yarns, which ensures the uniformity

and alignments of the GF yarns in the composite.
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Introduction

Prepregs, composite materials in which a high strength rein-

forcement fiber is pre-impregnated with a thermoset or ther-

moplastic, have attracted much attention in the high

performance composite industry due to their ease of use, high

strength, uniformity, and consistent properties.1,2 The differ-

ences between thermoset and thermoplastic prepregs are shelf

life, recyclability, and impact tolerance. Since thermoset resin

starts as a liquid and requires curing to change its state from

liquid to solid, which is known as the B-stage, thermoplastic is

more attractive in terms of processability during prepreg pro-

duction.3-5

Thermoset prepregs are most commonly used in prepreg

composites. Since the high viscosities of molten thermoplas-

tics, compared to thermosets, make them difficult to impreg-

nate with reinforcement fibers.6,7 As results, the use of

commingled yarn is one promising approach to overcome and

better utilize thermoplastic as a matrix for prepreg produc-

tion.4,8-14 Commingled yarn consists of two or more yarns,

which form a single strand of yarn. It typically consists of a

blended combination of matrix-forming filaments and high
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performance reinforcement fibers such as glass fiber (GF), car-

bon fiber, etc. During the commingling process, the multiple

thermoplastic filaments are effectively intermingled with the

reinforcing filaments in a non-molten state, thus, the molten

resin flow distance for impregnation is greatly reduced in the

prepreg manufacturing process.15,16

Recently, several studies have been reported on manufac-

turing and mechanical behavior of composite prepreg using

commingled yarn.17-20 The commingled yarn is suitable for

forming a complex-shaped composite quickly. The flexible

commingled yarns can easily be woven into a textile fabric

with high drapability, which is not achieved with other meth-

ods such as the film stacking method, plied matrix method, and

powder method. Intermediate prepreg can be easily obtained

by applying suitable pressure and temperature on woven and

commingled yarn. These features make the use of commingled

yarn a promising and cost-effective method to make ther-

moplastic composite prepreg.

In this study, commingled yarns were produced by mixing

polypropylene (PP) filaments and GF filaments using the cov-

ering and air textured yarn (ATY) method. GF was used as a

reinforcing filament yarn and PP was used as a thermoplastic

matrix. The PP fibers were subsequently melted, filled into a

mold and used to impregnate the reinforcing fibers. The migra-

tion of GF during the molding process is first reported in this

research which is important to achieve high mechanical prop-

erties of prepregs. The effect of the structure of the com-

mingled yarn and the weave pattern of the woven fabric on the

mechanical properties of the GF/PP composite prepregs was

studied.

Experimental

Materials. PP with 2000 D supplied by the Dong Sun Syn-

thetic Fiber Co., Ltd (Korea) was used as a thermoplastic poly-

mer matrix material to produce the commingled yarn. The

tenacities of PP monofilament is 8 g/d, the elongation is 25%,

and the shrinkage is 10%. GF provide by PFG Fiber Glass

Corporation (Taiwan) with a linear density of 68 tex was used

as the reinforcement fiber. The GF yarns are produced by

twisting 400 filaments of 9 µm in diameter and the minimal

value of tensile strength is 53.1 g/tex.

Methods. Manufacture of Commingled Yarn: The com-

mingled yarn used in this study was prepared using two dif-

ferent methods, the covering and ATY methods. The process

parameters for the two methods are shown in Tables 1 and 2.

All the commingled yarns were produced with 23 wt% of GF

and 77 wt% of PP.

Preparation of Woven Fabric and Prepreg: The prepared

commingled yarns were woven using a rapier loom weaving

machine. The fabric was woven into two different weave pat-

terns, plain and twill with the weaving density of 10 ends/inch

in waft and 10 ends/inch in weft. To obtain samples of the ther-

moplastic composite prepregs, the obtained woven fabrics

were cut into equal 50×100 cm2 pieces and laid down in 5 lay-

ers. The samples were then subjected to a temperature of

200°C and pressure of 60 bar for 6 sec using continuous com-

pression molding machine in order to obtain a final composite

thickness of 1.3 mm.

Characterization. Scanning electron microscopy (SEM)

and optical microscopy were used to observe the fiber dis-

tribution of the commingled yarn and fabrics. The mechanical

properties (tensile strength, Izod pendulum impact resistance,

and puncture impact properties) of the commingled yarn fabric

and GF/PP composites prepregs were evaluated according to

the standards KS K 0521 (gauge length: 200 mm, test speed

100 mm/min, sample width 500 mm), ASTM D 638 (thick-

ness: 2.8 mm, width: 13.0 mm, distance between grips: 114.0

mm, test speed: 200/min), ASTM 256 (thickness: 2.8 mm,

width: 12.7 mm), and ISO 6603-2 (impact velocity: 4.4 m/s,

falling height: 978.085 mm, total mass: 20.41 kg), respectively.

The specimens used in the mechanical testing were cut from

the prepregs using a router cutter. A minimum of ten spec-

imens were evaluated for each sample for all tests.

Table 1. Process Parameters of Commingled Yarn Prepared

by the Covering Method

Speed (m/min) 15.4

Upper (RPM) 9,240.0

Winder (%) 100.0

Traverse (o) 60.0

Twist (T/M) 100.0

Table 2. Process Parameters of Commingled Yarn Prepared

by the ATY Method

Yarn speed (m/min) 450

Air pressur (kgf) 12

Core overfeed (%) 10

Effect overfeed (%) N/A

Nozzle T341
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Results and Discussion

The structure of prepared GF/PP commingled yarn by the

covering and ATY methods is shown in Figure 1. It is

observed that the GF reinforcing yarn is the core around which

the PP thermoplastic yarns are twisted in the commingled yarn

prepared by the covering method. With the ATY method, the

GF and PP fibers are mixed in a nozzle by means of com-

pressed air, which results in shifting of the filaments longi-

tudinally. This different structure of commingled yarn would

result in nonuniform impregnation and distribution of ther-

moplastic resin in the final composite, which would affect its

microstructure and mechanical strength. The cross-section

SEM images of the commingled yarn show that the GF fil-

aments are surrounded by the PP filaments in both com-

mingled yarns.

The optical microscopy images of woven fabric with a plain

and twill weaving pattern using commingled yarn produced

using the covering and ATY methods are shown in Figure 2.

In Figure 3, the weft and warp directional tensile strength of

the woven GF/PP commingled yarn fabrics are as follows:

covering plain (1335 N, 1900 N), covering twill (1277 N,

1400 N), ATY plain (1901 N, 2400 N), and ATY twill (2059 N,

3500 N), respectively. The plain weave interlaces more than

the twill weave, as shown in Figure 2. Since more interlacing

increases the number of stress points, the tensile strength of the

fabric with the plain weave pattern was lower compared to that

with the twill weave pattern due to its fabric structure,9 as mea-

sured. The twill weave pattern has longer floats compared to

the plain weave pattern in the warp direction, therefore, the

breaking loads are higher than the lower linear densities in the

weft direction. As can be seen from the results, the weave pat-

tern type affects the mechanical properties of the fabrics.19

The prepared fabrics were then subjected to a molding pro-

cess to produce the composites. They were compacted under

pressure and at an elevated temperature to above Tm of the PP

Figure 1. Structure of prepared commingled yarn by the covering and ATY methods.
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filaments. The molten PP component flowed and impregnated

the GF filaments and filled the mold. The images of the final

composite prepregs are shown in Figure 4. The nonuniform

distribution of GF in the final composite prepreg was observed

on using the covering commingled yarn samples (Figure 4(a),

4(c)). Since the PP yarns were twisted on GF core yarns with

the covering commingled yarn (Figure 1), the thermal shrink-

age behavior of PP yarns and highly viscous, molten PP resins

flowed on both sides of GF during the molding process. This

caused the stiffer GF to migrate away from the weaved pattern

area, which caused a weave-like pattern in the final composite

prepregs. On the other hand, GF in the ATY commingled yarn

samples had a well maintained orientation during the fabri-

cation process compared to the covering commingled yarn

samples (Figure 4(b), 4(d)). Since the PP yarns were lon-

gitudinally aligned to GF, the shrinkage stress is lower and

Figure 2. Optical microscopy images of prepared woven fabric using commingled yarn produced using the (a,b) covering method; (c,d) ATY

method with two different weaving patterns, plain and twill.

Figure 3. Tensile strength of woven fabrics in the (a) weft direction; (b) warp direction.
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molten PP resin flowed in only one-way.

It is well known that the impregnation and distribution of the

final composite have a significant effect on the mechanical

performance of composite prepregs. Figures 5-7 show the ten-

sile strength, puncture impact properties, and Izod pendulum

impact resistance of the prepared GF/PP composite prepregs.

The tensile strength tests of the composite prepregs were per-

formed using a universal testing machine based on ASTM

D638 (Figure 5). The weft directional tensile strengths of the

prepared GF/PP composites were 28.9, 29.2, 52.2, and

59.4 MPa and the warp directional tensile strengths were 56.7,

53.1, 77.8, and 83.5 MPa, respectively. It was found that the

weft and warp directional tensile strength of ATY commingled

yarn GF/PP composite prepregs were higher than those of the

covering commingled yarn GF/PP composite prepregs because

of the uniformity and alignment of the GF yarns in the former.

Figure 4. Images of the final GF/PP composite prepregs prepared using (a) plain pattern covering commingled yarn; (b) plain pattern ATY

commingled yarn; (c) twill pattern covering commingled yarn; (d) twill pattern ATY commingled yarn.

Figure 5. Tensile strength of GF/PP composite prepregs in the (a) weft direction; (b) warp direction.
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The lower tensile strength in the covering sample was a result

of negative effect of GF misalignment in the composite pre-

preg.

The energy absorption capacity of the prepared composite is

shown in Figures 6 and 7. The Izod pendulum impact resis-

tance and puncture impact behavior results followed the same

trend as the tensile strength results. This is because of the pres-

ence of more aligned GF in the composite prepregs, which was

able to relieve stress within the materials as reported previ-

ously.9 Figure 6 shows the Izod pendulum impact resistance

energy of the GF/PP composite prepreg with different weave

patterns. The weft and warp directional impact strengths of the

prepared GF/PP composites varied from 572.7 to 958.6 J/m

and 793.5 to 1441.7 J/m, respectively. The results show that

the variation in impact strength of the composites was influ-

enced by the weaving pattern and alignment of GF in the com-

posite. The PP matrix and interlacing structure of the woven

GF cushion diffused the impact energy and offered significant

resistance. The puncture impact behavior was determined

using a CEAST 9350 Drop Tower machine. The specimen was

punctured at its center using striker, perpendicular to the spec-

imen. As shown in Figure 7, the peak energy at puncture test

was around 1.4, 1.3, 2.1, and 2.4 J for the covering plain, cov-

ering twill, ATY plain, and ATY twill GF/PP composite pre-

pregs, respectively. The higher puncture resistance of the ATY

commingled yarn GF/PP composite prepregs could be

attributed to the well-organized GF pattern and PP impreg-

nation which would cause an increase in stability during the

penetration process and consequently an increase in the energy

absorption of the GF/PP composite. The large error bar in

composite prepreg (Figure 5 to 7) compare to woven fabric

(Figure 3) is due to nonuniform distribution of GF in the final

composite prepregs. Since the different migration of GF in

each composite prepreg samples (Figure 4), the error bar tends

to become larger, especially in covering commingled yarn

samples.

Conclusions

In this study, we fabricated GF/PP composite prepregs using

different types of commingled yarns with different weave pat-

terns. The utilized commingling method and weave pattern

affected the molten PP resin flow and impregnation of GF in

the composite prepregs. The results of this study show that the

best tensile and impact resistance properties of composite pre-

preg is achieved using fabrics with a twill weave pattern made

Figure 6. Izod pendulum properties of the GF/PP composite prepregs in the (a) weft direction; (b) warp direction.

Figure 7. Puncture impact properties of the GF/PP composite pre-

pregs.
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from ATY commingled yarns, which ensures the uniformity

and alignments of the GF yarns in the composite. These stud-

ies will aid in the understanding and control of woven hybrid

yarn composite manufacture and will open new opportunities

for the simplified production of thermoplastic-based composite

prepregs with complex structures.
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