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Influence of process parameters on the
tensile properties of DREF-3000 friction
spun hybrid yarns consisting of waste
staple carbon fiber for thermoplastic
composites

Mir Mohammad Badrul Hasan, Stefanie Nitsche,

Anwar Abdkader and Chokri Cherif

Abstract

Due to their excellent strength, rigidity, and damping properties, as well as low weight, carbon fiber reinforced com-

posites (CFRCs) are being widely used for load bearing structures. On the other hand, with an increased demand and

usage of CFRCs, effective methods to re-use waste carbon fiber (CF) materials, which are recoverable either from

process scraps or from end-of-life components, are attracting increased attention. In this paper, hybrid yarns consisting of
waste staple CF (40 and 60 mm) and polyamide 6 staple fibers (60 mm) are manufactured on a DREF-3000 friction

spinning machine with various process parameters, such as spinning drum speed, suction air pressure, and core–sheath

ratio. The relationship between different textile physical properties of the hybrid yarns, such as tensile strength, elong-

ation, and evenness with different spinning parameters, core–sheath ratio, and input CF length is revealed.
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Carbon fiber reinforced composites (CFRCs) are

widely used for load bearing structures because of

their excellent strength, rigidity, and damping proper-

ties, as well as low weight. CFRCs are comprised of at

least one reinforcement material and a matrix (usually

polymeric in volume applications). Depending on the

type of matrix, CFRCs can often be divided into two

groups, such as thermoset and thermoplastic compo-

sites. Although CFRCs are preferentially manufactured

based on a thermoset matrix, thermoplastic matrix-

based composites have now been developed due to

some distinctive advantages over thermoset composites,

such as lower density, unlimited storage, semi-products

delivered ready for use, thermoformability, a faster pro-

cessing cycle, no solvent emissions during the proces-

sing stage, recyclability, improved shock/ impact

behavior, and environment friendliness.1 A large

range of tough thermoplastic matrix materials is also

available. As a result, thermoplastic CFRCs are

attracting growing interest from both the academic

community and industry.2

On the other hand, with an increased demand and

usage of CFRCs, a high volume of carbon fiber (CF)

waste is produced through a number of different pro-

cesses, for example during the production of fabrics/

pre-forming (cut edges) or rest yarn spool (bobbin

waste). The manufacturing waste is approximately

40% of all the CFRP waste generated.3 A major por-

tion of such waste CF is available in the form of staple

fibers ranging from 1 to 30 cm. Furthermore, a number
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of processes (e.g. pyrolysis, solvolysis, etc.) are avail-

able currently to obtain recycled CF (rCF) from end-

of-life CFRCs.3 Since waste CF or rCF products are

not biodegradable, the disposal of these products

assumes even greater significance. Due to European

legislation, for example EU2000/53/EC, disposed auto-

motive vehicles must be 85% recyclable.

As the energy required for producing CF is very high

(about 39 MJ/kg), which leads to higher CO2 emis-

sions,4 the re-use of CFs derived from the sources

during manufacturing would reduce the CO2 emissions

to a large extent. Furthermore, the demand for CF is

usually higher than the supply-capacity.5 Therefore,

environmental concerns, both in terms of limiting the

use of finite resources and the need to manage waste

disposal, have led to a focused attention on the need to

find effective methods to recycle and re-use waste CF

materials.

Against this back drop, extensive research works are

being carried out worldwide on the development of

hybrid yarns from staple CF by mixing with it thermo-

plastic fibers. The objective is to apply such hybrid

yarns for the manufacturing of textile reinforced ther-

moplastic CFRCs. So far, the development of hybrid

yarns from waste CF is reported using the ring spin-

ning6–8 and wrap spinning9,10 processes. Apart from

these spinning methods, the DREF-3000 friction spin-

ning process offers added advantages, including the

manufacturing of a core and sheath structure with the

flexibility to customize the core–sheath ratio and a

higher productivity.11–13 The core component (in

staple fiber/endless filament form or in the combination

of both) is permanently confined to the central axis and

is covered by the staple fibers. The results of investiga-

tions on the mechanical properties of friction spun

hybrid yarns consisting of CF filament yarn and ther-

moplastic fibers have been reported.14–16 However, the

potential of DREF-3000 friction spinning for the man-

ufacturing of hybrid yarns from waste staple CF is yet

to be explored.

The aim of this study is to investigate the potential of

the DREF-3000 friction spinning process for the devel-

opment of hybrid yarns from waste staple CF for the

application in thermoplastic composites. For this pur-

pose, different hybrid yarns consisting of waste staple

CF and polyamide 6 (PA 6) are manufactured on a

DREF-3000 friction spinning machine with various

machine parameters, such as spinning drum speed

and suction air pressure. The relationship between dif-

ferent textile physical properties of the hybrid yarns, for

example tensile strength and elongation, with different

spinning parameters and CF content of hybrid yarn is

investigated. The intended application of the hybrid

yarns is the development of textile reinforced thermo-

plastics for automobiles.

Materials

Different hybrid yarns with a core and sheath structure

are developed for the investigations. The core of the

hybrid yarns consists of two components.

. Component 1: consists of staple CF and PA 6 staple

fibers. CFs used for the investigations are obtained

by cutting from rest spools (i.e. production rest) of a

continuous carbon filament tow SIGRAFIL CT50 -

4.0/240-T140 (SGL) into 40 and 60 mm staple length

and can be categorized as bobbin waste. PA 6 fibers

from EMS Grilltech of 60 mm length are used for

the investigations. These staple CF and PA 6 fibers

are used for the development of hybrid slivers, which

is then supplied as the core.

It is to be noted that commercially available rCFs

especially recovered from composites usually contain

fibers of varying lengths. CF with defined lengths is

used in this investigation to understand the drafting

behavior during spinning. Furthermore, the mea-

sured properties of yarns and composites, which

will be available from staple CFs of defined length,

can be used as the reference to compare with those

from rCFs.

. Component 2: a 30 tex PA 6 filament yarn (Stilon,

Poland).

As the sheath of the hybrid yarn, a sliver of 4 ktex

consisting of the same PA 6 staple fibers is used. PA 6 is

selected due to its good adhesion properties due to

available polar groups, and its growing importance in

automobile industries.

Experimental details

Characterization of fiber materials

The stress–strain behavior of individual CF and PA 6

fibers is measured with a Vibromat ME (Textechno,

Germany) by following the standard DIN EN ISO

5079. The test length is 20 mm. The cross-head speeds

of 10 and 20 mm/min are used for the tensile test of CF

and PA 6 fibers, respectively. Before measuring the

stress–strain behavior, the individual fiber fineness is

measured by determining the resonance frequency

using the same instrument following the DIN EN ISO

1973 standard. The average value is taken from 50

single fibers tested randomly.

Furthermore, the tensile properties of PA 6 filament

yarn used as the core of the hybrid yarn are tested

according to ISO 3341 by means of a tensile strength

testing device, Zwick type Z 2.5 (Zwick GmbH and

Co., Germany), with special return clamps and external

strain measuring. Samples of 250 mm yarn length are
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employed. The test velocity is set to 100 mm/min and

the initial load is kept at 0.5 cN/tex.

The melting temperature of PA 6 staple fiber and

filament yarn is studied by differential scanning calori-

metry (DSC) using a Q1000 DSC instrument (TA

Instruments, USA).

Development of hybrid yarns on a DREF-3000

friction spinning machine

For the development of slivers (used as component 1 in

the core of the hybrid yarns) consisting of staple CF

and PA 6 fibers, both fibers are mixed and carded to

form a carded web. Two types of card webs are pro-

duced depending on the CF content, such as 50 and 62

volume %. The carding is done by a modified labora-

tory long staple carding machine at the ITM. Details

about the clearance between different rollers and the

specification of card clothings have been reported.6,8

Afterwards, drafting is carried out on the card webs

using a high-performance draw frame, RSB-D40

(Rieter, Ingolstadt, Germany), modified at the ITM

for the processing of waste staple CF. The fineness of

the produced draw frame slivers is approximately 3

ktex. The length of different draft settings and draft

for different fiber lengths that are found optimal for

the processing of CF on the draw frame and flyer are

detailed in Hengstermann et al.6,8

The hybrid yarns are manufactured at the ITM on a

DREF-3000 friction spinning machine (Fehrer AG,

Linz/Austria) modified for the processing of staple

CF (Figure 1). The manufactured draw frame sliver is

supplied to the drafting zone as the core of the hybrid

yarn (component 1). Component 2 of the core, PA 6

filament yarn, is fed from the bottom of the machine.

The main purpose of component 2 is to ensure the

smooth production of yarns and increase the strength

of the hybrid yarn. The sheath is produced from a PA 6

sliver of 4 ktex by feeding from the back of the machine

into the opening rollers.

For the manufacturing of hybrid yarns of 800 tex fine-

ness, the speed of yarn delivery and the opening roller are

kept constant at 50m/min and 4500 rpm, respectively,

while the spinning drum speed, air suction pressure and

core to sheath ratio are varied as detailed in Table 1.

Characterization of tensile properties of hybrid yarns

Tensile tests of the manufactured hybrid yarns are carried

out according to ISO 3341 using a tensile strength testing

device, Zwick type Z 2.5 (Zwick GmbH and Co.,

Germany), with special return clamps and external

strain measuring. Samples of 250 mm yarn length are

employed. The test velocity is set to 100 mm/min, and

the initial load is kept at 0.5 cN/tex. The tensile force

versus deformation is recorded, and 10 measurements

are taken to get the average value for each type of

hybrid yarn. The stress–strain behavior is evaluated

using testXpert� software. The instrument is located in

a temperature and relative humidity controlled

Figure 1. DREF-3000 friction spinning machine with schematic sketch (left)17 and the developed hybrid yarn consisting of staple

carbon fiber (CF) and polyamide 6 (PA 6) fibers (right).
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laboratory maintained at 20 � 2�C and 65� 2%, respec-

tively. Also, prior to the tensile testing of hybrid yarns,

they are conditioned for 24 hours under these conditions.

Characterization of evenness of hybrid yarns

In order to characterize the hybrid yarn evenness, the

linear density of the hybrid yarns is determined based

on the gravimetric method. For this purpose, the

weight of the hybrid yarn of 1m length is measured.

Ten specimens are measured for each hybrid yarn var-

iation. From the average and standard deviation of the

measured values, the coefficient of variation of 1m

(CV1m) is measured according to equation (1). The

lower the CV1m value is, the higher is the yarn evenness

CV1m¼
Standard deviation � 100

Mean
ð1Þ

Results and discussion

Properties of input materials

The results of the tensile properties of waste staple CF

(single fiber) and PA 6 staple fibers (single fiber), as well

as PA 6 filament yarn, are detailed in Table 2. The

corresponding force–elongation properties can be seen

in Figure 2. From the DSC analysis, it can be found

that the melting temperature is also similar, as detailed

in Table 2.

Influence of the core–sheath ratio

In Figure 3, the strength and elongation at break of

hybrid yarns are illustrated in the case of hybrid

yarns produced from card webs with 50 volume %

CF by varying the core to sheath weight ratio in

hybrid yarn (Figure 4). This reveals that the hybrid

yarn strength is influenced significantly by increasing

the core ratio in hybrid yarn, and it decreases with

the increase of core content from 50% to 80%.

Usually the core of the friction spun hybrid yarn

mainly contributes to the strength of hybrid yarn as

the fibers in the core are oriented parallel in an

untwisted form along the yarn axis, while the fibers of

the sheath are oriented radially to the yarn axis.

Therefore, it is evident in the case of conventional

fibers, for example cotton, polyester, etc., that yarn

strength increases to a certain level with the increase

of the core–sheath ratio, and it reduces subsequently.

Table 1. Process variables of the developed hybrid yarns

Input CF

length (mm)

CF content of card

web (volume %)

Air suction

pressure (mbar)

Spinning drum

speed (rpm)

Core to sheath

weight ratio

CF content of hybrid

yarn (volume %)

Yarn

specification

40 50 –36 3000 50:50 19.1 FS#01

70:30 28.3 FS#02

80:20 33.4 FS#03

62 –13 1500 80:20 41.7 FS#04

3000 FS#05

60 62 –13 1500 FS#06

3000 FS#07

–36 1500 FS#08

3000 FS#09

CF: carbon fiber.

Table 2. Properties of waste staple carbon fiber (CF) and polyamide 6 (PA 6) fibers

Characteristics

Single fiber properties Yarn properties

Waste staple CF PA 6 Staple fiber PA 6 filament yarn

Single fiber diameter (mm) 7.0� 2.5 18.8� 6.9 26.4� 3.0

Tensile strength (GPa) 3.9� 0.9 0.5� 0.1 0.4� 0.0

Modulus (GPa) 240.0� 85.3 1.48� 0.2 1.7� 0.0

Elongation at break (%) 1.9� 0.2 73.9� 13.4 49.2� 2.1

Melt temperature (�C) – 223.8 222.6
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Figure 2. Stress–elongation curves of (a) carbon fiber (CF) (single fiber), (b) polyamide 6 (PA 6) staple fiber (single fiber), and (c) PA

6 filament yarn.

Figure 3. Strength and elongation at break of hybrid yarns depending on the core–sheath weight ratio of hybrid yarn produced from

40 mm carbon fiber (CF).
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It appears that the core contributes directly to the yarn

strength in the presence of sufficient wrapper fibers to

maintain the yarn integrity. Exceeding the optimum

core ratio probably provides too few wrapper fibers

to prevent core slippage, reducing yarn strength there-

after.18,19 The optimum core–sheath ratio is reported

between 50% and 70%.

The highest strength is found in our case with hybrid

yarns produced with 50% core. However, the standard

deviation of the yarn strength is also found to be com-

paratively higher in the case of 50% core. The reason

for this is that the probability for irregularity increases

with the increase of sheath portion.19 The results of the

measurement of CV1m revealed the same tendency (cf.

Figure 5). A tendency of higher CV1m value can be

observed with the increase of sheath ratio of hybrid

yarns. Since the total CF content in hybrid yarn is a

decisive factor for its use in composites, hybrid yarns

with lower core content are not further investigated.

The elongation at break of hybrid yarns increases

with the increase of the core to sheath weight ratio of

70:30%, then it decreases gradually. The reason for

lower yarn strength and higher elongation with higher

amounts of CF in hybrid yarn can be attributed to

lower fiber to fiber cohesion because of the smooth sur-

face of CF. The stress–elongation curves of hybrid

yarns with varying core to sheath weight ratios are

illustrated in Figure 6.

Figure 4. Cross-sectional and longitudinal view of hybrid yarns with different core–sheath weight ratios. CF: carbon fiber; PA 6:

polyamide 6.
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Influence of spinning drum speed and air suction

pressure

In Figure 7, the influence of the spinning drum speed

and air suction pressure on the strength and elongation

of hybrid yarns produced from card webs with 62

volume % CF content and a core to sheath weight

ratio of 80:20 in hybrid yarn are illustrated. These

hybrid yarns are produced with 60 mm waste staple

CF. It is shown (Figure 7(a)) that hybrid yarn strength

decreases with the increase of spinning drum speed as

well as air suction pressure.

There are two reasons for the decrease in yarn

strength.

. Firstly, a higher spinning drum speed and air suction

pressure lead to increased frictional forces between

the fiber assembly (sleeve) and the friction drum sur-

faces, thereby increasing the torque acting on the

Figure 6. Stress–elongation curves of hybrid yarns depending on different core to sheath weight ratios.

Figure 5. Influence of core–sheath ratio on the evenness of

hybrid yarns.
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fiber sleeve. As a consequence, the rotational speed

of the fiber sleeve increases, which results in a higher

yarn twist.20,21 Since the chance of damaging the

brittle CF in the core is higher due to higher twist

insertion, the hybrid yarn strength decreases consid-

erably with the increase of air suction pressure. A

similar tendency can observed in the case of CF fila-

ment yarn in the core of DREF friction spun hybrid

yarns.14 Furthermore, the CF fibers in the core of

hybrid yarns become disoriented from the yarn axis

due to higher twist, which may contribute to the

reduced yarn strength. This phenomenon is comple-

tely different from yarns that consist of conventional

crimped fibers, for example cotton, where the yarn

strength increases predominantly due to the increase

in cohesion as a result of higher twist with increased

spinning drum speed and air suction pressure.

. Secondly, due to the higher spinning drum speed,

hooked wrapper fibers in the yarn may increase.

As a result, wrapper fibers may not wind around

Figure 8. Force–elongation curves of hybrid yarns produced by varying spinning drum speed and air suction pressure (input carbon

fiber length¼ 60 mm).

Figure 7. Influence of spinning drum speed and air suction pressure on the strength (a) and elongation (b) of hybrid yarns produced

with a core to sheath weight % of 80:20 from 60 mm carbon fiber (CF).
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the core, and will not efficiently contribute to the

strength due to the decreased length.21

From the results of hybrid yarn elongation at break

presented in Figure 7(b), it can be seen that the elonga-

tion decreases with the increase of air suction pressure

and spinning drum speed. At lower air suction pressure

and spinning drum speed, the hybrid yarns are relatively

less compact, and consequently the cohesion between

fibers is lower. As a result, the hybrid yarn elongation

at break is higher at low air suction pressure and spin-

ning drum speed. The stress–elongation curves of hybrid

yarns produced with varying spinning drum speed and

air suction pressure are illustrated in Figure 8. From the

stress–elongation curves, it can be seen that the hybrid

yarns produced with higher air suction pressure and

higher spinning drum speed have longer tails, that is,

higher extension, compared to those produced with

lower air suction pressure. Thus, due to lower fiber to

fiber cohesion, the fiber slippage in the hybrid yarn

during extension occurs more often at lower air suction

pressure and spinning drum speed. The analysis of var-

iance of the elongation values statistically proved that at

the 95% confidence level, the mean elongation at break

of hybrid yarns between FS#06 and FS#08 as well as

FS#07 and FS#09 is significantly different. Hence, the

influence of spinning drum speed and air suction pres-

sure on the elongation of hybrid yarns is significant.

The effect of spinning drum speed and air suction

pressure on the evenness of hybrid yarns is illustrated

in Figure 9. It shows that the CV1m value decreases

with the increase in air suction pressure at a constant

spinning drum speed. With the increased yarn compact-

ness due to higher air suction pressure, the yarn even-

ness increases. However, the difference is lower at

higher air suction pressures. The effect seems to stabi-

lize at an air suction pressure of –36 mbar.

Influence of the input CF length in the core

In Figure 10, the hybrid yarn strength and elongation

at break are illustrated in the case of hybrid yarns pro-

duced from 40 and 60 mm input CF length, where the

CF content of card webs is 62 volume % and the core

to sheath weight ratio in hybrid yarn is 80:20 weight %.

These hybrid yarns are manufactured with varying

Figure 10. Influence of input carbon fiber (CF) length on the strength and elongation of hybrid yarns produced with varying spinning

drum speeds at constant air suction pressure of –13 mbar.

Figure 9. Effect of air suction pressure and spinning drum

speed on the evenness of hybrid yarns.
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spinning drum speeds (1500 and 3000 rpm) at a con-

stant air suction pressure of –36 mbar.

From Figure 10, it can be seen that strength and

elongation of hybrid yarns are clearly higher in the

case of 60 mm input CF length compared to 40 mm

input CF length. This can be attributed to the higher

fiber to fiber friction because of increased fiber length.

Furthermore, the strength and elongation of the hybrid

yarn is found to decrease with the increase of spinning

drum speed for both input CF lengths, as already dis-

cussed in the previous section.

The effect of input CF length with varying spinning

drum speeds on the evenness of hybrid yarns is illu-

strated in Figure 11. It shows that the evenness of

hybrid yarns is improved in the case of 60 mm input

CF compared to that of 40 mm CF in both spinning

drum speeds. The reason may be the length (¼60 mm)

of PA 6 fibers used for the production of hybrid yarns.

The same length of CF and PA 6 fibers results in better

spinning quality.

Conclusion

The results of the investigations prove that it is possible

to manufacture hybrid yarns successfully using the

DREF-3000 friction spinning machine from waste

staple CF and PA 6 fibers in reproducible quality. It

can be revealed that the air suction pressure, spinning

drum speed, core to sheath ratio, and input CF length

affect the yarn strength, elongation at break, and yarn

evenness considerably.

The core–sheath ratio is an important factor influen-

cing the core coverage by surface fibers as well as yarn

strength, and elongation. The highest strength is found

in the case of hybrid yarns produced with 50% core.

With the increase in the core, the tensile strength of

hybrid yarn decreases, and elongation at break

increases. The reason is lower fiber to fiber cohesion

because of the smooth surface of CF resulting from

the higher amount of CF in hybrid yarn.

The yarn strength decreases with the increase of air

suction pressure and spinning drum speed. This can be

attributed to the damage in CF caused by higher air

suction pressure and higher spinning drum speed.

Furthermore, the elongation at break of hybrid yarns

tends to decrease with increasing air suction pressure

and spinning drum speed. Because of lower fiber to

fiber cohesion as a result of the less compact hybrid

yarn structure, the fiber slippage in the hybrid yarn

during extension occurs more often at lower air suction

pressure and spinning drum speed. However, the even-

ness of hybrid yarns becomes better with increased spin-

ning drum speed and air suction pressure. Therefore, a

compromise must bemade between hybrid yarn strength

and evenness in selecting the optimum air suction pres-

sure or spinning drum speed. In fact, both the strength

and evenness of hybrid yarns are important for their

further processing on different textile machines, for

example for weaving, knitting, etc. Therefore, further

investigations are still necessary in this regard.

Because of the higher production speed of the

DREF-3000 friction spinning machine (maximum

250m/min) compared to that of flyer (maximum

50m/min) and wrap spinning (maximum 30m/min),

the DREF-3000 friction spinning machine can be used

for the economic production of hybrid yarns from rCF.

Lastly, it can be concluded that the results of this study

enable a better understanding of the different factors

affecting the tensile properties and evenness of hybrid

yarns made of waste staple CF of defined length and

PA 6 staple fibers. This will help optimize the spinning

parameters in the case of processing of rCF with a wide

range of fiber length distribution. However, further

investigations are required for a more comprehensive

understanding regarding the influences of hybrid yarn

properties consisting of waste/ rCF on the properties of

thermoplastic composites. Based on the obtained

mechanical properties of composites, the relationship

between different spinning parameters and yarn proper-

ties can be further optimized.

Declaration of conflicting interests

The authors declared no potential conflicts of interest with

respect to the research, authorship, and/or publication of this

article.

Funding

The authors disclosed receipt of the following financial sup-

port for the research, authorship, and/or publication of this

article: This article presents parts of the results from the

Figure 11. Effect of input carbon fiber (CF) length on yarn

evenness with varying spinning drum speeds.

Hasan et al. 41



research program of the German Research Foundation (grant

number: DFG CH 174/34-1) at the Technische Universität

Dresden.

References

1. Long AC. Design and manufacture of textile composites.

Cambridge: Woodhead Publishing Limited, 2005.

2. Maurice R. Composite solutions: thermosets and thermo-

plastics. Paris: JEC publications, 2006, pp.31–39.

3. Pickering SJ, Turner TA and Warrior NA. Moulding com-

pound development using recycled carbon fibres. In:

SAMPE fall technical conference, Dallas, USA, 6–9

November, 2006.

4. Suzuki T and Takahashi J. Prediction of energy intensity

of carbon fiber reinforced plastics for mass-produced pas-

senger cars. In: ninth Japan international SAMPE sympo-

sium (JISSE-9), Tokyo, Japan, 29 November–2

December, 2005, pp. 14–19.

5. Kraus T and Kühnel M. Composites Market Report 2016:

Market developments, trends, outlook and challenges.

Report, Carbon Composites e.V., http://www.eucia.eu/

userfiles/files/20161128_market_report_2016_english.pdf

(2016, accessed 14 March 2017).

6. Hengstermann M, Raithel N, Abdkader A, et al.

Development of new hybrid yarn construction from

recycled carbon fibers for high performance composites.

Part-I: basic processing of hybrid carbon fiber/polyamide

6 yarn spinning from virgin carbon fiber staple fibers. Text

Res J 2016; 86: 1307–1317.

7. Hengstermann M, Hasan MM, Abdkader A, et al.

Development of a new hybrid yarn construction from

recycled carbon fibers (rCF) for high-performance com-

posites. Part-II: influence of yarn parameters on tensile

properties of composites. Text Res J, 2017; 87: 1655–1664.

8. Hengstermann M, Hasan MMB, Abdkader A, et al.

Influence of fibre length and preparation on mechanical

properties of carbon fibre/polyamide 6 hybrid yarns and

composites. Fibres Text East Eur, 2016; 119: 55–62.

9. Akonda MH, Lawrence CA and Weager BM. Recycled

carbon fibre-reinforced polypropylene thermoplastic com-

posites. Composites Part A 2012; 43: 79–86.

10. Akonda MH, El-dessouky HM, Lawrence CA, et al. A

novel non-crimped thermoplastic fabric prepreg from

waste carbon and polyester fibres. Comp Mat 2014; 48:

843–851.

11. Brockmanns K. Whether OE spinning enhanced by fric-

tion twisting produces an alternative. Text-Prax Int Eng

Suppl 1985; 40: 15–19.

12. Brockmanns KJ. Possibilities of o. e.-friction spinning.

Text Month 1984; 10–16.

13. Lord P. Air-jet and friction spinning. Text Horiz 1987; 7:

20–24.

14. Hasan MMB and Cherif C. Analysis of the influence of

process parameters on the mechanical properties of

carbon core friction spun hybrid yarns for composites.

Fibres Text East Eur 2011; 4: 59–64.

15. Hasan MMB, Diestel O and Cherif C. Electro-mechan-

ical properties of friction spun conductive hybrid yarns

made of carbon filaments for composites. Text Res J

2011; 81: 1603–1616.

16. Hasan MMB, Nocke A and Cherif C. High temperature

resistant insulated hybrid yarns for carbon fiber rein-

forced thermoplastic composites. J Appl Polym Sci

2013; 130: 1179–1184.

17. Cherif C. Textile materials for lightweight constructions:

technologies-methods-materials-properties. Berlin,

Heidelberg: Springer, 2015.
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