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Abstract
In this study, prior to the production of composites, auxetic and conventional polypropyl-
ene (PP) fibres were produced by the melt spinning technique. The fibres were tested and 
analysed in terms of Poisson’s ratio, linear density, elongation at break and tenacity. The 
auxetic and conventional PP stable fibre reinforced composites were fabricated by the hand 
lay up method. Several mechanical properties of the composites were examined, including  
tensile strength, Young’s modulus, elongation at break, energy absorption, impact velocity 
and damage size. SEM analysis was also conducted to identify microscopic changes to 
the overall composite structures. It was found that the auxetic fibre reinforced composites 
(7.5% and 10%) had the highest tensile strength and the auxetic fibre reinforced composite 
(5%) had the highest Young’s modulus. The highest energy absorption was observed for the 
composite made with 10% auxetic fibre loading.          
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tested and analysed to find the following 
properties; Poisson’s ratio, linear density, 
elongation at break, and tenacity. Auxetic 
and conventional PP stable fibre rein-
forced composites were fabricated by the 
hand lay up technique. Epoxy resin was 
used as a matrix and the composites were 
manufactured by using both fibres with 
three different fibre loading proportions. 
The mechanical properties of the com-
posites were determined and compared. 
The tensile behaviour was defined by the 
tensile strength, Young’s modulus and 

Previous works have shown that aux-
etic materials can stand up to more than 
twice the maximum load withstood by 
conventional materials. This property is 
important for textile reinforced compos-
ites (Figure 2) as this creates a stronger 
adhesion between fibre and matrix. 

In this study, prior to the production of 
composites, auxetic and conventional PP 
fibres were produced by the melt spin-
ning technique using previous process-
ing parameters. The fibres were then 

n Introduction 
In fibre reinforced composites, both the 
fibre and matrix retain their original 
physical and chemical identities, yet to-
gether they produce a combination of 
mechanical properties that cannot be 
achieved with either of the constituents 
acting alone. This is due to the presence 
of an interface between the two constitu-
ents. There are a growing number of uses 
for fibre reinforced composites in many 
engineering applications; hence this has 
made the issue of interphase a major fo-
cus of interest in the design and manu-
facture of composite components. Natu-
ral, synthetic and waste textile products 
have been used extensively as composite 
reinforcements. Textile reinforced com-
posites have better properties than metal 
or ceramic based composites; these prop-
erties include higher tenacity, superior 
elasticity and strength, good thermal re-
sistance, low density, and better rigidity 
[1 - 5]. Polypropylene (PP) is used ex-
tensively by the automotive and aircraft 
industries because of its relative low cost, 
low density ease of processing and inert 
nature. In addition, PP can be used as a 
matrix material because of its low cost 
and ease of recycling [6 - 8]. 

Auxetic materials which have a negative 
Poisson’s ratio demonstrate an extraor-
dinary behaviour in that they get fatter 
when they are stretched, and become 
thinner when compressed (Figure 1). 
These characteristic materials display 
properties such as improved strength, 
acoustic behaviour [9], improved frac-
ture toughness [10], superior energy 
absorption, damping improvement, and 
indentation resistance [11-13, 20]. Figure 2. Pullout resistance (anchoring) [14].

Figure 1. Negative (auxetic) (A) and positive (B) Poisson’s ratio behaviours [14].
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elongation at break. The impact strength 
was determined from the energy absorp-
tion impact velocity and damage size.

n Experimental
Materials
The auxetic and conventional PP fibres 
were manufactured from Coathylene 
PB0580 powder, produced by DuPont 
Polymer Powders (Sarl, Switzerland) and 
supplied by Univar (Bradford, UK). The 
PP powder has a rough surface with an 
average particle size of ~50µm and melt-
ing range 159-171°C. The composite ma-
trix is Araldite LY 5052 Resin and Aradur 
HY 5052 Hardener, supplied by Aeropia 
Ltd (Sussex, UK).

Fabrication of auxetic  
and conventional PP fibres 
The auxetic and conventional PP fibres 
were manufactured by the melt spinning 
technique using previously established 
processing parameters. A single screw 
extruder consisting of an Archimedean 
type screw was used to produce the fi-
bres, being a common type of melt ex-
truder for polymers. The barrel can be 
heated over a wide temperature range, 
generally between 150 °C and 300 °C. 
The melt extruder consists of a hopper, 
screw and die or spinneret. The extruder 
screw assists in conveying the material 
through the extruder, imparting energy 
to melt the polymer and mix the polymer 
uniformly [15], which also pumps the 
molten polymer at a constant rate. The 
polymer material then passes through the 
die, which consists of a spinneret. The 
spinneret has variable thickness and size, 
being usually circular and made of spe-
cial stainless steel. The main function of 
the die is to give the shape required to the 

eoextensometry was used to measure the 
strains in both the axial and transverse 
directions, and hence the Poisson’s ratio 
of the fibres was determined (Figure 4). 

Fabrication of the matrix composites
The composites were fabricated with dif-
ferent fibre loadings (0, 5, 7.5 and 10%). 
Initially the PP resin and hardener were 
mixed in a mixer. The matrix materials 
were prepared with the following propor-
tion: 73% of PP resin and 27% of hard-
ener by volume. Then the fibres were 
spread into a mould and covered with 
the matrix. The composites were manu-
factured using the hand lay up technique 
with a mould size of 300 mm length × 
300 mm width × 20 mm thickness. The 
composites produced were of 3.5 mm 
thickness and the mass per square meter 
of the composites ranged from 2950 to 
3100 g/m2. The composites were kept for 
24 hours at room temperature and subse-
quently put in an oven (8 hours at 80 °) 
for curing. 

Test methods
Tensile properties of the composites were 
tested using an Instron universal tester. 
The composite test specimens were pre-
pared in accordance with ASTM D638. 
The specimens were cut using a standard 
saw cutter, ready for mechanical test-
ing. The specimens were mounted in the 
grips of the Instron universal tester, with 
a 10 mm gauge length.

The low velocity impact behaviour of the 
control, auxetic and conventional com-
posites was studied. The impact behav-
iour is defined by energy absorption, im-
pact velocity and damage size. The dam-
age growth process during impact, as the 
force surged to its maximum value, could 
be visualised from the static indentation 

extruded polymer. Finally the fibre un-
dergoes orientation and subsequent heat 
treatment processes before it is taken up 
by the bobbins, as shown in Figure 3 [16 
- 19].

Melt extruder set up 
Prior to this research, the continuous 
melt extrusion process had been pre-
viously developed to produce the first 
known auxetic material in fibre form. In 
this study the melt spinning process was 
performed using a melt extruder consist-
ing of an Archimedean type screw with 
a 3:1 compression ratio, 25.4 mm screw 
diameter, and thermostats for each of the 
five temperature zones. The PP powder 
was fed through a hopper into the bar-
rel and fed through the extruder by the 
action of the screw, with a flat tempera-
ture profile of 159 °C in all the zones of 
the extruder for auxetic PP fibre produc-
tion. The extruder was operated at a 10 
r.p.m. (1.05 rad.s−1) screw speed and 2 
r.p.m. (0.03 m.s−1) take-up speed, and a 
40 −filament die with each hole of 550 
μm diameter was fitted. The extruded fi-
bres were cooled in the air after exiting 
the die before winding on the rollers. 
The filament fibres produced were then 
chopped to form staple fibres. The staple 
fibres had a various length between 3 and 
5 mm [17, 19]. 

Poisson’s ratio determination of fibres 
(Videoextensometry)
Poisson’s ratio characterisation of the 
fibres was carried out using a MESS-
PHYSIK ME 46 video extensometer in 
combination with a micro tensile testing 
machine in order to examine the aux-
etic behaviour of the fibres. A software 
package was developed by Messphysik 
GmbH that measures strains and/or ex-
tensions on standard specimens. The vid-

Figure 3. Melt spinning extruder [19]. Figure 4. Working principle of videoextensometry.
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n Results and discussions
Auxetic and conventional PP fibre 
properties
As shown in Table 1, the elongation at 
break of the auxetic PP fibre (2.17%) 
was found to be lower than that of the 
conventional PP fibre (4.66%). The 
elongation difference between the aux-
etic and conventional PP fibres was 
115%, which is considerable. The aux-
etic PP fibre showed a higher tenacity  
(3.19 cN/tex) than the conventional PP 
fibre (2.32 cN/tex) even though their tex 
values were same (40 tex). Some signifi-
cantly different values were recorded in 
terms of Poisson’s ratio. The auxetic PP 

fibre, which was produced at 159 °C, 
had negative Poisson’s ratio values in the 
range of -0.70 to -0.40, while that of the 
conventional PP fibre ranged from -0.12 
to +0.35. The Poisson’s ratio of the fibres 
decreased when the temperature of the 
spinning process decreased. The con-
ventional fibre, which was produced at 
230 °C, had the highest Poisson’s ratio 
value in comparison with the rest of the 
fibres. 

Tensile and impact behaviour  
of composites
Tensile properties of polymer matrix 
composite
Table 2 presents the tensile strength, 
Young’s modulus and elongation at 
break. The tensile strength results are de-
picted in Figure 5. According to the test 
results, the tensile strength of the control 
composite was 860 MPa, which is the 
lowest tensile strength value when com-
pared with the reinforced composites. 
The tensile strength of the auxetic fibre 
reinforced composites ranged from 1360 
to 1490 MPa while that of the conven-
tional fibre reinforced composites varied 
from 800 to 1180MPa. The auxetic PP 
fibre reinforced composites had a 40% 
higher tensile strength, on average, com-
pared to both the control and convention-
al PP fibre reinforced composites. The 
fibre loadings did not affect the tensile 
strength values of the auxetic fibre rein-
forced composites significantly.

Noteworthy differences were found be-
tween the control, auxetic and conven-
tional composites in terms of elongation 
at break. It was noted that the elongation 
at break of the 7.5% auxetic fibre rein-
forced composite was extensively greater 
than that of the rest of the composites. 

Determination of the impact properties
The damage size of the control composite 
was 84.8%, which was the largest crack-
ing size compared to the reinforced com-
posites. For 5, 7.5 and 10% auxetic com-
posites the damage sizes were 37.7, 31.2 
and 33.1%, respectively, whereas for 5, 
7.5 and 10% conventional composites the 
damage sizes were 50.2, 54.7 and 51.3% 
respectively. Overall, the characteristic 
of impact force versus damage size var-
ied with reinforcement materials. There 
is a significant difference between the 
auxetic and conventional composite: the 
auxetic composite damage size (~34%) 
was narrower and smaller than that of 
the conventional composite (~52%). The 

damage induced at incrementally in-
creased force levels. The impact damage 
suddenly appeared only when the impact 
force reached the maximum level. The 
damage size grew until the fibre dam-
age caused the impact to level off. Im-
ages of the composites tested were taken 
to analyse the damage sizes using Image 
tool software. The phase morphological 
characteristics of the specimens were 
observed by SEM (HITACHI S-3400) 
in the normal mode. All the composites 
were fixed on the sample stage using ad-
hesive tape and were coated with gold by 
a Sputter Coater (SC 7620).

Table 1. Auxetic and conventional PP fibres properties.

Parameter Auxetic PP (159 °C) Conventional PP (170 - 230 °C)
Diameter, tex 40 40
Elongation at break, % 2.17 4.66
Tenacity, cN/tex 3.19 2.32
Poisson’s ratio values -0.70 to -0.40 -0.12 to + 0.35

Table 2. Tensile properties of auxetic and conventional PP fibre reinforced composites; 
S.D. - Standard Deviation.

Fibre 
loadings, 

%

Tensile strength in MPa Young’s modulus in GPa Breaking elongation in % 
Auxetic Conventional Auxetic Conventional Auxetic Conventional

Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D.
  0.0 Mean 860 S.D. 0.19 Mean 1.55 S.D. 0.18 Mean 1.55 S.D. 0.18
  5.0 1360 0.05 1180 0.27 1.79 0.14 1.63 0.23 1.57 0.21 1.54 0.04
  7.5 1490 0.91 850 0.35 1.41 0.02 1.47 0.25 2.35 0.01 1.01 0.16
10.0 1480 0.08 800 0.22 1.69 0.07 1.12 0.24 1.81 0.05 1.74 0.09

Figure 5. Comparison of tensile strength of control, auxetic, conventional composites.

Table 3. Impact properties of auxetic and conventional PP fibres composites.

Fibre 
loadings, %

Absorbed energy, J Maximum load, N Impact velocity, m/s
Auxetic Conventional Auxetic Conventional Auxetic Conventional

0 0.95 406.4 1.36
  5.0 1.60 1.28 460.1 303.5 1.36 1.36
  7.5 2.23 1.90 395.6 444.6 0.98 1.36
10.0 2.57 2.21 449.5 520.4 1.36 1.36
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fibre loadings did not affect the damage 
size appreciably. 

A noteworthy difference in the energy 
performance absorbed was seen when 
looking at the control, auxetic and con-
ventional composites (Table 3). The im-
pact response in both fibre (auxetic and 
conventional PP) reinforced composites 
reflects a failure process involving crack 
initiation and growth in the matrix as 
well as fibre breakage and pullout. The 
energy absorption was affected consid-
erably by the fibre loading percentages. 
10% auxetic fibre reinforced composites 
achieved the highest absorption in com-
parison to the other composites. For all 
fibre loadings, the auxetic composites 
had better impact behaviour due to their 
energy absorption, damping improve-
ment and indentation resistance proper-
ties. The auxetic composite’s absorption 
of energy ranged from 1.60 to 2.57 J. The 
conventional composite demonstrated 
lower absorption energy levels than the 
auxetic composite, which ranged from 
1.28 to 2.21 J. A significant improvement 
was noted in that the auxetic reinforced 
composites showed a 20% higher impact 
resistance than their conventional coun-
terparts. The impact velocity levels of the 
composites did not vary (1.36 m/s), with 
only the 7.5% auxetic composite show-
ing a difference (0.98 m /s). 

Scanning electron microscopy studies 
SEM images of the composites are dem-
onstrated in Figure 6. It was observed 
that the adhesion between the fibre and 
matrix is strong, but there are some pull-
outs and de-bonding. The auxetic fibre 
reinforced composite exhibits a ductile 
appearance with minimum plastic defor-
mation. The conventional PP fibre rein-
forced composite has a rough surface, 
which may be caused by fibre and ma-
trix interactions. According to the SEM 
images, there was not a remarkable dif-
ference between the auxetic and conven-
tional fibre reinforced composites.

n Conclusions
This study evaluated the processing and 
testing of auxetic and conventional PP 
fibres and their composites. The aim was 
to enhance the mechanical properties of 
the composite by employing unique aux-
etic PP fibre. It was shown that auxetic 
behaviour has some promising advan-
tages for engineering applications such 
as composites and textiles. The compos-

ites reinforced with auxetic PP fibre show 
better mechanical properties than the 
conventional PP fibre reinforced com-
posites. It was observed that the impact 
properties of the composites can be im-
proved by using auxetic PP fibre. 

From the test results the following con-
clusions can be drawn:
n The elongation at break of the aux-

etic PP fibre (2.17%) is lower than the 
conventional PP fibre (4.66%). 

n The tenacity of auxetic PP fibre is 
found to be higher than conventional 
PP fibre (27% stronger). The PP fibre 
produced at 159 °C has lower Pois-
son’s ratio values than the PP fibre 
processed at 230 °C. The increase in 
production temperature causes a high-
er Poisson’s ratio value. 

n The auxetic PP fibre reinforced 
composite has 40% superior tensile 
strength than both the control and con-
ventional fibre reinforced composites. 
The fibre loadings did not affect the 
tensile strength properties consider-
ably. 

n There is a considerable difference 
between the control, auxetic and con-
ventional composites in terms of elon-
gation at break features.

n The damage size of the auxetic com-
posites (~34%) was narrower than 
that of the conventional composite 
(~52%). The fibre loadings did not af-
fect the damage size notably. An im-
portant improvement is found in that 
the auxetic fibre reinforced compos-

ites have higher impact resistance than 
their conventional counterparts.

However, further research needs to be 
conducted on the subject of interac-
tions between the auxetic PP fibre and 
composite structure. The parameters of 
composite production, such as the fi-
bre length and fibre loading proportion, 
which possibly affect auxetic behaviour, 
should also be highlighted. These are im-
portant further studies that must be un-
dertaken to achieve the optimum auxetic 
effect. Structural auxetic materials (from 
textile fabrics not from fibre) could also 
be investigated to achieve the maximum 
beneficial results for auxetic behaviour 
for textile based composite applications. 

Acknowledgments
The author would like to thank Prof Andy Al-
derson and Prof Kim Alderson for their sup-
port during the project.

References
 1. Mallick PK. Fibre-Reinforced Composi-

tes. CRC Press, Third Edition, 2008. 
 2. Kim JK, Mai YW. Engineered interfaces 

in fiber reinforced composites. Elsevier 
Publishing, Amsterdam ,1998. 

 3. Drzal LT,, Rich MJ, Lloyd PF. Adhesion 
of graphite fibers to epoxy matrices. 
Part 1. The role of fiber surface treat-
ment. J. Adhesion 1983; 16, 2: 133-152.

Figure 6. SEM images of auxetic and conventional PP composite surfaces (×200 and 
×500); a) Auxetic PP reinforced composite, b) Conventional PP reinforced composite,  
c) Auxetic PP reinforced composite, d) Conventional PP reinforced composite.

a) b)

c) d)



FIBRES & TEXTILES in Eastern Europe  2012, Vol. 20, No.  5 (94)74

 4. Hsie M, Tu C, Song PS. Mechanical 
properties of polypropylene hybrid fiber-
reinforced concrete. Materials Science 
and Engineering 2008; A 494: 153-157.

 5. Shibata S, Cao Y, Fukumoto I. Lightwe-
ight laminate composites made from 
kenaf and polypropylene fibres. Polymer 
Testing 2006: 142-148.

 6. Barkoula NM, Alcock B, Cabrera N, Pe-
ijs T. Fatigue Properties of Highly Orien-
ted PP Tapes and All-PP Composites. 
Composites Science and Technology 
2007; 67: 2061-2070.

 7. McKown S, Cantwell WJ. Investigation 
of Strain-rate Effects in Self-reinforced 
Polypropylene Composites. Journal of 
Composite Materials 2007; 41; 20.

 8. Alcock B, Cabrera NO, Barkoula NM, 
Peijs T. Direct Forming of All-Polypropy-
lene Composites Products from Fabrics 
made of Co-Extruded Tapes. Appl Com-
pos Mater 2009; 16: 117–134.

 9. Lakes RS. Foam structures with a nega-
tive Poisson’s ratio. Science 1987; 235: 
1038–1040.

10. Choi JB, Lakes RS. Nonlinear properties 
of polymer cellular materials with a ne-
gative Poisson’s ratio. Journal of Mate-
rials Science 1992; 27: 4678–4684.

11. Alderson A. A triumph of lateral thought. 
Chemistry and Industry 1999; 17.

12. Alderson K, Alderson A. Expand Mate-
rials and Applications: Exploiting Auxetic 
Textiles. Technical Textile International 
2005; September.

13. Evans KE, Nkansah MA, Hutchingson 
IJ. Modelling negative Poisson’s ratio ef-
fects in network Embedded composites. 
Acta Metallergical Materials 1991, AM-
MS (766): 1–10.

14. http://home.um.edu.mt/auxetic/ (Acces-
sed on 05.11.2009).

15. Strong A. Plastics: Materials and Pro-
cessing. London, Prentice Hall, chapter 
11 edition, 2000.

16. Uzun M, Patel I. Tribological properties 
of auxetic and conventional polypropyle-
ne weft knitted fabrics. Archives of Mate-
rials Science and Engineering 2010; 44: 
120-125.

17. Alderson KL, Alderson A, Smart G, Sim-
kins VR, Davies PJ. Auxetic Polypro-
pylene Fibres Part 1- Manufacture and 
Characterisation. Plastics, Rubber and 
Composites 2002; 31: 8.

18. Simkins VR, Ravirala N, Davies PJ, Al-
derson A, Alderson KL. An experimen-
tal study of Thermal Post-Production 
Processing of Auxetic Polypropylene 
Fibres. Physica Status Solidi 2008; 1-8. 

19. Ravirala N. Fabrication, Characteri-
sation and Modelling of an Expanded 
Range of Auxetic Polymeric Fibres and 
Films. PhD Thesis, June 2006, Universi-
ty of Bolton.

20. Lakes RS, Elms KJ. Indentability of co-
nventional and negative Poisson’s ratio 
foams. Journal of Composite Materials 
1993; 27: 1193–1202.

Received 25.10.2010         Reviewed 26.03.2012

Lodz University of Technology
Faculty of Material Technologies 

and Textile Design

Department  
of Material and Commodity Sciences  

and Textile Metrology
Activity profile: The Department conducts scientific research and educa-
tional activities in a wide range of fields:
n Material science and textile metrology
n Structure and technology of nonwovens
n Structure and technology of yarns
n The physics of fibres
n Surface engineering of  polymer materials 
n Product innovations
n Commodity science and textile marketing

Fields of cooperation: innovative technologies for producing nonwovens, 
yarns and films, including nanotechnologies, composites, biomaterials and 
personal protection products, including sensory textronic systems, huma-
noecology, biodegradable textiles, analysis of product innovation markets, 
including  aspects concerning  corporate social responsibility (CSR), intel-
lectual capital, and electronic commerce.

Research offer: A wide range of research services is provided for the 
needs of analyses, expert reports, seeking innovative solutions and prod-
ucts, as well as consultation on the following areas: textile metrology, the 
physics of fibres, nonwovens, fibrous composites, the structure and tech-
nology of yarns, marketing strategies and market research. A high quality of 
the services provided  is guaranteed by  gathering a team of specialists in 
the fields mentioned, as well as by the wide range of research laboratories 
equipped with modern, high-tech, and often unique research equipment. 
Special attention should be paid to the unique, on a European scale, labo-
ratory, which is able to research the biophysical properties of  textile prod-
ucts, ranging from medtextiles and to clothing, especially items of  special 
use and personal protection equipment. The laboratory is equipped with 
normalised measurement stations for estimating the physiological comfort 
generated by textiles: a model of skin and a moving thermal manikin with 
the options of ‘sweating’ and ‘breathing’. Moreover, the laboratory also has  
two systems for estimating  sensory comfort – the Kawabata Evaluation 
System (KES) and FAST.

Educational profile: Educational activity is directed by educating engi-
neers, technologists, production managers, specialists in creating inno-
vative textile products and introducing them to the market, specialists in 
quality control and estimation, as well as specialists in procurement and 
marketing. The graduates of our specialisations find employment in many 
textile and clothing companies in Poland and abroad. The interdisciplinary 
character of the Department allows to gain an extraordinarily comprehen-
sive education, necessary for the following:
n Independent management of a business;
n Working in the public sector, for example in  departments of control 

and government administration, departments of self-government ad-
ministration, non-government institutions and customs services;

n Professional development in R&D units, scientific centres and labora-
tories.

For more information please contact:
Department of Material and Commodity Sciences and Textile Metrology

Lodz University of Technology
ul. Żeromskiego 116, 90-924 Łódź, Poland

tel.: (48) 42-631-33-17     e-mail: nonwovens@p.lodz.pl    website: http://www.k48.p.lodz.pl/


