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temperature of 200°C, screw speed of 12.5rpm and take-
up speed of either 1.5 or 3.5rpm produced fibres with a
high degree of auxeticity up to 5% strairsignificantly
increasing the auxetic strain range previously reported for
lab-scale extrusions at lower extruder temperatures.
Quenching with a water bath reduced the auxeticity, so
was not employed as a processing parameter.

Auxetic polyproplyene fibres have been produced on a
large-scale industrial extruder for the first time. A first
batch of tests identified a coarse processing window
which was then more closely defined by subsequent tests.
The effects of barrel temperature, screw speed, upke-
speed and quenching (through the parameters of air gap
and bath tempetare) on the Poisson’s ratio and Young’s
modulus of the fibres were examined. It was found that a
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1 Introduction Auxetic materials [1] are those whichThe causal mechanism for this was based on its complex
have a negative Poisssnratio, v. Poisson’s ratio is de- microstructure, which consisted of nodules interconnected
) : . .. by fibrils. Depending on the connectivity of such roicr
fined as the negative ratio of the transverse strain td-lon : ) )

ructures, deformation can predominantly be eitheroby r

tudinal strain for a uniaxial mechanical stress acting in tae[ion of the fibrils (or ligaments) [7] or rotation of the

s o e e s o exonELeS 7. Bin response o mecianical oad. n e cae
Y » tey expag microporous PTFE, fibril rotatioiihinging’) causing

laterally rather than contract as a conventional mategﬁ!a nodules to translate was shown to describe the auxetic

WOUId.dO' This counterintuitive property Is found in naturef“fect observed experimentally at low and intermediate
materials such as certain forms of skin [2] and bone [3] atnd

. | h ‘stobalite 141, A I identifvi ensile strain very well [7]. A secondary simultaneous
minerals such aa-cristobalite [4]. As well as identifying mé_(;,;fhanism of fibril stretching in the same microstructural

&nd unde:standkmlg thefse natu(;al auxetic ma_tenals, mHl.JC% nectivity accounted for the transition to positivesPoi
h € rec?nt Worth '?s Octus.sel t?nd?r;gl?fﬁn.ng _aux; € on’s ratio at high tensile strain [9]. This combined meah
aviour into Synthetic materia's by dint of their MICTOSHU g, \yag also found to describe the full strain-dependent

ture. The first reported synthetic auxetic material was ung’s modulus behaviour very well. Nodule rotation
Eolymerlc(;o?:magevlfloped by Iaakes in 1987 [ﬁ]' In 1.?%%25 additionally shown to lead to a reduction in magnitude
vans and ‘.addock examined a commercialy avaria negative Poisson’s ratio at higher strain [7] — but this e-

form of expanded polytetrafluoroethylene (PTFE) [6, uired an alternative connectivity to the low/intermediate

and found that it possessed a large negative Poisson’s ratio  gyain - microstructure and did not produce the observed
of up to -12 after pre-conditioning. For isotropic materials ... . et . .
ositive Poisson’s ratio at high strain.

the thermodynamically allowed loweiniit on Poisson’s There appeared at this stage to be no reason to suspect
ratio s 1 and so thg Va“.Je reported in PTFE. Is extremelVs PTFE was unique in its ability to be processed ®e pr
low and is only possible in strongly anisotropic m""te”"’uauce this microstructure, so attempts were made to process
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other polymers into an auxetic form. This was successfulgngthwise the thin wrap yarn straightens and pushes the
achieved for ultra-high molecular weight polyethyleneore yarn into a helical configuration, producing an overall
(UHMWPE) [10], polypropylene (PP)1[1] and nylon L2]. increase in the thickness of the composite yarn system and,
In all cases, the processing route used conventional pattigrefore, auxetic response. This approach requires careful
sintering to achieve surface melting of the particles ontpntrol of the wrap yarn placement on the core yarn, and it
[13] followed by extrusion 14], with the entire processhas been shown that the magnitude and presence of the
taking place within the barrel of a bench-top extruder. Baxetic effect is dependent on wrap yarn angle and the core
ensure structural integrity, a compaction stage was usetl wrap yarn diameters and moda@li,[22]. A variant on
[15] prior to the sintering stage. The polymers were-prthe HAY is to embed the thin stiff component within the
duced in the form of cylindrical rods of diameter 9-15mnthick compliant core43).
depending on the diameter of the extruder barrel, and Auxetic fibres have a wide range of potential ampglic
length 100mm. tions, both making use of the auxetic effect itself and of the

In 2002, building on the work on extruded cylinders, property enhancements due to the negative Poisson’s ratio.
process was reported§] which produced auxetic ppl As an example of the former, auxetic fibres within aneo
meric fibres. The initial work was carried out using PP @®site have been shown to resist the failure mechanism of
this was a material which was well understood for thee prfibre pullout 24,25]. Effectively here, as the fibre is pulled,
cessing of auxetic polymers. For example, PP was usedt texpands, causing it to lock into the matrix rather than
assess the effect of powder morpholog$] [on the auxet contracting and pulling away from the matrix as in the
city of the final polymer. To this end, the same grade obnventional case. Looking now at the properties okaux
polymer was used as had been successfully employediénmaterials, many of these are predicted to be enhanced
the cylinder work i.e. PB0O580 produced by Plast-Labdre to the presence of a negative Poisson’s ratio. These
S.A. The fibres were found to have a granular, or fusqaroperties include fracture toughness, wear resistance and
particle, microstructure [16, 17], with little evidence of thenergy absorptior2p, 27, all of which could be extremely
nodule-fibril microstructure reported for the earlier nyli useful in textiles for, say, personnel protective applications.
drical rods. The process was carried out on an EmersonOne of the limiting factors in the move from laboratory
and Renwick Ltd. Labline extruder which had a 3:Ieo production to commercialisation of extruded auxetimmo
pression ratio, and a screw of diameter 25.4mm aafilament fibres is the fact that they are currently produced
length/diameter ratio 24:1. A particular feature of this eon a laboratory extruder, albeit a semi-commercial one.
truder is that it has 5 thermostatically controlled teraperThis paper examines the preliminary stages in moving to a
ture zones. However, in order to produce auxetic fibresjatge scale extruder and the effect of this on the key pr
was necessary to use a temperature of 159°C in each ottdssing parameters.
zones.

A detailed investigation of the processing parameters 2 Experimental methods
[17] defined conditions of screw speed 10rpm (equating to 2.1 Powder characteristics The powder used in
1.05rads) and a takesp speed of 0.032rfs The fibres these  extrusions was PP4352F1-50962 BGNRI
produced had moduli of around 1.3GPa and an avera@®30/31/33/34/36/39/42, produced by Exxon Mobil
Poissors ratio, v = -0.6, with the most auxetic sectiongChemical. This was then Messier ground to 92.5% of pa

havingv = -1.62. Drawing after extrusion to improve thdicles less than 500um diameter; 32.0% of particles less

modulus was not an option in this process because it W& 250um diameter. The key processing temperatures
found that this reduced auxeticity. Initially, the die usefér® measured using differential scanning calorimetry

consisted of a 40-hole spinneret plate with each hole- of SC) ata heqting rate of 10°C/min under a ﬂ_OW ofonitr
ameter 0.55mm, producing fibres of diameter ~ 340um. In-  9€N at 20ml mifl. These revealed that the melting tempe

terestingly, when this spinneret plate was replaced b);\tgre was 165.7°C, with the onset of melting temperature
monofilament plate, with a 1mm diameter hole, this ai§§ng 142°C. ] _

produced fibres of diameter ~ 340um, but the fibres were 2.2 F'_bre ex"l'!s'on A schematic 9f a general melt
more consistently auxeticl]]. The process was also€Xtruder is shown in Fig. 1dn conventional melt extr

adapted to produce auxetic polvester and nvlon fib sion polymer granules or powder are fed into the hopper
andpalso anetic PP fi|m§_$]r.) Ir>1/ the case 0¥ auxet??PLand transported through the heated barrel of the extruder

films, auxetic behaviour has been produced for extrusionP¥;the screw. The molten polymer passes through armete

159°C 8] and also at elevated extrusion temperatufad PUmp which regulates the throughput rate, priomto e
around 180-190°CLp]. tering the die zone. The polymer passes through a spinne

An alternative to the extruded monofilament approa} Plate comprising of a series of holes which impart cross
to making auxetic fibres is the helical auxetic yarn (HA ectional shape to the extruded fibres as the polymer passes

consisting of a thin stiff yarn wrapped helically around §rough the spinnereOn exiting the spinneret the fibres

thick compliant core yarn2[]. As the HAY is stretched undergo rapid cooling in an air quench zone, either under
ambient air conditions (ambient air quench) or using an air
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knife, and may also enter a quench tank containing cooli
water. The quenching process facilitates the solidificatis
of the extruded fibres by cooling them below the polym
melt crystallization temperature and eventually the gla
transition temperature. After quenching, the fibres enter
to a system of take-up, draw and final winding rollers. Ti
take-up winder speed, together with the throughput r:
from the metering pump, determines the denier (line
mass density) of the fibre. Draw rollers can impartiadc
tional drawing of the fibres which, in conventional mel
extrusion, aligns polymer chains to impart increast
strength and stiffness.

The extruder used for these tests was a Davis-Stanc
Thermatic extruder based at Shakespeare Monofilam
UK Ltd, as shown in Figlb This was a much largeran
chine than that previously used, but still had 5 electrica
heated barrel zones with individual thermostatic contro
The screw was driven by a 50 hp DC motor and hac
screw length of 1450mm and screw diameter of 50m
giving a length/diameter ratio of 29:1. To produce the 1
bres, the extruder was fitted with a spinneret plate, whi
in this case had 20 die slots, each of diameter 2mm. 1...
extrusion line also had the facility for both air and wat@igure 1 (a) Schematic of a general melt extruder. (b) Tae D
guenching (Fig. 1c) as the fibres exit the die slots. vis-Standard Thermatic Extruder used in the large scale-extr

The first batch of extrusions was conducted to try &on; (9 Spinneret and quench tank of the Davis-Standard-The
identify the boundaries of the processing window and wagtic Extruder.
thus relatively coarse. The key processing parameter for _ ]
production of auxetic polymers has already been statedlable 1 Processing parameters for the first set of tests.
be the extrusion temperature. For PP, this has been 159°Gj,e Tempea- Screw  Takeup Quench
for cylinder and fibre production using the PB0580 powder nym-  tre (°C) speed  speed  tempea-

Take-up, draw and final
winding roller system

Die zone

7

Fibres (C)

in small bore barrel batch (10-15mm diametelr})] [and ber (rpm) (rpm) ture(°C)
continuous (25.4mm diameter)q extruders, respectively ~“ppq 180 18.8 15 30
Auxetic PP films have been produced from the sanve-po pp»> 180 12.5 1.5 30
der on the 25.4mm diameter extruderl&®C and also a  pp3 180 12.5 15 21
higher temperature of 180-190°C9. Attempts to run the  ppg 182 125 15 21
larger diameter extruder of the current investigation at ppsg 200 125 15 Ambient
159°C proved to be difficult due to very high pressure ppg 200 125 15 21
build-up in the die region. So, on the advice of the machine ppg 200 18.8 15 21
Technicians, the temperature was raised so that safe extr ppg 200 125 3.5 30
sion could proceed. PP10 200 12.5 35 Ambient
The set of related temperatures, screw speeds and takeep11 200 12.5 1.5 Ambient
up speeds used in the first batch of tests are listed in Tableep12 200 12.5 35 Ambient
1. Conditions were defined based on previous studies usingPp13 207 125 35 30
the experience of manufacturing auxetic PP cylinders, f pp14 210 12.5 3.5 30

bres and films and the complex interaction known to exist After analysis of the fibres produced, a second set of
between temperature, screw speed and tpkepeed. This extrusions were undertaken. This was to examine more
allowed the investigators to define a set of conditioks teaclosely the processing parameters and their effect og-aux
ing into account extruder variables. In total, 14 sets of caicity. The first batch of tests had identified the optimum
ditions were examined, with temperatures varying frommperature to use and this was employed for all the su
180- 210°C, screw speeds from 12.5 to 18.8rpm and takequent runs. The first run of the second batch oluextr
up speeds from 1.5 3.5 rpm. A new variable was also-i sions fixed the temperature and the takespeed andla
vestigated which was not possible with the laboratory sc@ved the screw speed to vary as 12.5, 14.5, 15.5, 16.5 and
runs, i.e. the effects of quenching. The fibres were eitheg.5rpm (see Table 2). The second run (see Table 3) fixed
subjected to ambient air quench as they exited the dieti temperature and screw speed and allowed theutake-
were water quenched at 21 or 30°C. At this stage, the gieed to vary as 1.5, 2.5, 3.5, 4.5 and 5.5 rpm. For both
gap to the water bath was not varied. cases, ambient air quenching was carried out.

Copyright line will be provided by the publisher
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ments can be tracked incorrectly due to features onithe f

Table 2 Processing parameters used to investigate the effectbrd surface, lighting issues and such like. This is evident
screw speed, with the other parameters fixed.

through the recorded segment width being significantly
different to the actual fibre diameter (i.e. adjacent segment

E:Jbr;ier ::tumf: ngg Iske t%ﬁf;;:_ ggp widths), or displaying markedly diﬁgrent trends to other
(C) (rpm) speed ture (°C) (mm segments. In such cases, the |dent|f!ed segment data were
(rpm) ) removed from the subsequent analysis.
PP10 200 12.5 35 Ambient - . . .
P12 20 125 35 Ambem - |abled Pocessng pameters deed o puesiate e efect o
PP15 200 125 3.5 Ambient - ' )
PP17 200 145 35 Ambient - Fibre Tempe- Screw  Take-  Quench  Air
PP18 200 155 35 Ambient - number rature  speed up tempen- Gap
PP19 200 16.5 35 Ambient - (°C) (rpm) speed ture (°C) (mm
PP20 200 18.5 3.5 Ambient - (rpm) )
PP10 200 12.5 3.5 Ambient -
Table 3 Processing parameters used to investigate the effects pp12 200 12.5 35 Ambient -
takeup speed, with the other parameters fixed. PP15 200 12.5 35 Ambient -
Fibre Tempe- Screw Take-  Quench  Air PP21 200 12.5 3.5 20 20
number rature  speed up tempen- Gap PP22 200 12.5 3.5 20 40
(C) (rpm) speed ture (°C)  (mm PP23 200 12.5 3.5 20 60
(rpm) ) , . .
RS A0 125 15 Awben - |ateSCicesng pernees v o niesione e efects o
PP11 200 12.5 1.5 Ambient ' )
PP16 200 125 15 Ambient - Fibre Tempe- Screw  Take-  Quench  Air
PP27 200 12.5 15 Ambient - number rature  speed up tempea- Gap
PP24 200 125 25 Ambient - (°C) (rpm) speed ture (°C) (mm
PP10 200 125 3.5 Ambient - (rpm) )
PP12 200 12.5 3.5 Ambient - PP5 200 125 1.5 Ambient -
PP15 200 12.5 3.5 Ambient - PP11 200 12.5 1.5 Ambient -
PP25 200 12.5 4.5 Ambient - PP16 200 12.5 1.5 Ambient -
PP26 200 12.5 5.5 Ambient - PP27 200 125 1.5 Ambient -
Tables 4 and 5 give the details for the third and fourtlPP28 200 125 15 20 60
runs, which concentrated on quenching. The third ra (T PP34 200 125 15 20 60
ble 4) fixed the temperature, screw speed and tiake- PP29 200 125 15 30 60
speed along with the use of a 20°C quench. The air gap®30 200 125 15 40 60
varied from 20 to 40 and 60mm and the fibres wema-co PP31 200 12.5 1.5 50 60
pared with fibres produced using the same processing pPP32 200 125 15 60 60
rameters under ambient air quenching. The final run d?P33 200 125 1.5 70 60
tests (Table 5) used a fixed temperature, screw speed and
takeup speed. An air gap of 60mm was employed and t oo Tdee
quench temperature was varied from ambient air quenct Camera extensometer
20, 30, 40, 50, 60 and 70°C. cr d Microtensile/ ik
2.3 Fibre characterisation The fibres were tested D instron
using an Instron 4300 mechanical testing machine, fitt
with a 100N load cell, at a crosshead speed of 2mni.mil Length
. . . . Load cell and/or
The Poisson’s ratio was measured using a Messphysik Width data
ME46 videoextensometer. This consists of a compu (PC,)

software package, which simultaneously measures len
and width data from changes in the contrast betweek-me
ers attached to the fibres along their lengths and the ed
of the fibres, which gave the width measurement. T

schematic set up of the equipment is shown in Figure 2:

Force Vs
Extension
Graph (PC,)

ure 2 Schematic of the videoextensometry set up.

The software splits the length defined by the fidlucia 3 Results and Discussion The modulus, diameter

markers into 10 segments, the widths of which are th
tracked throughout the test. Occasionally,

Copyright line will be provided by the publisher
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Poisson’s ratio are averaged over all width segments (fol-

lowing removal of any outliers section 2.3) for several
tests. As an example, Fig. 3a shows the raw data for PF
This clearly shows as the length increases (bold line),
width decreases. This is conventional behaviour and
found in all sections of the fibre. To get the Poisson’s ratio

from these data, an average true transverse strain vs
axial strain plot is constructed, and the slope of this give
v. In this casey = +0.36 (Fig. 3b). Figure 4 shows the
same analysis for PP13, which is an auxetic fibre. It can
seen clearly that as the fibre is pulled, it increases m-dia

eter (Fig. 4a), giving the Poissanratio by analysis as

above asv =-0.82 (Fig. 4b). The auxetic effect is thei
shown for the first time in a fibre produced on a large-sc:
extruder, and persists over the full 5% axial strain ran
covered in the test. This is an increase in the strain rai
for auxetic behaviour found in melt extruded auxetic fibre
which persists typically up to 1-2% strain in fibreo{pr
duced previously on a lab-scale extruder.

Table 6 Mechanical properties for the first batch of tests.

Fibre nun-Diameter  Young’s mo-Poisson’s ratio
ber (mm) dulus (GPa)

PP2 2.02 0.65+0.02  0.00+0.03
PP3 2.08 0.7940.02  0.32+0.04
PP4 2.27 0.68+0.01 -0.41+0.05
PP5 1.82 1.05+0.03  -0.47+0.05
PP6 2.03 1.04+0.03 -0.24+0.03
PP8 1.66 0.96+0.07  0.35+0.05
PP9 1.72 0.87+0.05 0.35+0.04
PP12 1.86 1.08+0.04 -1.0£0.1
PP13 1.30 1.06+0.04 -0.8+0.1
PP14 1.60 0.91+0.05  0.31+0.05

2.06 4.25

2.04
F42
202

2 4
1.98
S 19

1.94

idth (mm)
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T 4.05
1.92
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r © 2 T T T T 1
-0.01 ? . 0.03 0.04 0.05 0.06

y =-0.3622x - 0.001

0.01 4 R®=0.9214

-0.015 4
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-0.02 1

(b)

-0.025 -
Figure 3 (a) Raw width and length data for PP14, showing-co
ventional behaviour; (b) Plot of lateral strain against axial strain
for PP14, showing Poiss@ratio,v = +0.36.

212 4.25

Width (mm)
»
Length (mm)

T T T 3.95
30000 40000 50000 60000 70000

Time (ms) (a)

20000

0 10000

0.034  y=0.8204x - 0.0095
R?=0.956

0.02 A

0.01 1

el VJ Axial strain

0.02 (b)
Figure 4 (a) Raw width and length data for PP13, showingeaux
tic behaviour; (b) Plot of lateral strain against axial strain for

PP13, showing Poiss@ratio,v =-0.82.

Lateral strain
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The results shown in Table 6 appear to indicate that "
best temperature to use for the detailed processing para a
ter examinations is 200°C. Tests conducted at 1808€ ¢ 05 A
duced near zero or positive Poisson’s ratio fibres and were
produced at the machine limits due to the pressure build
described above. It is noted that PP4 was auxetic and
produced at 182°C, but it was felt that this temperature v 4
very close to 180°C and machine fluctuations might res
in conventional fibres being produced. PP14, produced S " (@)
210°C, was also conventional, so 200°C was selected as 2
temperature. Table 6 appears to indicate that increasing
screw speed or takgp speed results in the fibre being
conventional even at a processing temperature of 200 500
This is investigated further below.

In the analysis that follows, the data are plotted as
range of Poisson’s ratio values (each averaged over all
width segments during one test) for several tests at e
condition, rather than as a single value. The latter is use
for a coarse examination as was undertaken above- H g
ever, in the majority of work carried out on extruded fibre (b)
plotting all the data as a range is the usual way oferep 0
senting the data allowing the recognised variability of tl
fibres to be shown, see for exampld][ This also allows
the auxeticity of the fibres to be clearly displayed, meanifggure 5 (a) Effect of the screw speed on the Poisson’s ratio
that one very negative (or indeed positive) value did nafues of the fibres; (b) Effect of the screw speed on the Young’s
skew the results. modulus of the fibres. Temperature = 200°C and tgkepeed =

3.1 Effect of screw speed Figure 5 shows thefe 3-57pm; ambient air quenching.
fect of screw speed on the Poisson’s ratio range (a) and the

Young’s modulus (b) of the PP fibres for the tests conduct- For the remaining tests, then, the temperature remained
ed according to Table 2. The temperature was fixed ft20poC and the screw speed was 12.5rpm.

200°C and a tee-up speed (_)f 3.5rpm was used. At ascrew 32 Effect of take-up speed Figure 6 shows thefe
speed of 12.5rpm, all th_e fibres tested were auxetic _but hagk of takeup speed on thPoisson’s ratio range (a) and
a low modulus. Increasing the screw speed results in SOMEY oung’s modulus (b) of the PP fibres for the tests con-
fibres with auxetic character, but these were predominangycted according to Table 3. Auxetic character is shown
conventional. This is in agreement with previous findinggy g the takeup speeds investigated, with only the faster
on cylinders and fibres where in order to achieve ar-aUXpeed of 5.5rpm showing any large positive Roissrati-
tic polymer by extrusion, either in a benchtop extruder gg at g takesp speed of 1.5rpm, all but 1 test conducted
in a lab-scale melt extruder, there needs to be a defiRgdwed auxetic behaviour and at 3.5rpm, all the tests
dwell time to allow the polymer to surface melt. It iscalsshowed auxetic behaviour. So, either of these two can be
interesting to see that the most auxetic fibre has the lowgstd to produce auxetic fibres. Figure 6b shows thai-the f
modulus, again as has previously been observed. bre modulus decreases as the tagspeed increases. This
is exactly the same finding as was seen with the laboratory
scale fibres 17] and was attributed in that case to slight
drawing of the fibre structure, which again can be assumed
here.

(X ]
an o

KR

14 16 ® 18 o 20

Poisson's Ratio

Screw speed (rpm)

* BN 9 o
L

600

400

300

200

Young's Modulus, MPa

Screw speed, rpm
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2 5 peratures the water quench may not allow the thermal rea
rangement or evolution of the molecular chains and/or
granular structure into the configuration required foreaux
tic response. Increasing the quenching temperature may, on
981 . o the other hand, allow some thermal rearsng
. i = M ment/evolution of the microstructure-mechanism such that
05 H : there is an increased tendency for auxetic behaviour at the
: H . highest quenching temperature of 70°C. That the ambient
* Take-up speed (rpm) air quench does produce auxetic behaviour, whereas the
. (a) lowest water quench temperatures in the vicinity of the
ambient air temperature do not, may be due to the leass eff
cient heat transfer in air than in water allowing increased
time for the necessary microstructural rearrangements to

250 4 occur.
2 1

Poisson's Ratio
o

300

200 A
1.5

150

11 Ambient air
quenched

100 4

o
o

Air gap (mm)

Young's Modulus (Mpa)

] )

o
o

Poisson's Ratio
o

0 1 2 3 4 5 6

Take-up speed (rpm)
Figure 6 (a) Effect of the takep speed on the Poisson’s ratio
values of the fibres. Each takg-speed is represented by the ful
range of the data points obtained; (b) Effect of the takepeed 560
on the Young’s modulus of the fibres. Temperature = 200°C and
screw speed = 12.5rpm; ambient air quenching.

180 - Ambient air

160 1 quenched

140 4

3.3 Effect of varying the air gap to the quench
bath Figure 7 shows the effect of varying the air gap
the quench bath on the Poisson’s ratio (a) and the Young’s
modulus (b) for the PP fibres for test conditions accordil
to Table 4. In this case, the Young’s modulus of the fibres 40
decreased as the air gap increased. So, given that the 5 | (b)
gap appeared to have very little effect on the Poisson’s ra- 0
tio with only the 40mm gap showing any positive charact
and this not being the case with the 60mm air gap, then _
the next set of tests investigating the quench temperatiigure 7 (a) Effect of the air gap on ti@isson’s ratio values of
the easiest distance to work with (60mm) was used. the fibres. Each air gap in mm is represented by the full range of

3.4 Effect of quench bath temperature Figure 8 the data points obtained; (b) Effect of the air gap on the Young’s
shows the effect of varying the quench bath temperatureropdulus of the fibres. Temperature = 200°C, screw speed =
the Poisson’s ratio (a) and the modulus (b) for the fibres 12.5rpm, takesp speed = 3.5rpm and quench temperature = 20°C.
produced according to the parameters in Table 5. The first
thing to note is that quenching with the water bath appears 3-5 Reproducibility Taking all the tests into comsi
to reduce auxeticity (Fig. 8a). With ambient air quench, &fation, the following conditions can be defined from this
the fibres were auxetic, with values downvte -1.5. Ta- Preliminary study to produce auxetic behaviour. These are
en together with Fig. 8b, which shows that any amount ®farrel temperature of 200°C, a screw speed of 12.5rpm, a
water bath quenching also reduces the modulus, it appd@€-up speed of either 1.5 or 3.5 rpm and ambient air

that the best condition would be to ambient air quench gench. . .
fibres. To assess the reproducibility when scaling up tlee pr

The quenching data suggest that the required cambiR€SS: the two sets of conditions which are defined as opt
tion of microstructure and mechanism responsible far ayMum are compared in Fig. 9. It can be seen that reproduc
etic behaviour in part evolves after exiting the didility is good for a takesp speed of 1.5rpm but even better

Quenching at the lowest temperatures of320C shows for & takeup speed of 3.5rpm, where all the fibresopr
no evidence of auxetic character. It may be at these teluced were auxetic.

120 -
100 -
80
60

Young's Modulus (MPa)

10 20 30 40 50 60 70
Air gap (mm)
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At this stage, it is worth considering the challenge
which occur in actually carrying out the extrusion in @& i
dustrial scale extruder and which need to be addresse:
fully commercialise the process. The hopper feed beca
blocked frequently, leading to issues in feeding powder
the screw. The fibres were difficult to feed to the spoole
causing broken fibres and tangles, which had also hee
problem on the laboratory scale extruder. Finally, runni
the extruder at loar temperatures caused instability in th
temperatures, leading to a lack of necessary control wh
meant that some of the runs had to be aborted. It is likeiy

Poisson's Ratio

0.5

0

-0.5

A1 4
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I, 18 |

Temperature: 200 °C,
Screw speed: 12.5 rpm
Take-up speed: 3.5 rpm
Ambient air quench

PP10 PP12
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Temperature: 200 °C,
Screw speed: 12.5 rpm
Take-up speed: 1.5 rpm
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o

PP5 PP11  PP16
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e e
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>
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=]

0 x

o

Fibre Diameter: 1.86 mm
Young's Modulus: 225 MPa

that these processing and control issues are at least in Figure 9 Comparison of the data for the defined processimg co

responsible for the significant variability evident in théitions to illustrate the reproducibility of the fibres.

Poisson’s ratio and Young’s modulus data in Figs. 5-9. All

of these issues need to be addressed in order to optimisel he most striking of the processing parameter variables
fully the process for the production of fibres showireg rstudied here in terms of the results gained was the temper

duced variability in properties.

159 Ambient air

quenched 4

14 x ®

o
o
1
x

o
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300 4

250 A

Ambient air
quenched
200 A

150 4

100 4

Young's Modulus (MPa)

10 30 50 70
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ture. It was expected that, in common with the previous
work on auxetic PP fibresl}] and cylinders 11] to date,
the temperature would need to be around 159°C, give or
i take a few degrees adjustment for the change in powder.
The barrel temperature of 200°C identified in this work for
the production of auxetic fibres when scaling up the- pr
cess to industrial-size extruders was, therefore, unexpected.
. It is possible that the higher barrel temperature in the large-
scale extruder reproduces similar conditions in the bulk
= polymer during the extrusion process to the lower teayper
ture in the smaller scale extruder reported previously
thought to lead to a granular microstructure responsible for
24 the auxetic effect in the fibrel§, 17], through fusing of
surface-melted powder particles. Alternatively, the large
scale extrusion temperature may produce conditions in the
bulk polymer similar to those recently discovered to lead to
auxetic behaviour in PP films in the smaller scale extrusion
process at 180°CL]. In this latter case, the polymer is
likely to be fully molten during extrusion and so an @lte
native fibre microstructure for auxetic behaviour is likely.

The thermal characteristics of the polymer in the large

scale extruder, and the resulting fibre microstructure, are
50 not known and this is the main focus of future work. The
focus will be to determine the physical state of the polymer
in the larger barrel during extrusion at 2G0This will be
related to the corresponding state in the smaller barel |

boratory extruder at th@59C conditions established for

Figure 8 (a) Effect of the quench temperature on the Poisson’s

auxetic fibres, and also the additional 1B°C cond-

ratio values of the fibres. Each quench bath temperature & refions established for auxetic PP filmiswill be necessary
sented by the full range of the data points obtained; (b) Effectigfastablish the effects of dwell time and thermal equitibr

the quench temperature on the Young’s modulus of the fibres.
Temperature = 200°C, screw speed = 12.5rpm, tipkspeed =
1.5rpm and quench gap = 60mm.

tion on the nature of the polymer in situ (e.g. homogeneous
melt or a partially melted, heterogeneous state). A post-
production assessment of fibre morphology and crysiallin

ty will also be undertaken to determine the microstructural
features and size scale responsible for the auxetic effect.
This detailed investigation will not only enable a detailed
understanding of the processes in the small and larger scale
extruders used to date, but will also facilitate transfer of the
process to a broader range of other extruders having-diffe
ent screw dimensions.
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The lower limit on the diameter of fibres produced af4] Y. Yeganeh-Haeri, D. J. Weidner, and J. B. Parise, Science
15@C in the smaller extruder is likely to be determined by 257, 650 (1992).
the size of granular (fused-particle) features making up tHel R.S.Lakes, SciencS5, 1038 (1987).
fibre microstructure. The size of the granular features is, #9! ?é?D? Cl%dS%OCk’ and K. E. Evans, J. Phys. D: Appl. PBgs.
turn, deFeymined from the starting powder size yvhich muiﬁ K E. I(Evans),. and B. D. Caddock, J. Phys. D: Appl. PEgs.
be sufficiently large to enable surface melting to be " 1gg3 (1989).
achieved, rather than near-instantaneous full melting o A A Pozniak, and K. W. Wojciechowski, Phys. Status So
smaller particles. It has been suggested that the granular idi B 251(2), 367 (2014).
microstructure of the previously reported fibres is akso r [9] A. Alderson, and K. E. Evans, J. Mater. S8R, 2797
sponsible for the reported variability in fibre properties (1997).
since any microstructural inhomogeneity becomes mord0K. L. Alderson, and K. E. Evans, Polyn8, 4435 (1992).
evident when the microstructural features are of the ordétUA. P. Pickles, K. L. Alderson, and K. E. Evans, Polym. Eng.
of the fibre diameter28]. A similar granular microstit Sci. 36, 636 (1996).

. . . ) 2IK. L. Alderson, A. Alderson, R. S. Webber, and K. E. Evans,
ture in the fibres reported in the scale-up work here WOU|H' J. Mater. Sci. Lett17, 1415 (1998).

also be a possible contributor, in addition to processing aT?S]K. L. Alderson, A. P. Kettle, P. J. Neale, A. P. Pickles, and
control issues noted above, to the variability in fibreppro K. E. Evans, J. Mater. S&0, 4069 (1995).

erties.If, on the other hand, the microstructure responsiblg4p. J. Neale, A. P. Pickles, K. L. Alderson, and K. E. Evans,
for auxetic behaviour at 200 in the larger extruder is J. Mater. Sci30, 4087 (1995).

identified at the molecular chain level (nanoscale)nthe[19A. P. Pickles, R. S. Webber, K. L. Alderson, P. J. Neale, and
this has potential to lead to finer diameter and moiie un K. E. Evans, J. Mater. S0, 4059 (1995).

form auxetic fibres than currently achievable from ttie m [16]K. L. Alderson, A. Alderson, G. Smart, V. R. Simkins, and

croscale fused-particle microstructure at a59n the P. J. Davies, Plast. Rubb. Compai(8), 344 (2002).

smaller extruder. This would broaden the applicability of/IK: L- Alderson, A. Alderson, P. J. Davies, G. Smart, N.

N L ) Ravirala, and G. Simkins, J. Mater. $&2, 7991 (2007).
auxetic fibres to applications where the current fibres a8 gN. Ravirala, A. Alderson, K. L. Alderson, and P. J. Davies

too coarse (e.g. apparel and composite reinforcement). Polymer Engineering and Scient®(4), 517 (2005).
[19/G. Chirima, N. Ravirala, A. Rawal, V. R. Simkins, Al-A

4 Conclusion Auxetic fibres have been successfully  derson, and K. L. Alderson, Phys. Status Solidi43(11),
produced on an industrial scale extruder for the first.time 2383 (2008).
The fibres produced had good reproducibility and wer&0W. Miller, P. B. Hook, C. W. Smith, X. Wanga, and K. E.
found to exhibit auxetic response over a larger strain range Evans, Compos. Sci. Tess, 651 (2009). _
than reported previously in laboratory-scale extrusiong.zl]'v" R. Sloan, J. R. Wright, and K. E. Evans. Mechanics of
There were some processing problems which will need E?Z]Mate”als‘l?” 476 (2011).

. . . G. Zhang, O. Ghita, C. Lin, K. E. EvarSomposite Strc-
be further investigated in order to fully understand an tures140, 369 (2016).

commercialise the process. The processing parametetsit c. Lim. Phys. Status Solidi 851(2), 273 (2014).

have been identified for this particular combination 0%24]K. E. Evans, Chem. In@0, 654 (1990).

powder and machine to be a barrel temperature of 200°C[2%]V. R. Simkins, A. Alderson, P. J. Davies, and K. L. Alde

screw speed of 12.5rpm and a talespeed of either 1.5 son, J. Mater. Sc#0, 4355 (2005).

or 3.5 rpm. Ambient air quenching of the extruded fibre$26]A. Alderson, and K. L. Alderson, Proc. Instit. Mech. Eng.,

was required. Part G,_Journal qf Aerospace Engineer?2@, 565 (2_007). _
[27]T. C. Lim, Auxetic Materials and Structures (Springen-Si
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