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Abstract

The abrasion resistance of fibres is a basic property in the textile industry since the fibres can be damaged during the manufacturing
process. To understand the fundamental mechanisms of abrasiop.of d@meter polyamide fibres, a tribometer using a fibre-cylinder
contact configuration immersed in water has been developed. This instrumented device controls tribological parameters such as the sliding
speed, the environment and the tension applied to the fibre. A reference experimental procedure has been defined in order to run comparative
experiments where the former parameters were varied. The number of rod revolutions leading to the fibre rupture has been selected as &
macroscopic wear criterion. It is found to be independent of the sliding speed, in the investigated range of velocities. A simple thermal anal-
ysis of the sliding contact confirms that the contact heating is limited by the cooling effect of water. Microscope observations of worn fibres
reveal abrasive scars and defibrillations on the fibre surface and are used to characterize the wear kinetic. From these observations, it is showi
that the abrasive process is responsible for a continuous diminution of the fibre cross-section until the creep failure stress is achieved locally.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction on the presence of water. Therefore, the environment has to
be controlled.

The most effective applications of polymers as engineer-  During the manufacturing process, the fibres undergo a
ing materials often require a better understanding and controlwide range of mechanical stresses under which their surface
of their surface mechanical properties. This is particularly may present damage caused by abrasion. Such damage
relevant in the polymer fibre industry. The fibre forming pro- shorten the fibre life. Consequently, the abrasion resistance
cess controls the structure and the mechanical and thermals a fundamental property of polymers. The scratching
properties of the fibrdl]. Two models have been devel- method is convenient to characterize polymer abrasion re-
oped to present the microfibrillar morphological structure sistance since it reproduces a number of contact conditions
of polyamide fibres: Prevorsek has proposed a microfibril- encountered in practic®]. In previous studies, scratching
lar “swiss-cheese” model when Peterlin has preferred a two maps for a single asperity contact have been Bojii]. Sur-
phase microfibrillar modgP]. It has been shown that both face scratch deformation mechanisms that occur during the
models are suitable for polyamide fibres, depending on the contact have been described for various strain rates, applied
forming process. The fibre structure strongly influences its normal loads and indenter geometries. However, these maps
tribological behaviour. Moreover, the mechanical properties do not provide all the necessary data about the damage
of hydrophilic polymers such as polyamides are dependentmechanisms, especially for polyamide fibres, or severity
on the presence of water in the environmgit The de- under all condition$5]: the strain rates and loads are indeed
crease in the mechanical properties of polyamide fibres is much lower than the ones used in the fibre industry. More-
due to the diffusion of water molecules into the amorphous over, the scratching method does not allow us to study the
regions of the semi-crystalline polymer leading to plastici- abrasive wear of fibres from a macroscopic point of view.
sation and the rupture of intermolecular hydrogen bd4fls The purpose of this study is to contribute to the under-
The tribological behaviour of polyamide is also dependent standing of the abrasive wear mechanisms of polyamide

fibres and to identify the microscopic and macroscopic
relevant parameters in the abrasive wear process. In order
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been developed in which tribological parameters such ase The environment: the rod and fibres are immersed in a
speed, environment and applied tension are controlled. A controlled temperature bath of mineral water in order to
reference experimental procedure has been defined in order reduce the effects of variable moisture on polyamide. The

to run comparative experiments by varying test parameters.

2. Experimental details

2.1. The abrasion test
[ )

The fibre abrasion process is induced using a tribometer
which realises a contact between a fixed tight fibre and a
rotating “abrasive” rod, as shown kig. 1 Fifteen fibres can
be simultaneously tested in each experiment. A statistical
analysis of the fibre rupture can then be made. The chosen
abrasion resistance criterion is the average time to rupture
of the 15 tested fibres.

A dead weight and pulley system is used to produce a
tension,F1, on the free end of the fibre. The tension on
the other extremityF, is measured by a force transducer,
which has a maximum load capacity of 0.2N. It may be
assumed that the diameter of the fibge£ 40m) is small ®
compared to that of the rod. In our experiment, the total
angle of contact between the fibre and the rod is 7/2. A

bath temperature is maintained at 251°C. A simple
calculation of minimum film thickneshg in the contact

by applying Moes-Venner EHL theor{®] for water as
lubricant provides & of about 1 A which is 1000 lower
than the rod roughness. This shows that water is unable
to generate a lubricating film.

The abrasive rod surface roughness: the roughRgss

the 10 mm diameter rod is 18m. The rod asperities have

a conical shape. The mean distance peak-valley jsi3
The rod rotation speed can reach 3000 rpm, which corre-
sponds to a linear speed of 1.5m/s. The rod is made of
steel covered by a hard ceramic coating.

Topographic measurements have been performed on the
rod using a WYK® optical interferometer before and
after the wear test. No significant change in the rod surface
roughness is noticed which suggests that experiments do
not cause rod wear, and that the test corresponds to the
wear of the fibres only.

The applied load: it varies from 2 to 7 g.

The fibres are made of thermoplastic semi-crystalline

polyamide 6 and have a “swiss-cheese” structure. Their

friction coefficient, between the fibre and the rod may be round section has a mean diameter Oprlﬁ) Molecular

calculated along the contact by the following relat[@rB]:

o = Fre*t 1)

massM,, is about 26,000 g/mol. These fibres have been
drawn at 300% and their rupture stress is 0.7 GPa for true

rupture strain of 50%10] when water saturated.

For a given applied loa#,, the measured friction coeffi-

cient varies with both the tensile load caused by the rotation 2.2. Experimental procedure

of the rod and the number of fibre wraps around the rod. The
elongation of one fibre out of 15 is measured during the ex-

The test conditions have been chosen to optimize repeata-

periment via a displacement sensor. A maximum elongation bility while remaining within the capabilities of the appara-

of 20 mm can be detected.

tus. Therefore, a reference experimental procedure has been

Three parameters can be accurately controlled in the tri- defined: the initial applied tensile stress of 22 MPa is pro-

bometer:

Force
transducer

Abrasive rod (¢ =10 mm)
F2 \

duced by a 3-g dead weight and the rod rotation speed is

/G

Polyamide

fibre

Fi

Spring water
(controlled temperature)
and pH)

Y

Dead weight

Displacement sensor — g

Fig. 1. Schematic of the tribometer. A rotating abrasive rod rubs a fixed tight fibre loaded using a dead weight. The contact is fully immersed in water.
A force transducer measures the friction induced tendton,The fibre elongation is simultaneously monitored using a displacement sensor.
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Fig. 2. Evolution of the tension forde, ((J) and the fibre elongatior<x) Fig. 3. Influence of the sliding speed on the mean time to fibre failure.
during the experiment. Reference tests were performed=at300 rpm, The curve puts forward that the fibre failure is independent of the rod
at 25°C and for a dead weight of 3g. The measured fdfgeremains sliding velocity and always occurs for a rod revolution number of 5600

constant and corresponds to an apparent friction coefficient of 0.4. The or a sliding distance of 176 m.
fibre steadily lengthens with time to reach 5mm at the failure which
occurs within 18 min.

3.2. Fibre wear processes

300 rpm which corresponds to a linear speed at the contact The damaged fibres have been observed in SEM and AFM
Of 0.15 m/S. Fibres are immersed in Spring water 24 h befOI’e before the rupture occurs. A macroscopic ana'ysis of the
testing. If not specified, all presented tests were performed contact deformation modes is made possible thanks to SEM
at reference conditions. observations. In the contact zone which is 8 mm long, every
Within these Conditions, the evolution of the friction force fibre presents the same abrasive scratches a"gned a|0ng the
caused by the rod rotation and the fibre elongation is mea-sjiding direction as shown iRig. 4a The scratch size leads
sured versus time. Typical evolutions of these parameters are,s to use AFM imaging to characterise the worn fibres lo-
shown in Flg 2 The apparent friction coefficient between Ca”y (Fig. 4b). The abrasive scratches are aboumWide
the fibre and the rod is calculated from the relation (1) It and Oﬁkm deep_ Since the mean diameter of microfibrils is
remains constant at 0.4 during the experiment and it sharply ahout 10 nn{12], these scratches confirm an abrasive wear
decreases at the fibre rupture. The fibre elongation increasegnechanism of the fibre and reveal the presence of plastic
continuously to reach 5 mm at the fibre rupture which occurs deformation at the fibre surface.
within 18 min. The fibre cross-section decreases progressively from the
centre of the contact zone until the failure point, in the neigh-
bourhood of which, the fibre is completely flatten&aby 5).

3. Results Defibrillations are also observed along the fibre edges. Worn
fibre cross-section measurements are used to quantify the
3.1. Effects of the sliding speed material loss.

Test have been carried out at different rod velocities be- 3.3. Wear kinetic
tween 300 and 3000 rpm. The measured friction coefficient
remains unchanged within this speed range. The evolution Experiments have been carried out for a dead weight of 3
of the average time to failure versus the rod speed in aand 5g. These tests have been stopped after different slid-
logarithmic scale Kig. 3) shows that the average time to ing distances in order to characterise the wear kinetic and
rupture is inversely proportional to the rod velocity. There- to observe the evolution of the fibre damages along the con-
fore, a macroscopic wear criterion is defined as the numbertact zone. The fibre is not worn homogeneously along the
of rod revolutions (or the rod sliding distance) leading to contact zone. The schematic evolution of the fibre profile
the fibre failure. This parameter is approximately 5600 along the contact is shown iRig. 6 for a sliding distance
(or 176 m) in spite of the changes in the sliding velocity. of 47 m. The most damaged part of the fibre is located at
This also tends to demonstrate that thermal effects can be0.5 mm (respectively 2.4 mm) from the entran€e é€dge)
neglected in the studied velocity range due to the cool- of the contact at 3g (at 5g). The worn fibre cross-section
ing capability of the water. A very low glass transition at that point is estimated from SEM observatioRgy( 7).
temperature for water saturated fibrel6°C) [11] might Its evolution is plotted versus the sliding distancéd-ig. 8.
explain that the sliding distance leading to the fibre fail- Both curve profiles show the same tendency: first an increase
ure is independent of the sliding velocity within the speed in the worn cross-section followed by a plateau and then a
range (0.1-1.6 m/s) since the polymer is in the rubbery rise. The plateau corresponds to a 50% rate of cross-section
state. wear. Schematic shape of the fibre cross-section is drawn
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Fig. 4. (a) SEM, and (b) AFM observations of damaged fibres in the contact zone and scratch profile before the occurrence of fibre failure (a stiding distan
of 47 m). Continuous abrasive scratches are oriented along the sliding direction. These observations also reveal plastic deformation at féee fibre sur

From assessment of the worn fibre profile as a function of
the rod sliding distance (an example is presentefgign 6),
a wear volume can be estimatédg. 9 shows the evolution
of this wear volume versus the rod sliding distance for tests
performed using a dead weight of 3 and 5g. Both plots in-
crease linearly with the sliding distance. The measurement
accuracy does not allow to show significant differences be-
tween the wear volumes in both cases. Wear rdfesan
be calculated from:

_ Wear volume
" Load x sliding distance

120 pm ; Ws (2

It is found that 12 x 10° um?3/N m is obtained for 3g and

Fig. 5. SEM observations of a damaged fibre after failure. The fibre 20x10° pm3/N m for 5g. It confirms that the wear kinetic
cross-section diminishes along the contact zone. Close to the rupture. )

point, the fibre is completely flattened. Defibrillations are shown along is accelerated with increasing applied tension.
the fibre sides.

4. Discussion
in Figs. 7 and 8For the early first steps of the wear pro-
cess (first 16 m), the cross-section remains circufay. (79. 4.1. Mechanical and thermal analysis of the contact
Then the fibre is progressively flattened until the fibre worn
cross-section reaches 50%id. 7b of its initial area. In From the Hertzian theory, an interfacial contact shear
the last steps, the fibre eventually forms a ribbBig( 7¢). stress can be estimated. It is assumed that the radius of

The comparison of worn cross-section measured at differentthe rod R) is infinitely large compared to that of the fibre
applied tensions reveals an acceleration of the wear kinetic(r). Therefore, the contact geometry between the fibre and
with increasing applied tension. the rod can be approximated by the general case of a long

Contact length = 8 mm

38 im Initial cross-section

Fig. 6. Schematic profile of the fibre along the contact for a sliding distance of 47m. The fibre shows uneven shape along the contact.
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Fig. 7. SEM observations of damaged fibres at different sliding distances (a) 16 m for a dead weight of 3 g: the fibre still presents circular cross-sectio
(b) 47 m for a dead weight of 3g: the fibre is progressively flattened; (c) 110 m for a dead weight of 3 g: the fibre forms a ribbon. The schematic shape

of the fibre cross-section is drawn.
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Fig. 8. Changes in the worn fibre cross-section at the most damaged point of the fibre as a function of the sliding distance. Experiments have been

carried out at 3g<) and 5g {J). The schematic shape of the fibre cross-section at the various abrasion stages is drawn.

cylinder pressing against a fl@]. The mean Hertzian con- mean contact pressure is about 3 MPa. The polyamide plastic
tact pressureRmean along the contact between the fibre and yield stressYpolyamide iS about 70 MPa:

the rod is given by: Pmean= 3MPa< 1.1 x Ypolyamide= 80 MPa @)
LE FrE et Therefore, the macroscopic contact is elastic. However,

0.62 0.625/ 3 i i i
Pmean= 0. o5 = “oRr ©) SEM and AFM observations show plastic deformation

(Fig. 4). Consequently, the rod roughness which governs
whereFE is the reduced Young's modulus of elasticity and the real contact pressure is a key parameter in the damage
L is the contact load per unit length of fibre. The apparent process.
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Table 1
Summary of the thermal analysis of the contact

~
2

contact

Wear volume (10'i ,uma)
.

6 d‘ AT (°C) Tcooling Tcooling Revolution
N | [air] (s) [water] (s) period (s)
3. | Elastic contact 1 %104 <2x 10% 0.2

: Asperity-fiore 15 5 0.12 0.2

|

I

These results emphasize the role of the water in the contact.

0O 30 60 90 120 150 180 _ _ _ o
Sliding distance (m) count, poolmg doyvn the contact requires either §s in air or
0.12s in water (sincecooling depends on the environment)
Fig. 9. Determination of the wear volume as a function of the sliding when the revolution time is still 0.2 s. The thermal analysis
distance. Experiments have been carried out at@y4nd 5g (J). No results are summarised iable 1
significant differences between the wear volumes in both cases can be This simple thermal analysis confirms that fibre heating
shown, due to the measurement inaccuracy. L. . . .
is limited by the cooling effect of water sinegyling (air) =
5s > revolution period= 0.2S > t¢goling(Waten) = 0.12s.
The literature emphasises the importance of thermal ef- The presence of water influences the fibre mechanical prop-
fect role in the contact, especially for polymers. Distribution erties and the wear mechanisms.
of the heat generated in the contact during each rod revolu-

tion by the friction process and the contact heatixifj are 4.2. Failure mechanisms
estimated by applying the laws of energy conservation and
heat transfef13]. For our conditions, it is found that 98% During the abrasive process, fibres undergo creep, mate-

of the heat generated by friction is dissipated into the rod. rial loss and tensile stress. These coupled damage modes are

The temperature profilfl4] in the contact decreases as a responsible for the fibre failure.

function of time: Tensile tests on water saturated fibre give a true rupture
— 1/ Teoolin strain ¢r) of 50% and a true rupture stress,( of about

1(t) = Tsoid + (Tintertace— Tsolig)e™" ™ ®) 0.7 GP(;)Static creep experimentz, have been %:arried outfora

where a cooling timeooiing has been introduced. It repre-  3-g applied load (tensile stres22 MPa) on water saturated

sents the time required to cool the heating source down andfibre during 40 min. In such conditions, the increase of length

is given by: of a 50-cm long fibre is 0.8 mm which corresponds to a
MC 0.1% strain. The fibre elongationL. measured during the
Teooling = Sp (6) abrasive experiment reaches 5mfig( 2) for a contact
€

length of 8 mm, which corresponds roughly to a 50% strain.
where ae depends on the environmer8,is the apparent ~ This calculation implies that only the portion of the fibre
contact area andll is the mass to cool down. In a first located within the contact is significantly lengthened during
macroscopic approach, the presence of water is not takenthe experiment. The comparison of both strains suggests that
into account in these calculations. For an elastic contact, thecreep under 22 MPa cannot explain by itself the occurrence
contact heating calculated under the reference conditions isof failure.

1°C/rod revolution and % 10~“s are required to cool the The measured strain during abrasive experiment corre-
contact down in the air. The revolution time of the rod at this sponds to the one obtained by tensile tests. SEM observa-
speed is 0.2's, much superior than the cooling time. Conse-tions provide the fibre cross-secti®pture at the rupture
quently, the contact is cooled down and there should be nopoint. Therefore, the rupture stresg) may be calculated
fibre heating. Dry (without water) experiments have been at the rupture point from the appargnffriction coefficient
carried out at the same rod velocity and SEM observations as following:

clearly show melting of polyamide. This result is contra- Fpet

dictory to the above theoretical analysis. Therefore, we can (or) =
think that the heating is localised at the microasperity level.

The water film thickness shows that water is unable to It gives a 400-MPa stress which is much lower than the
generate a lubricating film which means that the rod asper- rupture stress measured with tensile tests under water. Creep
ities support most of the load in the contact. These findings experiments have been carried out for a 50-g applied load
confirm that the local contact conditions between the fibre on water saturated fibre. After rupture, the cross-se@ign
and the microasperities are of primary importance regarding is measured via SEM. The true applied streBs{* /Sm ~
the heat generation at the polymer/steel contact interface.400 MPa) leads to the fibre failure.

The asperity is assumed to be represented bywenTradius Therefore, it appears that the abrasion process promotes
sphere. For a local contact asperity-fibre, the contact heatinga continuous diminution of the fibre cross-section until the
reaches 18C/revolution. If the environment is taken into ac- creep failure stress is locally reached. The elongation of the

(7)

Srupture
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fibre, and therefore the fibre failure, are due to wear activated roughness. The influence of the fibre structure is also a chief
creep in the contact region. parameter which has not been studied yet.
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