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This paper gives basic information pertaining to the plasma treatment of wool top considered as an
industrially feasible process. The results presented here are based on experience gained over five
years with the world's first prototype machine for continuous treatment of wool tops with glow
discharges. The machine capacity is estimated for 40 kg/h and the top breaks during processing no
longer pose a problem as the number of breaks is no more than 0.12 breaks per 1000 m of top.
Plasma treatment of wool top does not damage the fibres; the fibreffibre friction increases but the
differential frictional effect decreases. Other physical properties of wool remain unchanged with the
exception of a slight decrease in the loop breaking force. The tenacity of yarns spun from plasma-
treated wool top is higher by about 25% and elongation at break point is also higher compared with
standard yarns. Plasma treatment considerably reduces the felting potential for any product obtained
from modified wool. Good hand washability is usually achievable in a ‘plasma only’ process; an

environmentally acceptable plasma/polymer process is also available.

INTRODUCTION

The idea of treatment of wool with electrical discharges is
now over 40 years old; the first patent describing the
application of corona discharges to wool was granted to
Paul Kassenbeck of the Institute Textile de France in 1956
[1]. Since then numerous aspects of this promising
technology have been studied in various research centres
ranging from the USA and Australia in 1970-80 to Europe,
Japan and China in the last 15 years. No reviews covering
the subject have been published to date although a
monograph presenting the state-of-the-art in 1990/91
became available in October 1992 [2].

The results collected in the USA and Russia for the
period 1970-75 were presented some 22 years ago to the
5th International Wool Textile Research conference
(IWTRC) held in Aachen, Germany [3-8]. Few papers
were published before 1985 [9-12], although after that
year these issues were presented more often in scientific
journals [13-15). Similarly, there was an increase in patent
applications from this time [16-18].

The latest developments in plasma technology {19-33],
presented at the 9th (1995) IWTR conference in Biella, Italy,
were thus commented upon by G A Carnaby (from Wronz,
New Zealand) in his closing remarks: “There were one or
two new developments, I guess the biggest story that has
been talked about at the conference has been the plasma
technology. I won't go into any detail about that, but clearly
people seem to think it has come of age and that it will
become an important process, at least enabling us to stand
still despite environmental challenges we have.” [34].
Indeed, the increased interest in plasma technology may be
explained by the following three factors:

— Increasingly stringent environmental legislation re-
stricting the permissible level of highly toxic by-products
generated in shrinkproofing;
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— Stepwise penetration of this technique into electronic or
metal surface treatments;

— Improvements in vacuum and high frequency/micro-
wave technology.

Probably the single most important factor behind this

renewed interest in plasma technology came, in 1987,

from new legislation in Germany restricting the

concentration of AOX compounds in the discharged

effluents to 0.5 mg/1 [35].

Before moving on to the detailed discussion of the ad-
vantages and disadvantages of the plasma technology it
seems appropriate to define what is meant by the term
‘plasma treatment’. By ‘plasma’ we understand a partially
ionised gas containing ions, electrons and neutral particles
produced by interaction of electromagnetic field with gas
under appropriate pressure. Depending on the gas
pressure, two significantly different forms of discharges are
known:

(@) Corona discharge This is generated at gas pressures
equal to or near to the atmospheric pressure with an
electromagnetic field at high voltage (> 15 kV) and
frequency in the 20-40 kHz range for most practical
applications today

(b) Glow discharge This is generated at gas pressures in the
0.1-10 MPa range with an electromagnetic field in a
lower voltage range (i.e. 0.4-8.0 kV) and a very broad
frequency range (0-2.45 GHz).

Strictly speaking, both forms of discharges should be
regarded as a source of ‘low-temperature plasma’, but
today most papers use the term “plasma’ for its brevity to
describe the glow discharge only. Following this approach,
plasma is equivalent to glow discharges for purposes of
this paper.



A comprehensive discussion of the advantages and
disadvantages of these two discharge forms is not possible
here. It is the author’s opinion that corona discharges are
suitable for flat products and processing routes in which the
next step, exploiting changes generated by the discharge,
follows immediately the treatment. On the other hand,
glow discharges are suitable for all kinds of textile products
and their efficiency does not depend on the time elapsed
between the treatment and further processing.

TOP VS FABRIC TREATMENT

The research program concerning plasma treatment of
textile materials was launched at the Polish Textile Institute
in 1973; its first goal was to improve the soil release pro-
perties of double jersey fabrics from texturised polyester
yarns. The first experiments with wool date back to 1980
with the original goal being to replace the chlorination in
fabric preparation for printing.

With the outcome of encouraging results in 1981, it
became necessary to consider whether this method
should be developed into an industrial process. After
careful consideration the decision to develop the top
treatment route was made and, subsequently, three
machines for continuous plasma treatment of wool top
have been developed as follows:

- 1983 First laboratory device with capacity of ~2 kg/h
- 1986  First machine with capacity of ~20 kg/h
- 1992  First machine with capacity of ~40 kg/h.

The reasons for selecting the wool top as a material

suitable for plasma treatment are more or less obvious.

They may be summarised as follows:

(a) Almost every wool product can be produced from the
top

(b) The step-by-step scaling-up process is possible, starting
from one top and short treatment chamber and then
going to more tops and a longer treatment chamber

(€) Industrial verification of the results should be possible
at every stage of development

(d) The top treatment is unique with its possibility of
improving the spinning performance of wool.

The discontinuous (batch) machine (Figure 1) for fabric
treatment developed by the Tecnoplasma SA consortium

in Switzerland, based on research and construction work
performed in Niekmi, Russia, for the last 15 years, has
recently become available as production equipment.

BASIC REQUIREMENTS FOR

CONTINUOUS PROCESSING

All the above advantages could be exploited provided that
continuous processing, using an air-vacuum-air route,
can be implemented in a technically and commercially
acceptable way. To appreciate what it means to process a
wool top in a vacuum one should consider that 1 kg of 21
pm wool top contains: 32-34 million single fibres, 100-150
g water, 50 g fatty matter and, of course, an unknown
amount of air trapped on the fibre surface.

The amount of air trapped on the fibre surface must be
enormous as the surface area of wool fibres is from 0.5 to
2.0 m%g; for a plasma treatment machine running at 40 kg/
h this results in introducing from 5.5 to 220 m? of new
surface area per second into the vacuum chamber. Low
cohesion and bulky character of the wool top presents
another problem; the cohesion force measured at a
300 mm clamping distance is usually in the range 2040
cN/ktex, or 400-800 cN per top

The very first experiments with wool top have shown
quite clearly that the pressure range for successful plasma
treatment must be maintained between 100 and 500 Pa.
Thus an industrially feasible equipment for plasma
treatment of wool top must be capable of transporting the
top continuously into and out of the vacuum chamber,
and creating the glow discharges in this chamber.

As vacuum and plasma generation in the closed
chamber present no significant technical difficulty, the
challenge consisted in developing a technically and
commercially feasible system for introducing the wool top
continuously in and out of the vacuum chamber,

BASIC FEATURES OF THE PROTOTYPE
MACHINE

Design and features

The most recent machine for continuous plasma
treatment PT of wool top developed at the Textile Institute
in Lodz consists of (Figure 2):

Figure 1
Batch plasma machine KPR-180
for fabric treatment
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Figure 2 Prototype machine for continuous ptasma treatment of wool
top

The pumping capacity of the four-stage vacuum system is
equal to 5400 m%h and the obtainable pressure is at least
50 Pa. The glow discharge is generated in a 45.8 1
processing chamber at 13.56 MHz and average RF energy
density of 0.12 W/em?, provided that there is good
coupling of the RF generator and the plasma generation
circuit. The top transport and collecting system could
handle maximum of four 21 g/m wool tops simultaneously
and transport them from the delivery end, through the
plasma treatment chamber, to the collecting cans. The
machine capacity is estimated as ~40 kg/h.

Machine performance

The chances for industrial application of the plasma
treatment for wool top are critically dependent on the
results obtained so far with this machine. The throughput
of the machine depends upen the vacuum pumping
capacity, the RF power available, etc., although the
frequency of the top breaks during processing is the
important factor in scaling-up this process.

The simplest way for presenting the capacity of this
machine is to describe the treatment of two industrial lots
{A and B, Table 1) of the wool top in winter and summer
1994. The treatment conditions are exceptionally stable
over the time required for processing of the whole lot. The
parameters important for the treatment, that is, anode
current (proportional to the RF power input} and gas
pressure controlling the wool yellowing, top cohesion
increase etc., recorded during processing of above
mentioned lots, are as shown in Table 1. It is, therefore,
evident that the top breaks during plasma processing do
not pose a problem now and thus the process might be
regarded as industrially feasible.

The first cost estimate for plasma treatment of the wool
top as for Germany yields a value of DM 0.60 to 0.90 per
kg depending on the shift number (i.e. machine running
time per year); the Superwash finishing costs are
estimated at DM 1.5 per kg of the top.

Following a licensing agreement signed between Polish
Textile Institute and Eltro GmbH (Baesweiler), in February
1995, a prototype based on the air-vacuum-—air principle,
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proved at the Textile Institute in Poland for continuous PT
of wool top, is currently under development and should
be available for evaluation later this year.

PROPERTIES OF PLASMA-TREATED WOOL

General

The PT of wool takes place in dry conditions, thus the

fibres are not swollen. The changes in wool properties

induced by PT are therefore restricted to the surface and
any damage to the interior of the fibres is very unlikely.

This statement describes one of the most important

advantages of this technology; it is the only technically

feasible method for surface specific modification of the
wool fibres available today.

From the physical point of view, the roughening of fibre
surface as seen by atomic force microscopy is responsible
for changes in the coefficient of friction, top cohesion,
spinnability, yarn strength, etc., as well as for increase in
felting resistance. From the chemical point of view, the
oxidation of the fibre surface, reduction in the content of
covalently bound highly hydrophobic methylicosanoic
acid and increase in content of oxidised sulphur species
are the main factors responsible for improvements in
dyeing and shrinkproofing of plasma treated wool.

Other changes in wool properties may be very briefly
described as follows:

(@) PT increases the fibre/fibre friction as measured by
Roéder method [36], but reduces the differential
friction effect (DFE) as defined by Mercer [37] and
Lindbergh [38]

(b) PT does not change the strength and elongation; the
breaking, force in loop form is slightly reduced

(¢) The PT increases the top cohesion by a factor of 1.5-
2.0; this increased cohesion remains stable after
prolonged storage

(d) The specific electrical resistivity does not change
considerably after PT

Table 1 Wool lots used for plasma treatment

ltem Lot A LotB
Date Dec 93/Jan 94 Aug/Sept 94
Weight 1041 kg 1432 kg
Parameters 21 um, 18 g¢/m 21 um, 19.6 g/m
Supplied Cans, tow tops in
one can Bumps

Treatment conditions

Time 20s 20s

Gas pressure 370-390 Pa 330-390 Pa

RF energy input 0.22 kWh/kg wool 0.11 kWh/kg wool
Number of top breaks

In cans, before machine 4

In machine 3 1
Number of breaks 0.12/1000 m top 0.014/1000 m top
Anode current 1.6410.08 A 1.24+0.05 A
Gas pressure in

discharge chamber 0.35-0.39 MPa 0.33-0.39 MPa




(e) The fatty matter content in wool is reduced by about
one-third due to PT

() The water content of the wool top is reduced by about
3% dueto PT.

Spinnability

The changes in spinning behaviour of PT wool, detailed in

[28,33], may be summarised briefly as follows:

(a) The spinning aids applied on the first drawing frame
must be carefully selected

(b) The rubbing intensity or twist of the slubbing should
be increased

(c) Reduction in breaks rate at ring spinning frame is
usually observed

(d) Increase in yarn tenacity by 10-25% is observed for all
yarns.

PLASMA TREATMENT AND FELTING
RESISTANCE

Shrinkproofing by plasma only

The question of wool shrinkproofing by plasma treatment
is one of the most interesting aspects of this modification
process of wool. The conclusion reached after testing a
very wide range of textile products — from socks to plaids -
may be formulated as follows: the PT of wool top, as
performed at the Polish Textile Institute, in every case
increases shrink resistance; the results achieved are
dependent on the final product structure. Hand
washability may be achieved for every product tested
(woven and knitted fabrics, hand-knitting yarns)
providing that the fabric structure is more or less
compatible with standard rules in this area.

The results for eleven versions of hand-knitting yarns
produced from plasma treated top and tested according to
procedure for hand washability are given in Figure 3; it
can be seen that all yarns comply with IWS specifications.

Contrary to almost all currently available shrink-
proofing methods, hand-knitting yarns from PT top have
higher breaking strength when compared with their
untreated counterparts.

For the other example of process capability, Table 2
presents the shrinkage characteristic for underwear
knitted fabric produced from Plyfil yarns spun from PT
wool top; the samples were tested according to the
requirements set for products with “hand wash’ claim.

Both samples from PT wool easily fulfil the IWS
requirements (AFS after 1 x 5A < 8%); this means that the
production of hand-washable underwear with a relevant
‘no chemistry” marketing label is possible.

Machine washability

The shrink resistance offered by some of above mentioned
yarns considerably exceeds the IWS specification for
products with ‘hand wash’ claims; testing of those yarns
according to ‘machine wash’ specification was justified.
The results are summarised in Table 3.

Area felting shrinkage (AFS), %

I H .l 1 L .l 1 i IZI 1 |
A1l A2 A3 B1 B2 B3 C1 C2 C3 C4 D1 D2

Figure 3 Percentage area fefting shrinkage (AFS) for hand-knitting
yarns from plasma-treated wool top (IWS requirement after 1 x 7A
< B%])

Table 2 Relaxation and felting shrinkage for knitted underwear fabrics

Relaxation  Feiting Total
1x7A(%) 1x5A (%) shrinkage (%)
AFS

Fabric cC Vv c v (%) c v A
1120 g'm?
Standard 06 37 42 72 114 48 109 157
Plasma 01 13 10 15 05 -0.9 28 19
2220 g/m?
Standard 01 39 67 86 153 68 125 193
Plasma 05 04 -24 10 -14 19 06 —1.3

C Courses

A Wales

AFS Area felting shrinkage
A Total area shrinkage

Table 3 Area felting shrinkage (AFS) for dyed hand
knitting yarns spun from PT top

0,

Process Working AFS (%)

capacity pressure
Sample (kg/h) (Pa) 1x5A 2x5A 3x5A
0 34.8 472 48.7
1 18.9 240 0.9 23 28
2 12.6 260 586 101 13.0
3 37.8 300 23 777 97
4 37.8 370 55 7.82
5 18.0 410 27 85 118
6 37.8 300 0.4 4.6 83
7 378 300 58 12.0
8 75.6 410 4.4 8.8 10.1
9 37.8 300 6.4 15.0
10 378 300 10.8 17.4
11 378 290 2.4 13.2

a Samples complying to IWS requirements of < 8% AFS after 2
x S5A
Only a few other samples of hand-knitting yarns tested
afterwards fulfil the IWS specification for machine-
washable products with necessary safety margins. A
search for an environmentally acceptable extension of PT
was therefore begun.
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Plasma treatment followed by polymer application
Almost all polymers used currently on pre-chlorinated
wool could not be used on plasma-treated top. Silicone
resins applied to plasma wool increases the shrinkage over
that for untreated wool. However, according to Byrne [32],
the combined plasma/PMS/Hercosett treatment encom-
passing the top treatment in PTI machine gives excellent
shrink resistance. For obvious reasons this technology
may be of interest to a company running a standard
chlorine/Hercosett top treatment range and wishing to
switch over to AOX-free shrinkproofing, but for batch
processing another approach was required.

After extensive evaluation, a treatment improving the
shrink resistance of PT wool up to a ‘machine washable’
level in an environmentally acceptable way has recently
been found and its merits and drawbacks will be
discussed here.

The first results for hand-knitting yarns from PT wool
aftertreatment with Polymer HT (no real name) will be
presented below; for formal reasons (patent application
pending) no further details can be disclosed at this stage.

In laboratory tests, the application of the Polymer HT to
the plasma treated wool reduces the total area shrinkage

after 7A + 2 x 5A tests from 36.0 to 9.9% and from 13.1 to

5.8%, respectively, for the two samples tested.

Following these preliminary results, pilot-scale trials
were carried out in cooperation with a Polish hand-
knitting yarn producer. Some results of this trial are given
below.

Plasma treatment

About 300 kg of the 28 mm wool top was split into two
equal parts and treated in the above described plasma
machine at the Polish Textile Institute using two PT times:
sublot A 10 s and sublot B 30's.

Spinning

After PT these two sublots were further split into two parts
and spun, respectively, into two yarns: Al tex 64 x 2, Bl
tex 64 x 2, A2 tex 125 x 2, B2 tex 125 3.

Dyeing and resin application

The four different yarns were dyed in a typical hank
dyeing machine with reactive dyestuffs using a slightly
modified dyeing procedure, yielding uniform dyeings
with very good fastness.

After removing about 2 kg of yarn for shrink resistance
testing, the remaining yarn was treated with 5% of
Polymer HT, the treatment time for resin application was
about 60 min.

Shrink resistance testing

The yarns obtained as described were knitted into fabrics

with, unfortunately, not too appropriate cover factors and

tested according to TM31. The results are given in Table 4.
The polymer aftertreatment reduces both relaxation

and felting shrinkage almost independently of PT time. If

one considers that for consumers the total area shrinkage
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Table 4 Shrink resistance of hand knitting yarns from PT top
and polymer aftertreatment?

Tex 64 x 2 Tex 125 x 3
Sample M 7A 2 x 5A 7A 2 x5A
Plasma only C 6.1 6.7 114 1.2
—sublot A Vv 39 124 12.0 8.8
AFS 100 181 231 100
Plasma c 04 37 -11  -02
+ polymer HT  V —4.5 4.2 ~2.8 5.6
— sublot A AFS —4.1 7.9° 1.7 5.40
Plasma only c 5.0 7.2 1.3 22
—sublotB A 20 108 16.7 9.7
AFS 7.0 180 28.0 7.5b
Plasma c 5.6 29 -02 05
+ polymer HT  V 0.9 3.8 25 46
- subiot B AFS 6.5 6.7° 12.3 4.1

a Forkey see Table 2
b For key see Table 3

Table 5 Area shrinkage for hand-knitting yarns after
polymer and enzyme treatment

Total area shrinkage after 7A+ 2 x 5A

Plasma only Plasma + polymer
Sublot (%) (%)
Altex 64 x2 271 3.8
B1ltex64x2 23.5 3.2
AZtex 125x 3 131 7.1
B2tex 125x 3 141 6.4

may be most important, then the picture is quite
impressive (Table 5).

Softening treatment

As the result of surface roughening, almost all samples of
PT wool exhibit more or less firm or harsh handle. This
property is not so important for woven fabric but it could
have negative connotations for hand-knitting yarns or
yarns for underwear fabrics. All typical softeners tested
deteriorate the shrink resistance imparted by PT or PT +
polymer aftertreatment quite heavily and therefore a new
approach was tested.

The enzyme treatment presented at the Biella
conference by Smith et al. was found to be the first
treatment capable of improving the handle of PT wool as
well as PT and polymer HT aftertreated hand-knitting
yarns without imparting their shrink resistance [40]. Table
6 gives the results for shrinkage testing of hand-knitting
yarns described above after softening treatment with
Biosoft PW (T S Chemicals Ltd, UK). The enzyme treat-
ment was carried out according to producers recom-
mendations.

It can be concluded from above data that Biosoft PW



Table 8 Relaxations and felting shrinkage for hand knitting yarns after
enzyme softening?®

Relaxation Felting Total
1x7A (%) 1x5A (%) shrinkage (%)
AFS

Treatment C v c \'s (%) C vV A
Plasma only -9.1 146 46 86 40> -137 232 95
Plasma + HT -11 28 02 56 54> 13 84 71
Plasma + enzyme -3.9 118 ~11 47 3.6 -5.0 165 115
Plasma + HT
+ enzyme —20 64 35 68 33* 55132 7.7

a For key see Tables 2
b For key see Tables 3

aftertreatment does not deteriorate the felting shrinkage
imparted either by pure PT or by a combination of PT and
Polymer HT aftertreatment. The Polymer HT after-
treatment considerably reduces the relaxation shrinkage
compared with pure plasma and plasma + enzyme
samples, but from a formal point of view all samples fuifil
the IWS requirements for products with ‘machine
washable’ claims.

It may be concluded that the PT is a good alternative for
chiorination treatment although two problems remain:
namely the efficiency of the plasma/polymer system itself
and the ways and means to improve the fabric handle.
Both problems are currently under investigation and the
results will be published eventually.

CONCLUSION

The research and development activity in many research
laboratories all over the world - from Shanghai in China to
Aachen in Germany and Lyon in France, to name only a
few locations — have shown, quite dearly, that the plasma
treatment of wool is technically feasible and that
designing and building of suitable machinery for this
process under industrial conditions is possible.

In the long term the increasing importance of environ-
mental issues will favour the further development of this
technology. The benefits for wool shrinkproofing already
visible today, and shown partly in this presentation, can be
summarised in the following terms:

— An environmentally friendly process, even if combined
with chemical aftertreatment

— No wool damage

— Good reproducibility.

Plasma technology applied to wool is at its very beginning
and we simply do not yet know how far the limits of
shrinkproofing achievable by using other ways and means
for plasma generation could be advanced in the near
future. Yet this treatment has significant implications for

all stages of the wool processing process, including yarn
production and all aspects of wet finishing such as dyeing,
printing and shrinkproofing.
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