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INTRODUGTION,

The interest which attaches to the
friction of animal fibres arises from the fact that they
possess two coefficlents of frictlon according to the
direction of rubbing, the frictional résistange being
greater on rubbing from tip to root than Ffrom root to tip.

This frictional agymmetry, which is
also referred to ag the differential frictional effsct
and which 1s not observed with any other class of fibres,
is associated with the unique surface structure of animal
halr, the surface consisting of a sleeve of lmbricated
cuticular scales all pointing in the same (tipwards)

direction,
However, the mechanism by which this

structure gives rise to fricitional asymmetry was obscure
when the present work was undertakem} for it had been
shdwn by Martin that the plain ratchet mechanism is un-
tenable on ﬁany grounds; similarily, Martin's alternative
theory, ascribing the differential frictional effect to
the peculiarities of the molecular structure on the scale
surface, had been disproved by the work of Speakman and

his collaborators and Mercer and his co-workers,

Apart from its great theoretical interest
the problem of the mechanism of the frictional asymmetry

is also of conslderable technical significance, for the




differential frictional ecffect 1s the primary cause of
the felting power of animal fibres, which property forms

the basls of several important processes.

The present work has been concerned with
the fundamental problem of the frictional asymmetry of
animal fibres. It has besn thought that the matter may
be elucidated in terms of the fluid film theory of lubri-
cation, and.this has led to the putting forward of a hypo=-
thesls interpretating the friction of animal fibres on this
basis, The experimental work, both on friction
and on felting, has proved the correctness of this approach,
and 1t has thus been possible to postulate a theory which
appears to interpret satisfactorily‘the frictional asymmetry

of animal fibres.

The thesis begins in Chapters 1 and 2 with
reviews of the published work on the felting process and the
friction of animal fibres, respectively, These are followed
in Chapter 3 by a discussion of lubrication theory and its
applicability to the frictional properties of animal fibres.
The experimental part,which follows in Chapters 4 - T,consists
of the description of the new apparatus for msasuring fibre
friction in Chepter 4, the presentation of the frictional
results in Chapter 5, the examination of the felting process
in the light of the obssrvations on frictlion in Chapter 6

(where a new method of assessing the felting power is




i5
described), and the experimental results on the felting
behaviour of wool fibwres in Chapter 7. | The first
part of the discussion (which is given in Chapter 8) is
concerned with the fricition of animal fibres, whilst the
second part deals with the felting process in relation to

the frictional properties,




GHAPTER 1.

REVLIEW OF THE FaLTING PROCESS,




THE FELTING OF WOOQL,

General Definition,

Pelting is a phenomenon, peculiar to ani-
mal fibres, which is brought about by subjecting the
mass of fibres to the action of suitable mechanical
forces Iin the presence of aqueous solutions, When this
is done the fibre mass becomes entangied and consolidated.
The reason for this is the facility for uni-~directional
motion of individual fibres, Which,in conjunction with
the external mechanical forces, causes the fibres to mig-
rate, The facility for uni-directional motion is due to
the characteristic surface properties of snimel fibres,
These possess different'coefficients of friction accord-
ing to whether they are rubbed from tip to root or from
‘root to tip, the difference being often referred to as
the 'Differential'-or the 'Directional Frictional Effect'.

Importance. The felﬁing property 1is operative in several’

important techni.-cal processes invo¥lving enimal fibres,
and wool fibres in particular, namely the manufacture of
felts, the milling or fulling of wool cloths, and it is
principally responsible for the undesirable shrinkage of
woollen materials in washing,

Thus whilst on the one hand, as in the first
two instances, the felting property is harnessed so that
it gives rise to an lmportant and characteristic class of

fibrous materials (felts) and to a large variety of equally
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important and distinctive finishes on wool cloths (through

milling or fulling), on the other hand the felting shrink-
age which occurs in the washing of woollen goods is probably

the most serious single drawback in the utilization of wool,

Historical, Encyelopaedia Britammica (1) reports that

processes based on the felting property of animal fibres
were alrveady known in anlitiquity (two well preserved 'fuller-
ies' can still be seen in Pompeli, where men stood 'walking'
the cloth), and it is obvious therefore that in common with
80 many other manufacturing techniques the felting processes
achieved the present forms through centuries of empiricism,
The mechanical methods were introduced gra-
dually during the second half of the 18th and the firsthalf
of the 19th century, and it was probably under thils impact
and in the new spirit of scientific inquiry that for the
first time -the phenomenon of felting of animal fibres began

to be the subject of investigations.

Barly Literature, The early literature is, however, scattered

and unsystematic, Although most authors were concerned main-
ly with points of manufactring bechniques, some of them
also discussed the nature of the felting process, albeit
in a very speculative menner and without eny clear experi-
mental basis,

Whilst the connection between Qelt:‘mg and
the frictional properties was suggested as long ago as 1790

by Monge in his 'Observations sur la mecanisme du feutrage'(2),
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.this view appears to have been completely disregarded for
almost a century. In the intervening period a multitude
of publications appeared, which attributed felting to
various other causes.

Thus,forﬁexample, in 1837 Jotemps, Faby and
Girod (3) and in 1885 Bbwman (4) put the mein emphasis m
the tendency of wool to curl, whilst in 1888 Witt(5)
suggested that felting is due to the actual interlocking
of scales of contiguous fibres. This latter view, although
quite unacceptable to anyone who exemined felted wool micro-
scopically when no scale 1lhterlocking can be detected, has
nevertheless persisted for very long time and it is.not une-
common to find it expressed even. today in less Epecialized
Publications,

Gelatinisation of the fibre surface result-
ing in the adhesion of contiguous fibres was held to be
the primery cause of felting by Zacharias (6), Justin Mﬁller
(7), Rinoldi (8) and Ganswindt (9).

| Also a theory of direct chemical combination

was advanced, namely in 1923 by Becke (10) who suggestbed
that the alkaline felting agents cause a breakdown of the
peptide linkages by hydrolysis with the result that a new
bond could be formed between two molecules, each belongh g
to a different fibre, This peculiar theory has recently
been revived by a Japanese worker, Ishida (57).

The fundamental observation of Monge (R)

was that on rubbing from tip to root the friction of wool
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or hair is"gfeater than on rubbing in the opposite direc-
tion, l.e,from root to tip. He thought that the cause of
this phenomenon was that the fibre surface was covered with
imbriceted scales, by snalogy with ear of barley. Monge
further demonstrated that when rubbed beitween two fingers
a wool fibre or a hair will creep in the direction of its
root, l.e. in the direction of lower friction, and suggest-
ing that similer migration takes place in felting he con-
sldered this to be the cause of the felting phenomenon.
This point of view, although 1in a modified
form, was then taken up by a number of authors at the end
of the last and at the beginning of the present century,
e.g. Ditzel (11), Ldbner (182), Fiske (13), Reiser (14),
and Shorter (15) who all agreed that felting arises in
consequence of the uni-dirvectional freedom of motion of

the fibres.

Modern Theories.

Arnold: -Differential
Priction & Plasticity. The first systematic study of the problem

appears to have been carried out in 1929 by Arnold in Ger-
many (16), who in the light of his findings on the felting
behaviouy of loose wool fibres and their swelling and plastic
properties postulated the so-called 'earthenworm theory'.
According to this view, in felting flbres creep forward in
the direction of their root ends owing to their peculiar
frictional properties, but since most of them are entangled

they do not possess complete freedom of motion, and the creep
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occurs therefore by local extension followed by contraction,

in the manmner of the movement of an earthenworm.
peakman et al.:

jifferential Fric-
fion & mlasticily. In 1931 the problem of felting was taken up

at Leeds by Speakman and his collaborators (17,18) who must
be credited with the first thorough and far-reaching exan i=-
nation of -the phenomenon,
Having measured the difference between fric-
tien'in the two directions of rubbing for a large number
of different types of wool and having failed to establigh
a8 strict direct relationship between the differential fric-
tional effect and the felting power of these wools, they
concluded that other factors, apart from the frictionsl
properties, must be taken inte account in detemining the
felting power of wool. From this there followed a lag
series of important experiments which dealt in turn with
the influence in felting of gross structural properties of
wool, swelling, pPH, btemperature and elastic properties.
(A1l these points will be dixécussed separately later).
As a wesult of this work Speakman et al. put
forward s theory according to which | |
"shrinkage of wool fabrics in a milling machine
~is due to the peculiar mode of nigration of the

component fibres. Because of their surface scale
structure the fibres tend to migrate in the direc-
tion of theilr root ends under the repsated appli-
cation of pressure but free migration is impossible

in a fabric owing to the restraints imposed by twish
in the yarns and their interlockings with one another,
Migration is achieved by local extension and contrac-
tion of the fibres, and milling shrinkage 13 promoted
by conditions which favour these processesh

This view, which is not dissimilar from Argnold's)
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places pariticular stress on the elastic properties of

the fibres, for, according to Sgeakman and his colla-
borators, the existence of critical temperature and PH
in milling can be accounted for on the basis of the

case of deformation and pewef of recovery of wool fibres,

New emphasis
on friction. Whilst fibre elasticlty undoubtedly plays

an important role in felting, it was shown by Bohm (20)
that there is a correspondence between the effect of pH

on the rate of felting and its influence on the magnitude
of the differential frictional effect. This observation
wa.s confirmed by Mercer (23) and in'part by Whewell, Rigel-
heupt and Selim (56), which.demonstrated that chnages in
the frictibnal properties may also account for the differ-
ences in the rate of felting, it being assumed that, with
other factors constant, the rate of felting is proportianl
to the difference between the two coefficilents of ffiction
(which is the driving force causinglmigration).

Moreover, Mercer also found (22), in the case
of yarn feiting, certain significant discrepancies betwea
the observed shrinkages and those to be expected from the -
theory that fibres stretch and contract during migration,
although it must be borne in mind that Spaakman‘s theory
refers more pParticularly to the felting of fibr;s in woven
fabrics and not in looser states of aggregation such as yarms.

In view of these observations it became clear
agaln that the frictional properties play the principal md

most fundamental role in felting, and they have formed
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therefore the centre of most of the recent work on these
pro-blems, the interest in which has been increased by
the publications of Martin's(21l) unorthodox views on the
cause of the differential friction in kerstin fibres.
Before discussing the literature on the
friction of animal fibres it is necessary, in order to
present a complete picture of the phenomenon, to consider
some of the obther aspects and factors which influence feli-

ing, viz,

1.5tructural Prggerties of Wool Flbres.

{(a) Length.

Speakmen, Stott and Chang (18) found that
in the case of Merino wool felting power increased with
decreasing fibre length, whereas with Wensleydale wool
decreasing fibre length led to the opposite effect, i.e.
to an increase in felting power, This difference in
behaviour of the two variéties of wool was attributed by
Speakmen and Sun (24) to the greater crimp and 'scaliness'
(which was not measured) of Nerino fibres. Thej believed
that the relationship between fibre length and milling pro-
perties is a complex function of both yarn esnd fibre charac-
teristicd.

The observations reported by Boxser (25)
and Nitschke (26) are cofflicting, for the former maintai ed
"that the felting power 1s greater with shorter fibres, whilst
according to Nitschke the longer the fibres the greater their

felting power,




(b) Fineness.

There appears to be a general agreement
among the various authors that.felti-ng increases with

fi_bre fineness,.

(c) Crimp,
' The importance of crimp was often stressed

by the early writers, and recently this tendency of wool
to curl was discussed in detall by Milton Harris (27) who
considered, on qualitative grounds, that it contributed

materially to the felting power of wool,

(a) Ywist.,

This was investigated recehntly by Freney,
Deane and Anderson (55) who thought that the potential
torsionsl forces which are always Present in the fiibre and

which are released on wettlng will play a part in felting.

(e) Differential Friction.

This will be dealt with in detail in the
next Chapter but some of the data published which are rele-
vent here will be mentioned now.

(i) Differential Friction and Wool Quality.

In the absence of complicating factors,
the milling power of wool appears to be directly related
to 1ts differential frictlonal effect as measured in the
appropriate milling media., This was found by Bohm (20),
and Speakman and Stott's results (17) showed a similar broad

parallelism,




(ii) Differential Friction and pH.

There is no doubt thet at least one
reason for the influence of PH on the rate of felting
lies in the effect of pH on the differential frictional
effect. Bohm (20) and Mercer (83) found a close correla-
tion between the changes in the magnitude of the differen~
tiel frictional effect and the rate of felting over the
PH range, although Whewell, Rigelhaup and Selim (56) failed
to confirm this parallelism on the alkaline side of the
PH range. One the other hand, Martin and Mittelmenn (46)
found that the differential frictional effect appearsd to

be independent of pH,.

(2) Swelling,

The swelling of wool in relation to felting
was investigated by Speakman, Stott and Chang (18) and
Gdtte and Kling (28) who are in agreement that swelling

itself does not determine the felting properties of wool.

(3) Temperature.

For the milling of cloth Speakman, Menkart
and Liu (19) found the optimum temparature for sosp and
bearx borax to be 35-37°C. There was no evidence for
e critical temperature in sulphuric acid, the milling in
which increased up to 70°C. and which is in agreement with
Schofield's finding (29) for the felting of loose wool.
On the other hand, in contrast with Speakman's observations,

Mercer (22), working on yarn, found that felting increases




up to 60°C. not only in acids but also in alkaline and
neutral media,
(4) pH. -
Three systematic investigations of the
effect of pH in felting are reported in the literatuwe.
Speakman, Stott and Uhang (18) findings for the milling

of woollen flannel are in essential agreement with those

of Mercer (22) for the felting of yarn, as im both instan-
ces the most intense felting took place in strongly acid
solutions, the felting power then dropped in solutions

of pH 5-7 (approx,) and it rose again on the alkaline side,
In G8tte and Kling's experiments (28) on loose wool, there
wags a continous drép in the felting power from pH 1 to

PH 12.6, but unlike the other two sets of experiments, theirs

were carried out at approximately 100°G.

(5) mffect of Presence of Non-Animal Fibres.

A comprehensive examination of this aspect
of felting was carried out by Whewell and his collaﬁorators
(30%31,32) who investigated the milling behaviour of cloths
composed of wool with the admixture of various non~animal
fibres, They found that,compared with the felting of a 100%
wool febric, cloths containing an admixbture of viscose or
acebtate rayon showed lower milling shrinkage, whilst the
Presence of casein or Ardil (peanut protein)fibres enhanced

the milling power of the cloths.

The last phenomenon was explained by
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Speakman (33) in terms of the plasticity of the non-wobkl
component, and he suggested that the greater ease with
which it can be deformed causes the caselin fibre to act
as a matrix in which the wool fibres can move more readily.
Slmilarily, according to Whewell et al. the

superior mllling power of wool~Réyolanda fabrics, compared
with wool-Fibro cloths, was due to the greatern éase of de-
formation of Rayolanda.

| However, cellulose acetate rayon presented
8 more difficult case, since in spite of the well-known
Plasticity of cellulose acetate the wool-acetate fabrics
shrink less than similar all-wool materials, No explana-
tion to account for this divergeﬁce has as yet been forth-

coming,

(6) Mibre Movement if Felting.

The fibre migration which occurs in felting
was well demosntrated by some photographs of Cunliffe (34),
which showed the boundary line between a white and a black
portion of a woollen fabric to be perfectly distinet prior
to milling and very blurred after milling, a consequence of
the migration of both white and black fibres.

Also Reumuth (35) produced a seriss of ciﬁe~
mephotographs of yarns and cloths at various stages of mill.
ing showing clearly the gradual changes in the organigation
of the fibre mass. |

The actual manner in which consolldation of

the wool mass occurs in felting was first discussed in detall




by Shorter (15, 36) who co-nsidsre-~d the operative fibres
to be tightly entangled at the tip ends and loosely held

at the root ends, On application of the extemal force

the two areas of entanglement were pressed together, and

the operative fibres, which would then be in a slack state,
were thus enabled to creep in the direction of the root ends
through the regions of looser entanglements. When the
compressive forces were removed bthe entanglements were then
brought together more closely then they were originally
owing to the creep of the operative fibres.

On the other hand, according to Mardin (21,37)
compression causes looping of some of the fibres, whilst
the operative fibres mligrate through these loops with a re-
sult that the loops are locked or knotted snd a region of
increased entanglement is thus created on the removal of the

compressive force,

(7) Arpangment of Flbres in the Material,

In view of the fundamental importance of uniw
directional fibre travel 1t 1ls clear that the orientation of
'the fibres in the mdbterial has a decisive influence on the
rate of felting. - This was pro.ved by Martin (21) who
found that a material composed of fibres whose scales were
pointing all in the same directlon felted considerably less
then a similar meterial in which all fibres were quite atb

random,
Martin also studded the effect on fibre

travel of the removal of the differentlial frictional effect




(by means of an enzyme treatment) from elther the »oot or

the tip portion of the fibres. As was to be expected

from the considsrations of the part played by the root

ends in migration, the root-treated material felted enor-

mously less than the untreated or the tip-twreated cloths,
Somewhat similar experiments were carried

out by Menkart and Speakmen (38) who found that the softenw

ing of the tip halves of the fibvres by means of a meta-

bisulphite treatment or the hardehing of the root halves

by créss«linking reactions (mercuric acetate)‘led to a conw-

siderable increase in shrinkage.

(8) Prevention of Felting.

The gweat practical advantages of wool
fibres modified so as to reduce their fselting powers led
%0 a great amount of work on this aspect of the felting
Phenomenon, which has certainly recelved more attention
than the fundamental theory.

The majority of these 'anti-shrink' methods
achieve thelr object through the attack on the cuticular
scale substance with the aim of reducing or completely
eliminating the differential frictional effect,

Apart from the mechanicel method of Speake
man and Whewell (58), in which the scale edges are broken
by means of abrasives, all obther processes are of chemical
nature anﬁ emﬁloy a great variety of reagents, the earliest

to be used was sodium or calcium hypochlorite,
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The newer patents and articles specify
sulphuryl chloride (59), chlorine gas (60), alcoholic
solutions of sodium or pobassium hydfoxide (61), pro-
teolytic enzymes such as trypsin or papain (62), etc,

Some of the most recent examples include mercapto-alco-
hols (64), ethereal solutions of styrene or ascrylonitrile
in the presence of lodine (63), acid potassium or sodium
permangaﬁﬁe followed by a reducing or oxidising agent (65).

There 1s little information available on
the prBcise mechanism of these reactions but their effect
on the configuration of the scales was recently demonstrated
by Mercer and Rees (51) by means of electron-microscope,
They showed that sulﬁﬁpryl chloride treatment (59) resulted
in the rounding off of scale edges, which led to a reduction
of the differential frictional effect.

The other class of methods deslgned to reduce
felting consists of altering those mechanical properties of
the fibres which assist in their migration, namely elasti-
city, rigldity, etc. These methods include cross-link-
ing reactions introduced by Speakman and his collaborators,
e.g. anhydro-carboxy~glycine (66), benzogquinone (67) and mer-
curic acetate (67, 68) and various methods of depositing
high polymeric substances inside the fibres, e.g. melamine
resins (69).

A recent process of Anderson (70) involving
hydrogen peroxidé in the presence of copper does not seem

to come under either of these two categories, for it is
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claimed that it does not affect the frictional propenties,
whilst the ease of extension 1s increased without any de-
crease in recovery Ifrom deformation, Anderson's experi-
mental findings should be checked and extended before any

theoretlical deduc tions are made,

(9) Promotion of Felting.

Freney and Harris (71) reported that by treat-
ing for three hours wool fébrics with benzoyl chloride dis-
solved in ether followed by an immersion in ammonlum hydro-
xide the felting power of the fabrics was increased by 18%
compared with the untreated standard, but they offered no

explanation for this observation.
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SUMMARY ,

The primary cause of felting is the
focility of animal fibres for uni-directional motion,
which property arises in consequence of the Aifferential
frictional effect of the fibres. When a fidbre mass 1is
subjected to the sction of suitable mechanlcal forces
in the presence of aqueous solubtlons, fibre movement
occurs and the mass becomes entangled and consolidated,
i.8. it becomes felted.

Whilst the fandamental importance in felt~
ing of the differential frictional effect is now no longer
disputed, there appear to be many points of disagreement
among the many workers in this fieldlregarding the part
played in felting by other factors such as the pH of the
felting medium, temperature and the relative importanwe
of some of the structural properties of the fibres,

The vreason why no comprehensive and gene-
rally accpeptable theory of felting has yet been advanced
is no/doubt due to the multiplicity of faclors affecting
the process. and the difficulty in disentangling them,

It would seem that the rate of felting is
the resultant of the interplay of many varilables, éome
arising from the structural properties of the fibres them-

selves and others being associated with the external factors,




CHAPTER 2.

REVIE W OF THE FRICTIONAL PROPERTIES OF ANIMAL FIBRES.
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REVIEW OP THE FRICTIONAL PROPERTIES OP ANIMAL FIBRES.

Structure of Wool Cuticle.

The cuticle of keratin fibres consists of
a sleeve of flattened, imbricated cells enveloping the cor-
tex, as illustrated in Fig.l which is a reproduction of a

I
low-magnification electron-micrograph of a wool fibres (*3®).

'MS

PIG.1. ELECTRON-MICROGRAPH OP WOOL FIBRE. 12,000 X.
The cuticle cells are flat, roughly oval-

shaped bodies about 30 ja in diameter and of thickness rang-
ing from 0.5 to 1.5% (77). The number of scales per unit
area and their shape vary considerably with the type of wool.
For example, according to Hoffmann (40), Leicestershire wool
has 1,510 scales per 1,000,000 ° surface, whilst the Hamp-
shire variety has as many as 3,623.

The degree of overlapping or the angle of scale projections



39
relative to the fibre axis in various wools does not
appear to have been studled, but it undoubtedly varies
considerably judging by the microscopic appearance of
different fibres,

The inner structure of wool cutlcle
wa.s investigated by Roberts (74) using ultﬂ%microscope
and cine-~photography, by Geiger (75) who examined the
scale substance chemically and by Zahn (76) and Mercer
and Rees (51) who used electron-microscope. The latter
workers found that the scale consists of two components,
.the first forming the superficlal layer and belng devold
of organised structure; underneath 1t they discerned the
second component which was resistant to trypsin attack
and which forms a honey-combed structure with c_ haracte-
ristic pores, ridges and valleys arranged roughly linearly

and parallel,

Func tions of Cuticle,

The cuticle of animal fibres fulfils
several lmportant func tions: owing to 1ts physical toughe
ness and chemical inertness it protects the more vulanerable
cortex; it is a limiting factor in the processes of absorp-
tion; it confers oﬁ the fibre the property of ssymmetrical
friction.

, onpect
The blOlOgicalﬂgf this last characteristic

was discussed by Martin (21) who thought that the peculiar
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frictional properties of the hair perform importent
toilet functions in the life of the animals by assistwe
ing in the malint@ining the skin clean; he suggested that
when the skin 1is twitched or rubbed against a post any
small forelign bodies near the skin will tend to move to
the surface of the coat,because this is the direction of

low friction of the hair,

Asymmetric Friction and Fibre Travel,

The connectlon between the differen-
tial frictional effect and fibre migration and felting
was first indiceted by Monge (2) in 1790 but\until the
recent times heas this property been studied in a sgyste-
matlc and quantitative manner, 1érgely because of the
new emphasis placed on frictional properties of wool by

Martin(21), Bohm (20) and Mercenr (22).

Methods of Measurement of Wool Friction.

Most of the workers in this field
approached the broblem almost exclusively from the polnt
of view of static friction, and the design of their mea-
suring techniques was developed accordingly. in moét
methods friction 1s determined on single fibres, in others
a8 sheet composed of a large number of oriented fibres is

used. The complexity of the apparatus varies from the

e




elaborete instrument of Mercer, for example, to the simple

arrangment of Lipson,

1. Speakman and Stott.

The first method was introduced by these
workers (17) and was later also used by Bosman and van Wyk
(47) and Whewell, Rigelhaupt and Selim (56), and it consis-
ted of mounting fifty flbres with their scales all point-
ing in the same direction, between two bars, placing this
'violin bow' on the surface of a woollen cloth stretched
on a frame, filting the frame and msasuring the angle of

slip for the motion in the root (%) and in the +tilp direc~-

tion (§). The measure of 'scaliness' was expressed as
coefficient of scaliness = tan 0, = lan &
- tan 9,

Although this method of expressing the
frictional difference may clearly lead to a fictitiously

high value when the minimum firction 1s very low.

2, Speskman, Chamberlain and Menkart.

Although very sensitive,the 'violin
bow' method proved too tedious and was eventuaily supple-~
mented by the so-called 'lepidometer' designed by the above
workers (41), In this instrument friotibn is determined
by measuring the tension requlred to restrain a fibre from
movement when 1t is mechanically rubbed along its length
by two opposed reciprocating plane surfaces composed of felt,

rubber or polythene.




Freney pointed out (48) that in the
case of very rough fibres in which the difference in
friction is small the lepildometer might characterise
them as possessing a lower differential frictional
effect than they actually have, since the tension deve-
loped will be of greater lmportance when the frictional

coefficients are low than when they are high,

5. Bohmn,

In Bohmsmethod (20) several hundred
oriented?%ibres were mounted on a slide and placed on
a plate glass surface lmmersed in approprlate liquids,
A light container was attached to the slide by means of
a thread passing over a pin, and water was added to the
contalner from a burette until the slide just moved.
The force required to produce motion was determined fof
the with~-scale and the against-scale direction, the coeffiw
cientg of friction was calculated by dividing this force
by the weight of the slide, and the frictional difference
was expressed as the absolute difference between the two

coefficients.

4, Mercern,

An adapted form of Bowden and Leben's
'stick-slip' apparatus (42), originally used in investi-
gatlions on boundary lubrication of metals, was employed

by Mercer (23) and Mercer and Makinson (43) for measuring
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the fri.ction of single fibres against a very slowly
moving cylindrical piece of polished horn, or in some
cases, against another fibre.

The principle of this instrument depends
on the fact that, according to Bowden and his collaborators,
{ibid.), the weeei&i relative motion between rubbing sur-
faces at low average velocities is not usually uniform but
it consists of a series of alternate 'stickd and 'slips',
The traces of the 'stick! and 'slips' are reproduced photo-
graphically as defiections of & spring, and the maximum

value of the foree of static friction 1s calculated from

the helght of the peak of each 'stick', The directionsl
frictional effect was expressed in the form j: :;:' or
* 4

(.~ 1) where p, is the meximum coefficient of friction

and.p, is the minimum coseéficient.

(5) Gralen and Qlofsson.

The recently described instrumenf of these
Swedish workers (44) has many similarities to Mercer's appa-
ratus., It measures both the static and the dynamic'(but at
very low speeds) coefficient of friction between two single
fibres which may be arranged at various angles to each other,
Friction is determined by means of a torsion head, thé

changes in the torsional amgles being recorded photographic-

ally, The movement of the fibre is caused by a hydw@elic

arrangment to avold vibration.




(6) Lipson.

In Lipson's Capstan method (45) small
hooks are attached to the ;nds of a single fibre which
is placed round a cylindrical rod of polished horn,
whilst the appropriate solution is arranged to flood the
fibre~horn junction. The weight required to cause the
fibre-to commence sliding is determined by placing smell
welghts on the hook; the movement is very slow, usually
about 0,5 cm., per sec., and almost imperceptible to the
naked eye. The coefficient of friction is determined

from the formuale: ﬁm(?ﬁ)=/“3 and the directional coeffi-
/aL"'/(“r
/ef-L —4-/14,

cient expressed as

(7) Martin and Mittelmann,

The principle of this method (46) is simi=-
lar to that of Lipson's as described above. A single fibre
is placed round a cylindricel 'rubber' (glass or metal) and
the slipping is caused by dhanging the position of a carriage
to which one end of the fibre is attached. The force in-
volved 1s determined by means of a spring and a balance beam
to which the other end of the flibre is fixed and which is
displaced as the result of the motion, The coefficients of

friction are calculated in a similer way to Lipson's.

(8) miscellaneous lMethods.

There are described in the litersture




several early methods of measurement of fibre friction,
6.g. Barker and Marsh (76), Skinkle and Morrison (80),
Adderley (81), Morrow (82), Schmeidhiuser and 3toll (83)
and Henning (84), most of which however, were rather primie

tive and not very accurate.

NATURE OF WOOL FRIC TION,

dartin's Rejection

of Ratchet Theory,

|

ieasons.

The problem of the cause of frictional
asymmetry of animal fibres has received a great deal of
attention since Martin (R1l) fiwyst indicated his reasons
for the incompatibllity of the view attributing the diffew
rential frictional effect simply to the ratchet action of
the scales,

His critical examination of the problem
led him to reject this view because of(l)‘the lack of
correlation between the microscopicel appearfgce and the
frictional properties and (2) the frictional behaviour
of wool fibres against hard polished surfﬁces°

The first point he illustrated by showing
that porcupine quills whose surface appeared smooth under
the microscope nevertheless exhibitved a differential fricw

tional effect; similerily, the microscopic appearance of

4%
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fibres whose differentlal frictional effect has been
reduced or altogether eliminated by means of an 'anti-
shrink' treatment was unchanged when compared Wifh the
appearénce of untreated fibre,

Considering the second point, the behaw
viour of wool fibres against a hard suwrface, sfiew he
found that they showed a very marked differential friction
when rubbed against hard smooth surfaces such as polished

~glass, and since 1t is inconceilvable that scale edges
could grip such surfaces, Martin concluded that in this
instance the plain ratchet theory is quite untensable.

Martin's 'Molecular
Pile' Theory. As an alternative explanation of these

phenomena Martin put forward the so~called 'Molecular
Pile' hypothesis, according to which the differential
frictional effect is due not to the imbrications of the
scales but to a particular kind of molecular structure
in the scale, i.e, to an asymmetry of the molecular fields
at the scale surface.

By analogy with Tomlinson's theory (49),
on rubbing the atoms on the scale surface'were assumed 1o
be first displaced from the equilibrium positions and then,
at a critical point, rapidly brought back to the original
Position, so dissipating in vibrations the energy acquired
during the displacement., By assuming additionally that the

potential energy of the atom at critical displacement was

greater in one direction than in the other Martin thought

thet the existtence of differential friction could be explained,




|

Lipson & Howard's 43

Support, Some support for these novel views was

given by Lipson and Howard's finding (850) that in the

case of friction between wool fibres and o smooth horn

s decrease in the differential frictional effect can be
observed by'anti-shrink' treating not only the fibres but
also the horn cylinder,>leaving the fibres unchanged.

In other words it appeared that without at all interfer-
ing with the scale structure of the fibres the differen-
tial frictional effect can be reduced by altering the sur-

face properties of the other rubbing surface,

%riticisms of

olecul

ar Pile

Theory.

Correla

However, the 'molecular pile' hypothesis
has come under heavy fire from many sources and with the
exception of the behaviour of wool against hard surfaces,
all other points of evidence in 1ts favour sppear to have
been demolished.

tion between

Microscopic Appearance

& rFrictional Properties,

Thus with regard to the lack of correlation
between microscoplc appear@gee and frictional properties
it seems that the changes in scale configuration due to
'anti®shrink' treatments are beyond the resolving power
of the ordinary microscope, for Mercer and Rees found
recently (51) by means of elecgtron-microscope that in
fact, as the result of sulphuryl chloride treatment, the

contour of the fibres 1s considerably altered, the small

gap between the overlapping edge of the scale and the main




body of the fibre being sealed, Similarily, the diffe-
rential frictional effect of porcupine quills observed
by Martin was also presumably due to a roughness 6f the
surface which was not resolved by the ordinary micro-
scope.

As to Lipson and Howard's finding, Merw
cer and Makinson suggested (43) that as ﬁhe horn ¢s8 more
susceptible to sulphuryl chloride attack, it is the homrn
surface rather than the scale edges that is broke or de-
formed, and so the extra force requived for the against-
scale motion (compared wi& to the with-scale motion) should
be less, which prediction is in fact confirmed by the low
value of Lipson and Howard' s frictional coefficients.
Moreover, Mercer and Makin;on reported having actually
observed, by microscoplc section technique, a degraded

layer on the horn surface.

Lack of Organisation
on Scale sSurface, Further evidence against Martin's theory

was provided by Mercer and Hees' electron-microscopic
observations (51) that the outer layer of cuticle cell
appears to be completely devold of organised structure,
whereas Martin's hypothesis would require the presence of
an oriented layer of polypeptide chains on the scele sur-

face,
Yet another point was brought out by Mer-

cer and Hakinson (54) who suggested that since, as they

found, the frictional difference is significanmtly increased




by the-presence of lubricants, this also poiﬁts againgt
Martin's theory, for the supposed asymmetrical field on
the scale surface could have hardly penstrated a conta-
minating layer hundreds of molecules thick.

Friction of Silver-
Joated Fibres. Probably the most decisive evidence

against the 'molecular pile' theory was provided by
Thomson and Speakman's expe;iments (52). Wool fibres
were coated with various thicknesgses of silver or gold

by exposing them in a high vacuum to the vapou¥ from
molten metal, and the differential friction of the coated
Fibres was then measured by both the 'violin Bow' method
(17) and by the 'lepidometer' (41).

Although reduced, the differential
frictional effect of the fibres coated with a layer of
silver approximately 0,03 a1 thick was very well defined,
and the fibres were also found to creep when rubbed betw
ween welt glass plates, which seemed to prove beyond doubt
that the scale configuration and not the nature of the
molecular structure on the surface of the scale ia respone-
sible for the differentlal frictional property of e imal

fibres,

Rejection of Martin's
Llheory.

Although Martin's 'molecular pile' hypo
Thesis thus becomes untenable, it 1s equally impossible
to accept the simple ratchet theory in view of the numer-

\ ous observations on the behavious of wool fibres against
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hard smooth surfaces, since 1t is clear that the plain
ratchet mechanism cannot conceivably operate under such

conditions.

Lack of HEvidence for .
Simple Hatehet Mechanism.

!

Now this point is of really crucial
importance, for the fibre against fibre friction, such
as occurs in the various technical processes wreferred
to previously, comes in fact under the same category,
i.e. it is similar to friction of wool agalnst such hard
surfaces as glass. lhe two rubbing surfaces beirngequally
hard there can be no question of the scale edges of differ-
ent fibres biting into each other, whilst the interlocking
of scalezm edges was pProved to be non-existent long ago.
Moreover, the anology between fibre-fibre
friction and fibre-glass friction is further supported by
the fact that, as Martin found (21), the beheviour of wool
ageinst rough surfaces such as ground glass is essentially
the seme as against smooth surfaces, e.g. polished glass,
It would seem, therefore, that there is
no need to assume a different mechanism to operate ln these
cases,

Rudall-Speakman Interpretation
of Friction against Hard Surfaces,

An explasnation to account for the existw
ence of differential frictlon of wool against hard surfaces

was put forward by Speakman and his collabo@ybtors (53) on

| the basis of Rudall's model of wool fibre, which is
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co-unstructed as shown in Fig.2

T—Nh Y

Flg.2, Diagram of Rudall's Nodel
of Wool Iibre,

The model consists of a piece of wood
with ratchet teeth cut on both sides, whik sach tooth
bedng provided with a separate leaf of rubber glued to

the tooth. This model exhibits a frictlonal behaviour

similar to wool fibre, for when it is dragged along

a glass plate in the direction of the 'root' end the
friction is lower than in the direction of the 'tip',

and when rubbed between two glass plates the model also
moves in the manner similar to the movement of a wet wool
fibre.

The roason for the existence of two differ-
ont coefficients was suggested by Menkart and Speakmen(53)
to be the different configuratlion adopted by 'the edges of
the rubber 'scales according to the direction of rubbing.
Although they do ngt elaborate the point, they probably
mean that sinee, as in the model, the area of contact is

larger in the tip direction then in the root direction of

motion, However, it 1s difflcult to see how this should
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scecount fo.a the existence of different coefficients of

friction, since under the conditions of thelr experiment,
l.6, under conditions of dry or boundary friction, accord-
ing to Amontons' Law friction is independent of the area
of contact between the rubbling surfaces,

Evidence against Rudall-

Speakman Hvpothesis.
Bvidence against Rudall-

Speakman Hypothesls.,
moreover, disphted by Martin (21l) who suggested that when

The experimental evidence of Rudall was,

the 'root' end moves first, the area of the rubber in cone-

tact with>the glass being small becomes dirty quickly and

a low coefficient results. On the other hand, when the

'tip' end in dragged first the whole of the loose end of

the mbber'scale’ comes in contact with the glass and so

the rubber staysmcleaner and the coefficient of friction
| is higher in this direction., Martin claims that, according-
ly, when both the rubber and the glass were carefully
washed the model did not show any differential frictional
effect.

However, even if Rudall's experimental
findings be accepted, there is as yet no direct evidence
that the scale edges of the wool fibres behave like the
rubber leawves of the model,

Furthermore, and this point is still
more importent, in the absence of any guantitative data
on the friction of the model it is exceedingly difficult

to see how, from the quantitative point of view, the

Rudall-Speakman interpretation can account for the obssrved




relatively enormous differences in friction in the two

directions.

Mercer and Makinson's
Incomple te Theory.

The only other (and as yet incomplete)
attempt bo interpret the frictlonal behaviour of animmal
fibres was made recently by Mercer and Makinson (43) who
suggested that asymmetric friction arlses from the confiw-
guration of the scales and that because of the angle of
slope of the scales the against-~scale motion can only
result from breakage or deformation of some of the scale
edges., From this they deduced that if the with-scale
coefficient (pm, ) 1s varied by lubricstion or change of

pPH, the against-scale coefficient sz) should vary in the
A=
el
opposite sense. This prediction they confirmed by

same sense as ji, , and SPL".PI) and in the
experiment,

Mercer and Makinson's full theory has
not yet been published, snd in the absence of further in-
formation 1t is rather difficult bto picture the mechanism
which they have in mind, Moreover, the basis of friction~
al measurements depending on 'stick-slip' determinations
(which technique waé employed“by these authors) has recently
been critisidelby Bristow (78) who questioned the significance
of the 'stick~slips' claiming that their occurrence was due

to the dynemics of the apparatus rather tha® to the character

of the surfaces.
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summayy .,

The inadequacy of the simplg ratchet
theory to give a complete interpretation of the fric.
tional asymmetry of animal fibres was first pointed
out by Martin (21, 46) who thus stimulated the inquiry
into the fundamental cause of the phenomenon of felting.

Martin postulated an alternative explano-
tion, the so~called 'molecular pile theory', according
to which the differential frictional property of animal
fibres 1s due to an asymmetry of molecular field on scale
surface, but this hypothesis must now be considered dis-
proved by the results of Thomson and Speakman (42) and
Mercer and his collaborators (51, 54, 43). The former
workers showed that desplte covering the scale surface
with a falrly thick layer of silver differembtial friction
persisted, from which they concluded that the differential
frictional effedt cannot be possibly due to the peculia-
rities of the molecular fields on scale surface. The same
conclusion was reached by Mercer and his co-workers largely
on the basis of electron-microscope findings.

The only other avallable theory attempting
to explain the frictional properties of animal fibrses is
that of Rudall, Speakman and Menkart (53) who suggested
that the different configuration adopted by scale edges
according to the direction of rubbing is responsible for
the exlstence of two different frictional coefficients,

However, various objectlons to this hypothesis have been




raised, firstly as regards the accuracy of the actual
experimental findings using Rudall's model and secondly
as to the ade inadequacy of this theory to account
quantitatively for the frictional difference.

It must, therefore, be concluded that no
satisfactory theory of frictional asymmetry of animel

fibres has been published as yet.




CHAPTER S.

LUBRICATLOW THEQRY AND IT3 APPLICABILITY

TO THE PFRICTION OF ANIMAL FIBRES,




LUBRLCATION THEORY .

Introduc tion.

It is noteworthy that so far none of
the workers angaged on the Pproblem of friction of
animal fibres has considered the possibility of apply-
ing to it fthe film theory of lubrication.

It is hoped to show later that the fluid
film theory of lubrication is capable of clarifying
the nature of the frictional asgﬁ@etvy of animal fibres
and of many features of the phenomenon of felting,

As an introduction sa5 review of current

¢

views on friction and lubrication will be given.

Types of Friction,

Three broad types of friction are commonly
recognised: (1) solid to solid, (2) boundary and (3)fluid
film friction.

(1) Solid to solid friction occurs when
two solids slidd on each other without any contaminant
between their adjacent surfaces. In practice such per-
fectly clean surfaces are very difficult to obtain, butb
they can be producedvby'an outgassing technique in @
vacgum when, as Bowden and Hughes showed (95), perfect
s01id to solid friction obtains, with the coefficient

of friction being as high as 6. Under such conditions
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friction 1s & problem of the chemical forces of attrac-
tion  betwesen the surfaces. (In alr, when the surfaces
are not perfectly clean, the coefficlent of friction for
unlubricated metals is about 0.5 ~ 1.0 )

(2) When the surfaces are Wholly or par-
tially separated by a thin film of lubricant friction is
influenced by the chemlcal charvacter of the lubricant as
well as by the nature of the surfaces, and such state is
referred to as 'boundary lubrication', Under such condi-
tions the coefficient of friction, in the case of metals,
is of the orderﬁg.05 - 0.15,

(3) Under conditions of fluid film lubri-
cation the moving surféces are separated by a fluid film
of lubricant of such thickness that the characteristic
properties of boundary layers are completely suppressed
and the behaviour of the lubricating film is governed
enthirely by the principles of hydrodynamics,

The coefficient of friction is of the order 0.0l - 0.02,
which means that fluid film lubrication ls by far the more

efficient.




SOLID AND BOUNDARY FRICTION,

The classical laws of friction which
resulted from Lhe experiments of Amontons (1899) and
Coulomb (1781) postulated that (1) friction is indepen=-

dent of the area of contact between the suwrfaces,

(R) friction is proportional to the load between sw the
surfaces, (3) friction is independent of the speed of
rubbing, but the last point is now recognised as untrue,
for at high speeds friction usually decreases,

The cause of the first two laws of fric-
tion has been explained only in rscent years by the re-
markable work of Bowden and his collaborators who are
mainly responsible for the great advance in the under-
standing of the mechanism of friction between solid
surfaces,

Thus an investigation by Bowden and Tabor
(96) of the area of contact between rubbing metal surfaces
by electrical conductivity measurements showed that the
real area of intiwate contact is exceedingly small, since
the metals touch only at the summits of the surface aspe-
ritlies. PFor exsmple, in the case of flat steel surfaces
the real area of contact may be less ﬁhan 1/10,000th of
the apparent area, Clearly, thersfore, since the area of
real contact is nearly independent of the apparent area,

frictidn should also be independent of the apparent area,




which the first law of friction in fact postulates.
Furthermore, Bowden and Tabor also found
that because of the high local pressure and temperaﬁure
at these points of contact the surfaces are deformed
plastically and so the real area of contact is directly
proportional to the load which is applied to the surfaces.
Hence the tangential friectional force required to bresk
these Junctions between theisurfaces should be proportional
to the applied load, which is the substance of the second

law of Amontons.

The occurence of high temperatures at
metallic junctions (‘'hot spots') was fiwst discovered
by Bowden and Ridler (97) and Bowden and  Hughes (95),
and thelr observations were labter corroborated by Thomw
son and Logan (98), Matthew (99)& Beeck et al.(91).
The temperature of these 'hot spots' was found to depend
on the load, the speed and the heat conductivity of the
solids, With readily fusible metals the btomperature
corresponded to the melting point of the metal, with less
fiisible metals local temperature reached about 1000°C.
(e.g. constantant). Moreover, even when the surfaces
are flooded with water or a lubricant the 'hot spots'
persist, although higher frictional forces are required.
'Hot spots' were also observed in the case of non-metallic
surfaces such as glass or quartz,

The phenomensa of plastic deformation, with




which these high temperatures are associated, are of
importance in problems of polishing of metals, selzure
of bearings, etc, They also play a part in the initia-
tion of explosions (e.g. of nitroglycerine), as has

recently been shown by Bow.-den, Stone and Tudor (100).

Since the friction of solids is accompanied
by enormous molecular tearing, welding and deformation at
the rubbing surfaces, some surface demage always occurs
even with lightly loaded and well-lubricated surfaces.
Bowden, Moore and Tabor (10l) found that alt low speeds
the nature of the demage depends on the combination of
metals used, Thus when a hard wmetal slides over a soft
one, ploughing and tearing of the latter tekes placey
-when a soft metal moves over a stationary hard metal,
the soft metal is found to be welded to the hard one;
and lastly, when metals of similar hardness are used
greatesﬁ damage occurs and so high friction results.
Moreover, it was found that sven dﬁer lubrication condi-
tions some metallic interchange takes place, which was

confirmed by Sackmann, Burwell and Irvine (102).

In view of these observations it became
clsar that friction is not merely a surface effect, since
bulk properties of the solids, such as theilr relative
hardness and melbing point, influence the frictional

resistance,
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According to Bowden et al., therefore,
frictional force in the case of unlubricated metals 1is
made up of two components, (1) the force of shearing (S)
of lbcal junctions, and (ii) the work of ploughing (P) of
surface irregularities by the harder metal. Hence fric-
tional force F = S + P . When the ploughing term P is
" negligible, F = S, and if A is the real area of contact

and s the shear strength of the softer metal, then S As

and F = As,

n

Thus to obtain low friction both A and
-should be as small as possible, When a hard metal
slides (1) over a soft one s is small but A 1s large,
(2) over another hard metal A is small but s is large -
in both cases friction is therefore high. If, howeverwr,
in the latter case é very thin £ilm of a soft metal is
deposited on the stationar—y hard surface, the shear strength
s will be that of the deposited soft metal, i.e. it will
be low, whilst A will remain small, for the area of contact
is not appretéiably affected by the plastic deformation of
hard metals.

That the latter phenomenon does in fact
take place was found by Bowden, Moore and Tabor (101)
who showed that when a film of lead or indium, a few hund-
red atomic layers thick, is deposited as indicated, the
coefficient of friction is reduced from approximately

0.6 to approximately 0.04.




Now the lubrication of surfaces is
~an analogous proce~ss Lo the depositions of such films,
for the lubricating film, being of low shear strength,

performs similar functions,

The first systematic study of such bound-
ary lubricating films was carried out by Hardy (103) on
films composed of homologaas series of paraffins, fatty
aclds and alcohols, For static frictlion the coefficient
of friction was found to decrease linearly with fthe chain
length, but Beare and Bowden (104) found later that this
relstion does not hold in the case of kinetic friction,

The work of Langmuir (105), Bowden and
Leben {(106), Hughes and Whittingham (107), Frewing (108)
and Isemura (109) showed conclusively that in the case
of metallic surfaces lubricated by fatty acids the lubri-
cating power of the boundary layer 1s due primarily to the
first adsorbed fatty acid layer.

Recent experiments of Bowden, Gregory and
Tabor (110) further indicated that the lubricating pro-
perties of the acids alsd depend on the nature of the
underlying metal surfaces, and it was shown that the most
efflcient lubrication obtains with those metals which are
most readily attacked by the fatty acid. Lubrication,
therefore, 1s not due just to the acid itself bu to the

metallic soap resulting from the weawi reaction between
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the metal and the fatty acid, and this soap will act

as a lubricaant until the temperature reaches 1lts soften~
ing point, The s-tudy of these metallic soaps showed
that they possess remarkably high tenaclty:; for example,
one soap monolayer was found to provide effective lubri-
cation under conditions when efficient lubrication by

a metallic film (as described above) would require a nuch
thicker film, e.g. 1079 o,

The mechanimg of boundary lubrication
proposed by these workers follows on thelr views on the
friction of unlubricated metal surfaces as discussed
previausly.

Thus, as before, the frictional resistance
is consldered to be due to two causess firstly to the
metellic junctions between the surfaces which always
ocecur, even under best boundary lubrication, thelir forma=-
tion being dependent on the nature of the boundary £film,
the speed of sliding and the temperatyre developed;
secondly, to the resistance to sliding offered by the
film itself.

Hence the friction force I can be written as

o= A[olep-\x(l - 94-)8]

where A is the area that supports the applied load, oK is

the fraction of A over which metallic junctions have occurred

Sy 1s the shear strength of metallic junctions and s is the

shear strength of the lubricating film,




Bowden et al, concluded therefore that

"the main purpose of the lubricating film is to
-reduce the amount of metallic contact between

the surfaces by interposing a layexr that is not
easily penetrated and that possesses relatively
low shear strength., In order to prevent appre-
clable contact, the lubricating layer must, in
addition to being firmly attached to the surface,
possess a strong lateral adhesion between the
hydrocarbon chains, If the film softens or melts,
that is, 1f the lateral adhesion between the chains
falls to a low value, metallic seilzure occurs with
a corresponding increase in friction and wear,

The fact that solid films of saturated hydrocarbons
are more effective in lubricating unreactive metals
than fatty acids above thelr melting points shows
that the strength of the lateral adhesion between
the large hydrocarbon molesules is at least as im-
portant as the strength of attachment to the surface."

: A transitional stage between boundary
film snd fluid film lubrication was shown by Beeck,
Givens and Smith (91) to take place when the lubricant
i1s a compound which is most highly oriented with its
carbon chains most nearly perpendicular to the surfaces
and when the speed of sliding is increased. Under such
conditlons a sudden reduction in resistance to friction
occurs, and this was ascribed to the wedging of oil under
the surface. As this condition resembles the fluid or
hydrodynemical lubrication, Beeck et al. termed this
phenomenon 'quasi-hydrodynamic' lubrication,

This now leads to the discussion of the

last type of lubrication, namely the fluid film lubrication.




FLUID FILWM LUBRICATION,

Under conditi-ons of fluld film lubrica-
tion the rubbing surfaces are separated by completely by
a film of lubricant of such a thickness thet the friction
between the surfaces depends entirely on the behaviour of
this film, which behaviour 1s governed by the principles
of hydrodynamics.,

The basis of the present knowledge and
understanding of fluid £ilm lubrication was laid by Osborne
Reynolds (89) who in 1886 gave a theoretical interpretation
to these phenomena, the first observations of which were
made three yesars earlier by Beauchamp Tower (89).

Ihe importance of Reyﬁolds work was not realised at once

but in 1897 the principles which he had enunciated were
applied by Kingsbury (113) to the design of thrust bearings,
In 1905 pivoted thrust bearings were developed by Michell
(114) also as the result of investigations based on Reynold's
work, Since them a vast amount of work has been
capyried out, both of experimental and theoretical nature,

on frictional phﬁbmena in various typés of bearings.

The mention of only a few of the ocutstanding contribqtors
should include Sommerfeld (115), Harrison (116), Boswall

(85), Hersey (86), Stanton (117), etc.

The main point of the pioneering work of
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Besuchamp Tower was the discovery of the existence of
Pressure in the lubricating film which separated the
surfaces of rotating journal bearing snd of the fact
that the component of the total oil pressure in the

dirvectlion of the load was numerically edqual to the load,

The formation of this thick pressure
film depends on several factors, viz. speed, load,
geome trical characteristics and slze of the rubbing
surfaces and the viscoslty and the inertia of the fluild.

Thus when two surfaces are suitably
inclined and move relative to each other at a sufficipgt
speed and under a sulitable load they will tend To sepa~
rete because of the wedge formed between them by the
lubricant.
| The mechanism of formation of this wedgew-
shaped fluid £ilm is illustrated by Fig.Ra (reprodueed
from Glower's book, 88).

AB 1s a plane surface, of unlimited length
and Beadth, moving in the direction of the arrow, i.e. to
the left, below the inclined surface CD which is of limited
dimensions, Owing to 1ts viscous drag the lubricating
0oil is carried into the wedge-shaped space between these
surfaces. The ¥&%fe of oil that is brought in is propor-
tional to the inlet area BDE, but the volume discharged

at the exit end AC is proportional to the area ACPF and ‘is
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FIG. 2a. MBCHANISM OF FLUID FILM FORMATION.

therefore smaller than the volume carried in, for the
area ACF is smaller than the area BDE.

The excess volume which is thus carried
into the space* is, therefore, squeezed out between the
surfaces in the direction at right angles to the motion
of AB. Because of its viscosity, the o0il resists this
squeezing action. In co”“equence a pressure is built up
within the o0il film, and this pressure causes the surfaces
to move apart when fluid film lubrication is set up.

The film pressure causes the oil to 1l3ak

away from the space between the surfaces. Since the inlet
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end is larger than the exit end, the o0il escapes much
more freely at the end BD and the sides near 1t than
at the exit end AC. As a result, the maximum £ilm
pPressure is nearer the apex of the wedge than the inlet,
which is Indicated by the pressure curve in Fig.2a.
Continued seperation of the surfaces, i.e.
efficient lubrication, 1s achleved when conditions of
speed and load (for a given lubricant and surfaces) are
such that the oll is carried into the wedge~shaped space
faster than it is carried out. This ensures that the
Pressure is maintained and so the surfaces will continue

to be kept apart.

This mechanism of fluid film formation is
exemplified by the Michell Thrust Bearing. In this type
of bearing a plane bearing surface acts on an opposing
surface which is composed of a system of sector-shaped
pads, These pads are arranged in the.form of s ring and
are inclined at an angle to the direction of the motion,
the angle being such as to promote the maintainance of
the fluid film,

In other types of bearings fluld film is
formed in a manner similar to that described above,

In the case of journal bearings, for example, the oil
wedge results from the difference betwsen the diameters
of the journal and the shaft. Thus when the shaft is

stationary it rests on the bearing and there 1s very




little o0il between the two surfaces. However, as the
shaft begins to rotate and as it gathers speed o0il is
drawn around underneath it and forms a wedge-shaped
pressure film which will 1lift the shaft away from the
bearing surface.

In the case of two parallel surfaces,
such as are used in certain types of thrust bearings,
the wedges (which are much smaller than those occuring
in inclined pad and journal bearings) arise in consequence
of the imperfections in the surfaces, as has recently

been pointed out by Karelitz (112).

The manner in which fluid film formation
is affected by the geometrical characteristics of the
bearing design is illustrated in Fig.3 (also from Glower'’s

treatise, 88).

Sharp edge

scraping oi/ | Boundry

from surface\ j layer
[a.) Movin jr only

YZ &m''S ta tio n ary *
Flat sliding surface without bevel edge.

Bevelededge
aids film
form aiion /Full
Moving | fluid
y film
() /Iy 2y] . vy
yStationary

Flat sliding surface having lead-in edge beveled.

FIG. 5. INFLUENCE OF BEARING DESIGN ON FLUID FILM FORMATION.
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The figure represents a short'block
sliding on a flat surfece, as, for example, a piston
ring and cylinder wall. In (a) the block tends to
tilt and the sharp leading edge will tend to removs
the o0ilg from the surface thus reducing the film
thickneés, possibly down to boundary conditions.

In (b), on the other hand, the leading edge is bevelled,
which, as shown, tends to ald the formation of the fluild

film,

THE ZN/P RELATION,

The dimensionless expression, absolute
viscosity (Z) x speed (N) divided by pressure (P), or
ZN/P, has been found by both theory and practice to be
of special signifiicance 1in lubrication problems.

Thus it has been found that for a given bearing one
experimental point resulting from a given viscosity,
angular speed and load per unit of projected area will
give the coefficient of friction for any other set of
conditions for which ZN/P has the same value.

If the frictional conditions in a given
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PIG. 4. THE FRICTION VERSUS ZN/F RELATION.

lubricated bearing are studied under various 1loads and
speeds, and if the observed values of the coefficient

of friction are then plotted against the corresponding
values of ZN/P, a characteristic curve similar to that
shown in Fig. 4 results. This curve, which is an actual
experimental curve for a journal bearing reproduced from
Glower's monograph#88), reveals the various types of fric-
tional conditions which occur in a bearing.

Thus when a stationary bearing is set in



motion (the ZN/¥ value being therefore very small) the
first resistance to movement is due to static friction
of the solid to so 1lid type, for, as indicate before,
there will be very little, if any, oill between the sta-
tionary surfaces; the coefficlent of friction will
therefore be high,

As the speed of rotation Increases, oll
will be carried into the spasce between the surfaces which
will thgrefore tend to separate. At the beginning, for
small values of~ZN/P (from A to B, on PFig.4) when the
speed 1s still relatively slow, the oll film is very
thin and the bearing operaﬁes in the region of boundary

friction,
As the veloclity increases further, howevewr,

a transition stage between boundary and fluid film lubri-
cation is reached, indicated by BC, which represents the
lowest friction attainable,

Beyond this critlcal value of ZN/P, when
the speed ¢nereases still further, full fluld film lubri-
cation is achi%ed, but the coefficlent of friction will
begin to rise ageain with increasimg veloclty owing to the
viscous drag of the lubricent. The part of the curve from

C to D is essentially a straight line.

The position of the minimum on the friction
versus ZN/P curve is of particular interest, for it indi-
cates the critical value of ZN/P required for the estab-

lishment of conditions of fluid film lubrication for the
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given bearing.
The interdependence of Z, N and P has
been ind.lcated above, and it is clear therefore that
this velue of ZN/P wvepresents a critical viscosity which
is required, at a given speed and under a glven pressure,
to form a fluid film. Similarily, this value of ZN/P may
be sald to represent a critical speed or a critical pressure;
with the other two factors remaining constant, for fluld

film formation.

When friction versus ZN/P curves for various
bearings are compared it 1s found that the general shape
" of all curves is always simllar to that shown in Fig.4. i
They vary, however, in detalil, namely regarding the position
of the minimum £ value of the coefficient of friction and
the shape of the various parts of the cuwrve, This 1is s0
because the coefficlent of friction is also dependent,
apart from Z, N and P, on the geometrical characteristics

of the bearing, e.g. clearance, length~diameter ratio, etc.
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THE LUBRICATION THEORY APPLIED TQ FRICTION O ANIMAL FIBRES

When in a mass and under pressure, as in
the felting process, animal fibres are bent round each
other owing to their flexlbility. The appearance of two
such fibres csn be represented as in Fig,5 which is a sec-

tion in the plape of one. of the fibres.

Tip

Lot
PIG. 5. FRICTION BETWEAN TwO ANIMAL FIBRES,

There is a close resemblence between this
figure and a badly worn journal bearing, and so, just as
in the case of jourmal bearing, when filbres A moves round
fibre B the fluid will be dragged into either of the two
wedge-shaped spaces on either side of the area of contact,
depending on the direction of wotion of the fibre.

Under sultable conditiong of speed, load
and viscoslty the two fibre bearing surfaces should separate
and low frictlon, characteristic of fluid film lubrication,

would resulty and 1t would be identical in both directions
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of motion of fibwre A 1if the fibre‘bearing surfaces were

amooth.
In the case of animal fibres, however,

the surface consists of a layer of imbricated cuticular
scales whose alg-es all point in the same (tip) direction,
as shown in Figs. 1 and 5, and the ease with which the

film will be formed between the fibre surfaces will depend
on whether fibre A moves in the direction of its tip (i.e.
to the right on Fig.5) or in the rootwards direction (i.s.
to the left). The reason for this is that the scaleg act
in a manner similar to the action of the facets in Michell
bearing, as described previuusly, and therefore when fibre
A moves to the left the angle of inclination of‘these soéle
facets is such as to prowote the formation of the fluid f£ilwm,
whereas in the case of motion to the right (i.e. tipwards)
the angle of the scales directly opposes film formation,

It follows, therefore, that the frictional
resistance to motion in the tipwards direction, when fluid
£ilm formation is opposed, may be expected to be greater
than the résistanae in the rootwards direction when scalss
aid lubria/ation.(c%.Fig.B).

Furthermore, as has been shown earlier, ths
conditions under which the fluid film is formed can be well
defined by the minimum on the coefficient of friction vs.
ZN/P diegrem (cf.Fig.4), which gives a critical value of
ZN/P required for the setting up of a fluid film. in a given

bearing. Clearly, therefore, the differences in the ease
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with which the fluid fi-lm is formed between the fibre
surfaces according to the direction of rubbing will be
reflected in the corresponding values of ZN/P. In other
words, in.the case of rootwards movemenﬁ, when the slope
of the scales favours {ilm formation, the fluld film should
form at lower values of ZN/P (i.e. at a lower viscosity
and spesd or under a higher pressure) than in the case of
tipwards movement when the angle of scales opposes the
setting up of the fi-im.

Consequently, on the m vs. ZN/P diagrem
for the fibre bearing surfaces the minimum for the root-
wards movement (rubbing with the scales) should lie to

the left of the minimum for the tipwards motion {rubbing

against the scales),

Yet another forecast can be made on the
basls of the lubrication theory as applied to the fric=-
tion of animal fibres, namely regarding the Differential
frictional effect. |

The differential frictional effect should
be low in alr, since owing to the low vigcosity of this
fluid the hydrodynamical effect will be negligible at the
speeds likely to be attai-med. Undser these conditions
the friction will be of the boundary btype and therefore
similar for both directions of rubbing. When, however,
the viscosity of the fluid increases the differential

frictional effect should rise, e.g. in water, as the con-
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ditlons of fluid film lubrication begin to set up.
Moreover, beyond a certain critical viscosity the
differential frictional effect should gradually déminish

as the fluld film thickness increases to such an extent

as to mask the influence of the scales facets,

However, the snalogy which is beling
suggested here has certain limits due to the important
dimensional and geometrical diferences betwsen ordinary
bearings and the 'fibre bearings'.

Thus in the examplep,shown in fig.2a,
of the mechanism of the formation of a fluid film in an
inclined plane bearing the surfaces, in order to simplify
the i1illustration were considered to be plane and infinite,
Such surfaces, with other factors belng equal, provids
ideal conditions for the setting up of the fluid film,

The filbre bearing surfaces counsidered in
Fig.5, however, clearlys depart from this ideal in two
lmportant respects. Firstly as regards their finite dimen=
sions which, as indicated in Chapter 2, are exceedingly
small by comparison, say, with.the facebts of the Michéll
bearing; and secondly as regards the curvature of the
surfaces transverse to the direction of motion, which arises
from the approximately cylindrical shape of the fibres,

| These two departures from the characteristics
off the ideal state can be expected to increase greatly the

leakage of the lubricating fluid from between the rubbing
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fibre surfaces. This would result in a lowering of the
£fluid film pressure and therefore in a reduction of the
efficiency of separatlion of the surfaces, which would -be
reflected in an increase in the value of thé coefficients
of friction,

Hence in the case of fibre friction the
magnitude of the coefficlents under conditions of fluid
film lubrication can be expected -to be considerably higher

than in the case of ordinary bearings.

The experimental work described in the
Present thesis was designed and carried out to test the
accuracy of the above hypothesis which, 1f true, would
offer a simple explanation of the frictional bshavioun

of animal fibres.

The experiments fall naturally into two
parts. The first deals with the frictional measurements
on animal filbres and is concerned particularly with the
study of factors affecting fluid film lubrication. In
the second part experiments are reported in which the felt-
ing propertiss of wool were exmmined in relation to the
new hypothesis and especlally in relation Lo the observa-

tions on frictional behaviour described in the first part.




CHAPTER 4.

APPARATUS FOR FRICTION MEASUREMENTS OF FILBRES.




Necesslty for new design.

I&"E
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APPARATUS ,

Desideratsa,

A veview of the exlsting methods of measurew
ment of fibre friction, disoribed previously, led to the
conclusilon that they hed been designed primarily for investi-
gatlons of static friction. None of the availlable techniques
was sultable for the purpose of examining the frictional
behaviour of animal fibres under conditions of fluild film
lubrication,i.e. under dynemic conditions. A new apparatus

had, therefore, to be deslgned.

Ihe study of problems concerned with fluid
£ilm 1ubricati6n involves the investigation of three prinw
cipal factors, namely speed, viscosity and pressufe.

The new instrument had, therefore, to provide the means for
measuring friction of fibres under the following conditions:
(i) Over a wide range of speed, bearing in mind that considery
ably higher veloeocities are required for setting up conditions
of fluid film lubrication than the speeds that have so far
been used by other workers., For exampla,rMercer and Makinsonﬁu
(43) expperiments the speed ranged from 0.0l to 0,1 cm/sec.,
whilst it has been shown recently by Forrester (111) in
experiments on metallic friction that under certain condi-

tions the transition from boundary to fluid lubrication
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occurred atbt considerably higher velicities, e.g. 2.26 cm./sec
(ii) In fluids of various viscosities, the amount of fluid
present being sufficlent to enable fluid film to be formed.
This point wa entirely neglected by other workers in whose
experiments the:.adequate flooding of the surfaces was never
given proper attention,

(iii) Under various pressures between the surfaces, although
the exact magnitude of the load required was not known in

advance.

Cholce of Rubbing Surface.

As regards the nature of the rubbing surfaces,
whilst 1t was appreciated that it would be prefersble to
study the frictional behaviour of fibre against fibre so as
to simulate the conditions occurring in the felting process,
it was decided at the outset that in order to simplify the
design of the apparatus one of the fibre surfaces would be
replaced by a hard substance such as glass or horn,

It was felt that this course was justified because, as has
been indicated previously, in fluid film lubrication the

shape and not the character of the surface is of importance,

Composition of Fibre Surface.

As for the composition of the fibre surface
which was to be rubbed against, say, glass, the previous
experience of the present writer (20) indicated that the

use of a flbre surface consisiting of a large number of
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individual oriented fibres has definite advantages over

the use of single fibres. Thus, for example, the necessity
for a s—tatistlcal treatment of results is elliminated,

as the differences_between friction of various pads are
negligible, whereas in the case of single fibres the coeffi-
cients of variétion are usually very high, The experi-
memtal technique is also facllitated, for the forces in-
volved in the friction of a sheet of fibres are clearly
greater than in the case of an individual fibre, and so
the degree of precision in measurements need not be so

exacting.

Use of Human Halm.

The fibres used throughout thils work
were human halr which on account of their relative coarse-
ness, rigldity and lack of crimp are far easier to mani-
bulate (especilally in mounting the pad) then wool fibras.
Human hair have often been used by many workers in lieu
of wool fér these reasans (and for their greater chemical
uniformity in cases where chemical processes were studded),
and the similarity of frictional behaviour betwesen these
two varieties of anlmel fibres has been demonstrated
frequently. To remove any doubt on this point some expe=-
riments were carried out, to be reported later, using wool
fibres in place of human hair, and they fully justified the

use of human hailr in the present work.

Pirst Models.

The development of the FreSde—comdmoe—et—iias




final design of the apparatus took considerable time
as it proceeded through several unsucessful intermediate
stages. Before the present apparatus wa3 finally evolved

several other designs had been constructed but found unsa-

tisfactory.
Chainomatic.
The first prototype is shown diagramatically
in Pig. 6

MM aln

The hard rubbing surface is in the form
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of a cylinder mounted on to0 a shaft of an electric motor
80 that it can rotate at varlious speeds im both directions.
The fibre padfis placed round the cylinder%as shown, with
the ends upwards, whilst the area of contact between the
fibres and the cylinder is flooded with the appropriate
liguid delivered from a separating funnel (not shown on
the diagrem)., Frictional forces were messured by means
of a chainomatic device, designed for another purpose by
Demeuleemester and Nicoloff (82), consisting of two systems
of chains, one for each direction of rubbing. HRach set of
chains 1s composed of a light chain suspended over a fric-
tionless pulley ¢, one of the chain being attached to one
end of the fibre specimen, whilst the other end of  the
chain is connected to a set of four parallel chains D
which are in turn supported by another pulley as shown,E.

Assuming that the cylinder was to rotate
in the clockwise direction, 2 sultable pressure was placed
on the fibres by increessing the pull of the chainomatic
system on the left-hand side mad of the specimen. On.
setting the cylinder in motion:the fibre pad was dragged
in the clockwise direction owing to friction, The fric-
tional forces were determined by restoring the fibres to
thelir original equilibrium position by increasing the pull
of the right ha@p side chain system, i.e. by increasing
the operative weight of the four-chalns compounent.
For measuring friction in the opposite direction of rubbing

the rotation of the cylinder was reversed and the measure
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ment repeated using the other set of chains. The

coefficient of friction was calculated from the for-
milae  En (;4;) =/”‘§’

The chainomatic sysbtems were constructed
in the form of a scaffolding, ebout 7 ft. tall, erected
on top of a thermostatically controlled electric oven
in which were arranged the rmbbing surfaces., The controls
for altering the positions of the chains (F) being fizxed
outside the box,

This spparatus failed to give satisfactory
results. The reasons for the fallure wefe firstly that
the pressure applied Lo the fibr@s varied along the cir-
cunference of the cylinder, and secondly, the chainoma-

tlc measuring system was insufficlently sensitive.

Springs.,
Before this apparatus was finally discarded

another attempt was made to improve it by using sensitive
calibrated springs (amilar to those used in the Cambridge
Flbre Zxtensometer) instead of chains for loading and
measureing the frictional resistance, Again, however,
the degree of accuracy, apart from the difficulty regard-
ing even application of pressure, was guite inadequate,

Torsion heads.

In the last of the serles of unsaccessful
endavours, illustrated diagramatically in Fig.,7, the
capstan system of arrm ging the fibres and the cylinder
was reteined but the loading and the measurements of

frictional forces were done by mesns of two eépeciilly
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constructed torsion heads,
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Pig, 7 Torsion Heads NModel.

Bach end of the fibre specimen A was
connected by means of a fine chain to a rod B which
was fixed wvery firmly to the centre of the torsion
wire G, As in the»originai prototype,the load
was placed by increasing the pull on one of the end
of the fibres, this time by turniﬁg the torsion wire,
On setting the cylinder in motion the pad was dragged,
as beforse, and by turning the other torsion head until
the original equilibrium positionywas reached the force

equivalent to the frictional force was thus debtermined, .
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Reason for Pailure of First Wodels.

Unfortunately, this method was only
a slight lmprovement on its predecessors, and it can
be concluded that all the methods based on the capstan
principle, which have been described, notwithstanding
the nature of the frictlon-messuring wmeshanism, suffer
from the same serious disadvaﬁtage, viz, it is exceed~
ingly difficult, if not impossible, to ensure an even
contact between the fibres and the cylinder surface.

" This leads to great difflculties in estimating accurately
Ithe magnitude of the load placed on the fibres, which in
turn renders the calculated values of the frictional
coefficients of doubtful value,

In view of this it was decided to abandon

altogether the capstan type of method,

The Final Design.

In the present apparatus the critical
difficulty encountered previously, i.e, the method
of presenting the fibre surface to the cylinder sur-
face s0 as %o snsure aceurate measurement of pressure
on the fibres, was finally solved.

The new device consisted of first mount-
ing the fibres on a metal frame in the form of a strdagght,
taut violin bow which was then brought into contect
tangentially with the cylinder surface, whilst the

Pressure was applied by a novel method involving the
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use of a float.

The mechanism for measuring the frictional
forces consisted of an adapted torsion head.

The present form of the apparatus is shown

in pigs. 8 and 9. The first photograph gives a general

view of the instrument, whilst the second is a close-up

of the surfaces in contact and other features.

Fig. 8 General View of the Apparatus
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Fig. 9 Close-up of Surfaces etc.

(a) The Rubbing Surfaces.

Friction is measured between approximately
100 human hair, mounted in the form of a violin bow,
and a cylinder made of glass or ivory.
(i) The Cylinder, which is about 6 cm. long and 1.5 cm.
in diameter, is turned inside in the shape of a Morse
taper which fits on the shaft of an electric motor.
All cylinders used were provided with the same taper
so that they could be used interchangeably on the same
motor shaft. Both the glass and the ivory cylinders
were made especially for the purpose of these experiments
and their surfaces had been polished with particular
care. Before use the cylinders were cleaned by prolonged
Soxhlet extraction with pertroleum ether, followed by
alcohol and by washing in distilled water.

(ii) The Fibres. After a thorough purification by means



of Soxhlet extraction, first with petroleum ether
(40-60°C,) then with alcohol, each extraction taking
about 12 hours, followed by washing in distilled water,
a sultable portion ¢of the halr is separated from the
lock, One end of the hair is then atitached to a small
(sbout 1 x 2 cm.) plate J of 1/16thinthick cellulose
acetate sheeting, the plate being kept in a templet.
Before the ends are fixed permanently
with acetate dope (the acetate evaporating off and
leaving the fibres firmly gripped between the plate
and the new layer of acetate) they are arranged to
lie parallsl to each other in one plane thus forming
g2 pad about one centimetre wide. With one set of ends
fixed in thieg way the hailr are then combed with a clean
Piece of felt which arranges them parallel to one an&-
cther wlith a minimum of interlacing. The remaining
loose ends are then atbtached with cellulose acetate
to another small cellulose acetate plate, After all
the looss, crimped and interlacing fibwres have been
removed individually the hair specimen is then attached,
by means of hooks, to the frame B.
This frame is made of brass and 1s con-
structed in such a way that it holds the fibres, now

in the form af a taut, straight bow,

{b) Application of Pressure.

The Irame holding the fibres in this way

is then placed over the cylinder in the manner of
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8 cantilever, being firmly supported at one end by
means of an knife~edge resting on a wire attachment
connected to the torsion wire. The other end of the
frame, which is fitted with a thin vertical rod,
rests on the glass float D in the beaker L filled with
water.,

The buoyancy of the float is such that
unless extra weilght is placed on it the frame will be
lifted away from the cylinder, However, by placing
suitable loads P on the frame the resulitant buoyancy
of the float can be just neutralised and an equilibrium
condition can be reached, which allows the fibres to
touch the cylinder without significant pressure,.

Final determinations &f this load can be made by adjust-
ing the position of a 0.5 g. weight on the upper surface
off the frame, In this way this position of effectively
zZero pressure can be established with considerable pPre-
cision,

The load or pressure under which the
measurements are to be taken is then applied very
simply by placing the appropriate weight on the upper
part of the frame just above the line of contact bet-
ween the two rubbing surfaces. (A weight of 5 g. is
shown in this position on Fig.9).

With suitable means for measuring friction,
the load may be varied over a wide renge, the range used

in these experiments being from 2 to 30 g. per 100 fibres,
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or 0.0L to 0.3 g. per fibre. Higher loads may also ggd
uged but the fibres will then tend to curve round the
cylinder giving rise to the cepstan effect when a differ-
eﬁt fqrmulae (&17%1#9 ) has to be applied; a coarser
torsion wire would also be then required. For loads

lighter than 2 g. readings can alsc be taken using

8 finer torsion wire,

(c) Speed of Rubbing,

As lndicated hefore, the Instrument had
to provide the means of rubbing the surfaces at relatively
higha&r speeds, and 1t was thought therefore that this
could be arranged by maintaining the fibre surface
stationary whilst rotating the cylinder by fitting it
on the shaft of an electric mcfor whose speed could be
varied over a wide range by means of a rheostat,

The motor M is a 1/8 H.,P, D.C. Shunt motor
in series with a 450 ohms rheostat H, and is capable
of running in both directions of rotation, the revers-
ing mechanism being provided on the switchboard T.

The speeds were calibrasted by means of
a Tachometer and were marked in the form of a circular
dial against the appropriate positions of the rheostat
pointer. The range of speed available with thils arrange
ment was from about 10 to about 110 cm./sec.

The motor 1s firmly scﬁWed to the wooden

base 0 which in turn is strongly clamped to the main

base W, The motor can be moved in the direction parasllel
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to the frame,as the base 0 can slide on a rail, the
position of the base being adjusted by means of a screw.
In this way the cylinder can be presented to various
portions of the fibre surface along the length of the

specimen.

(d) Supply of Liguid,

This was arranged simply by plecing a small
Petrie dish G,full of the appropriate liquid, underneath
the cylinder which is submerged in the liquid to the
depth of 2-3 mm. On running the motor the liquid is
carried round the rotating cylinder so that there is
always an ample quantity of 1t at the junction of the

two rubbing surfaces.

(e) Friction-Recording Mechanism,

The mechanism for measuring the frictional
forces dsveloped at the rubbing surfaces consists of the
torsion head E, the fibre holding frame being coupled
with it as described.

It was found by trial that the most suit-
able diameter of the torsion wire (which is made of steel)
for the present purposes ig 0,020 in., since ‘it gives the
widest range of veadings for the loads used. *‘he wire
can be turned by means of the knob R and the readings,
indicated by a fine pointer P, can be taken off the
circular scale which consiéts of two parts, each extend-

ing over 180 degrees and consisting of an equal number
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of divisions,.

Another pointer S which is very light,
being made of aluminium, is sealed to the centre of the
torsion wire as shown, and the small mirror I, wlith
a single fine vertical %ine index mark on it, is placed
against the fine end of pointer S.

Before the experiment is began, the orlginal
position of the frame ig fixed by adjusting the torsion
wire so that the pointer P is at zero on the circular
‘scale, whilst the posltion of the mirror I is also adjustm‘?
ed until the pointer § coincides with it exactly.

When the cylinder is set in motion, say in
the clock-wise direction, the whole frame B is dragged
to the right owing to friction between the two rubbing
surfaces with the result that the torsion wire is twisted
and the pointer $ therefore dlsplaced from 1ts zero posi-
tion against the mirror mark, Now by slowly turning the
knob R the torsion wire is turned in the opposite direcw
tion to the direction of twist imposed by the movement of
the frame until the original state of the wire is restored,
i.e. when the pointer S returns to the level of the index
line on the mirror, The amount of turn (in degrees)
required to do this is regdstered by the pointer P and
ls, of course, equivalent to the twist caused by the
movement of the frame, l.e, by the frictional forces.

The value for the latter in grams is then obtained from

the calibration curve of the wire (fig.l0). For measure-




ment oL friction in the opposite direction of rubbing,
i.e. when the cyli-nder moves anti-clockwise, the same
procedure is repeated, except that in this case the frame

will of course be displaced to the left and so the torsion

wire has to be turned in the opposite direction.




CHAPTER 5.

BAPERIMENTAL RESULTS ON FRICTION OF ANIWMAL FIBRES.
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PRELIMINARY EXPERIMENTS,

These experiments were carried out in
order to survey the appa behaviour of the apparatus

and the method described in the preceding Chapter,

1. CALIBRATION OF TORSTON WIREH .

As indicated in the description of ths
instrument in Chapter & 4, the 0.020 in. dla. steel
torsion wire was found to be most suitable in the present
experiments. The wire was calibr-ated by arranging the
bracket in such a way that the metal rod attechment (which
provides the conneettion between the frame and the forsion
head and which is clamped and soldered to the centre of
the torsion wire) was in a horizontal position. Various
ways welghts were then hung at the end of the rods, and
each time the torsion wire was turned by the weights the
pointer 3 was dilsplaced from: the zero position, The twistb
imposed on the wire by the weights was counterbalanced by
turnlng the torsion head until the pointer 3 returned to
its original zero position., The angle of twist was noted,
from the position of pointer P, and the results for five
different weights are given in Table 1 and plotted in Fig.lO.

All subseduent readings (in degrees) were
converted into grams by reference to Fig.l0. To obtain the

frictional coefficient the value for the frictional force




(in grams) was then divided by the load (in grams). The
coefficient of friction on rubbing from tip to root (i.e.
against scales) is designated throughout as , whilst
the coefficient on rubbing from root to tip (i.e. with

scales) 4is indicated as u*.

LOAD ROTATION OP TORb1ON HBAD
g- Degrees.
1 4.5
2 9.0
5 22.5
7 31.0
10 45.0

TABLB 1. CALIBRATION OF TORSION

TURNS deg.

PIG. 10. CALIBRATION OP TORSION WIRiS.
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S, BSTABLISHMENT OF EXPERIMENTAL PROCEDURE .

(a) Immorsion of Fibres Before Measursment.

It was found that irregular results were
obtained unless the fibre specimen had been immersed in
the appropriate 1iquid, in which friction was to be
measured, for several minubtes prior to the taking of the
reading. In general the fibres wers allowed to remain

in the liquid for about 10 minutes before measurementd,
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fhen the fibres are rubbed against the cylin~
der in liquids of relatlively low viscosity, e.g., in water,
the readings tend to become somewhat erratic 1f the same
portion of the fibre surface is used too often, It was
found by experience thaet one part of the fibre bow can be
used safely for some R20-30 determinations before the read-

ings become unreliable.

(c) Friction of Various Portions of Fibre Bow.

In view of the above observation it was'im—
portant to establish whether there are any differences in
friction between various parts of the fibre surface. <Lhe
experiments were carried out in water and measurements werse
taken at intervals of about one centimetre along the whole

length of the bow, but all readings were found to be similar

wil thin the experimental error. It is therefore permissible




to use any part of the bow and to comparg freely the

vregults for wvarious portions of the fibre surface,

(d) PFriction of Various Fibre Bows.,

It was found that for human halr btaken
from the same lock there were no differences in the values
of frictiomnal coefficients between two bows, provided the

number of fibres In the Zeeks bows were roughly similar.

(e) Accuracy of Readings.

The general procedure was to take at least
three or four readings for every de termination, the read-
ings being taken with an accuracy of half a degree.
Generally the readings agreed within half a degree. In
viscous media the reproducibllity was practically perfect.
In subsequent tables the values of frictional coefficients
are always stated as mean values,

Half a degrse scatter vepresents a sensiti-
vity of about 2.5% in the case of the against scale coeffi-
¢ient and of abou%-twice és much in the case of the withe-

scale coefficient. This degree of reproduciblillty is quite

sufficient in the present work.

{5) FRICTION QF HUMAN HAIR C OMPARED WLTH WOQOL.

Human hair was used in most experiments,

and in order to justify Iits use in this work in place of




wool fibres, as discussed in Chapter 4, some comparative
measurements were carried out using both these types of
animal fibres under similar conditions, fhe wool fibres
were 42-44s English Crossbred, and they were mounted also
in the form of a bow very similar to the pad of human hair.
As it will be evident from Table 2 both
types of fibres exhibit a very pronounced differential
frictional effect, the values of the coefficients being,

in this instance, of similar order.

FIBRE LOAD: 5 g. LOAD:10 g.
SPEED: 42 cm/sec. SPEED: 42 cm/sec.
Pt FR p.1p /TR
Human Hair .68 .18 .50 .64 .18 .46
Wool Fibres .73 .32 .41 .73 .30 .43

TABLE 2. QUivlIPARAIIVE VALUES OF FRICTIONAL
CORgF1CI.~TS OP HUMAN HAIR & WOOL.
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1, WXAMINATION OF THE HFFECT ON FRICTION OF VISCOSITY,

SPEED AND LOAD.

In order to test out the hypothesis out-
lined in Chapter 3 experiments were designed to investi-
gate the applicability of the fluid film theory of lubri-
catlon to the friction of animal fibres. An exhaustive
examination was carried out of the frictional behaviour
of animal fibres whilst varying in turn the various factors
which it was considered could affect their frictional
properties. |

As indicated earlier, the principal interest
in the present hypothesis lies in the suggestioﬁ that the
cause of the diffewential friction of animal fibres may be
explained on the basis of the fluid film lubrication theory.

Friction under conditions of fluid film lubw~
rication is determined, for given bearing surfaces, by three
maln factors, viz. the viscosity of the fluid, the relative
speed of rubblng of the surfaces and the pressure applied
to the rubbing surfaces. It was, therefore, appropriate to
investigate first the effect of those factors on the fric-
tion of animal fibres.

Most of the experiments consisted of measur-
ing the friction between human hair and polished glass,

The halr was mounted in the form of a taut violin bow and

was rubbed by the rotatimg glass cylinder as described before
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The speed of rubbing was varied by adjusting the velocity
of rotation of the cylinder, whilst the pressure between
the surfaces was controlled by placing appropriate welghts
above the line of contact of the two surfaces.
Viscosity was studied by using mainly aqueous solutions
of sucrose of various concentrations, from pure water to
65% sucroge (by weight), which gave a range of viscosity
frém 1.0 to 160 centipoises at 20°G. The viscosity of
sach solution used in the frictlonal measurements was first
de termined by means of an Ostwald Viscometer (BSS 188)
and checked against the viscosity data of Bates et al. in
their 'Polarimetry, Saciérimetry and the Sugars' (93).

Ihe viscometer was standardised by means
of 60% sucrose (by weight) whose density (p) was 1.2837
and viscosityvz 43.55 The viscometer reading for this
solution was found to be 128.6 seconds at 25°¢, The
viscometer constant X was then calculated from the for-
mulae 1 =K P t , which expression was then used for cal-
culating the viscosity of the solutions. (K = 0.R638),

All measurements reported in this ssction
were carried out at room temperature (20«2100.) using
fibre pads composed of about one hundred hair and using

the same glass cylinder,
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(2) Variations_of Friction with Viscosity_and_Load
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at 42_cm./seg.
In the first part of these experiments
the speed was kept constant (at 42 cm./sec,) and measure-
ments taken in seven sucrose solutions of different visco-
gities under five different loads in each solution,
*ne viscosities were 1,0, 5.4 , 9,4 , 16,0 , 30,8 , 52,0
énd 160 centipoises, whilst the loads used were 2, 5, 10,
15 or 20 g.
The results are set out in Table 3 which
gives the values of both the against-scale coefficlent (up)

and the with-scale coefficient (p. The value of the

R)°
ZN/P relation (where Zm viscosity in centipoises, W = speed
in ecm./sec. and P = load in grams) is also stated against
each frictional coefficient,

These results are plotted in Figs.ll, 12 and
15, and it must be borne in mind that whilst the scale for
the frictional coefficients 1s linear, the viscosity and
the ZN/P scale 1s in all cases logarithmic, (This,in fact,
applies to all diagrams in the present series),

Thus Fig.ll shows the variation of the
against~scale coefficient with viscosity under each load,
Fig. 12 shows the same relation for the withwscale coeffi-
clent, whilst in Fig,1l3 are plotted both coefficients
against ZN/P, the ZN/P relation embodying all the conditions
of viscosity and load (at 42 cm./sec,) used in this set of

experiments.’
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FIG. 12, VARIATIONS OF WITH~SCALE COBFFICIENT WITH
VISCOSITY AND LOAD AT 42 GM,./SEC,
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(b) Variations of Friction with Viscosity and Speed
~Under~S“g . Load”®

In this series the load was kept constant
(2 g.) and both viscosity and speed varied. Again seven
sifferent sucrose solutions were used (1.0, 5.4, #v4, 9.4
16.0, 30.0, 45.4 and 158 cp.) and in each of them measure-
ments were carried out at four different speeds (11.5,
25.0, 42.0 and 65 cm./sec.).

The values of and and also the ZN/P
value for each coefficient are given in Table 4 and are
illustrated in Figs. 14 and 15, the former giving the
values for the against-scale coefficient and the latter
for the with-3cale coefficient against viscosity, each

curve representing a different speed.
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Pig, 14. VARIATIONS OF AGAINST-SCALE CQEFRICIENT WITH

VISCOSITY AND. SPERD UNDER 2 g, LOAD.
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FIG, 156, VARIATIONS OF WITH-SCALE CORFFICIENT WITH
VISCOSITY AND SPEED UNDER © g. LOAD,
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(gl Variations of Friction with Viscosily snd Speed
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The procedure was exactly as under (b)

except that the load used was 5 g. The results are

stated in the same manner in Table 5 and are plotted

in Pigs.16 and 1%.

|15 cmfsec.
25

L

h

42
65 .

PEHOX

10 100
VISCOSITY cp.

FIG, 16, VARTATIONS OF AGAINST~SCALE COERFFICIENT WITH
VISCOSITY AND SPEED UNDER 5 g, LOAD,




PIG. 17,

10 100
VISCOSITY cp.

VARIATTONS OF WITH-SCALE COEFFICIENT WITH

VISCOSITY AND SPRED UNDBER 5 Z. LOAD.
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(d) variations of Frictlion with Viscosity and Speed
"""""""""""""""""""""""""""""" Undér 10 g, "Load,

i e T o ---m-.-v—.“.u-—mum

This series is analogous to the preceding -
two sets of experiments (b and c¢) except that the load
was increased to 10 g. The data obteained are given in

Table 6 and Figs.l8 and 19,

1 10 100
YI SCQS | TY cp-

FIG, 18. VARTATIONS OF AGATNST-SCALE COEFFICIENT WITH
- VISCOSITY AND SPrwD UNDER 10 g. LOAD.




e, 19,

10 100
VISCOSITY cp.

VARIATIONS OF WITH-SCALE COEFFICIENT WITH

VISCOSITY AND SPEED UNDER 10 g. LOAD.
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(e) Veriations of Frictlon with ZN/P.

The type of mrelation betwsen the frictional
coefficient and the expression 2ZN/P, which incorporates
all three factors (viscosity Z, speed N and load P), has
alveady been indicated in PFig. 13 for the first series
of experimenfs (2) in which the spéed was kept comstant,

Now in PFigs. 20 and 21 friction is plotted
against the ZN/P walues which have been derived from the
series (c¢) and (d). (In order not to confuse the graph
the experiméntal points from series'(b) are not included,
but they also £fit the curves.)

The against-scale coefficient of frictlion
against ZN/P is shown in Fig.20 and the with-scale coeffi~

wient 1s plotted in PFlg.2l.
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The results pPresented in the above
Five sections are of the greatest Interest, for they
show a striking similjarity in frictional behaviour between
of animal fibres and bearings thus strongly suggesting
the analogy as predicted by the present hypothesis.

As indicated in Chapter 3 the various
types of friction obtaining in bearimgs can be depicted
diagrametically as shown in Fig,4 where the frictional
coefficient is plotted against the ZN/P relation,

A similar method of representing frictional conditions

as determined in the present experiments has been adapbed
in Pigs. 15, 20 and 21, and it will be observed that there
is a remarkably close resemblance betwsen the latter curves
and that from plg. 4 for a bearing,

The same dependence of the coefficlent of
friction of animal fibres on these three factors when they
are considered individually can be noted from the remaining
diagrams. Thus in the against-scale coefficients the mini-
ma on the curves are always displaced to the right as the
load increases or to the left when the speed increases,

In the case of the with~scale coefficlent these minima are
not always 80 pronounced, for the rise of the curves to the
left of the minima does not occur in all cases but only
when the ZN/P relation is sufficiently low, e.g. under
heavy load and at low speed and viscosity.

Moreover, by comparison of the curves for




the against~scale and the withwscale coefficients
it will be observed that the miﬁima off the latter

curves are always to the left of the against-scale

curves.,

All these findings are in full agree-
ment wilth the lubrication theory and confirm the pre-
dlctions of the present hypothesis., They will be dig-

cussed fully later.




2. FRICTION IN SOME VISCOUS SOQLUTIONS OTHER
THAN SUCROSE,

In order to ascertain whether the visco-
slby effect as shown in the preceding experiments 1ls inde-
pendent of the chemical nature of the lubricating fluld,
sone measurements were carried out using agueous éolutions
of Gum Tragasol and of Methyl Cellulose (Celacol M450),
both substances, like sucrose, being inert towards keratin
and bofh glving neutral solutions.

‘he values of frictional coefficients
obbained in these solutions are given in Table 7 in com-
parison with the data for friction in sucrose solutions
of similar viscosities. All measurements were made at
42 cm./sec. and under 5 and 10 g.

As wlill be seen from the Table below there
appears to be no significant difference between any of

those solutions.

TABLE 7. COMPARATIVE VALUES OF FRIGTION IN GUM
|2EA§KSOLL METHYL CBLLULOSK AND SUCROSE.

MEDIUM VISCOSITY 5 g.LOAD 10 g, LOAD
cp.

Jop Pr | Mo Pr

Gum Tragasol 50,0 .00 43 43 . 3D
Sucrose ‘ 30,4 .48 042 W42 e 33

Methyl Cellu-

lose 54,0 B4 .60 .50 A2
{Sucrose 52,9‘ .08 B3 .08 44 1




5, FRICTION OF HUMAN HATR AGATINST AN IVORY SURFAGEH,

The influence of the nature of the sur-
face ageinst whilch the fibres are rubbed was examined
by comparing the frictional behaviour of human hailr
apgainst polsished glassx, as used in the preceding ex-
periments, with the behaviour against énother hard sure-
face of different chemical composition, namely ivory.
The 1vory was also in the form of a cylinder which had
been made and pelished especially for the purpose of

these experiments,

&

The glass and the ivory surfaces were com-

pared by means of the 'Talysurf', an instrument made by
Messrs. Taylor, Taylor, Hobson Ltd., which measures sur-
face roughness by the Stylus method where the egeilis.-
tdoms ondulations of a diamond-pointed pick-up are mag-
nified by electrical methods,

Unfortunately, és no sultable pick-up was
avalilable, it was found impossible to determine surface
roughness in the circumferential directlion, i.e. in the
direction in which the cylinders are rubbed against the
fibre bow. ‘he surfaces had, therefore, to be tested in
the directlon parallel to thelr axes, and the traces
obtained are reproduced in Fig.R2%2.

The deviation of the curves from the

straight horizontal direction represents the waviness of




PIG, 22. STYLUS TRACES SHOWING THE NATURE QOF
THh GLASS AND IVORY SURFACES.

the cylinder surface, whilst the actual texture of the
surface, which is of greater importance in this connec-
tion, is portrayed by the smooﬁhness or otherwise of the
curves in the vertical direction, the magnification in

this direction being 40,000.
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As the traces reveal, whilst the glass
surface 1is perfectly smooth the lvory surface is not,
the size of the irregularities, judging from the size
of the peaks and valleys of the curve, being of the

order of O.Bﬁju, The order of size of the scale

“edges on fibre surface is about 0.5 j.

The serious limitation of these findings
is due to the fact that they do not reveal, for reasons

explained above, the nature of the surface in the circum-

feremtial direction, which is of primary interest here,
There is a strong probability that the surface is in fact
smoother in the cilrcumferemtial direction,dk for it had
undoubtedly recelved a greater amount of polishing than
the direction parallel to the ﬁi%gg axis,

Hence it may be presumed that the irregu-~
larities of the surface as actually presented to the

fibres are considerably smeller than 0,25 u, that is,

they are likely to be of & wmueh an appreciably lower

order than the sizé of the scales. Under such conditions
no interlocking of the scales with the asperifies of the
cylinder surface would be likely to occur.

In Table 8 ape stated some couparative
reéults for glass and ivory using aqueous solutions of

sucrose of various viscosities, the measurements having

been carried out under 5 g, load, at the speed of 42 cm./sec.

and at room bLempserature,




1

%
MEDTUM | VISCoSITY FRICTION
cP.
agalnst IVORY | against GLASS
M PR Mo MR
Dist,

Wa ter 1.0 0.65 0.20 0.68 0.18
Sucrose 16.0 0.44 0,32 0.42  0.30
" 20.4 0.48 0.453 0.48  0.42
L 106.0 1.22 1.10 1.22  1.12

TABLE 8. COMPARISON BETWEEN FRICTION AGAINST GLASS

AND AGAINST IVORY.

As willl be observed from the above Teble

the friction against ivory appears to be very similar

to that agalnst glass, and the influence of viscosity

1is the same im both cases.

t
I

)
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4, BEFPECT OF TEMPERATURE ON FRTICTIQN,

In view of the strict dependence of
friction on the viscosity of the fluid, as established
in the preceding experiments, it appeared that the
effect of temperature on friction may be assoclated
with changes in viscosity.

The matter was investigated in two
series of experiments. In the first, (a), frictional
mgasurements were carried out under the same conditions
of speed and 1oad in six diffevent sucrose solutions,
in each over a temperature range from about 20 to 6000.,
the totel viscosity range thus obtained being from Q.45
to 135 ep,

In the second series (b) the influence of
temperature on friction was determined in water and un-
thickened aqueo@ solubions of sulphuric acid and soap.

In all cases glass was the rubbing surface.

(a) _Measurements_of Friction at Various_Temperabures

- TR v 1 e e e TUR Ten Y G EOR RS TR RS T FTH R S T Wew el P TR S R a0 AT D FEY Ll e oD e T bat e e Gl R A D em W WS o v

W RE g PEE B W% P e med bk T MV M b TER feu e OB DY Ghe Eus b TR T BB e T gl e

The temperature was varvied by commencing
the measurements with thesolution at a high temperature,
usually about 55-60°C., and the readings were then taken
at intervals as the liquid was cooling off. At elevated
temperatures the tegperature was maintained by small addi-

tions of very hot liquid to the dish; this was found to be




1lmaI

unnecessary below about 45°Ge as the readings in both
directions of rubbing could be taken sufficiently rapidly
before a drop in temperature has occurred.

In this manner each of the six liquids
was used in turn under the same conditions of speed and
load (speed of 42 cm./sec. and load of 5 g.), and the
six viscosity ranges, most of them overlapping, were as

follows:

Solution cp.

II

II

g WwWd JoO o
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w PR
w o
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mnoQw»
wwouu wNn o

1
The temperature-viscosity relation of each
solution (except for water whose values were taken from
Bates1 Tables,93) was determined by means of the Ostwald
Viscometer (BSS 188), the viscosity measurements being taken
in a water bath at wvarious temperatures. The data are
given in Table 9 and in Pig.23. In the frictional measure-
ments the viscosity at the temperature in use was read off

the appropriate curve in pig.23.

The frictional results are stated in
Table 10 for the solutions A, B and G and in Table 11
for the remaining three media, D, £ and P.

In Pig.24 both the against-scale and the

with-scale coefficient of froction are plotted against



viscosity, the points for each solution beilng indicated

by a different symbol.

It is evident from this diagram that vis-
cosity and not témperature is the governing factowr, for
friction appears to be the same provided the viscosity
of different solutions 1ls the same, esven 1f the temperature
of the solutions is quite different. This leads to con~

siderable overlapping o1l results for various solutions as

shown on the diagram.
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FIG, 23,

20

. 40
TEMPERATURE OC.

60

THE VISCOSITY~-TRMPERATURE RELATION

OF SUCROSE SOLUTIONS B to F.
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‘These experiments were aimed at elucidat.
ing the influence of temperaturs on friction in those
media which are commonly employed in the felting process.

Solutions of sulphuric acid (1%) and of
soap (0.2%) were used in the same manner as tﬁe six media
in the préce&ding series of experiments. A different
bow was used in each solution and the results obtained
at various temperatures are presented in Table 12 together
with the data for water, the latter having been obtalned
previously in the (a) series,

The values for both coefflcients in all
the three liquids are plotted against temperature in
Fig.25

In all cases the against-scale coefficient
of frictlon rises appreciably With'increasing temperaturs,
the rise being particularly noticeable in sulphuric acid,
As regards the with-scale coefficlents they also incrsase
with temperature in acid and in water but only very slightly
in soap solution,

The effect of temperature on friction in
these media 1s also related to the influence of temperature
on viscosity, as will be shown later. For the purpose of

subsequent discussion the fluidity vs. temperature curve for

water (93) has also been included in Fig.25.
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D, FRICTION IN AIR,

As indicated in Chapter 3, the frictional
behaviour of animal fibres in alr as the lubricating
fluld should be of particular intersst. It was expected
that owing to thé low viscogity of this medium (0.02 cp.)
the hydrodynamic effect should be negligible at the speeds
used in the present experiments, and the friction, being
of Tthe boundary type, should therefore be similar for both
directions of rubbing.

The results shown in Table 12a prove that
this 1s actually the case, for even at the highest speed
attainable (107 cm./sec.) both coefficients remain high

indicating boundary conditions,

SPEED FRICTION

cnh/sec. }JT F /U.R
25 0.53 0.40
65 0.52 0.40
107 . 0.52 0.40

TABLE 12a, FRICTION IN ATR UNDER 5 g. TOAD.
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6. THE pH EFFECT IN FRLCTION,

The influence of PH on frictlon has
been examined by carrying out measurements in a series
of unbuffered solutions at room temperature (20°C,),
and using the same speed (42 cm,/sec.) and load (5 g.)
throughout.

The solutions used were suphuric acld
( N and 0,01 N), boric acid (01 N), distilled watber,
sodium bicarbonate (0.1 N) and sodium carbonate (0.1 W),
In sach case a fresh portion of the fibre surface was
rubbed against glass.

The results are set out in Table 15 and
are presented graphically in Pig. 26,

The coefficients of friction appear to
be highest in stfongly acid solutions, they then decrease
to a minimum round neutrality but increase ageain on\the

alkaline side.

MEDIUM PH M Mg
N HoS0y 0.3 1.1% 0.25
01 N " 2.1 1.05 ' 0.20
.1 N HzBO3z 5.8 Q.80 0.18
Water 6.8 Q.68 0,18
.1 N NaHCO3 8.4 0.82 0.20
.1l N NagGOgz |11.6 0.95 0.3%2

ABEE TABLE 13, THE pH AFFECT IN FRICTION,
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FiG. 26. THE pH BFFECT IN FRICTION,.
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7. FRICTION OF FIBRES MODIFIED BY TREATMENT
WHICH REDUCES FRLTING POWER,

A typical example of treatwments which
modify the felting power of wool fibres bytheir in-
fluence?%he frictional behavliour is the reaction in-
volving the use of sulphuryl chloride in an inert sol-
vent, and the effect of this trestment on the friction
of human hair against glass was examined by the present
method,

The usual bow of humoen hair was treated
by the method described by Lipson and Howard (50), which
consisted of immersing the fibres for one hour in 2,5%
solution of sulphuryl chloride in carbon tetrachloride,
followed by a thorough washing in water.

Before subjecting the hair to this treat-
ment their»frictional coefficients were determined in
distilled water (under 5 g. lozd and at 42 cm./sec.) in
the usual manner and for five different portions along
the length of the bow.

The treated fibres were then examined
under similar conditions using the same five portions
of the bow, and the results for the sulphuryl chloride-

treated fibres are compared in Table 14 with the original

frictional coefficients,

.
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1 * 4
I
FRICTION FRICTION
.POSITION BEFORE TREATMENT AFTER TREATMENT
PR /*R AT AR
A 68 18 .50 56 27 29
B 69 18 51 53 22 gi:
C .g6 18 .50 56 23 33
D 67 19 .48 48 22 36
E 68 18 50 54 26 28

TABLE 14. FRICTION OF HAIR BEFORE AND AFTER TREATMENT
WITH SULrHURYL CHLORIDE .

For each, portion of the fibre bow the
against-scale coefficient is decreased and the with-
scale coefficient increased as the result of the sul-
phuryl chloride treatment, the differential frictional
effect beigs”® therefore considerably lowered.

(The differences between readings obtained after treatment

suggest a lack of uniformity of the treatment).



CHAPTER 6.

APPARATUS FOR MEASURING THE FELTING POWER OF WOOL.




INTRODUCTION,

In this and the next Chapter the second
part of the experimental work is described, which is
concerned with an examination of the felting properties
of wool fibres in the light of the new observations on
their frictional behaviour as reported on the preceding
pages.

The dependence of felting power on the
frictional coefficlients of the fibres has been discussed
in some detail in Ghapterél and 2. Siﬁce it is quite
clear that there is a very close parallelism between the
differential frictional effect and the felbtlng power, it
follows that the felting power should be affected by the
same factors which influence the frictional behaviour of
the [Libres. By studying felting behaviour in relation
to these factors (i.e., pressure, speed and viscosity, the
last being selected in the present work) it ghould be
possible to obtain corroborative evidence of the film
theory of lubrication as applied to the friction of animal
fibres. In addition the experimental evidence should
Provide a test of the interdependence of felting power

and friction.
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APPARATUS ,

General Considerations.

The assessment of the felting power of
wool fibres is a matter of some complexity, for althoughy
the felting property is essentially the conseguence of
fibre migration, the actual rate of felting {(i.e, the rate
of fibre entanglement or the rate of consolidation of the
fibre mass) is governed by a multiplicity of external fac-
tors, as has been shown in Chapter 1,

‘he main points to be considered in connec-
tlion with the methods of measuring felting are (1) the orw
ganisation of the original fibre mass and (2) the mechani-

cal methods of causing felting.

(1) Orgenisatlon of Original Fibre Mass.

There are three maln forms of aggregation
of fibres encountered in practice: (i) loose fibre mass
where the flbres have a fortultous arrangment, (ii) yarn
in which the fibres are parallelised and are kept in
a relatively tight form by the twist, and (iii) fabrics in
which the fibres are usually packed very tightly, being
restricted in thelr freedom to move by both the twist in
the yarn and the inﬁerlacings of the yarns with each other,

All these forms of aggregation have besn

used in estdmating the felting power of wool, and the cri-

—
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teria of felting have, accordingly, been very diverse,
in each case a physical property of the fibre mass being
measured which changes as felting progresses.

Thus in the case of loose wool the indices
uged were aip permeébility and thickness (or volume), with
yarns the felting rate was expressed in terms of changes
in length, whllst in the case of fabrics the almost univer-
sal method of quantitative estimation of felting is in terms
of ares shrinkage.

The last method, involving the use of cloth
is undoubtedly the most popular, for the practical problems
of felting are most commonly associated with the shrinkage
of wool in fabric form. However, apart from the use of this
method in industry, it has also been employed, almost ex-
clusively, by 8peakmen and his collaborators. On the other
hend, the loose mass method is of particular interest to
those conoefned with the manufacture of felts, as 1t follows
the principles of felt making. It was used in the work
of Arnold (16), Gotte and Kling (28) and Schofield (29).
fhe yarn shrinkage method was introduced by Creely and Le-

Compte (94) and was also employed by Mercer (22).

(2) Mechanical lethods of Causing Felting.
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In order to produce felting the fibre mass
mist be subjected to some form of agitation to provide the
external stimull for fibre migration. These forces are

generally of intermittent compressive type. In the case

_
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of methods involving the use of loose fibres the mass is
simply compressed between two oscillating metal plates,

In the more commén shrinkage determinations
on fabrlcs the mechanical forces are more diverse, énd at
least two general mechanisms can be discerned in the test-
ing machines which are in use., The first of these is
exemplified in the fulling stocks where pressure is applied
to the folded fabric by direct blow from a falling hammer.,
In the second, the essential compressions are produced in-
directly by the continous folding or flexin?,of the fabric,
*he latter is probably the chief felting mechanism in
washers of the‘osoillating central paddle type, such as
many domestic washing machines, where the fleeing is pro-
duced by the violent eddles set up in the liquor and by the
paddles, The milling machine and other washing machines
guch as the rotery laundry washers or the wash-wheel seem ‘
to combine both mechanisms.

The method of causing agitation in Creely
and LeCompte yarn felting experiments consisted of shaking

the yarn in the bottle partially fllled with the appropriate

1iquid.

PRINCIPLE OF PRESENT METHOD.

The above review of the existing methods

led to the conclusion that, as regards the state of orga-

nisation of the fibre mass, the most correct method in
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any fundamental work on the problem is to use fibres in

the loose state. Under such conditions the felting
behaviour of wool can be studded in its simplest form
without any coﬁplications due to yarn and fabric structure.
The method used was to shake a small quan-
tity ( 2 gms.) of loose wool in a bottle containing the

felting liguid, After a period of time (depending on the

frequency and throw of the shaker) the fibre mass becomes
felted and 1t assumes an ellipsoidal or spherical shape,
and 1t decreases in volume as the felting progresses.

The degree of felting of these balls could convenlently

and precisely be expressed in terms of their volumss or
densities., The volumes were determined in a volumenomebtern
designed for this purpose.

In the final form of the felting testing
apparatus instead of shaking the wool in a bottle by means
of a shaking machine the fibres were agitated in a modified

washing machine of the oscillating central paddle type.

PROTOTYPE SHAXING MACHINES,

After obtaining preliminary evidence that
the above 1ideas hold promise of being capable of translation
into a valuable practical experimental method it was necessar
to construct a suitable shaklng machine. It was found that
in order to achieve ede efficiently adequate felting when

2 g. of wool are placed in a 250 ccs. jar with about 100 ccs.
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of liquid the shaker should oscillate at about 250 strokes
per minute, the length of stroke being at least about 10 cm.
The first shaking machine built was adapted
from an old crank-driven model but it was soon abandoned
when it was found to be incapable of running at sufficiently
high speed.
B'he next model was built on quite a novel
principle which depends on causing oscillations by means
of an electromagnetic device operating on the principle
of the electric bell.

e shaker so designed is shown in Fig.27

Fig. 27. THE ELECTRO-MAGNETIC SHAKING MACHINE.
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The cradle A (approx. 20x12x6 ins.),which
can hold about a dozen 250 ccs. jars, is held between
two parallel pieces of flexible plywoed B ( 12 ins. wide
and 30 ins. high), the bottom edges of which are firmly
gripped between the heavy base ¢ and an iron frame, The
base 1is sécurely clamped to & bench. |

A palr of parallel heavy iron rods D, 1 in.
in diameter ana 12 ins. long, form the armature, They are
firmly fastened to the bracket E which in turn is firmly
attached to the cradle A as shown on the photograph. The
armature ig arranged in such a position that the two rods
can freely enter a pailr of heavy coils F. The coils, the
second of which is behind the one shown on the picture,
are 6 ins, in diameter each and are mounted on a heavy cast
brass base.

When electric current is passed from the
220 v. D.C. mains through the colls (by way of a rélay
system) the avmature D 1s drawn into the colls thus swing-
ing the credle A to the right. As this occurs, the cilrcuilt
ls interrupted by means of a gsimple contact breaker H,

When the contact is broken the coils releass
the rods which, owing to the flexibility of the plywood B,
swing back to the left together with the cradle A. But
by doing so contact is mede again, the coilils are again
energised and the whole cycle repeated.

In this manner it wes possible to cause

shaking at the rate of up to 250 strokes per minute, the
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length of. each stroke being about 10 cms.

This machine was quite satisfactory
except that the plywood was not sufficilently strong
to resist the stresses caused by long periods of shak-

ing and 1t was decided therefore to replace it by steel

sPring leaves. | However, in the meeantime an entirely
new shaking method was developed and as 1t eventually
proved superior, it wagjédopted exclusively in the present
work, Nevertheless the electro-magnetic shaker 1s un-

doubtedly a useful piece of laboratory equipment and can

be used effecthvely in many connections.

THE NEW APPARATUS,

{2) Method of Shaking.

The new apparatus for felting tests consists
of an adaptation of an elsctric washing mechine of the oscil-
lating central paddle type and is shown in Fig, 28

The design of the conventional washer of
this type is weilwknown, The machine used in the present
work was of the 'Servis' make. It consists of a metal box

A, 3x2xR2 ft,, in the centre of which there is fixed a three~

Pronged paddle B. The paddle ig oscillated by means of
a 4 H.,P. motor placed undernsath the box,and it turns
through 180 degrees in each direction of roteation, the

number of oscillations per minute being 50.




FIG. 28. THS NjaiW APPARATUS FOR PELTING TFSTS.

In the present form a stainless steel
cylindrically shaped contained C, 12 ins. in diameter
and 7 ins. high, is fixed firmly on to the paddle so
that it oscillates with it. The container is divided
into three identical sector-shaped compartments, the
dividing wall being provided with small perforations
so as to ensure the same level of liquid in all com-

partments. A closely fitting stainless steel 1lid is
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pleced over the container when in operation in order to

avold any loss of liculd which would otherwise splash outbe.

Felting is adieved simply by placing & Pre-
Rared sample of loose wool in each compartment and adding
an appropriate volume of the felting liquor. When the
machine is set in motion the wool is violently thrown from
one end of the compartment to the other, and the sgitation
which it received is very filerce indeed, being due both to
the ilmpact of the wool on the‘walls and the eddying of the
liquid. Consequently the time of felting (and so the length
of each experiment) is relatively short compared with the
shaker or most other testing machines.

The temperature control in the present appa-
ratus 1s quite simple, for 1t counsists of surrounding the
container by water at any desired temperature which is
maintained by means of a 760 watts immersion heater coupled
with a thermostatic control. (The bimetallic strip appara tus
D, the switch-board wlith the mercury relay, etc. B, and the
thermometer T are all shown on Fig, 28). It was found that

up to 60°C. the temperature can be kept constant within

helf a degree.

The appearance of the balls of felted wool
which are produced by this method is shown in Fig, 29,
This is a photograph of four typical balls which have been
felted to different degrees, viz, (in the order of decreas-

ing volume): 41.1, 32.0, 25,5 and 20.5 ccs.,, which volumes
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correspond to the following densities (the weight of
wool being 2 g. in each case), viz. 0.047 , 0.062 |,

0.078 and 0.098

FIG. 29 BALLS OF FrilTilD WOOL .

(b) The Volumenometer.

The problem of accurately measuring the
volume of these balls was solved by designing a new form
of volumenometer operating on the liquid displacement
principle, which is shown in Fig. 30 and which was found

to be admirably suited for this purpose.



Fig, 30 mdi VOLUMENOMETER.

The instrument consists of a glass head A,
2”7 in. 1indiameter and 5 ins. high, which is connected at
the bottom by means of rubber pressure tubing B, about
ft. long, to the graduated burette tube G which is

sealed onto the glass bulb D of approx. 250 ccs.capacity,
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the whole being firmly fixed on a reto—t stand.

The head A is closed with a hollow stopper
E by means of a ground glass joint. The stopper B narrows
gradually towards the top where 1t ends with a fine
capillary, about 1% in. long, on which a fine line is

marked to indicate the level of the meniscus.

In operation the volumenometer is Llirst
filled with %k a sulitable amount of water; the right-hand
portion is then raised graduwally until the level of the
water J4uad on the left just reaches the line on the
capillary when the level of the water in the burette
tube is read off, The latter is then lowsred until the
level of the water on the left~-hand side drops below the
ground glass joint. The stopper is now taken off and the
ball (which is saturated with the felting liguor) is care
fully transferred to the head A. The stopper B is then
replaced and the volume measurement repeated. Owing tq
the displacement of the water due to the presence of the
ball the level of the water in the burette will now be
higher. The volume of the ball is given by the difference
between the original burette reading and the reading ob-

tained with the ball inside the instrument,

(c) PROCEDURE.

It was found by experience that in order

to obteln maxlimum accuracy it is necessary to prepare care-

—_7
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fully the original wool samples prior to felting so as

to ensure that in all cases the conditions of fibre or-
ganisation are initially the samnme,

The wool used throughout these sxperiments
was of the Crossbred Cape variety, especilally carded in
its natural state without the customary addition of oil,
The use of such wool was considered pYreferable to scoured
wool, as the latter usually contains some residual alkali,

The test samples consisted each of 2 gnms,
of wool cut off from the uniform carded 'sliver' obtained
from the mill. R‘ach sample was then condensed into a ra-
ther tighter form by placing it in a jig consisting of
four rigid glass rods and tying five metres of fine cotton
thread round it. The use of the rods ensured that each
sample was condensed to the same extent, i.e. approximately
to the volume betwsen the rods., The deuslty of the wool
samples so prepared was found to be 0.040 gm./cc., which
value 1s taken as the measure of original density before
felting,

The wool was then purified by Soxhlet ex-
traction first in petroleum ether (40-609¢, B.P.) followed
by ethyl alcohol, sach extraction taking about 6 hours,
he fibres were then allowed to condition in room atmo-
sphere for at least 24 hours before use,

mach felting experiment consisted of placing
three such wool samples in the container (one sample in

gach compartment) of the shaking machine together with
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750 ccs, of the appropriate liquid, which amount was
found'adequate for an erificient felting rate.

| After felting for a definlte period the
volume of the balls was measured by means of the volumeno-
meter, The index of felting e used throughout is density
(gms./ces.) obtained from the measured weul volume and

welght (constant); the density increases with increasing

felting power,

(d) ACCURACY OF MEASUREMENT,

The reproducibility of the method is
11lustrated by the data given in Table 15 where the
results of two parallel series of experimsnts are set
out, both having been carried out in 0,1 N sodium car
bonate under similar conditions.

It will be seen that the scatter between
individual volume readings is 0.6 cc. at the most, and

this represents 2~3% error in density values.




1st SRRIAI1S 2nd SBRIBS

Tim
mins. Vtfuihe Mean Vol. Mean Den Vol. Mean Vol. Mean Den
sity sity

cc . cc. g/cc. cc . CG. g*/cc.
42 .4 42 .5

10 42 .9 42 .5 0.0472 42 .3 42 .3 0.0474
42 .3 42 .1
33.5 33.0

20 32.9 33.3 0.0601 33.3 33.0 0.0607
33.5 32.7
25.6 25.6

30 25.8 25.6 0.0782 25.3 25.6 0.0782
25.4 25.9
20.5 20.4

45 20 .4 20.3 0.0985 20.4 20.4 0.0980
20.0 20.4

TABLB 15. THB ACCURACY OR TBB Mril'l'HD.



(&) INFLUENCE OF TIME ON RATE OF FELTING.

In ordér to standardise the conditions
of experiment as regards the time of agitation 1t was
necessary to obtain some information regarding the time-
rate of felting relationship.

This was done by carrying out two series
of experiments in which the degree of felting was measured

aflter various time intervals, In the first set 0.1N sodium

carbonate (pH 11.6) and in the second sodium-acetate - hydro-

chloric acld buffer (pH 0,8) was used, both at room Lempe-
rature (20-21°G,)

The results are stated in Table 16 and plotted
in Fig.31l, from which it will be seen that whilst infacid
solutiong maximum felting appears to have been reached in
30, mins,., in the alkaline medium felting increased up to

75 mins. and possibly mofe.

pH Q.6 pH 11.6
Time ming, Densitly Time Density
mins, g./cc. min. 2./GG.
5 0,047 10 0.046
7 0.058 20 0,062
9 0.064 30 0.078
10 0.078 45 0.097
15 0.085 5 0.120
20 0.100
30 0.128
45 0.127

TABLE 16, INFLUENCH OF TIM& ON RATE QOF FELTING.
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CHAPTER 7,

BXPERIMENTAL RESULTS ON FELTING QP WOOL.
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1, BRFEECT -0F VISCOSITY IN FELTING,

This 1s the most 1lmportant series of
experiments in the present work on felting, for its
aim is to determine whether viscosity, which has, such
a pronounced effect on the frictional behaviour of
animal fibres as has been shown in Chapter 5, affects
their felting power similarily.

As indicated before in Chapter 1, felt-
ing power is proportional to the differential frictional
gffect, with other factors kept constant. As the differ-
entlial frictional effect decreases as the viscoslty of
the liquid rises, it was expected that the felting power
should decresse similarily and disappear altogether if
the differential frictional e¢ffect became zero.

The influence of viscosity in felting was
examined in an exhaustive manner by measuring the felbing
power of wool over a wide viscosity range and at five
different pH values., AV each pH value felting determina-
tions were carried out at five or six different viscosities
lying in the range from 1 to 45 c¢cp., eppProx, As sucrose
(which had been used in the frictlonal measurements) was
not available in sufficient quantity, the thickenlng agent
used in the Present experiments was methyl cellulose

{'Celacol 450" manufactured by British Celanese Ltd),
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the concentration of which ranged from nil to 1.5%.
Viscosity determinations of these solutions wesre ;arried
out by means of an QOstwald Viscometer (BSS 188) as before.

The pH values used were pPH 0,6, 3.2, 5.9,
9.0, and 11.5 , and apart from that at pH 5.9 , all the
solutions were buffered.

All data are set out in Table 17; they
were all obtained at room temperature (QOWZlOC,) after
45 mins. égitation.

+8n In order to avold confusion these
results are plotted on two separate graphs, Flgs.32 and
53, which clearly show the density versus viscosity

curves for each pPH value,

It is thus clear from these diagramsgthat,
as was expected, viscoslty of the liquid exerts a most
remarkable effect on felting power, It will be shown
later that the dscrease In felting power with increasing
viscosity 1s most closely related to the effecf of visco-

sity on the diffevential frictional effect,.
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DENSITY gmycc

.04 —r

O 10 20 30 40
VISCOSITY cp.

FIG, 32, EFFECT OF VISCOSITY ON FELTING AT
PH 0.6, 5.2 and 5.0
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2, BFFHCT QF pH IN FELTING,

The importance of pH in felting has
been pointed out previously (Chapter 1), and this
aspect of felting was studied uvsing the new method

of measurement.

A e B s Aed P SR oW T Bey & Brd B e SO A Sw) man W e mm el mm

In tkis series five unbuffered solutions
were used, the same media being employed as in the
frictional measurements reported earlier (Chapter 5),
viz., sulpbhuric acid, boric acid, water, sodium bicarbo-
nate and sodium carbonate, The results, for 30 and 45
minutes felting, are set out in Table 18 and will be
compared later with the date on friction under similar

conditions.

MEDIUM ORIG.pH DENSITY (g./cc.)
after
30 wmin, 45 min,

N  HpSO, 0.3 0.118 _ 0.136
LOLN ¥ 2.1 0.081 0.106
.1N HzBOz 5.2 0.078 0,097
Dist.Water 6.8 - 0.090
.1N NaHGOz] 8.4 0,074 0.096
.1W NagCOgz| 11.6 0.078 0.097

TABLE 18, EFFECT OF pH IN FRLTING (UNBUFFERED SOLUTIONS)




:} '

RSN
£
Co

wr o T e wet Bl B OETT evt BNA E2E FRE B0Y BB B3 SN K GOF Bed g R N

This 1s an extension of the experiments
reported in the preceding section,(l); the same buffered
media being used, but the measurement were extended to
include 10, 20 and 30 mins. agitation. The results are
stated 1n Table 19 and plotted in Fig.%4, and they also
include msasgrements in Clark and Lubs' Buffer (potassium

. hydrogen phthalate and sodium hydroxide) at three pH values.

MEDIUM PH DENSITY (g./cc.)
10_min. 20 min, 30 min,
Walpole
Buffer Q.6 0.QY78 Q100 0.128
ditto 3.2 0.006 0.071 0.088
ditto 4,3 0.0b62 0.070 0.0886
Glark &
Tubs 6.4 0.050 0.071 0.076
Buffer
ditto 7.9 0,045 0.066 0.075
Borax 2.0 0.050 0,068 0,079
Ringer
Buffexr 11,3 0.049 0.074 0.085

TABLE 19, EFFECT OF pH IN FELTING.{BUFFLRED SOLUTIONS).
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frd
o»,;i:

5. BFFECT OF TEMPERATURE IN FELTING,

These experiments were intended to
provide data which would enable a correlation between
frictional behaviour and felting power, In the first
series of experiments the effect of temperature in un
thickened solutions of sulphuric acld, soap and borax
was studied, and this was followed by an invelgigation
of the felting behaviour in viscous solutions at various

temperatures.

(a) Uﬁthlckened Solutions.

T om R ST B RS EI K BT T M G K M R o A B S e BT T e RO e

The solutions used wre .1N Borax, 0.25%

soap and L1N HoS04, measurements being taken between

<2

20 and 60°C, at intervals of 10°,{with 45 mins, agitsation).

As the results shown in Table 20 and Fig.35 indicate

felting increases in all those media up o 60°G,

It will be shown later that this dependence

of felting power on temperature is parallel to the effect

of temperature on the differential frictional effect.

TEMPERA TURE DENSITY (g./cc.)
% .1N Bamx|.25% soap [.1N HoS04

20 .086 .106 L3117

30 .108 .118 135

40 .119 130 .140

50 .13, 134 .158

60 .138 .149 .165

TABLE 20, BFFECT OF TEMPERATURE IN FELTING (UNTHIGKENED

SOL
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EFFECT OF TEMPERATURE IN FELTING IN
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{b) Solutions of Incressed Viscosity.
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In this series of experiments five
solutions of increased viscosity were selected so
as to represent several suitable viscosity ranges,
and felting determinations were carried out in each
golution at various temperatures.

In these experiments the thickening
agent used was Gum ITragasol, and the viscosity of
each of the solutions was determined at various tem-
peratures (in a water bath) by means of an Ostwald
Viscometer in the usual manner. These preliminary

data are given in Table 21 and Fig. 36,

Felting experiments were then carried
out in each of these solutions over a temperature
range between approximately 20 and 60°G. { generally
at four points), the viscosity corresponding to the
actual temperature used being obtained E from Fig.36.

The results are set out in Table 22 and
pPlotted in Fig,3Y. It will be observed that for any
given viscosity the felting power depends on temperature.
At any given viscosity the higher the temperature the
greater the felting power. It is possible by means of
the above date to derive a relationship for felting vs.
viscosity at various temperatures and for feltings vs.
temperature as for various viscosities. These correlations

will be indicated later.
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SOLUTION TEMP ., ©C. | VISC. cp. | DENSITY gm./cc.
A 23 18.5 0.08%2
33 13.5 0.079
46 10.0 0.093
59 8.0 0,100
B 16 25.0 0,050
32 16,0 0.077
46 11.0 0.093
59 8.5 0.100
G 25 32.0 0.050
32 25,0 0.066
43 20.0 0,085
54 17.0 0.095
D 25 48,0 0,047
30 40,0 0.063
34 30,0 0.083
50 22,5 0.098
R 30 60,0 0.045
37 47 .5 0.063
45 40,0 0.070
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4, FTELLINGE TESTS ON WOVEN CLOTH,

The observations on the influence of
viscosity on felting power described previously (secw
tion 1) have some very interesting practical implica-
tions,

It has been shown earlier (ibid,) that
in the case of a mass of loose wool and uéing the
Present method of felting, the felting power of the
fibres is practically completely inhiblted when the
viscosity of the felting medium is increased to about
25 - 30 centipoises,

This led to the belief that the felting
of woollen goods in general may be controlled by adjuste
ing the vilscosity of the li@uid, Thus, for example, it
was thought that in washing the felting shrinkage of
woollen cloths could be reduced, if not entirely prevented,‘
by sultably increasing the viscosity of the detergent
solution.

A consilderable amount of work was done
along these lines but most of it is really beyond the
scope of this thesis as it délt with practical and teche
nical aspects of the problem,.

It should be indicated, however, that
this novel method of cdntrolling felting proved highly

successful when applied to the practical problem of

‘|
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washing and laundering.

The matter was investigated by study-
ing shrinkage of various woollen cloths (knitted and
woven) during washing in a domestic washing machine
of £he central oscillating paddle type. A typlesl
get of results is given in Table 23, 1llustrated in
Fig.38. 1In this set of experiments the percentage
area shrinkage (which was used as the index of felting
power) of a woollen flannel was determined in agueous
solutions of sodium alginate ('Manucol V' manufactured
by Messrs, Allbright & Wilson Ltd,) of various viscosi=-
ties at room btempsrature.

It will be observed that the felting
power of the material was reduced from 23,1% aresa
shrinkage in ordinary (unthickened) water té 3.,0% in
a solution of wviscosity of 59.6 cp.

The practical importance of this obser-
vation is eﬂhance& by the fact that, as some preliminary
experiments have shown, the addition of suiltable thicken-
ing agents does not appear to affect materially the

detergent power of the solution,
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CHAPTER 8,

DISCUSSIQN,




DISCUSSION,

I, FRICTION OF ANIMAL FIBRES,

1. The Nature ofdPFrictional Asymmetry.

The hypothegis outlined in Chapter 3
sought to account for the frictional asymmetry of animal
fibres on the basis of the fluid film kheory of lubrica-
tion, It wassuggested, by analogy with the mechanism of
fluid film formation in bearings, that the differentisl
frictianal effect arises in conssquence of the character-
istic configuration of the scales oh the fibre surface,
and the magnitude of the Witﬁwscale and of the againgt-
scale coefficients of friction is governed by the relative
case of fluid £ilm formation according to the direction
of rubbing. It was thus shown that on rubbing from tip
to root the slope of the scales opposes this process and
s0 a relatively high coefficient of friction results,
On the other hand, on rubbing from root to tip the fluid
film formation is facilitated by the angle of inclination
of the scales, which leads to a lower frictional eoefficisnt.

It appeared, therefove, that if this hypo~
thesis is true, the frictional behsviour of animal fibres
should comply with the well-known general frictionalAPheno-
mena occuring in bearings etc. In this event the general
charac ter of the friction of animal fibres should be expected

to follow a certain definite pattern laid by the lubrication




162

theory. On this basis several importent predictions as
to the frictional behaviour of animal fibres were made,

viz.

(1) As was shown in Chapter 3 the frictional

Phenomena occurring in bearings can be clearly defined by

means of the coeffident of friction versus ZN/P diagrams,
where ZN/P = viscosity x speed divided by pressure.
These curves all have a similar characteristic shape: =at
low values of ZN/P (i.e. at low speed and viscosity and
under heavy pressure) the cosefficient of friction is relaw
tively high because of the prevalence of conditions of solid
or boundary friction. As the value of ZN/P rises the
coefficlent of friction decreases, since conditions of ﬁluid
film Jubrication begin to set up, and it reaches a2 minimum
when full fluid f£ilm lubricatlion has been establlished,
Beyond this critical value of ZN/P friction rises again
owing to the viscoﬁs drag of the lubricant,

It was considered therefore that the animal
fibre friction should reveal the same characteristic rela-

tion with ZN/P.

(%) The minima on these ;1 vs. ZN/P curves ave

of special significance, for they define the critical value
of ZN/P required for the formation of a full fluid film in
a givén bearing. Since, as indicated earlier, in the case

of eamimal fibres the fluld film is set up with greater ease
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on rubbing from root Tto tip than on rubbing from tip to
root, the minimum for the with-scale cbefficient‘pR should
correspond to a lower value of ZN/P than the minimum for
the sgainst-scale cosfficient P i,8. the minimum on the

JNR curve should lie to the left of the miniwum on the M

curve,

(3) As regards the friction of animal fibres
in air, 1t was thought that in view of the low viscosity
of this medium fluid film conditions could not be sstab-
lished (i.e. a sufficiently high value of ZN/P could not
be reached) at the speeds likely to be attained. It was
axpected therefore that in air the friction will be of the

boundary -type ef for both directions of rubbing.

(4) _ This forecast dealt with the magnitude of

the differential frictional effect in relation to the viscow-
sity of the fluld. It was suggested that the differential
frictionsal effect should increase to a maximum as bthe visco-
sity of the fluld increases from that of air to soms greater
value, say that of water, and then to decrease again with
increasing viscosity. The reason for this is, as indicated
above, thet in alr the values of the two coeffclents can

be expected to be similar, i.e. the differential frictional
effect will be small, When, however, the viscosity increases
conditions of fluid film lubrioatioﬁ will be set up on rubbing

in the with-scale dirsction and 80 np will diminish, which

—
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will result in a rise in the differential frictional effect.
On increasing the viscoslity still further, mip will begin to
rige again owing to the viscous drag but fluid film condi-
tions may begin to obtain for the against-scale friction,
i.e. pp will be high and pp low and the differential fric-
tional effect will therefore be small again. Further
increases in viscosity will only lead to a similar rise

in the wvalues of both coefficients (i,e.(pT “,PR) will stay

very low) owing to viscous drag.

(5) Considerations of the dimensional and

geome trical differences between ordinary bearing surfaces
and the fibre bearing surfaces led to the belief that owing
to the greater tendency for fluid leakage in the latter case
Tthe coefficients of friction under conditions of f£fluid film
lubrication would be considerably higher for the fibre sur-

faces than for ordinary bearings.

Of the above points, the study of the ZN/P
relation, i.e. of the influence of viscosity, speed and
Pressure on friction, obviously promised to yield most
information and it was therefore carried out in an exhaustive
manner,

In the experiments which have been described

- each of these three factors was varled in turn. In most

diagrams the results have been plotted as coeffiient of
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frictionup against viscosity. The effect of load on the
coefficients can ?e seen from Fig. 11 (Mp) and Fig.12 (ag) .
The variations of the against scale coefficient (PT) wilth
viscosity at different speeds have been plotted in Figs.l4,
186 and 18 wunder 2, 5 and 10 g. load respectively. The same
relations for the with-scele ooéffioient SMR) are shown in
Figs, 15, 17 and 19 respectively.

Most of these egperimental data on fric-
tional behaviour have beeh combined by plotting the fric-
tlonal coefficients against the corresponding ZN/P value
for each reading. This gives rise to PFigs. 13, 20 and 21,
the latter two curves including a wider range and a greater
variety of conditions of viscosity, speed and pressure than
Fig.13.

It will be observed at once that the n vs.
ZN/P curves, both for the against-scale and for the with-
scale coeffcients, are strikingly similar to the general
PRER ZN/¥? curve for bearings, as discussed in Chapter 3
{(cf, Eig;é for a journal bearing). Ihe resemblance
becomes even closer when one bears in mind thaet in the
present diagrams the ZN/P data have besn plotted on a loga-
rithmic scale throughout, whilst in Fig. 4 the ZN/P scale
is linear. | |

When the plot of n vs. ZN/P for the againste
scale coefficlent is considered (Fig,20), it will be noted
that at low valuss of ZN/P the coefficient is high (about

Q.7 - 0.8), which clsarly suggests conditions of boundary
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friction, However, as the value of ZN/P increases the
coefficient of friction diminishes until it reaches
8 minimum of mqp = 0.4 when ZN/P is of the order of 70-80,
which value therefore represents conditions of viscosity,
speed and pressure under which flulid film 1s formed,
Beyond this critical value of 2ZN/FP friction increases
again with increasing ZN/P and it reaches very high values
(e,g./uT = 1.4 at ZN/P = 1000 spprox.) simply owing to the
viscous drag of the fluid.

| Now considering the p vs. ZN/P relation for
the with-scale coefficient v, in Fig.,21 it will observed
that the curvé has the same characteristic shape as that
for the against-scale coefficient, although the rise on
the left of the minimum is not so pronounced. Thus at
the lowest velues of ZN/P which were used the highest value
of the with-scale coefficient observed has been pr = 0.4
This then falls to'about‘pR = 0,28 which represents the
minimum on the curve, the corresponding value of ZN/P being
20-30, fActually many experimental points glve lower value
of/uR viz., 0.18 - 0.2). Beyond this critical range the
curve begins to rise again and at high values of ZN/P it
reaches similar valuss of /uRyl. to those for Mg

Thus in the case of the with-scale coeffi-

clent it would appear, in contrast with the friction on
“rubbing against the scales, that even at wvery low values
of ZN/P conditions approaching fluid f£ilm lubrication

Prevail, since under these conditions the value of the
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coefficient is only €l ightly higher than the wvalue
corresponding to the most efficient fluid film separa-

tion, i.,e, to the minimum of the curve,

Tt will thus be clear that these experi~-
mental results offer a striking confirmation of the
basls of the present hypSthesis, since they leave 1little
doubt as to the strict adhsrence of the frictional behaviour
~of animal fibres to the general frictional phenomena in

bearings as indicated by the vs. 4N/P relation,
g P

Furthermore, all the other forecasts re-
garding the frictilonal behaviour of fibre surfaces have

been substantiated by experiment.

Thus the second forecast (2) regerding
the relative position of the minima on the m vs. ZN/P
curves has also been fully confirmed, for, as has been
mentloned above, the minimum on the against~scale curve
occurs waen ZN/P equals about 70-80, whilst the corres-
ponding valueg of ZN/F on the with-scale diagram is only
20-30, 1.e, as predicted, the minimum for the with-scale
friction lies to the left of that for the against~scale
friction.,

As to the third forecast,regarding the
frictional behaviour of animal fibres in air-(3), it has

been found (Table 12a) that the valuss oflpT'a?d of of PR
do in fect lie close %o eagh other (e.g. P o= 6.52 and

PR= 0.40) as anticipated.
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The next prediction (4) dealt with the

magnitude of the differentisl frictional effect as affected
by the viscosity of the fluid. It was then suggested that
the differential frictional effect should pass over a maxi-
mum as the viscosity is increased from that of air, through
that of,say,water to that of more vlscous solutions.

IThe correctness of this anticipation has in fact been proved,
and it will be clear from Table 24 and Fig.39 where me - Pg)
is plotted against ZN/P, the values of pp and pp and the
corresponding values of ZN/P having been taken from PFigs. 20,
21 and from Table l1lRa{for friction in air),. Fig. 39 shows
clearly that the value of the differential frictional .effect
rises from Q.12 (in air) to a peak of 0.49 (in water) and
then falls gradually to 0,09 as the wviscosity of the fluid

increases (1.e. ZN/P increasing to about 100).

According to the last point (5) which was
anticipated on the basis of the hypothesis put forward in
Chapter 3, the magnitude of the frictional coefficient
under conditionsg of fluid film lubrication was expected to
be considerably higher in the case of fibre bearing surfaces
than for ordinary bearings.

This has in fact been found in the present
experiments, for the lowest value observed is of the order
fexr 0.2, whilst in the case of bearings the coefficient is
of the order of 0,01-0,02 under conditions of full fluid

film lubrication. The reason suggested for this discrepancy




ZN/® P FrR Po = FPr
0.2 0.52 0,40 0.12
5 0.84 0,35 Q.49
4 0.78 0.33 0.45
5 0.74 0.32 0.42
7 0.68 0.31 0.37
9 0.64 0.30 0.34
10 0.62 0,30 0.32
15 Q.57 0.29 0.28
20 0,53 0,28 0.25
25 0.50 0,28 0,22
30 0.48 0.28 0.20
35 Q.46 0.29 Q. B7
40 0.45 0.29 0.16
50 0,44 0,29 0.15
60 0.42 0.30 0.12
80 0.41 0.31 0.10
100 0.41 0.32 0.09
120 0.42 0,34 0.08
140 0.44 0.35 0,09
160 0.46 0.5%7 0,09
180 0.48 0.39 0,09

TABLE 24. VARIATION OF THE DIFFERENTIAT, FRICTIONAL BFPECT WITH ZN/P
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FIG, 39. VARIATIQN OF THE DIFFRRENTIAL FRICTIONAL
BFFECT WITH ZN/P.
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was tﬁat owing to the small sigze o# the scale surfaces

and the fact that the fibre bearing surfeces are curved

sbout two axes, the tendency of the fluid to leak away

1s greatly increased in comparison with ordinary bearings,

which results in imperfect separastion of the surfaces.
However, there may be another reason for

this relatively high magnitude of these coefficients,

It is thus possible thet since not all the fibres in the

bow are of equalytension ( the practical difficulties in

mounting them under equal tenslon being very great), they

do not all separate from the glass cylinder at the same

value of ZN/P, For example, to produce conditions of sepa~

ration by a fluid film of taut fibres would require a higher

ZN/P value than that required for fibres which are under less

tension, and this may result in the system never attalning

the very low coefficients of friction obtaining in a better

constructed bearing.

The comparison of the values of the coeffi-
cients observed in the present experiments with those
determined by other authors can be done only in a limited
way, for, as indicated in Chapter 2, all other workers in
this field wevre concerned with static friction or dynamic
friction at very low velocities of rubbing. This means
that thelir results can be compared only with the present

data which correspond to low values of ZN/P.

Under such conditions the frictional coeffi-
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cients observed in the present experiments are of the
order of 0.70 QPT)_and Q.40 SMR)’ whilst typical values
glven by Mekinson (72) in the case of wool rubbing against
horn in a buffer solution at PH 7 are 0,70 and 0,30 respect-
ively; under similar conditions but at pH 4 Mercer (23)
found the coefficlents to be 0.66 and 0,32 respectively,
which shows a good agreement. Comparison with Speakman's
rosults is unfortunately impossible, since he and his colla-
borators did not publish the wvalues of individual coefficients

separately but only-as a function of both.

inally, additional evidence in favour of
the present theory ls provided by the experimental obser-
vation (Table 8) that the frictional behaviour of animal
fibres against an ivory surface is very similer to that
against glass in spite of the different chemical nature
of the surfeces. This finding is in agreement with the
theory, for as indicated in Chapter 3, under conditions

of fluld film lubrication the chemical natiire of the

rubbing surfaces is immaterial,
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2. Wffect of Temperature.

The influence of temperature in friction
was examined in two sets of experiments, both of which are

of great interest,

In the first series friction was measured
in six solutions of sucrose of different viscosities, read-
ings bsing taken in each solution over a range of tempera-
ture from about 20 to 60°C,

As has already been indicated (FIG.24) it
was found that the decisive factor that governs the magni-
tude of the coefficients, under given conditions of speed
and load, 1is not the temperature but the viscosity of the
fluid. Thus 1t was found that the frictional coefficient
is the same in any of the solutions used provided their
viscosities are gimilar, although the temperature may be
quite different, This led, of course, to a considerable
overlapping of the experimental points on the friction vs.
viscosity (with consbtant speed and load) diagram for these
six solutions, as will be clear from Fig.24,

That the manner in which temperattre éffewts
friction under the conditions of the present experiments
is through its influence on the viscosity of the fluid is
in full accord with the present theowry. This will be
obviousifrom the shape of both# the against-scale and the

with-scale coefficlent curves in Fipg.24, which curves bear
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8 remarkable regemblance to those established earlier, in
independent series of experiments, for the friction vs., ZN/¥
relation (Fig.20 and Fig.21l).

This fact offers, of course, further important evidence in
support of the pressnt views of the nature of friction of

animal fibres,

In the second series of experiments fric-
tional measurements were carried out at various temperatures
(between approximately 20 and 6000.) in water and unthickened
solutions of soap and sulphuric acid. Agalin, a broad agree-
ment with the theory has been found,

Thus in the case of the against-scale motion
in fluids of such low viscoslty conditions of friction
prevail which correspond to values of ZN/P sme ller than that
for the miniwmum of the curve; oonsequently the coefficient
of friction can be expeéted to increase with increasing
temperature, 1,e., decreasing viscosity.

This has in fact beeun observed, for, as shown
"in Pig.25, the against-scale coefficient rises with incrsas-
ing temperature. In the case of siuphuric acid this rise
appears to be almost directly proportional to the decrease
in viscosity of the medium, for the coefficient curve is
almost parallel to the fluidity curve. in water and soap
the coefficients also rise appreclably with increasing tem~

perature but the correspondence with the viscosity changes

is not g-~uite as close,
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The values of the against-scale coeffi~
clents at elevated temperatures, e.g. at 5006./uT in
acid is 1.48 and about 0.90 in water and soap, are rewmark-
ably high, and they cleawrly indicate the existence of veny
intimate contact between the flbres and the glass surface,

(It may be recalled for comparison that the corrvesponding

value of/uT in air, but at room btemperaturs, was only 0,.52).

In contrast the values of the with-scale
coefficient have bsen found to be only slightly affected
by increasing the tewmperature.  Thus for example sven at
6000,/uR in water (0.45 cp.) was found to be only 0,32
compared with 0.18 at 20°,

This observation is in line with the pre-
vious results which showed repeatedly that in the case of
with-scale motion conditions approaching fluid film lubri-

cation persist even at exceedingly low values of ZN/P.
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5, BFFECT OF pH,

The influence of pH in friction was studied
at room temperature using a series of unbuffered solutions,
viz, sulphuric acid, boric acid, water, sodium bicarbonate
and sodium carbonate.

As indicated in Fig.26 the agsinst-scale
coefficlent was found to be highest in étroﬁgly acid media
(g = 1.15 2%t PH 0.3), then to decrease with increasing
PH to PT = 0,68 round neutrality and finally to gradually
rise again to 0.95 at pH 11.6. By comparison the varia-
tions with of the with-scale coefficient with PH were found
to be small, the corresponding values being 0.24 in acid,
0,18 in water and 0.32 in sodium carbonate,

These observations are in broad agreement
with the data published by other workers on friction under
static conditions or at very slow velocities, e.,g. Mercer
found (23), in the case of wool rubbed against horn, at
PH 1°3/MT = Q.72 and Pg o= 0,32, these values falling to
0.66 and 0,30 respectively at pH 4.0, whilst at pH 10.8
the coefficlents were 0,66 and 0.25 respsctively.

The more recent work of Mercer and Makinson (43) also
showed a similar dependence of friction on pH, the values

of the coefficients being considerably higher with especlally

clean fibres (e.g.’pT >1 ) than with contaminated surfaces.
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The fact that the values of the with-
scale coefficlents are wrelatively little affected by pH
further supports the view that the with-scale friction,
by virtue of the favourable scale configuration, almost
invariably occurs under conditions approaching fluid film
lubrication., It is probably for this reason therefore

that the pH of the fluid, which may affect the nature of

the fibre surface, is of 1little congequence for the with-

scale friction,

The positions 14, however, quite different
in the case of the against-gscale friction, for in unthickened
golutions friction occurs well to the left of the region
of fluid film lubrication, as indicated by g vs. ZN/P diagram
(Fig.20), Under such conditions the magnitude of the
coefficient reflects the degree of separation of the rubbing
surfaces, and so it would appear that the pH of the medium
may affect the fibre surface in a manner that will determine
the degree of contact between the fibres end the glass xmafzsx
surface. This would, of course, be simildr in effect to
the influence that the high temperaturetgn the against-scale
friction in unthickened media, as suggesbed earlier,

The mechanism through which both the pH and
the tempersture influence the agalnst-scale fri-ction under
boundary conditions is clearly of great interest. The matter,

has not, however, been pursued beyond the above observations.
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Frictional phenomena are commonly divided
into three types: solid, boundary and fluid film frictlon.
The last ssemed of particular interest in connection with
the problem of friction of animal fibres, because of the
analogy which was observed betﬁeen the configuration of
the scales on these fibres and the geometrical character-
istics of bearings. Since in the problems of fluid film
lubrication geometrical similaritics imply a similarity of
frictional behaviour, it was thought that the frictional
properties of animal fibres may follow the pattern of the
frictional phenomena occurring in bearings.

It was thervefore suggested that the fric-
tional asymmetry of animal fibres arises in consequence of
the characteristic cuticular scale structure of the fibres,
and that the difference in the magnitude of the against-
scale and the with-scale coefficients is due to the differ-
ence in the ease of formation of fluid film between the sur-
faces according to the direction of rubbing. Thus it was
shown that on rubbing from tdép to root (i.s. against the
scales) the slope of the scales opposes this process,which
leads therefore to an imperfect separation of the surfaces
and s0 to a relatively high coefficlent of friction.

On the othér hand, on rubbing from root to tip (i;e. with

the scales) the fluid film formation is promoted by the

"L
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slope of the scales, the surfaces are therefore separatsd
more efficlently and this results in a relatively low
coefficient of friction,

The experiments on the frictional behaviour
of animal fibwes which have been carried out were designed
to examine this hypothesis in detall by a thorough investi-~
gation of the effect oa animal fibre friction of those
factors which are of primary importance 1in connection wilth
fluid film lubrication, viz, viscosity of the fluid (Z),
speed of rubbing of the surfaces (N) and the pressure bet-
ween them (P).

These Investigations have demonstrated
a striking adherence of the frictlonal behaviour of animal
fibres bto the fidction vs. ZN/¥ relation, which adherence
reveals a remarkable resemblance o the frictional pheno-
mena occurring in bearings, thus indicating the correctness
of the assumption,‘

The experiments have also substantiated
several prédictions made on the basis of the hypothesis,
8.8. as regards thet relative position of the minima on
the friction vs. ZN/P curves for the agalnst- and with-
scale motion; also regarding the magnitude of the frictional
coefficient of the fibres and the effect of viscosity on
the differential frictional effect; and also as regards the
frictional behaviour of the fibres in air.

Subsequent results on the effect of tempe-

rature and pH on friction have also been found in agreement

__L
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with the previous findings. Moreover, the experiments
on felting of wool, which were designed to provide
a further check on the present theory and which will be
discussed in the last section, corroborated the present
theory in a remarkable manner.

It is felty therefore, that all these
experiments provide convincing evidence in favour of the
pPresent theory of the nature of the frictional asymmetry

of animal fibres,.




I1I. FELTING BSHAVIQUR OF ANIMAL FIBRES IN RELATLON TO

THETR FRICTIONAL PROPERTIES,

1. Applicability to Felting of the Lubrication Theory
of Animal Fibre Friction.

In the discusslon on the mechanism of
the felting process in Chapter 1 1t has been shown that
the felting powsr of animal fibres arises fundamentally
in consequence of their frictional asymmetry; with all
other factors beingconstant, the rate of felting is prow-
portional to the magnitude of the differential frictional
effect (PT - pR).

The present experiments on friction pro-
vided a wealth of information on the variation of the
differential frictional effect with viscosity, speed and
load. The data have already been presented in a concise
form in Plg. 39 which showed the variations of (PT”,PR)
with ZN/P. Thus as indicated the differential frictional
effect rises steeply from a low value in air (0.12) to
?T -~ Pr) = 0.49 in water and then it falls gradually again
to a very low value (0,09) as ZN/P increases.

These data refer; of course, to the fric-
tion of flbres against glass, but assuming that the same

phenomena occury in fibre to fibre friction ( the basls of




this assumption having been indicated when the present
theory was first postulated in Chapter 3), then the felt.
ing power should be expected to vary with ZN/P in the same

sense as does the differential frictional effeot.

The matter was examined by carrying out
felting measurements using wool fibres under conditions
when speed and load (and temperature) were mainteined
constant whilst the viscosity of the fluid was varied.
The results obtained have been presented in Table 17 and
Figs. 32 and 33 for felting determinations over a viscosity
range from 1.0 to approx. 40.0 cp., at five different pH
values. As will be seen from these data, at every pH value,
examined, felting power decreases until it is practically
comple tely inhiblted as the viscosity rises to about 25-30cp.
In ovder to indicate clearly the relatlion
between the felting power and the differential frictional
effect in respect of viscosity the felting curve and the
{pp “,VR) curve have been plotted together in Fig.40.
The felting data are taken from Table 17 and wepresent the
felting power of wool at pH 5,9 in solutions of 1.0, 5.1,
11.0, R3.,0 and 42,0 cp, In air no felting occurs under the
conditions of present eip@riments and so the corresponding
value is plotted as 0.04 g./cc. The values for the differ-
entlal frictional effect are those obtained under 5 g, load
and at 42 cm,/sec. in neutral sucvose solutions of various

viscosities, from 1.0 to 40 cp. (cf. Figall,1l2 ow 16,17),
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and they also dinclude the value for the friction in air,
from Table 1Ra.

As is evident from Plg,.40 there is a @om-
plete parallelism between the felting power and the differ-

ential frictional effect in their relation to viscosidty,

In view of this remarkable correspondence
the following conclusions emefge:

(1) The present theory of animal fibre
friction is further corroborated, for the dependemdonce
of friction on viscosity of the fluld has again been
demonstrated and thls time by means of an entirely differ-
ent type of experiment. It may be expected that just asgs
the viscosity influences felting so will the speed and the
load in accordance with the ZN/F relation.

(2) The frictional phenomena occurring in
the felting process are very similar to those observed in
the experiments on friction against a glass surface,

It would appear that the friction of human hair against
glass 1s of the same nature as the friction between wool
fibres. This is, of course, in complete agreement with
the assumption which was made in Chapter 3 when the hypo-
thesis was put forward,

(3) Purther evidence is provided for the
fundamental dependence of felting power on the differential
frictional effect. It is c¢lear that the existence of
a differential frictional effect is the first essential

conditiong fTor felting to take placs,

»—l




Lastly, mention must be made of the prac-
tical offshot of these observations, namely the investigém
tlons into the problem of controlling the felting shrinkage
of woollen goods in washing and laundering by means of
ad justing the viscosify of the detorgent solution so as to
reduce the differentlal frictlonal effect to a low valus.

As has already been indicated in Chepter 7

the method seems to hold conslderable promise and may prove

to be of practical importance,
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2, nPEFECT OF TEMPERATURH,

The experiments on the influence of bem-
perature in felting were designed to parallél broadly
those carried out on the temperature effect inn friction
witht the view of establishing some correlation between

those phenomena in respect of temperature,

(a) In the first series of experiments the
felting power of wool was determined in unthickened solu-
tlons of sulphuric acid, soap and borax, the temprpera ture
being varied in each solution from 20 to 60°C,
As has already been shown in Table 20 and Fig,35, in all
media the felting power incresses linesrly with temperature,

In order to indicate the parallelism bet-
ween these results and the differential frictional effect
the felting data for acid and soap have bsen presented in
Table 25 together with the corresponding results on the
variation of the differentiel frictional effect with tempe-
rature (from Fig.25), the borax being omitted as no frictional
data for ﬁhié medium are available.

These comparative results have been plotited
in Fig.41l for sulphuric acid and in Fig.4R2 for soap,.

As will be evident from these diagrams there
1s a close correspondence between the felting and the differ~
entlal frictional effect curves, in both sulphuric acid and

808P, It would appear, therefore, that, in these ezmsm.
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FIG. 41. EFFECT OF TEMPERATURE OH PIFFERENTIAL FRICTIONAL
EFFECT AND FELTING TOWER IN SULPHURIC ACID.
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instances, the influence of temperature on the felting
powsr of wool depends primarily on its effect on the
differential frictional effect of the fibres.

The present felting results agree with
those of Mercer (22) which showed a similar effect of tem-
perature in the fellting of woollen yarns in buffered solu-
tions at pH 4,0, 7.2 and 9.2,

On the other hand Speakman, Menkart and
Liu reported (19) that in the case of woven cloth felting
reached a mamimum at 35-37°C. in soap and borax, although
in sulphuric acid 1t continued to increase with increasing
temperature up to 60°¢,

The reason for this discrepancy is not
clear but it was suggested by Speakman et al, (ibid.) that
the 1influence of temperature in felting is éue to its
gffect on the elastic propertiss of the fibres. They also
thought that in the woven fabrics these properties are of
greater importance than in yarns or in loose fibre mass,
since in fabrics the fibres are more likely to migrate by
alternate sxtension and contragtion. Consequently the
effect of temperature may be expected to be different

according to the state of aggregation of the fibres.
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(b) ' The second series of experiments on the
effect of temperature in felting dealt with the determi-
nations of felting power at various temperatures in thickened
solutions of different viscosities.,

The results, which have been presented in
Table 22 and Pig.37, show that at any glven viscosity the
felting power depends on bthe temperature, ie. at any given
viscosity the higher the temperature the higher the felting

power,
By reference to Fig,36 lwhich gives the

tempefature - vigcosity relation of the solutions used)
and to Fig.37 (where the density vs. viscosity dats for
the same solutions have been plotted) it is possible to
derive more information from these experiments regarding
the felting vs., viscosity relation at various temperatures
and the felting vs. temperature relation at various visco-

sities,
In Table 26 are given the values of density

zl.
at varlous viscosities, viz, 25, 35, 45 and 60°C, The se
have been obtained by finding from Fig.36 the viscosities
corresponding to these temperatures and then reading off

from PFig.37 the respective densities at these viscosities,

The data in Table 27 have been derived in
a similar manner for the variatlon of felting power with

temperature at various viscosities, viz, 10, 12,5, 15 amd

20 CP. sk HO %3
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The data showing the density vs., viscosity
relation (Table 26) have been plotted in Fig.43 which
gives the equal temperature oﬁrves for 25, 35, 45 and 60°¢C.

As will be observed, at every temperature,
felting power decreases as the viscosity of the fluid in-
creases, which is in full agreement with the earlier obser-
vations on theeffect of viscoslty on felting and is no doubt
due to the Influence of viscosity on the differential fric-
tional effect. That #ethls 1s so 1s indicated by the

similar slope of the curves at all temperaturss,

The density vs. temperature relation has
been plotted in PFig.,44 which shows the oqual viscosity
curves for 10, 12,5, 15, 20 and 40 cp. - It is clear from
thése diagrams that at every viscosity felting power is
dependent on temperaturé, the felting power increasing
remarkably with increasing temperature,

These observation do not correspond %o
the frictlonal behaviour of the fibres, as established in
Chapter 5 when it wasshown (4a) that the coefficients of
friction are independent of temperature provided the visco-
sity of the fluid (and 2ll other factors) are constant,

Clearly, therefore, a new important factor
or factors affect the felting power of wool fibres, and it
must be through them that the temperature effect operates

under conditions of constant viscosity.
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The matter, though obviously of great
importance for the fuller understanding of the phenomenon
of felting, has not yet been examined further., It is
most probable, howsver, that the rsason for the temperature
effect under these conditions lies in the influence of”
temperature on the elastic pro?erties of the fibres, as
has been suggested by Speakman and his collaborators (19),
and possibly also on their rigidlty; these properties
would be influencsd by temperature so as to promote the

fibre migration and the entanglement of the fibre mass.,
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5, BEFFECT OF pH.

The influence of pH of the fluld on the
felting power of wool has been studied using both unbuffered
(Table 18) and buffered (Table 19)& Fig.34) solutions.

the present experiments confirmed the
results of Speakman, Stoot and Chang (18) and Mercer(22),
and they show that felting power which 1s highest in acid
medla decreases as the pH increases down to the neutral
region and then increases again on the alkaline side of
the pPH range.

The feltiﬁg behaviour and the frictional
properties of animal fibres appear to correspond to each
other very closely as will be observed from Fig,45,

On this diagram the felting data (Teble 18) and the corresw
ponding values of the differential frictional effect (Table
13), both referring to the same unbuffered solutions, are
Plotted together. The parallelism between the two
curves 1ls clear,

These observations indicate therefore that
ag regards the pH of the medium the rate of felting is
affected through the changes in the magnitude of the differ-
ential frictlonal effect,

However, the possibility must not of course
be excluded that, as in the case of the temperature effect,

the pH also influences felting power through its effect on
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otber fibre propertles as well,

The likelihood of this possibiliby was
shown by Speakman and his collaborators' work (18) which
indicated that some of the pH effects can in fact be
interpreted on the basis of the changes occurring in the
elastic properties of the fibres.

Farther evidence is provided by the pre-
sent experiments (Flgs.32 and 33) which show that even
in very viscous solutions, when the differential fricitional
gffect is very small, the felting power in acid solutlons
is appreciably higher than at other pH values and at similar

viscositles.
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(4) THE FELTING POWER ~ DIFFERENTIAL FRICTIONAL ERFFECT

RELATION.,

Une of the underlying themes of this work
has been Tthe relation between the diffewential frictional
effect and the felting power of enimal fibres, and it has
been shown in many instances that, wilth all other factors
constant, the felting power is proportional to the differ-
entlial frictional effect.

These observations have now been summarized
in Table 28 and Fig,46 which show the variation of felting
power with the differential frictional effect under the
Influence of viscoslty, pH and temperature, respectively,
each set of experimental points thus representing an inde-
pendent series of experiments.

It 1s evident that these points give rise
to a straight line which shows that under bthie conditions
of experimsnt felting power is directly proportional to

the magnituds of the differential frictional effect,
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SUMMARY .

The examination of the felting properties
of wool filbres has been carried out with the view of
correlating the felting behaviour of animal fibres with

thelr frictional properties which were determined previously.

(1) The primaryfgf these investigations
has been the testing of the applicability to felting of
the lubrication theory of friction of animal fibres, as
postulated earlier,

Since, with other factors constant, felt-
ing power is proportional to the differential frictional
effect, it was thought that the changes in the magnitude
of the differential frictional effect due to variations
in viscoslty, speeq and pressure should be reflected in
the intensity of the felting power of wool,

The matter has been examined by lnvestigat-
ing the. effect of viscoslity of the fluid on felting power;
speed and Pressure belng kept constant, The experiments
have in fact revealed that felting power changes with visco-
sity in the samé sense as the differential frictional egfect.
This observations is considered as a very importsnt corrobo-

ration of the lubrication theory of friction of snimal fibres,

(2) The felting properties of wool have also

been investigated in relation to temperature. bxperiments
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in unthickened solutions of sulpbhuric acid and soap show
that the effect of temperature on felting in these media
is directly related to theeffect of temperature on the
differential frictional effect.

It has also been found, through experiments
on felting in thickened solutions, that this is not the
only mamer in which felting is affected by temperature.
Thus it has been observed that at constent viscosity felt-
ing power stlll increases with increasing temperature.

It appears, therefore, that some other
factor or factors (probably filbre elastlcity and rigidity),
apart from the differsntial frictional effect, play an im-

portant part in felting.

(5j The pH effect in felting has been found
to correspond to the iﬁfluenoe of PH on the differential
frictional effect. it is thought, however, that as in the
case of the temperature effect, the changes of other fibre
Properties caused by the pH may also be responsible for the

variation of felting power with pH,

(4) It has been shown by plotting felting
power agelinst differential frictional effect, the experimental
points being derived from the previous results on the effect
of viscosity, pPH and temperature, that with other factors
constant, felting power is directly proportionsl to the

differential frictional effect.

0000000
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