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the background to testing frictiorn materials for
automotive brakes explaines the need for a rapid, inexpensive means of

assessing their behavicur in a vay vhich is botl accurate and ‘banln rful,

Various methods of controlling ineffiazdjhé&gmétgfs to simu1atélr§ad
vehicles are rejected in favour of program;ihg 5y/méaﬁé of a commercially
available XY plotter.
Investigation of brake service conditions is uéed to set up test

schedules, and a dynamometer programming unit built to enable service condi-

tiong on vehicles to be sirulsted on a full scale ovnar“mftar A technique

r\—'

is developed by which accelerated testing can be achieved without opera sting
under overload conditions, saving time and cost without sacrificing validity.

The development of programming by XY plotter is described, with a

method of o
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rating one XY plotier to programme the machine, monitor its.own

behaviour, and plot its own results in logical sequence.
Commissioning trials are described and the generation of reproducible
results in frictional behaviour and meterial durability is discusszd.

Techniques are developed to cross check the operation of the machine in

retrospect, and retrospectively correct results in the event of malfunctions.
ne measuring circuits are displayed . between calibrations;

whilst leaving the rscorded results almost unaffected by error,
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Typical results of brake lining tests are used to demonstrate the range
of performance parameters which can be studied by use of the machine. Successe-

ful test investigations completed on the machine ar re reported, including comments
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CHAPTER 1. INTRODUGTION TO FRICTION MATERIALS FOR RAKING

1.1. Use of Friction Materials to Stop Moving Vehicles

The most common method of controlling the speed of a vehicle is to
convert excess kinetic energy into heat by means of a dry friction brake.
Dry friction brakes take éany forms, but in general fibre reinforced
composite material is caused to rub against a rotating cast iron disc or
drum and the heat generated is dissipated to atmospheré primarily by
forced cooling of the metal member. In this country alone the amount of
friction material produced per year exceeds £25m. in value and a very
large amount of research work is devoted to,imppoying;tge:performance of
these materials in many different respects. |

As in many technologies the reason why developuent work is needed
lies in the fact that many of the desirable properties constitute con-
flicting requirements, for example high coefficient of friction and good
durability. Secondly the durability of current materials is such that
the energy dissipated per unit mass worn away exceedg the heat of for-
mation of the component ingredients by several orders of magnitude which
in turn equals the amount of energy required to take the material apart
atom by atom. Thirdly, they are expected to operate for many hundreds
of hours at temperztures which, if the material were fully ventilated,
would cause complete degradation of the material in a few seconds.

1.2 Need for ranid assessment of friction materials

Each of the changes made in the composition or method of formation
of friction materials whether as part of a developuent programmne, for.
production reasons, or due to a change in raw materials should ideally be

.




tested on a motor car for say 5,000 miles. This would yiéidﬁ@new
result on one set of material and would cost £250. A dupliaaté;tésﬁw .
would therefore cost £500 and take six weeks using two véhicleé simulq
taneously.

Clearly the cost of such a test is unacceptable except as a final
check after a high degree of confidence has been achieved by cheaper
forms of testing, but the ti;é required is equally unacceptable.

The time required for a test must be minimised for three differ-
ent reasons :- Material development programs must be completed in com-
petition with other manufacturers, changes in production’must be made
acceptable before the material in production becomes ogsolete, and raw
material changes must be made acceptable before stocks of 0ld naterials
are exhausted.

A target was set for the complete/evaluation’of%a?friction’
material in all its major properties in a period of 24 hours on a

machine which could be duplicated at a reasonable cost of say £8,000.

1.3, Scope of Tests needed to Evaluate Friction Materials

One of the most important characteristics of a friction pair to
be used in automotive braking is that the behaviour should be predic-
table so that the next time a driver applies his brakes he knows with-
fair precision what pedal effort he will need in order to achieve a
desired deceleration. In order to satisfy this condition the only
variation which is tolerable is a slizht and progressive decrease. in
coefficient of friction as the brake temperature exceeds say 200°C in the
case of a drum brake, and 350°C in the case of a disc brake. The change
must also be reversible as the temperature returns to a more normal
value. Thus as the industry is at present constituted friction materials
must be continucusly developed which have stable behaviour ovef a range of

rubbing speeds from 2 to 100 ft/s, pressures of 50 to 1000 p.s.i.,




the after effects of temperature varying from'hundreds‘ef hours at 20
300°C to periods of several minutes up-to 800°C. Theyrmust'be‘ihsené--~
sitive to changes within and betwegn cast-iron opposing members and last
for say 30,000 vchicle miles when driven under 'normal' conditions.
They must not be unduly sensitive to operating under wet or dusty con-
ditions and must not exhibit to an unsatisfactory extent any of a list
of 36 vices ranging from six distinguishable types of audible noise
throuzh various types of damage to the cast iron member such as scoring,
thermal cracking, etc., to static interference with radio reception.
All organic resin bonded materials are permanently affec%ed by heat
treatment at brake operating temperatures particuiarly‘in the presence
of an oxidising atmosphere. The permsnent thermal degradation diminishes
with increasingz depth into the brake lining, beins a maximum at the
operating surface of the material where the temperature is hizhest and
oxygen is moszt readily available. Degradation increases with time but
its effects are progressively removed as material is worn awaY. Thus,ga 
varying state of degradation exists both at and below the surface depen-
ding on the relative maznitude of these effects, and it is one of the
jobs of the material formulator to design compositions which are relat-~
ively insensitive to these variations, and the job of the test engineer
to evaluate his success in this task.

It may be seen therefore that the test engineer must desizn test
methods which not only cover a wide range of operating conditions, but
do so after a wide ranze of previous history all of which are relevant

to a wide range of service operating conditions,

14 Testing capacity reguired for friction material develooment:
Current materials made for automotive brakes are generally com-
prised of mixtures of synthetic resins and rubbers, reinforced by

asbestos fibre.




They contain metallic and mineral fillers, solid lubricanﬁscf'
abrasives, and materials to suppress noise, ihhibit éorrosi@n etc. ebc.
It is not uncommon to find 10 - 15 different ingredients in.ohe brake
lining material.

vhen a new or improved material is required, several components
will be varied singly or in groups in both quantity and type for each
round of a formulation plan. Results of such a preliminary plan are
then evaluated and further work of a similar nature planned, taking
advantage of any improvement in performance which may have been achieved.
Because many performance criteria have to be satisfied aé outlined in
1.3. and the starting materials are already highly developed it is found
that many tests have to be performed before significant progress is
achieved. Unfortunately all performance characteristics interact, and
therefore it is not possible to test for,only;one;characﬁeristic, Sﬂyf
durability at light duty, as this would then be achieved at the expense
of all the other characteristics. It is therefore necessary to test.each‘
material developed for all its required properties. At the present state
of the art some 250 materials can be made and tested before one new
cominercially viable materizl is successfully developed.

1.4.1. Further demands on capacity made by the introduction of changes in

production techniques

In the same way that each chemical ingredient of a materisl aifects

the performance of the final vproduct, so do many of the o erations of
p I 3 Y P
production affect performance. It is not sufficient merely to achieve a

given set of physical properties in order to ensure a given performance,

it is often the case that the rcute by waich the end product is achieved

is

jO)

lso important. This is clearly because the technology is not suf=-
ficiently understood, but never the less it still means that 5if production

processes are changed performance of the end product must be checked.

Economic operation of the company demands that production tech-



niques must be changed as better methods become.avaiiéble,*ép 'astHé\'
manipulation of various production parameters ié hecéésary to achieﬁel\\
some desired change without deleterious effecté on performance; anothef

large additional demand is made on testing capacity.

1.4.2. Further demands mede by chanres of raw material sunvlies

Because it is well recognised that additional loads on testing
capacity are undesirable, only the most urgent changes in raw material
supply are accepted for economic reasons. However the current political
atmosphere makes it necessary from time to time to find new sources of
many raw materials’as materials from old sources become Qnavailable or
unreliable. Thus a third load is placed on the total testingAcapacity.
1.5.  Swary |

The friction material industry has been suprlying brake linings
for the automotive industry for seventy five years, and has up to datei
been able to keep pace with other developments. This has been achieved
in the past by developing basic materials which will withstand more and
more arduous operating conditions as the rate of dissipation of energy
has increased with increasing vehicle performance.

At the present time however new materials are only being developed
at prohibitave cost e.g., carbon fibre, inorganic polymers etc. and in
addition to their cost, it is found in practice that their performance at
the lower duty end of the scale is inadecuate. Progress can now only be
made by careful blending of existing materials which is both time con-
suming, and appears to be in a region of diminishing returns in terms of
progress per new trial formulation. Hence the need for g rapid, reliable,

and comprehensive method of testinz at low cost.




GHAPTER 2. [EVIEW OF PREVIOUS WORK ON TKSTING,FRICTION”@ATERIALS

2.7, Historical measurement of friction

Leonardo da Vinci (1492) stated that !'Friction produces double
the effort if the weight be doubled'. THat 'Friction made by the same
weight will be of equal resistance at the beginning of its motion
although the contacts nay be of different breadths or lengthst.

He also stated that 'for surfaces smoothed and polished, friction
is one quarter of the weight'.

Amonton rediscovered the same laws about 1699 and?reported them
to the Academic Royale des Sciences, who were scepticai, and in 1781
Coulomb enunciated the two laws of friction vig :-

1. Friction is proportional to load and independent of area.
2. Friction is independent of sliding velocity.

It was recognised later however that friction at high velocities
was much lower than friction at more common velocities and in 1878 in
his famous work on railway brakes Sir Douglas Gslton showed that the
friction both between cast iron brake blocks and wneels, also between
wheels and rails decreased markedly with speed at nigh speeds.

By 1911 it was considercd that Coulomb laws although sufficiently
accurate for many practicél purposes, were certainly incorrect under
extreme conditions and had no pretensions to be looked at as really

general laws.




Rele Friction measurement in fields other than braking

Over the years there hsve been two basic approaches to the problem of

measuring friction and wear - that of the engineer and that of the DhVSlClst

The enzineer zenerally requires desizn and material data, whereas the

physicist is interested in investizating the mechanismg of friction and vear.

The enzineer is interested in the friction of lubricated bearings rather than

friction zenerally, and tie classic work in this field was done by Beauct
Towers in the 1870's. Towers ren the experimental bearing in a cradle, and in

the later version of his apparatus added we

LU

‘4 -
o

zhts to a scale pan on a torque arm
attached to the cradle to balance the frictional torwue on the latter. The p

{

was of the order of 0.001. Because the friction in lubricated bearinzs is so

low present day equi oient nas to be very sensitive and very accurate and the

<

actual messurement itself nmust not disturb the system T

Y

typically loaded by a four bar linkaze, the test ‘besring boln Tocated

mid--oint of the upnzer horizontal beam, the load applied at the
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que applied to keep the up.er beam horizontal. It is

vitzl to minimise the friction at the pivot points connecting the horizontal

and verti:al bars, and knife- edzes are still often used.

on

1b.in. have been obtained for e quipment canable of an_.lyinz loads of 5000 1h.

the corressonding torgues beinz 29 - 30 1b.ft. This partic-

t points.
uremente on bearing test machines are tests of Jubricants and
ank the lubricants so that the

more promiginz can be sub-

teste. ore recently there has been a trend to test

t

he

sers aosroach to the measurement of wear has not in general

.
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Specimens have been run under severe conditions and : *J
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few minutes slidinz or run was examined. Tn some of the

ring or disc was run azainst a small flat specimen (Timken)

setner (4msler, SAR, ), 5 pin between two half collars (Fale
A 5 Sy /s H \



or in a collar (Almen). Wear was debermined by measuring the sigze of the

scar, or materials were rated by neasuring the time to fai ﬁ”e (801f11n3)
Frictional torgques could be obtained by measuring the fbrce required “to
restrain vae undriven disc. The early machines were inflexible in tqat the
ranzes of s:eeds and loads were limited, indeed some had but the one speed
and the one load.

Another type of configuration is that of a pin slidinz against g

el

ring or disc. Contact may be betwcen the oin and the edze of the disc or
its surface. Instead of‘a sinzle pin, two or three pins may be used. Two
pins, one loaded against cither side of the disc, ensures that the disc
bearing carries no load and that the disc is not deflected. dear is deter-

mined by nmeszsuring the thickness worn off the pins, or the dianeter of the

ot
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flats worn on 1f the pins end in hemisnheres or cones. This type of

apparatus has been increasinzly improved and instrumented. Wide ranzes of
speeds and loads can be used, rubbing temperatures and the fr rictions measured

and recorded. , {

Another widely used equipment is the 4 ball machine in which a ball
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rotated againct a nest of three balls. Jear is determined from the scars
formed on the balls and the frictional torque measured. The 4 ball machine

Loy

has tae advantaze that the test specimens ~ balls of ball bearing races -

N

are readily obtainable and very consistent in properties.

The value of wesr data obtained even on present dsy equinment is often
problematical. If a wear scar is formed duri ing lubricated clldlnv,uear is
measured at first under boundary or elastohydrodynamic lubrication conditions
and tnen, if the scar becomes big enough, under full hydrodynamic condi tions,

hereas in service lubrication should te hydrodynamic in a proverly desizned
systen except possibly when stopsing and starting. Surfaces nay develop
oxide and otvher protective films durinz sliding, for examole, Siiprings

develop filws of graphite snd oxide, and in some systeis the conditions under

which these form is fsirly critical and therefore cannot be glrulduoa in




accelerated tests.

Hany of the machines however can act &g coarse vilters to reject
unsuitable materials and poor lubricants and they can somctimes rénk
naterials énd lubricants in much the same order us service measurements.
They can also be used for quality control.

lore significant data can be obtained using materisls in the
actual nechanism and submitting it to field tests. Ladioactive and
neutron activation techniques can sometimes make it possible to obtain
data rapidly.

Physicists have obtained siznificant cdata with very simnle equip-

ment. Stetic friction i loading the soecimen azalnst
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a flat plate and applying a tangentisl load Just sufficient to cauge
motion., Inztead of using & tangzential load an inclined blane has some-
times been used. The Eewden~Leben épﬁaratus Tor measuring both static and
dynamic friction has been the first of a number of similar rachines. The
hemispherically ended specimen is loaded against a flat surface driven,
for example, by a hydraulic ram and is prevented from neving with tne
surface by zn elastic suscension and the frictional resistance is deter-

.

mined by rieasurinz tae deflection of the suspension. Eowden and Leben used

o

a bifilar susnension in toeir orizinal an.ar tus. Elastic susnension can
- Q a7 s

be troublesome == sticksli
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under some circumstances, though

1

this can be avoided by usinz stiff susoensions and determininz their

Instead of usinz the nemisnhere on flat configurstion crossed
cylinders are sometimes used ; this arrangeuent has the advantage that by
rotating the cylinders betueen messurements fresh surfaces can be used for
eacn messurenent., A further refincrment is to rotate the transverse or

rotate both surfaces durinzr sliding, so that fresh contac areas are.




continually brouzat into contact. e . ' : .

Laboratory wear

casurements are generally made using pin on ring

=]

or disc apoaratus.

h




2.3, Testing friction materials for automnotive brakes

2-3.10 _I“{_PL I‘:lachine 19‘]3

In 1913 a machine designed to test automotive and other friction
lininzs was available at the National Physical lLaboratory. A test report
No. R60/13 covers extensive testing on a number of different materials
supplied by the Herbert Frood Co. ILtd. The tests show that the friction
materials of different types varied in behaviour as opersting temper-
ature, speeds and pressures were changed and that the variations of
friction and wear were characteristic of the different materials.

The machine consisted of a fly wheel of just over 20in in diameter
against tne rim of which, the friction materials were pressed by a system
of levers and a dead weight load. The wheel was driven at one-of a
nuuber of constant speeds by a D.C. motor and the torque developed wes
measured by a second series of levers and bell cranks to a second dead
weight loading pan. 0Qil damping was provided by a dash pot, and to
measure the coefficient of friction, weights were added to the torque
measuring pan until the bell crank floated between limits.

The size of the two samples employed was 5/8in x 2-1/2in and tem~
perature was measured by an Iron Eureka thermocouple embedded just below
the flywheel rim and fed out through two insulated copper discs dipping
into separate troughs of mercury. At a temperature of 200°C the heat
input and cooling losses equalised thus crezting a natural limit to
operating temperature. Within the range of operating conditions available
the materials evaluated showed behaviour patterns which are still accep—
table today as characteristic of the general Zroups of materials inves-
tigated, i.e. asbestos based, cotton based, die pressed and hydraulically
compressed.

It was also noted that 21l materials were superior to néturally_u

occuring materials such as 'red fibre', lcather, and wood.




A general arrangerent drawing of the machine is shown in Fig. 1.

2.3.2. Bocking and Hunt (1)

In 1935, Bockins and Hunt highlighted the increased traffic den-
sities and vehicle speeds which coupled with the streamlining of bodies
all combine to make the retarding of motor vehicles one of the 'Major
Engineering Problers of Today'. They state that the 'tendency has been
to eliminate any test equipment which does not employ a full size brake!
and that 'manually operated machines are apparently being superseded by
full automatic controls éo eliminate the inaccuracies of manual oper—
ation'.

The machines described are conventional inertié\dynamometers on
which the proportion of a vehicle mass carried by one wheel i{ is rep-
resented by a_flywheel plus shafting, motor, etc. such that the moment
of inertia of the rotating assembly I = M2, 7 being the radius of the
vehicle wheel concerned. The flywheel etc. is accelerated by an
electric motor and braked by a full sized brake according to a 'suit-
able' schedule. The operation of the dynamometer is not described in
detail except insofar as the schedules 'parallel road tests'. It ig
stated that 'the present state of operztion may be compared with the
first attempts to use dynamometers to test Internal Combustion engineg
where it was necessary to develop the technique of test before the
results were given much credence!.

Thus the inertia dynamometer capable of exactly simulating a
vehicle brake a_plication had replsced the continuous rubbing machine
built by the N.P.L. and it was clearly recognised that g full sige brake
had considerable advantage over small sample nmachines,

The need to simulate a vehicle test schedule exactly was clearly
recognised, but was not put into operation because short cuts Qere taken

and considered to be admissible and stylised schedules grew into common

use.




2+3.3. Sisman (2)

In 1936, Sisman reiterates the opinion that inertia dyﬁéﬁometers
are clearly ideal for the examination of frictional qualities of braking
surfaces and their effect on the mechanical characteristics of the design
generally. However, he then says that the typical rate of wear achieved
on an inertia dynsmometer is only O.1in in 8/, hours of testing and he
therefore reverts to a continuous rubbing machine Qperating at congtant
torque in order to evaluate resistance to wear. It was suggested that
continuous rubbing should not exceed periods of say 1 hour and that these
periods should be interspersed with cooling periods, the size of sample
and mass of drum being adjusted so that at the end of a one hour rubbing
period the temperature should not exceed say 450°F,

Thus altéough it was accepted that good simulation was necessary
to obtain relevant frictional behaviour, wear could be investigated with-
out imposing such limitations. It was not recognised that resistance to
wear can be as dependent on operating conditions as can frictional
behaviour, or alternatively resistance to wear was regarded as relatively
unimportant., |

Azain althouzh good similation was recoznised as important it ig
doubtful whether the philosophy was put into practise beyond making
repetative brake applications at what was thought to be a typical con-
dition.

Coefficients of friction were calculated as usuzl by dividing the
tangential force by the normal force, but algo the concept of a !'perfor-
mance test' was introduced. Still commonly used to day, this consists of
a graph usually linear, relating average deceleration throughout a brake
application to the brake pressure used for the application. The slope of

such a line is thus related to the coefficient of friction of the materials

under test.




Difficulties are described of the evaluation of the qualitative

aspects of braking such as smoothness, freedom from smell and silence.
It also points out that, as is the case today, ‘'squeaking troubles are
as elusive in their incidence as in their cure'.

2.3¢4e Taylor and Holt (3)

In order to avoid the self energising effects of a normal drum
brake, and so facilitate the measurement of friction, Taylor and Holt
‘used a full sized drum, but two 4 sq.inch. samples compared with some
30 square inches of lining which would normally be used. Temperature
rise per brake application was therefore not matched to é'full size
brake, nor was the wear rate per application, or the wéar rate per unit
work done under specified conditions of running.

No external heating or cooling was provided,.and the temperature
was measured by the use of thermocouples rubbing on the operating surface
of the drum. The machine would distinzuish between textile linings and
moulded linin:s and could discriminaste between‘dry samples and saﬁples
which had been immersed in water for two hours. Although the coefficient
of friction could be easily calculated, it is doubtful whether it had any
real meaning, and in any case a knowled ze of_the self energising charac-
teristics of the briake would still be required in order to convert the
measured coefficient of friction back into a prediction of brake perfor-
mance.

2.3.5. Krazelskii and Gudchenko (4)

Kragelskii and Gudchenko explain in zreat detail the necessity of
retaininz the geometric form of the friction surfaces in contzct because
"these influence the formation and breaking up of films formed by the
interaction of the surface layers with the surrounding medium!,

In addition they claim the necessity of reproducing the\‘various

states of heat formation and loss', and the need to conserve the state of




the 'ambient medium! (moisture, gas content eﬁc.) which they say,arer‘
equally important,

They go on to explain that under the influence of high temperature,
of physical deformation, and of the surrounding medium, various complex
physico - chemical processes give rise to new layers and films with the
special properties which determine the value of the friction couple.
Retaining the above parameters in their test machine ensures that !'the
physico - chemical changes in the surface layers remain asnzlogous!.

Having displayed such a clear insight into the imprtance of their
various parameters it is extremely unfortunate that they went on to deg-
cribe a small sample test machine employing cylindrical samples of 28 mm
0.D. and 20 mm I.D. (rubbing on their ends). The provision of electrical
heating and compressed air cooling was sald to cause the thermal con-
ditions to approximate 'in the hizhest degree! to thoge actually existing

at the frictional junction. Thus,

again a statement of what is needed was
not followed up by a serious attempt to put the thaeory into nractice.
- L - X

2.3.6. 'Construction and operation of Broke Testing Dynamometers' (5)

This paper was intended to provide a basis for evaluating brakes
reduced to common terms so that their performance characteristics could
be more readily comvared.

Temperature was described as a 'tool for analysis' and as such an
imprtant aid in the correlation of data between the field and the
laboratory. It was recognised that strict comparisons could only be made
if corresponding temperatures were equated. Under test control however,
it was pointed cut that comparisons of brake performance were almost
meaningless unless procedures could be duplizated from one test *o the
next. The metnod of achieving this end was to maintain the interval be-
tween applications constant on the basis that shorter intervald would
give rise to higher temperatures.

Thus althouzh the importance of temperature is well recoznisged,
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no importance is attéched to the need to vary temperature as it Qéﬁld vary
in service on a vehicle, and further, instead of controlling by meéns of
temperature the choice was made to control indirectly by means of time
intervals. Serious practical difficulties arise in this method of control
either from uncontrolled variations in cooling rate, or the difficulty of
actually controlling it to sufficient accuracy and time response.

2.3.7. Carpenter (6)

In 1957 Carpenter in an article entitled 'Testing Friction
Materials' wrote that 'Tﬁe testing of friction materials is greatly com-
Plicated by the obscure nature of the Friction phenomenon'., He goeé on to
stress that friction behaviour of g normal brake lining material is deven-
dent on temperature, pressure, speed, contamination, hunidity and previous
history. 'Time effects can also enter into the measurements. In certain
types of test machines, prolonged running at fixed speed, temperature and
pressure is used. This can cause a conditioning of the surface of the
material so that within the duration of a brake application the friction
may changze, owing to the build up of extremely thin films of resin on the
drum surface'. Finally he points out that under the rapidly developing
conditions of the day 'development work oroduces dozens of experimental
linings in a sinzle week'. 1In these circumstances it is clearly not
practicable to test all materials on road vehicles and dynamometers must
therefore be used as a filter to reject any material which does not shoy
considerable promise before the successful few pass on for road testing.
It was recognised also thet 'a material that shows the best performance
under overload or very severe conditions may not Necessarily be the best
in normal operation'.

In a paper of zeneral interest he describes the use of small con-
timious rubbing machines for quality control and guality assurahce tests
but condemns them for use as absolute assessors of frictional behaviour.

Inertia dynamometers of a general type are described together with




typical test schedules in use at the time. These compriged of grouﬁs of
revetative tests to measure durability and to 'condition' the material
interspersed with 'fade tests' of varying severity. The characteristics
of a material were then defined in terms of the cold friction ievel at
various points through the fcst procedufe, the variation of friction level
throughout the first group of 30 brake applications under rising temper—
ature conditions, and the nth similar gfoup after stability had been
reached. In spite of his statement that good simulation of road service
is necessary the tests used were still untypizal of road usage and repe-
resented a driver intent on 'testing} his braking performance. They were
therefore still over load tests, but by a lower magnitude than the tests
which they replaced.

2.3.8. 3inclair and Gulick (7)

In a paper on a 'Dual Brake Inertia Dynamometers' a case is made

a dyaamometer carrying two brakes, either 2 fronts or rearg,
Or a combination of front and rear. The arzsuement is based on the obser-
vation that on a vehi:le, four brakes are coucled to the total vehicle
mass effectively in parallel. Thus it is claimed that instability is set
up of the tyve known as 'Torque transfer'. Tuwo types are quoted, the
first being due to materials who's coefficient of friction decrease with

temperature. This is not a well known phenomena, but it is claimed that

5y
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a tizme delay exists between the neating of the brake and its drop in

i

friction due to the time required for he=t soak and that this causes

illation to occur in both temverzture and torque. The second type of

i

ability is much more well known and arises where braxes develop torque
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wiaich rises with temperzture. Clearly this tyoe of brake is self degs-
tructive un to the »oint at which the brake changes and becomes tempers-
ture sensitive in the reverse direction since the brake which*initially

achieves a slightly hizher temperature then dozs more work and so

pas}




accentuates the imbalance.

Results are quoted which shoy corresponding behaviour on the
machine and a vehicle and a case is made terxtending the principle fur-
ther to a four‘brake dynamometer, which would simulate a vehicle even
better. ' .

Substantially the same work was reported in by Sinclair (8) with
the addition of a mathematical analysis based on Ot;?iearﬁ%%gﬂ;7ﬂwhich

A

as 1s pointed out by the Webber and Newcomb can have no general

validity since f is put proportionzl to T in degrees Farenheit.

f = coefficient of friction of the brake
T = temperature in °F
t = tinme

2.3.9. Heek (9) ,

Describes an inertia dynamometer on which all four brakes of a car
can be mounted simultaneously. The brakes are mounted in two pairs of
front and rear assemblies, all on the ssme shaft line with the outer
rotors driven by shafts coaxial with tubes on which the stationary parts
are mounted. FProgramming was available up to 60 different consecutive
brake applications based on a time csele, and the output was recorded
for each application of each brake individually on a six channel recorder
together with a channel for machine speed and one for application pressure,
Brzke applications could also be made when the brake tempersture fell to
a constant pre-set value up to 1,000°F.

Fig. 2. shows a typical trace of the six channel recorder.
2.3.10.Finckh (10)

Makes the point that dynamometers can be used to simulate tests to
destruction without risk of personnal injury, and zoes on to describe a
conventional inertia dynsmometer. He considers that the respdnse time
and deceleration build up times are important, but it is recozniged that

these are primarily dependent on the characteristics of the braking systern.
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Three possible modes of operation are available,

1. tanual braking to rest

2. » Automatic braking to rest

3. Continuous braking.

In the automatic mode the machine is braked always to rest from a
fixed speed and at a fixed pressure,.but the cycle is initiated when the
brake temperature falls to a pre-set value. Thus again, temperature
control is available, but only to a fixed constant value.

2.3.11.Howard and winze (11)

Describe what must be the most advanced design published to date.

-~

It consists of four conventional Inertia dynamometers layed out as 4
parallel shafts which can be run as 4 individual machines, two pairs,

or a sinzle 4 brzke unit, by cross coupling pairs or all four shafts

rr

through bevel gears.
It is claimed that the machine gives extremely good test repeat~
ability in contrast to vehicle tests on the public roads, which, accor=

ding to the authors zive virtually non-existant test to test repeatability

0Q

due to variable ambient conditions and variable traffic. The authors
point out therefore, that the concept that a road vehicle is the final
arbitor of brake quality is unrealistic.

The machine is programmed by magnetic tape which can accommodate
six hours of vehicle running. Initial and finsl speeds of each
application are controlled, tozether with brake pressure or torque. The
time interval between applications is controlled, and cooling air for
each brake is independently variable and can be made proportional to
dynamometer shaft speed.

It is interesting to note that the final comment by the Authorsg
is that 'The application of unattended automatically programmed test

results in rather a larze quantity of recorded dats which must be

analysed'. They go on to say that 'It is reletively simple to




saturate the design engineers with test records'. A& programne wa§ thQrg+
fore under consideration to interface the whole machine with on line
digital computor to aid data reduction.

The cost of the whole installation is not quoted but must be
between £150,000 and quarter of & million pounds. Later, the machine was
quoted at§§/2m. without computor or data processing.

Rele Machines testing small samonles

As the development of full size dynamometers has orogressed from
complete disregard for operating conditions (except that they should be
reasonable) to more and more accurate simulation of what actually can be
measured o occur on a road vehicle, so the development of small scale
sample machines has followed a parallel path, It is always attractive to
visualise small machines of which large numbers can be built at low cost,
all producing masses of data at high speed. The fact that full scale
dynamometers are no longer considered satisfactory unless they closely

simulate vehicle operation, suzzests that to add the problems of scale to

=13)
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the unavoidable difficulties of providing adequate simulation ig quite

the wrong way to go. Experience over many years has shown that the simple
type of small scale machine freguently zives results which are suffic-
iently near the truth to be superficially acceptable, but sufficiently
different from the truth to be thoréughly misleading.

Various machines are descrited in the literatures usually operating
under conditions of continuous rubbing. These include the Chase machine
(12), The F.A.S.T. machine (13) and a machine by Prof. H. Wrizht-Baker
(14), in which three small samples were continuously rubbed azainst a
water cooled bronze plate.

None of these machines could be expected to give data better than
evidence of consistency, in spite of the fact that the Chase mdchine is
still used as a measure of brake lining performance for legisl@tive

accentance of friction materials for use in the U.S.A.



A machine employinz small samples and operating under intermittent

conditions was described by the Author and E. J. Goddard (15). This
machine had the added advantage over previous machines in that the thermal
capacity of the metal member (simulating drum or disc) had been scaled
down in the same ratio as the lining sample area. Thus the rates of rige
of temperature during an application and the thermal gradients within both
pads and plate could be expected to simulate conditions of full scale. It
was found hovever that although the machine was useful in a quality
assurance capacity and cSuld be used to investigate areas of academic
interest, it fell far short of being adequate as a tool for forecasting
behaviour on a vehicle. This was put down in part to £he untypical avail-
ability of oxyzen, which controls oxidative degradation of organic based
friction materials at hizh temperature, due in turn to the untypical
relationship between perimeter and surface area or sample volume,

It is of academic interest to speculate as to whether the effect of
perimeter to area/volume ratio could be corrected for, by running in an
atmosphere in which oxyzen concentration is dilute, or even at reduced
pressure. Certainly, this could be done for one material under one con-
dition of running, but the 'cost/effectiveness! of such a development
project does not seenm attractive.

241 £, J. Pilson (16)

At the same meeting Dr. A, J. Wilson (16) described a small sample
machine in which full note had been taken of the importance of correct
scaling rather than merely usinz small samples, and of the imnortance of
adequate progremming. Three pdints are made which preélude the possib-
ility of cbtaining relevant friction/temperature charactcristics of fric-
tion materials by the use of existinz machines :-—

1. 'The over larze ratio of drum or disc rubbin:z area to speéimen area
results in temperatures totally unrepresentative of the work of the

friction material svecimen thus, masking its true friction/



temperature characteristics!'.

.

2. 'Specimen loading was maintained constant. The drag load is %herém
fore an uncontrolled variable and since it is the drag load which
governs the energy dissipation, and thereby working temperatures, the
use of constant specimens loading gives varisble energy dissipation!.

3. 'Continuous rubbing atva consiant slipping velocity was the only
test condition available, experience has shown that intermittent
applications are preferred to continuous rubbiﬁg, and that as nmost

friction materials are velocity concious constant velocity testing

¥
was undesirable'.
A scale machine was built to a scale factor S (= 10) in which the

following relationships were maintained,

Disc diameter = 3.1in = D/F
Disc thickness = 0.25in = T/2

. Friction nad area = 0.5 sg.in. = A/S
Friction vad width = 0.66in = k%g*
Friction pad effective radius = 1.2in = R<E?

The disc thickness was not scaled, but divided by 2 in order to

represent single sided operation. It was therefore insulsted thermally

on the reverse side, the reverse face then taking the place of the centre

plane of a disc operating normally.

Thus the followinzg parameters can be maintained unscaled :-
Te Fubbinz speed.
2. Energy dissipated per unit area of friction material.

tine.

. Disc seml thickness.
Katio of thermal capacity of disc to friction material areéas.

7. Operating pressure.
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Programming the machine was achieved by the use of a matr ix board
of 10 y axes (five initial speeds, three final speeds and two levels of
deceleration) and 40 x axes yielding 40 cycles between repetative parts
of the secuence.

Evidence of good correlation with vehicle results is shown and
as the authors state, the machine represénto a very considerable advance
over test rigs which were contemvorary at the time of publication.

Rebo2s General Motors 'Chase! machine

The 'Chase' machine (12) is probably the best known small sample
testing device, and has been adopted by the U.S. Federal Aut orities as
a standard machine for classifying friction materials, and thereby
specifying the suitsbility of each material for different classes of
vehicle. It consists of a full scale brake drum of 11in diameter which
runs continuously, and carries a sample of friction material of 1 sguare
inch area. It is supplied with heatinz or cooling from external sources.
A modification of this machine was described by R. A. Muzechuk (17)
which the drum was replaced by a full size brake disc, and the 1 sqg.inch

ample was replaced by two 1/2 sqg.in. samples.

After extensive testing on both the drum and disc variations of
the machine it was concluded that :-

1. There was no relationsnip between the wear data of the two types of
test, and the wear on the disc brake varied between 1/2 and 2 x the

wear rate on the drum test.

0

2 The peak coefficient of friction was generally hizher for the disc |

3. Fade was more pronouned for the disc test especially on the first run.
4. Considerable differences existed between the disc and drum dsta and

in fact the two machines did not even pul materials in the same rank




Re5e The use of road vehicles

The proper evaluation of friction materials for use on raod
vehicles can of course be done on the road vehicle itself. This method
of evaluation has the advantage that only a knowledge of the operating
conditions under which the performance is required is needed to ensure
complete relevance of the results. This itself is however by no means
simple and in addition there are a number of factors which tend to reduce
the attraction of testing brake linings on a vehicle :—

1. Having decided on the opcrating conditions under which the vehicle
should be run the choice must be made between operating the vehicle
on a public road or on a special track. If the former is chosen it
is very difficult indeed, due to varying weather and traffic con-
ditions, to ensure good repeatability between tests. If the latter
is chosen then the operstion of the vehicle becomes a programmed
seguence of brake applications performed by a driver who must then be
a tester of brakes, wnilst simultaneously being the driver of a

)
vehicle, both tending towards full time tasks. In fact the fﬁnction
is usually performed by a team of drivers and observers who perform
prescribed sequences of simulated service conditions. Thus

the vehicle is braked to a schedule derived from service conditions,

without the natural environment which generates typical public road

ze. The result ig that this type of testing falls short of pre-

4
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cision which could be obtained on a dynamometer without the compen-
sation of perfect relevance attributable to a true road test.

2. The total cost of testing on a vehicle is high, particularly where
two man operation is required and a contribution is made- towards the

upkeep and capital cost of a special tracke.

3, Vehicle testing is exceedingly time consuming. In addition to three

shift operation the only method of accelerated testing available is




that of operating under overload conditions, which usually means un-

representative high temperatures with the attendant lack of
relevance, and the danger of causing entirely unrepresentative
results.

VAR It is difficult to resolve the perfornance of a total vehicle brake
system into its component parts. Thus a vehicle equipped with disc
brakes on the front circle and drum brakes on the rear cannot easily
assess the behaviour of one without the interactions of the other.
Even on a vehicle with disc or drum brakes on both axles, the two

~axles are never equivalent in their brake operating conditions and
there remains a problem of interaction between the two different
parts of the whole.
Vehicle tests are therefore best suited to the evaluztion of the
whole brake system, and very much less suited to the neasurement of
performance of the brake lining itself,

In an attempt to overcome the first of these problems the Author
initiated work on the development of instrumentations which would monitor
the duty level performed by the brakes of a road vehicle. A paper by
Moore and Watton (18) describes the operation of the equipment which con-
tinuously evaluates the work done by the brakes so that at frequent inter-
vals the wear sustained by the brakes can be measured and related to a
'duty factor'. In this way a wesr rate/duty level curve can be constructed
without the need for accurate repetition of operating conditions, and
without losing the relevance of operation on the public road. An extensicn
of this work to include the measurement of the relationship between fric—
tional behaviour and duty level would constitute a step forward in the
evaluation of vehicle brake linings and could well be undertaken as future
developnent.

Cost and time however still constitute major difficulties in vehicle

testing.



2.6.  Vehicle/machine hvbrids (Rolling Roads)

In an attempt to retain the advantages of testing a complete
vehicle and at the same time operate under "laboratory conditions' -
vehicles are sometimes run on rollers.

Generally the vehicle is moanted on four pairs of rollers, one pair
for each wheel each pair being coupled through torque measuring devices to
a bank of flywheels. Thus the véhicle as a whole can be operated, and
the interactions between the brakes themselves and between the brakes and
vehicle suspension can be maintained as standard. On the other hand the
performance of individual brakes can be monitored by means of torque
transducers and the whole device can be made independent of weather.

The operating cost is hizh including driver and rig operators, and
the system suffers the lack of perfect relevance as mentioned under track
testing. It is however very suitable for fault evaluation in brakes, but

more particularly in brake systems as a whole.

2.7. A full vehicle dynamometer

The most advanced concept in brake testing has been put into
operation by S.A.F.F. (Paris) in the form of a vehicle testing dynamonmeter.
This device described by Odier (19) consists of a roller dynamometer
involving a 2 metre diameter roller for each wheel. A vehicle supported
on the rollers is constrained through its centre of gravity by a space
frame capable of accepting or delivering thrusts fore and aft and sideways;
and free to move in yaw, pitch and roll and also to move vertically and
laterally. Thus the vehicle can be operated in any dynamic situation
including continuous cornering, and the full performance_of the brzkes can
be either monitored continuously from a control room, or from instrumen—
tation in the venicle under any of the above conditions.

It is difficult to imagine any bshavioural characteristics of brak

linings which could not be adequately simulated on this machine under
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laboratory conditions. It's only disadvantage in the evaluation of brake
lining behaviour is therefore operating cost, which includes driver,

three control room operators and the amortization on about £3/4 million

worth of equipnment.




CHAPTER 3. INTRODUCTION TO PHESENT WORK

36l State_of prior art of dvnamometer type testing

The most commonly used equipment for testing automobile brake
linings is a full scale inertia dynamometer fitted with a single prop-
rietory brake. Test schedules have changed little since 1957 when
Carpenter (%) described typical schedules in use at Ferodo Lid. at
that time. Such a schedule is laid out below, and Fig. 3 shows a typical
set of results in the form in which they would be used by the development
engineer. lost of the diagrams in Fig. 3 are self ex «planatory, but it is
worth noting that none of the brake applications are shown as torque/time
curves as in Fig. 2 but in the form of arrows indicating the salient
points of the curve. Also only a small proportion of the total application
made are recorded at all. The graph in 3a shows only the first of each of
13 groups of 30 applications at 'normal' duty to represent the change in
cold friction level thracughout the test. The grapn in 3b shows a selection
of applicz2tions from the first and 9th zroup consisting of the 1st, 2nd,
4th, 7th, 11th, 18th and 30th to show the change in friction behaviour
within and between zroups coverinz a temperature ran ge of ambient and
160°C. Fizs. 3c and 3d show fade and recovery tests representing moderate
and heavy fade tests to 31J°C and 400°C respectively together with
recovery tests,and are described more fully in chapter 13.5. Hear
measured gravimetrically and expressed as both weight and volume ig
meagured after each group of 3 moderate duty zroups and each fade test and
is summarised in the graph E and the accompanying tablei

3.2 Shortcominrs of existinz orocedures

Over many years the above type of test procedure wa
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measuring tool in the develooment of friction material, and much arzument
grew up as to how reliable such tests were in terms of repeatability, and

correlation with results obtained on the corresponding road vehicle.




On the one hand, test engineers claimed (rightly) that thérdynQMbmetéfs
were under zood control, that moments of inertia, braking speeds ahd
pressures, and operating temperatures were accurate consistent, and
therefore any variation between tests must be caused by failure to make
test samples of consistent quality. The material technologists claimed
on the other hand that samples were made under tight control and there-
fore any variation in results must be due to lack of repeatability of
test procedure. Difficulty in resolving the problem was increcased by a
lack of understanding beéween test engineers and material technologzists
who were chemists.

It was fairly well established that two consecuﬁive tests on the
same type of material would freguently sth very good correspondence,
whilst repeat tests made over an interval of time were frequéntly widely
divergent. It was also observed on many occasions that the two pads of
friction naterial tested simultaneously on a disc brake test would show
extremely similar wear rates, and although it was not possible to measure
the coefficient of friction separately this ecvidence was taken as
indicative that the two samples were probably similar in properties and
that the differences between tests arose from lack of control of the
test procedure rather than the material. However, no variability could
be found in machine control which could account for variations over long
time periods. Because academic research on friction phenomena shows that
coefficient of friction 1s sensitive to minute amounts of atmospheric con-
tamination it was even postulated that the time dependent pért of test
repeatability might be weather dependent and attempts were made to
attribute it to humidity, pollution, and even sun spot activity.

Resolution of the problem was furtner handicapped by the nature of
wear in that once a material has been subject to friction and Qear, its
chemical make up is permanently changed, @aybe in depth, and therefore

repeat tests on the same samples gzave no guarentee that the material under

!




test could not be the entire ciuse of any variability in test results.

Against this background friction material development proceeded,‘
dynamometer results being regarded with suspicion unless supported by other
evidence suqh as fitting into an existing pattern of behaviour or even |
agreeing with the material technologists expectations. |

3.2.1. Repeatability snd reproducability .

It was not thought possible to separate sample to sample scatter
from scatter caused by variability in testing procedure, but attempts to
improve scatter by excercising care in the production of test samples was
unrewarding. The conclusion was formed that it was probable that the major
source of error lay in the testing procedure and the following experiment
Was performed in an attempt to quantify the conclusion.‘

Formilation changes were made to each of two starting materials,
group 1 and group 2. Three ingredients A, B and C were added to each at
three levels 1, 2, and 3, and samples of each resulting material (54 in all)
were tested in duplicate using duplicate samples.

Friction tests were performed according to a standard schedule and the
egverage values of coefficient of friction used to estimate the value by
which coeffipient of friction must differ betﬁeen two single tests for the
material to be considered different at the 95% level.

The results for the two groups, shown in appendix (1) were .034 and

.023 respectively.

o~




3+.2.2. Correlation with vehicle results

Statistically it can easily be shoun that a reasonable correlation
existed between dynamometer test results and vehicle results. However as
the curve in Fig. 4 shows the selection of an individual material from
dynamometer results is a poor guide to the best material in performance
on a venicle. Again the problem exists that the particular samples of
material used on the dynamometer .annot subsequently be used on a vehicle
and vice versa without confounding variation within samples and variation
between machine and vehidle;

Furthermore the value obtained for ¢orrelation coefficient between
machine and vehicle depends on the particular range of materials chosen,
and it can be excected that a range of materials which are relatively in-
sengitive to operating conditicns will give better correlation than those
which are sensitive, thus correlation coefficient also depends on the

materials chosen to measure it.

3.2.3. Speed of testing

In order to measure wear resistance of a friction material under
reasonable operating conditions several days running are reguired so that
repestable measurements can be made of loss of thickness. Many attempts
have been made to estimate durability in terms of weight loss, but these
have been abortive due to variability in water absorption, and the
difficulty in separating loss of moisture during test from loss of weight
due to wear. Attempts to overcome this difficulty by drying the samples
before and after test went some way to improving measurements, but the
only way to achieve complete corgction was to dry comnletely. It was then
found that absolute dryness brought about changes in properties such that
the action of drying itself resulted in loss of validity in the results

so obtained.

Because the coefficient of friction of a material varies as the




wear process proceeds a measurement of either friction. or wear . is time
consuming and may well take 72 hours of running time in order to cover a
reasonable.range of operating conditions. From the two preceeding para-
graphs it is clear that an isolsted test is likely to zive rise to an
~erroneous choice of material for further development. Even duplicate
testing increases the time t0 test one material to 144, hours or over one
week of 3 shift operations. This is clearly unacceptably slow.

3.2¢4. Transfer of development work to road vehicles

-

Considering the various short comings of dynamometer tests and
bearing in mind that in an attempt to develop a comprehensive test on
dynamometers had led to the situation where machine tests no longer even
had the advantage of speed, the decision was mede to transfer the develope
ment of friction materials to road vehicles.

Onoe this decision had been made it was possible to concentrate
effort on finding why dynamometer tests were inadequate and what must be
done to imorove their value.

3.3. Known sources of variation

In investigating the sources of variability, various measurements
were made to determine the sensitivity of the parameters to be measured
(wear, friction and fade), to factors which it was thought mizht be in-
adequately controlled, in order to identify sensitive areas.
3¢3.1. Year

1. It was found that at a nominal operating temperature of 200°C
an increase in temperature of 20°¢ caused an increase in wear
rate of no less than 40%.

2.  Decreasing the clesrance between pad and dise from 1/8in to
zero during the 'brakes off! condition caused s 50% increase
in wear rate.

3. The condition of the disc (i.e. previous wear debris removed

or not) made no measurable difference.
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be The rate at which pressure was applied to the brake made no
measurable difference.

5. _ The rate of release of pressure at the end of the brake

“application made no differences, provided the final release
speed remained unchanged.

6.  If the rate of release of pressure was reduced in such a way
that the final release speed of the disc was lower, then
wear increased.,

7. The speed of the machine at the point where the brakes were
applied made a great difference to wear rate. Operators were
in the habit of setting the initial speed too high in the
belief that the machine lost more speed between motor cut off
and brake application than was actually the case. Indeed some
operators were under the impression that full application
pressure must be reached before the machine speed fell below
the nominal application speed.

8. Errors in tne initial speed setting from which the brake is
epplied from 740 r.p.m. to 730 r.p.m. gave rise to a 40%
increase in wear.

3.3.2. Friction

It was found that neither small changes in temperature or initial
application speed or 'off clearance' had any measurable effect on the
measured coefficient of friction, but in estimating coefficient of friction
from the slope of a performance test a difference between pairs had to be
<13 in order to be significantly different =t the level of 95% confidence
limits. This was attributed at the time to variations in the surface con-
ditions of tne material due to previous history of heat treatment etc.

In order to test the hypothesis that improvements in repeatability of

friction and wear meaéurement could‘be obtained by departing from repetative

testing a manually controlled sequence of applications was made according to
A .
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the schedule shown in Appendix 2 temperatures ranging frbm 80°C to 400°C,
application speed from 30 m.p.h. to0 72 m.p.h. and equivalent decelerations
from 30 - 70 % g.

The average coefficient of friction over each of six tests on six
samples of the same material were 0.44, 0.43, 0.45, 0.44, 0.43 and 0.43 and
the wear loss in incnes\of'tnickness were 0.0088, 0.0089, 0.0128, 0.0090,
0.0088, and 0.0089.

In the case of the 0.0128in wear loss it was found that the rubbing
thermocouple used to control the temperature was malfunctioning and reading

lovw.

3.3.3. Fade

Operating fade tests on the basig of fixed time'cycle, inertie, initial
braking speed, and measured flow of cooling air over the brake and disc, the
final temperatures attained at the end of a sequence of 30 applicationg
varied between 450°C and 600°C and the variation in brake fade was totally
unacceptable.

It was concluded that since the energy input was fairly constant the
cooling rates must have been badly controlled. Tests were therefore set up
in which no cooling was employed and the cycle time increased to result in
the same final temperature. At between 75 and 90 geconds cycle time with no
cooling, similar wear and fade was observed as at 45 seconds with a 10 m.p.h.
cooling draught. Three fade tests were then performed in duplicate with and
without previous bedding at line pressures of 700, 800 and 900 DeS.1.

The results, tabulated below show that the temperatures achieved at

the end of each test were much more consistent and that the wear per test

were also reasonagbly consistent.

Line Pressure Mean Wear Final Temperature
) 700 . 43.2 ing x 1072 5900C
. )
g;ggng ) 800 4145 n 5800C
e )
)

900 471 no 58000




With
Bedding

Line Pressure Mean Wear Final Températur
) 700 36.5 ins x 107> | 590°C
§ 800 39.7 n 590°C
) 900 4545 " | 595°C

It was also observed that the fade was reasonably consistent provided

that bedded pads were used, and that the line pressure employed did not

unduly affect results. It will be recogniged of course that the line pres-

sure does not affect the total energy dissipated during the test, but only

the instantaneous rate of dissipation during each brake application,

3o

sumnary of variagbility

From the above experiments it is clear that :-

Te

In order to yield repeatable results, grea£ attention must be
paid to detail, in particular those details of the schedule
which give rise to variations in operating temperature viz :-
Initial application and release speed, clearance during the
'off-period! of the brake cycle, and cooling conditions.

That a mixed duty type of schedule offers the possibility of
better reproducibility of both friction and wear.

That apart from reproducibility, mixed duty schedules approach
more nearly the conditions pertaining during a vehicle road
test, and therefore stand a better chance of good correlation
between vehicle and dynamometer.

It follows that vehicle tests performed to repetative schedules,
as for example on certain track tests, are likel} to be subject
to more scatter than would be the case on a controlled road tes*
if such control were possible. However, where commercial con-
siderations demands that such tests should be simulated on a
dynamometer there is no alternative to simulating the repetative

gschedule.

The decision was made that althouzh it was not possible to prove con-

clusively that scatter in test results wzs wholly due to faults in test
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procedures, rather than within and between sample variation,‘it would be
good sense to go as far as possible towards improving test methods, and

then re-consider the total scatter with a view to isolating the variability

due to test samples.



CHAPTER 4. EVIDENCE IN FAVOUR GOF COMPLETE VEHICLE SIMULATION

In the foregoing investigations there was congiderable evidence that
if an exact copy of a vehicle schedule could be programmed into a dyng-
mometer then the dynamometer would give an identical‘result to the vehicle.
Also if exactly the same test could be conducted, again on identical material,
then the same result would again be obtained. Thus the problem to be solved
in order to achieve correlation is to repeat a vehicle test exactly on a dyna-
mometer, and the problem‘to be solved to achieve repeatability is merely to
make such a test exactly repeatable in its important features.

It is not sufficient to measure the average condition under which a
vehicle operates when in fact its operating conditions vary over a wide
spectrunm.

Similar conclusions are continually being reached in other fields of

research, for example :-

Fatigue work

It is no longer considered adequate in the predictions of fatigue fail-~
ure to apply repetative strain cycles to a standard sample. Accurate predic-
tion demands a representative programme of straiﬁ to be applied to a much more
representative structure.

reference := (20)

Behsviour of machine tool sglides

Bell and Burdekin (21) found that the friction and wear behaviour of
machine tool slides in service could not be adequately predicted by measure-
ments made under cyclical test conditions, and that good predictability could
only be obtained by careful simulation of service conditions to include non

repetative elements.




4ele Complete Simulation

The decision was made to programme a dynamomeﬁer as nearly as pos=
sible representing a vehicle road test. It was recognised that an indiv-
idual vehicle test would consist of a unique sequence of brake applications
and would not be uniquely significant*. However in setting up a test rep-

.resenting an average vehicle schedule great care would have to be exercised
to avoid falling into the same trap which the exercise is seeking to avoid.
Thus one is trying to achieve the 'correct! degree of 'repeatable variability'.

It was considered that whatever programming system was chosen, it
should be made extremely reliable, because the complexity of the schedule
envisaged would be subjected to criticism if tests results were obtained
which conflicted with the material technologists' expectation. Thus it was
considered most important to be able to prove beyond doubt that if unexpected
results occurred they could be firmly established as a real patternsof

behaviour, and not to some uncontrolled variability in the performance of

the dynamometer.

4.2 Specification of testing procedure

1. The test must measure the performance of full size samples of

material functioning in their part as a component of a complete

full size brake assembly.

2. It must be sufficiently comprehensive to cover all the major
aspects of friction material performance (wear resistance, fric-
tional behaviour, fade etc.) under a range of operzting conditions

varying in severity, in a targzet time of 24 hours.

3. It must be relevant in that it reproduces behaviour characteristics
which would appear in similar tests on the road.
* Indeed an individual vehicle test might well contain untypical elements
which would unduly accentuate some untypical piece of transient behaviour

of the material.
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bee It must be repeatable both in the short term and also betwéen
tests carried out over a period of years.

5.  Above all it must be demonstrably reliable so that if test
results emerge which are in conflict with the material tech-
nologists expgctations it can be demonstrated in retrospect
that exactly correct tests héd been performed.

6. That 5, must be satisfied without producing an indigestable
amount of data.

As the function of the machine is to measure the progress of
friction material development, the precision of measurement required is
much greater than for a machine who's function it is ta evaluate the final
product,

This is because in development it is necessary to evaluatie numerous
small steps of improvement which together add to a comzercially acceptable
improvement in performance. The comzercially acceptable step in perfor-

R

mance may well be an increase in average coefficient of friction from say
0.4 to 0.44.

The need is apparent therefore for a dynamometer which will charac-
terise friction materials behaviour to a level of accuracy which is not

currently obtainable, in which the most important feature is that even at

enhanced resolution discrimination must be extremely reliable.
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CHAPTER 5. ALTERNATIVE CONTROL SYSTEMS

5.7, The importance of temperature

The temperature at which a brake is operated is well recoénised as
the most important parameter in determining the amouni of wear which the
friction material will experience.

Watton end Moore (18) showed under the author's supervision that
the wear experienced by disc brake pads when operated on a road vehicle
could be predicted for a-given journey from a knowledge of the average
brake temperature for the journey, independent of the type of driving
employed, coverinyg a range of drivers from professionai test drivers to

beginners.

From time to time hovever various authors have attached zreat im-
portance to other parameters such as work done by the brakes, instan-
taneous energy dissipation rate or distance rubbed, nearly always because
of their underlyins influence on thermal stress, thermal shock, or chemiczl
equilibrium. This has often led to the desizn of equipment in which tem-
perszture is inadequately adjusted by manual operation of the coclinz fans,

while great emphasis is placed on accurate control of the interval between

apolications, the machine speed between applications snd rate of aprlication
of hydraulic pressure etc.

It was considered axiomstic that :-
1. The sequence of events occuring on the dynamometer brake application

should simulate the vehicle most closely in those paraneters found

to be most crucial.
2. The least critical parameter should be left to accommodate un-
controlled environmental changes.

5e2 Methods available -

Having decided tc progremme the machine by means of the brake tem-

perature and that the temgerature should be continuously varied, three
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} .
methods presented themselves, each of which offered means by which the

1 . . .
braking speeds and pressures could also be varied from application to

application,

5¢2.7. Control by ma-mnetic tane

Superficially the most attractive method was to make the dynamometer
capable of taking instructions from maznetic tape on which the braking
parameters of a journey on a vehicle had been recorded. Two problems arise
however, firstly if the type of each brake applicetion is recorded on tape
l.e. initial and final vehicle speed, brake pressure, and time or distance
interval between braké : pollcatlon’and these are to be reproduced on the
dynamometer, then programmable cooling for the brake would be required so
that each appli:zation could be made at both the correct time and at the
correct wzmperature. ATtern”tlveLJ one could correct temverature after
each b.ake appli-ation by varying the cooling rate dependent on whether the
brake was tending te run over hot or cool, but this would rose the problem
of trying to match & rapidly varying control value by mcans of adjustments
to a system of inherently lonz time constant. Both these problems secemed
10 present great funcamental control difficulties.

Secondly if controlled by tape, the dynamometer would have to nmatch
the venicle in duration of test, and no economy . in test duration would be
possible, by mwans of, for examnle accelerated coocling

Thus it was considered tnzt control by tape not only nresented severe

difficulties but also imposed considerable liritations.

He2e.2s Computer control

An on line computor was next considered, but clearly the use of a
computer for one machine would be extiravagant, and the ﬂask of vrogramning
an economic number of machines by computer befcore esteblishing that the
system would be satisfactory in principle wes considered unadvisable.

Also the problem of prozrammable temperature by continually vayying cocling

would still exist, &nc again no econcmy could be expected in terms of test




duration,

5?233' Control by analomue

The most serious difficulty in the above systens seemed to be that
of achieving zood control of tempersture wnilst specifying brake applicas
tion type and intervgl. -

It was considered that the best solution to the problem would be
to initiate brake applications when the brake rcached a predetermined tem-
perature, and to allow the interval between brake applications to vary
slightly as small changeé in environmental conditions occurred. Under
these conditions as an additional bonus it was envisaged that it might
ultimately be possible to achieve economy in testing duration by employing
accelerated coolinz,

It was considered that a pattern of brake appli=ation temperature
could be chosen from the behaviour of a vehicle under service conditions,
and that an AY plotter would form the basis of an instrument which would
respond to the pattern and could then be used to control a standard inertis
type dynamometer.

A post office uniselector could then te employed to select various
application speeds, release speeds, and pressures in sequence

to form a completely flexible programminz unit. No conflict would then

ture and coolinz rate and it would not be

o)

occur between time, temper
necessary to vary cooling rate within a ziven test. Cooling rate could

nowever be varied between tests in order to establish whether accelersted

{

cooling could be employed without deleterious effects, and if this were

4

found to be the case considerable economy of time could be achieved by the
inexpensive means of providing sufficient coolingz air.

Accordingly work was initiated in this direction.




CHAPTXE 6. CONTROL METHOD CHOSEN.

6.7, Analysis of brake application on a vehicle

Consider the sequence of cvents during one sinzle application of the
brakes on a vehicle equipped with disc brakes. If the surface temperature
on the rubbing path of the disc is measured by & rubbing thermocouple of
such a thermal capacity that it will respond to the rise in temperature
during one application of the brakes then the‘temperature/time curve will
be as shown in Fiz. 5. The curve A.B. represents the aporoximately
adiabatic conversion of kinetic energy into hest while the brakes are
applied. For brake applications down to low speed the curve may reduce to
zero or negative slope towards the end of the application due to the
reduced rate of heat input, but for higher speed check brake applications
the curve will be substantizlly as shoun Newcomb (22). B.D. represents
the cooling between applications which is terminated at the point C where
the next brake application is made.

The heat input causing the temperature rise A.B. is well defined in
terms of the mass, speed, deceleration, and braking rates of the vehicle,
but the maximum temperature B is difficult to measure due to its rapid rate
of change, its associated steep temperature gradient normal to the disc
surface, and the rate of diffusion of heat from the surface to the bulk of
the disc. It is also difficult to define under conditions where hot spots
are formed round the rubbing path, or where braking occurs in strips across
the braking path. It is however well established that for normal brake
applications some 95% of the total heat zenersted passeslinto the disc, and
that for normal brake applications the heat generation is nearly adiabatic.
During cooling however the temperature becomes much legs ambizuous as
cooling proceeds, due to the collapse of hizh temperature gradiénts during
the period of heat sozk. Hence the least ambiguity of temperature occurs

at the last instant before the brake is again applied.



It was considered that the accuracy with which vehicle brake. temperature
could be simulated in a dynamometer prozramme wag of prime imgortance and
thus brake application temperature was chosen as the programming para-
meter. It was considered that accurate‘representation of the energy to

be dissipated in each breke application should be aimed for and therefore
accurate application and release speeds should be used, together with the
correct proportion of vehicle inertia to be represented by the flywheels.
Braking interval however was not considered to be important provided that
it was fairly representative, and therefore it was feasible to leave
braking interval to vary as hecessary in order to accommodate the slight
variations which always occur in cooling coefficient, heat balance between
disc and atmosphere during brake applications, effects of maldistribution
of heat input over the rubbing surfaces, hesat loss in products of wear, and
other uncontrolable factors in the thermal conditions. The rise in tem—
perature between brake application and thus a knowledge of the points A.C.
could be used to define the temperature conditions to be matched on a
dynamometer from any ziven vehicle schedule.

6.2. Reproduction of the same cycle by XY plotters

6.2.1. Measurement of brake temverzture by rubbingz thermocouples

Because of the importance of temperature as the main control para-
meter it was decided to duplicate the rubbinz thermocouples as shown in
Fig. 6. Each thermocouple was welded to the back of a cast iron rubbing
button which was supported by a pair of spring wires as shown. The centre
block holding the springs was free to rotate so as to ensure equal rubbing.
pressure on each button, and one thermocounle was used tp vrovide the con-
trol signal whilst the other was used to check on its satisfactory operation.
Insulatinz material was moulded to the back surface of the cast iron tutton
reducing the effect of heat losses from the thermocouple wire on the J—
thermo electric junction, this being advisable due to the necd to operzte

the system in the presence of hizgh velocitx coolinz air provided to cool




~the brake disc. This provided the temperature signal which was fed to
the ¥ amplifiers of a Bryans ilodel 21001 XY plotter.

6.2.2. Covver control v»rofile

A profile was etched from copper on printed circuit board such
that its shape reprssented a sequence of ‘successive brake application
temperature plotted alonz the Y axis,sraced out at equal intervals along
the X axis. The length of the profile along the X direction was made to
fit conveniently on the table of an LY plotter and the temperature scale
chosen to occupy the lowér half of the table in the Y direction. An
electrical contact was attached to the carriage of the XY plotter ag
shown in Fig, 7. The location of the contact was such that if the tem-
perature signal applied to the Y input left the contact touching the
copper profile,an electrical circuit was completed which energised a
solenoid. The solenoid actuated the main accelerz ting motor of the
dynamometer startinz the sequence of events resulting in a breke appli-
cation. If the temperature rise in the brake disc was sufficient to move
the contact away from the profile thus breakingz the motor actuating solen-
oid circuit then the brake would cool until such time as the temperatures
fall restablished contact,.after which the next brake application sequence
would be initisted. Failure to clear the profile would of course cause
repeated applications until such a condition was achieved.

6.2.3. Indexinz of -rorrammer by means of uniselector

When the brzke application temperature was reached the actuation of

the accelerating motor solenoid also provided a siznal which 'notched on!

1

a uniselector of the type used in telephone switch board dz. The uniselector
performed two functions, itis contact banks being used to select the initial
and release speed for esch brake application and also its brake pregsure,

and the stepping motor was used in conjunction with a small paliey and wire

3 . N . .

to move the XY plotter carrizze the avpropriate disbtance along its X axisg.
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Thus only the Y amplifiers were used on the origzinal control unit, the X
amplifiers being removed and used as spare units (this situation was
changed later).

6.3, Programming of avvlication ang release speeds

The selection of application and release speed for each brake
application was achieved by employing two banks of contscts on the uni-
selector to provide voltages which could be matched against the output
from the dynamometer tachometer generator and used to initiate or ter-
minate the brake application. Some small vroblem exists in applications
to rest since at rest the generate voltage is zero, and a small finite
voltage completed the brake release at zero speed.

6.4, Breke anclication pressure

This was selected by & third bank of contscts which selected one of
a series of electro pneumstic valves each backed by pre-set air pressures
operating the brake througzh a sinzle air/hydro punp. Thus it was quite
feasible to employ a different apolication and relezse speed for every
application of the brake and to employ a large number of different pres-
sures. in fact houwever, brake usage work discussed later su.gested that
this was unnecessary, and in general only two pressures were used one of
200 p.s.i. representinz the majority of application and one of 300 p.s.i.

ag explained in chapter 7.4.




GHAPTER 7. DESIGN OF TEST SCHEDULE

7.1, Ghoice of represeniative testing instead of overload testing

Overload testing is frequently resorted to on dynamometers in order
to increase the rate at which materiél is worn away thus facilitsting
accurate wear evaluation. If this is done by making brake applications
from higher equivalent speeds, then eich application of the brake is made
under non~representative conditiéns, and therefore although wear rates may
be increased in a systemstic manner there is no reason to suppose that the
friction characteristics will be representative. If higher brake pressures
are employed then although the rate of dissipation of energy is increased
within an individual application the total work done per application is
unchanged and therefore there is no significant incresse in wear rate over
the ranze normally used for a given number of applications of the brake.
The use of a flywheel with a higher moment of inertis than that represen-—
tative of the vehicle would result in a hisher rise of temperature pef
application and therefore again would be expected to yield unrepresentsative
friction results. It was decided therefore that each application of the
brakes on the dynamometer should be representative of the vehicle in speed,
pressure, and energy dissipated, and thus minimise the risk of losing
relevance from either known or unknown sources.

Tele Assessment of service conditions for brake lininzs

Jork done under the Author's supervision by Moore and Jatton was
relied on heavily for the data on which brake test schedules were designed.
Eeported under the title of !'Disc Brake Pad ear Evaluation! Proc. Auto
Divn. Inst. lech. E. 1970 - 71 P.127 this work snowed that provided

the overall distribution of tempersture of the:vehicle bﬁakes was not
excessively abnormal for a ziven journey, the lining wear for that journey

could be related to the average brake temper&turepand the effects of

occasionel random untypical elements could be ignored. Figz. 8. shous a
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graph relating wear per 100 miles against mean journey temperature in ©C.

However, the inclusion of untypical elements could well have a
lasting influence on the subsequent friction behaviour and the need was
seen therefore for an entirely typical temperature pattern representative
of the various duty levels to be simulated.

The work reported by Moore and Jatton (ref.18) had led to the
compilation of a large amount of data on brake usage on a particular road
circuit shown in Fig. 9 and this was used to establish the temperature
levels to be simulated, the temperature distribution within a circuit and
the relevant values of the various other parameters.

.

7.2+1. Selection of three typical temperatures of overation

A total of 131 journeys around the above road circuit were driven by
8 different drivers varying ﬂheir driving techniques from leisurely to as
fast as possible'under all weather conditions. During each journey the
temperature of the front discs was measured every half second during each
brake application and recorded. A mean temperature/frequency diagram wag
then constructed from the average temperature for each Journey (averaged
during the brake application time) and the resulting diagram is shown in
Fig. 10. The minimum and maximum valuss of mean temperature were 70°C and
260¢C respectively.

In order to evaluate the behaviour of friction materials under con-
ditions representing different cond}tions of driving the diagram was divided
into three arbitray sections who's mean operating temperatures were 100°C,
150°C, and 210°C and these were called light, moderate and hesvy duty con-
ditions respectively.

For each of the taree duty levels, several individual circuits were
selected as typical and these were averaged and smoothed to prdduce a typical
temperature ranges & means for each level of duty Fig. 11. It was found
that as the duty level increased from light to heavy, the average temperature

B

increased without chanzing the basic shape of the temperature/time profiles.




Accordingly the three profiles shown in Fig., 12 were deemed to be typical.

7.3, Distribution of brake apvlication and release speeds

Histograms showing the distribution of breke application and release
speeds for circuits of the selected average temperatures is shown in Fiz.13.
It is clearly shown that journeys made at a high average temperature con-
tain a higher number of applications in total despite the fact that at
higher averaze speeds the total journey time is reduced. Thus the higher
temperatures are achieved by a combination of higher brakinz; speeds both at
applications and releasé‘and increased frequency of application. Because

it was intended to employ temperature control instead of controlling cycle

time,an increase in frequency of brake applications becomes automatic as
’ p
the brake operates at hizher temperatures, because of the increase in cooling

rate. It was only necessary therefore to increase the speed level, both

application and release, between duties. Althouzh it was quite practical
to employ a large number of different applications and release speeds, the

2

uniselector being capable of making all applications different, it was
thought unnecessary to employ more than four applications and four release
speeds. In this way by carefully selectinz speeds typical of the relevant

distribution curves in Fig. 13 and combininz each application speed and

each release speeds a total of 16 different energies could be dissipated.

In practice however tae lowest appliéation speed was invariably lower than
the nighest release soeed and thus only fifteen combinations were usable. .
Further justification for minimising tne number of zpplication speeds arises
from the desire to retain the capability of compzring cimilar applications
in waich say, a given application speed may be ceampared over a range of
temperatures or alternatively a given temperature and speed of application
with the passage of time.

In the compilation of application and relcase speed secuences it WaS

found necessary to blas the higher speed apolication so that their occurance

<y

coincides to a limited exten®t with the rapicly rising temperzture varts o
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the circuit. However, far from this being considered as a disadvantage it -
was recoghised as an indication that the control system was simulating
well, because it seemed natural to find that a concentration of hizher
speed applications would in fact give rise to both high temperature and
high rates of rise of temperature. -

Telyo Distribution of brake application pressure

Observation of the drivers effort applied to the brake pedal showed
that a hydraulic line pressure of about 200 Pese.i. was normal and that this
value was only substantiélly'exceeded during emergency stop conditions or
very occassionally wien the drivers estimation of speed or distance wag in
error. It was decided therefore that the majority of brake applicztion
on the dynamometer should be made at 2230 PeS.ie. line pressure with
occagional applications at 300 pe.s.i. The higher pressure applications
were included to break up the strictly renetative nature of the load pat~

1

tern, and it was decided that nine or ten hizher pressure apolications
would, in combination with the continuocusly varying Ttemperature, be suf-
ficient to loose all effects of repetative conditions. It was recozgnised
also that if justification could be found for maintaining the majority of
applicztions at constant pressure then the resulting torque curves could be
calibrated directly in coefficient of friction and that this would greatly

ease data handling probleng.

7e5 Linearitvy of coefficient of friction with onressure

Experience has shown that when friction materials behave anomalously,
that is when they exhibit abnormal behiviour, they are frequently sensitive
to pressure. Thus a continuous test showing that the torque/pressure curve
is 1ineér and proportional is a zood guide to checking abnormalities. It
was recognised thnerefore that to record torque at constant pressure with
occassional applications at 50% higher pressure constituted a good guide to
anomalous béhaviour, and care was taken in the presentation of results that

the easy comparison of torque at two fixed pressures was retained for this
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purpose,

7.6,  Establishment of three levels of braking duty

To a first order of approximation brake application pressure was
found to be independent of average journey temperature and speed, and
therefore three test schedules were set up representing 1isht, medium and
heavy duty. The temperature distribution were as in Fig. 12, the applic-
ation and release speeds were as shoun (see appendix 3), ang the brake
application pressures were all at 200 p.s.i. except for 9 anplications

distributed through the test schedule which were all at 300 PeSels

T T Number of brake applications ner circuit

.The results of vehicle tests showed that on a moderate duty circuit
about 200 brake applications were made. It was considered that the wear
which took place under these conditions could be measured with sufficient
accuracy and that at heavy duty more wear would obviously take place.
Althouzh at light duty the evalustion of wear resistance would be marginal
it was decided that the importance of wear under these conditions was not
sufficiently great  to warrant extending the test, and thus for simpli-
city of control 200 applications per test was accepted as standard.

Fig. 14 shous a complete temperature profile of a moderate duty

circuit of two hundred brake applications with an inset showing two complete

cycles and the stepping motor indexing along are 200th of the X axis from C
to D.

7.8, ompatability of various control systems

(@p]

the rate at which the brakes cool is determined by the

5

a vehicl

D

excess of the brake temserature over ambient snd the air flow over tae
brakes. The air flow is in turn dependent on the vehicle.speed, atmospheric
conditions, the aerodynamic propertics of the vehicle shape, and the desizn
of the brake and wheel assemblies. Precise simalat;on of such complicated
factors would be time consuminz and expensive but exact reproduction of such

factors is unnecessary in view of the diminished role of cooling, resulting



from the selection of control by application temperature. Since the control

technique ensures tnat brake applications are initiated at the correct tem-
peratﬁre, the rate of cooling is only required to provide a time interval
between successive applications of the brake, and to ensure that represen~-
tation of the vehicle is satisfactory and that unrealistic temperature

gradients are avoided.

0

Also it may be seen that the interval between applications varie
from application to application in such a way as to represent truly the
same seguence on a vehicie. Thus dn a vehicle,the temverature of an appli-
‘cation is determined by the temperature of the previous apolication and the

interval between them, while tne dynamometer achieves the exact replica by

A

making the interval between applications dependent on the temveratures of

the two consecutive applications.

Thus exact simulation is achieved without the incompatability of
various control reguirements,

7.8.1. Cooling rates and accelerated testing

Referring back to Fig. 5 it is known that during the brake appli--
cation period AE the temperature rise is almost adiabatic and the ratio of
times during 4B and BC is typically 1 : 9. Under these conditions the
cooling air supplied has little effect on AE but can have a large effect on
the duration of BC. Thus the use of excessive air cooling can reduce the
total time recuired to perform 200 brake applications without seriously
affecting the thermal conditions during the brake applications. Althouzh
it can be argued that increasing tnhe rate at which applications are made
will reduce the time during which chemical changes can occur at and below
the rubbinz surfaces between applications, these effects might be small if

conditions durinz applications remeined representative of the

=

the therma

vehicle. In order that this assumption could be verified two consecutive
circuit were performed usiny a brake material which was especlally sensitive

to temperature variation uader two rates of cooling)such that the total time




for a circuit of 200 applications varied from normal to one third normal.,
The results Fig. 15 showed that the total wear rate was wnaffected, and
the friction/temperature characteristics were similar. In fact the total
variation of friction with temperature was slightly reduced at the higher
rate of coolinz, and this result was compatable with the idea that the
changes were somewhat time dependent. It was concluded however that the
advantages of accelerating the tests by a factor of three outwelzhed the
disadvantaze of a slight reduction in the measured sensitivity to tempera-
ture, and ovrovided that fhis effect was borne in mind when assessing
results the concept of accelerated testinz was acceptable. It was also
argued that since cooling rates vary considerably from vehicle to vehicle
the machine results would at worst be representatives of a vehicle with a
good cooling coefficient. Accordingly it was decided to use a volume of
coolinz air such that an acceleration factor of three was achieved.

7.8.2. Helationshin between temoerature and brakinz interval

Since a constant rate of coolinz air was to be used throuzhout the
tests 1t may be>seen that when the brake is being operated at hizh temper-
ature, the interval between orake application is reduced for a ziven chanze
in application temperature. This 1s compatible with the behaviour of a

vehicle brake as it has already been shown that at high temperature running

LD

more applications are made ver unit time. Thus the method of control chose
can te seen to be an improvement over the conventional control system of

constant interval between applicationsg.

7.8.3. Lchievement of the correct work rate/unit area, surface temveratures

per unit work rate, and temserature .radients

The choice of a full sized brake ensures that within s given brake

f typical speed, inertis, and brake pressure all the thernal
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conditions of brake pads and disc are typical of a road vehicle. The fact

I ] 11 the I amers 4
that no external heating need be apwlied, ensures that the temperzture at

which the brake operates at any time 1s dependent only on the recent history
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of brake useage, and therefore typical of rate of working at which the brake
is being operated. This is ofvcourse not the case in small sample machines
where external heat is used to raise the temperature of a massive disc and
hizh temperature can be achieved at low work rate. Temperature gradients in
both pad and disc, both normal and parallel to the rubbing surface are of
coﬁrée identical to those occurring on the vehicle since each individual

application of the brake is an exact replica of a vehicle application.




CHAPTER 8. DATA HAIDLING

8.1, Recordingz all brake applications

In conventional dynanometer testing as described in 3.7. it may be
seen that secuences of repetative brake applications are nade,interspersed
by performance tests which iezsure the frictional éharacteristics of the
brake material at fixed points throughout the tests. Recause repetative
testing is used, there is little point in recording all applications of the
brake, since this would result in a series of friction/time curves in which
the friction of the brake tends asymptotically towards an (untypical)
equilibrium. It is sometimes thought worth recording épplications in
aperoximately zeometric prozression - say the first five, every tenth up to
50 and every 50th up to say 200. However this behaviour is entirely un-
typical of what happens on a vehicle. With the introduction of continuousgly
varying tempe»ature and other parameters however, the frictional behaviour
of the brake also varies continuously, and it is then relevant to record all
applications so tazt the full picture of how friction varies throughout the
range of conditiens can be built up. A full evaluation of the behaviour of
a friction material can thus be achieved which is in fact much more compre-
hensive than can be easily achieved on a vehicle road test, where it is alseo
conventionzl to iznore the behaviour of the brakes between performance tests,
other than by recording the drivers subjective impressions. To this end it
was decided to record all brake applications, and to facilitate the inter-
pretation of results they were recorded on a twin channel chart recorder in
the form of torque/time curves together with a tem?eﬁaﬁure/time curve on the
second channel,

8.2.  Redundancy of conventional performance tests

Azain referring to conventional testing it has been customary to

measure torquq/time curves over g range of brake pressures,; usually

O to 1000 p.s.i. in 100 p.s.i. increments at various intervals during a test.
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Because this is time consuming it is only economic to select a few salient
points such as initial colg, after bedding cold and hot, and pre and post
fade test both hot and cold, assuming this to be a reasonable sketch of the
material behaviour. Performance tests are done rather than measuring
single applications in order to obtain a more reliable measure. However,
the availability of a continuous monitor of friction through the operating
conditions means that a group of adjacent applications can be taken as
representative of the average coefficient of friction at any part of the
test schedule, and this is available without the need for manusl plotting
of performance tests at discrete points in the test. It was therefore con-
gsidered unnecessary to include any performance tests ih the test schedule.

8.3. Ultra short test charts as an aid to data handling

In Fig. 16 a length of chart-is shown representinz both torque/time
and pressure/time curves of the form produced in the tests described in
3.1.

These were interpreted manually and converted into the form shown
in Fig. 17. It was considered that no important data would be lest if these
were replaced by a sinzle torque/time curve as shown in Fig. 18, (see para.
9.2.1) tozether with the temperature/time curve as described in &.1. It
can be seen from Fiz. 18 that the shape of any individual bralke application
can still be clearly seen, and that additionally an overall picture is pre-
sented of the frictional variations with bulk temperature. Accordinzly this

method of presentation was found acceptable for a time.

8.4. Problems of handlinz charts of variable length

In Fiz. 18 the chart motor is actuated by the brake pressure relay

o0 that tae chart ran only when the brakes were applied,leaving no space

w

between recorded applications. The temperature record is taoken from the
second disc rubbing thermocouvnle thus serving as an independent cross check
on the temperature control. Because tine time for which the chart motor was

runnine was decendent on the coefficient of friction of the material under
o by
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test the chart length for a given circuit was to a first order of approx-~
imation inversely proportionsl to tie time averaged coefficient of friction.
See appendix 4. This resulted in one very useful advantaze and one serious
disadvantize. Firstly, by measuring the chart length an ecsy method was
available for estimating the average friction level for the material, which
could also be used as a completely independent cross check on the torque
recording instrumentation. Secondly, the comparison of two materials of
different coefficient of friction was made difficult because varialle chart
lengths prevent the superimposition of the two results, Fig. 19. After a
time a metnrod was conceived by which the best of bot! worlds could be
achieved. It was necessary to record brake application pressure to ensure
that no errors or malfunction had occurred during test, and the pressure
chart was taerefore actuated by the brake apglication relay so thaot its
lengta would vary with coefficient of friction and could be used for avera-
ging and cross checking Fig, 20. The torque recordinz was transferred to a
second XY plotter as described below.

Kal
i

8.5 Introduction of a recording XY nlotter

It became usual practice to read the friction level at various pre-
selected temperstures and to plol these manually as a friction temperature

grapin. In order to facilitate this procedure the temperature/time Lrofiles

or & period to contain short periods of constant temperature

=y

were altered

operation as saown in Fiz. 21.

w
G

B

rapn proved to be gquite informative and characteristic

oQ

The resulting

of the material under test, but this process was time consuming snd a zreat

=

£ valusble information remained unused. In fact tinls technicue was

< -

Q,

eal

Q

directly contrary to the desire to.retain a comnplete and comprehensive record

of meterial behaviour.
However, it was clear that such a wealth of dsta which was so readily
available, should not be discarded lightly and thus a considerable data

handling croblem remained unsolved.




The need was seen for a means of classifying results and plotting
them automatically in such a way that a comprehensive and easily absorbed
test result was generated. Individual test results could of course be
classified in terms of any of the test parameters, but the greatest call
was for graphs which showed as clesr a picture as possible of the variation
of coefficient of friction with temperature.

The idea was conceived that a second XY plotter could be used to
record torque, and that if the output from the torque measuring device was
fed to the Y amplifiers,'éﬁd brake operating temperature to the X amplifiers
than any individual brake application would be displayed as a torque/temper—
ature curve. It was found that the appesrance of the forque/temperature
curve was similar to the conventional time based curve Fiz. 22 and that
superimposing several applications zave a good interpretation of the changes
of friction between applications as the operzting temperature varied over
the range Fig. 23. It wss then decided to superimpose a full circuit of 200

plications and the result in Fiz. 24 shows that a useful envelope was

a1
formed of the friction/temperature relationship which not only zave a
digestable overall picture, but could also be used to study the individual

brake application characteristics where necessary.
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CHAPTTR 9. RELIABILITY CF RESULLS, CONCEPT OF CROSS CHECKS

9.1, Importance of cross checks

Experience over many years of testing friction materials has shown
that results frequently differ from the material desizner's expectations.

Probably because friction and wear can be zrossly affected by un-
controllable factors like surface contamination and surface chemnistry
generally, and also because the mechanism of friction and wear are only
incompletely understood,.reliability in testing procedures is of paramount
importance. .

An unexpected test result could also arise due £o some uncontrolled
factor in the composition or manufacture of the material samples, or even
in the variability which can always occur in the nzaturally occurring raw
materials. The ideal position in which a friction material tester could

place himself is one where he could retrosnectively check that all the con-

ditions of test had been under control after the event when suspicion arises
over some result. This facility would be of extreme help to the material
designer since he could then direct all his attention to finding the fault
elsewhere, without the nagzing suspicion that perhaps there was no fault in
the material at all, but only an error in testing.

Accordingly it was decided to incorporate as full a cross checking

system as possible, as aresult of which, the enhanced confidence achieved

has been instrumental in the detection of variations due to :~ Drum and

. 4

disc iron, direction of rotation of disc and drum, effects of ageing of cast

)

iron, effects on the metal member of standing for period of hours to cays,
and a larze number of unsuspected causes of variation of the friction

- <] i
naterial due to both preparation and composition.

9.2, Systems for cross checking

. L 4 . 2 1 -~ P KN ~ .
The most important things to cross check are clezrly the measurement

of coefficient of friction, and the amount of material worn away.




The next most important cross check is that thege parameters have been

<

measured under the correct conditions nanely :-

1. That the coefficient of friction was measured at the correct value
of rubbing speed, temperature and nressure, and after the correct
sequence of previous history.

2 That the smount of material worn away was done so by dissi-
pating the correct amount of energy at -the correct rate and at the

correct temperature, and that these were achieved whilst rubbing

A T s e e e e e

the friction material for the correct distance.

AT

Partial success in these aims was achieved as shown below.

fal

9.2.1. Coefficient of friction

The coefficient of friction of disc brake pads is a derived function

of torgue, clamping load, and radius of action of the centre of pressure

where p = T wnere T = Torque
I
L = Clamninz load
r = HMean radius of the centre of
pressure

The value of r is assumed to be constant for a given type of disc
brake, and althouzh there is some ambiguity in its position it is conven-
tionzl to assuwe that it lies on the centre line of the actuating pistons,
and deviations from this assumption are conventionally accepted as being
synonymous witan deviations in the assumed value of p. In practice a con-
stant check is kept on possible variations of the radius of action of the
normal load by observing the distribution of wear over the pzd surface.
Azain nowever this is not an unambizuous indication that r has changed and
can only be taken as a lead in conjunction with other evidence.

Coefficient of friction is therefore considered to be proportional

Q
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measure of p. As mentioned in Chapter 38.4. the averaze brake tpLgue is

, , s 2y, 1 ino 1 e
related to the total intezrated braking time, and followinz the successful use




of torque chart length as a mezsure of average p, a digital timer was
introduced actuated by the brake application and release relsy. Thus a
digital reqd out was available which could be converted into average
coefficient of friction. If a test result was recorded in which some suse
picion could be directed towards the recorded values of friction, a line
could be drawn throuzh the result\correséonding to the calculated value of
b average, wiich would clearly show up any discrepancy, See Fiz. 25.

9.2.2. For Effective inertias of the machine

Should the effective inertia of the machine be in error either by
coupling in the wrong combination of flywheels; or by excessive friction in
the machine bearings then the incorrect amount of energy would be dissipated
by the brakes, and the wear rate measure would be in error. It is also of
course possible that slizht errors might also occur in measurement of
coefficient of friction.

To ecross check azainst this possibility the intezrating braking time
could again be referred to, and if the brakinz time was large compared with
the meazured value of p then either extra inertia or extra speed could have
been employed. Discrimination could nowever be achieved between errors in
inertia/speed or p measurement since an increase in inertia or speed would
also be accompanied by an increasce in total test time, by virtue of the
additional energy dissipated, which was also recorded by digital timer for
this purpose.

9.2.3. For Brakinz Apnlication speed errors

Within a test it is never necessary to change inertia since a test
is desizned to simulate a vehicle of fixed inertia. Thus although the
effects of speed and inertia cannot be separated by examination of the
results, it is easy to do a physical check on inertia used and should this
be found correct, any errors can be attributed to errors of spded setting.

Discriminition between speed and inertia errors can also be achieved

by considering the errors in consecutive circuits comprisinz the various

e AT s




parts of a test.

Since speed settings are altered beteen circuits, to represent the
different driving conditions of different levels of duty, errors in speed
settings would have a durstion equal to the time between changes in speed
settings. Errors of inertia on the other hand would not fit in with this

duration ; and errors due to bearing friction would change progreassively

J

over a number of circuits.

Q.2.4. Cooling rate

Control of the test schedule by temperature, as-has been said before,
renders the consistency of cooling rate relatively unimportant. However,
consistency of total test duration is monitored so that long term trends
can be spotted easily and if necessary acted on.

9.2.5. Eenroduction of temnerature zrofile

Chapter 6.2.2. describes the method by which temperature is program-
red. It shows that the pen of the controlling XY plotter has been replaced
by an electrical contactor which closes an actuating circuit with the copper
profile. In order to monitor the fact that this profile has been faith-
fully followed, the top half of the XY plotter bed carries a strip of graph
paper on which a pen rests. This pen is attached to the XY plotter carriage
and therefore will record any misbehaviour in temperature control.

Fig. 26 has been included to show the effect of misbehaviour due to
contamination of the copner profile togzether with the friction/time curve
for the same circuit. Clearly the temperature monitor was unnecessary when
results were presented in this form, but transfer to XY plotter derived
results necessitated this cross check. Resulls are presented in this form
to demonstrate more clearly the effect of a programme failure on the frice-
tion results.

9.2.6. Measurement of temperature

As mentioned in Chapter 6.2.71. two identical thermocouples are

employed to measure brake disc temperature and these sre arranged to aluays
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press onto the disc at the same load. They are arranzed to operate a

warning system if their outputs differ by an amount exceeding that thought
reasonable for a given type of test.

Additionally they are used respectively to drive the dynamometer
control system and to actuate the XY plotter which records the friction
results. Thus if the plotted results do not eppear over the correct range
of recorded temperature then a discrepancy occurred during the test, and a

special investigation may be warranted.

9e2.7. Brake rubbing in the 'relesse! position

Should the brake rub in the off position an increase will occur in
the test duration due to the additional time reguired to dissipste the
extra work done during the nominally 'off' condition. However, the
integrated braking time will remain unaifected since braking time is only
affected by the torque generated. Thus if the total circult duration
lengthens without an increase in braking duration (related to the measured

averaze torque) then it msy be concluded that the brake must have been

O

I

rubbing in 'off!' position. Thus by careful comparison of the relationship
between averaze coefficient of friction and integrated braking time and the
total circuit duration a useful cross check is available as to whether the
brakes were rubbing between applications. It might be thouzht that the
effect of increased duration would be auzmented by the additionzl time
required accelerate the flywheels through the greater speed range which is
in turn caused by rubbing brakes, but on closer inspection this is not the
case since this effect only causes a slight reduction in brake temperature
at the point of application. This therefore results in a slizhtly lower
brake release temperature and no overall effect on the cycle time. Thus a
cuantitative measure is available of the amount by which the brakes rub,

£y

waich could in principle be used to discount the accompanying increase in

wear rate.

Should the brakes rub between appligations to a more significant
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degree the effect will eventually be observable on the torque records which
will read a slight positive valve between apnlications. Confusion of this
effect with the effect of a zero or sensitivity shift in the torque recor-
ding mechanism is avoided since between many applications the flywheels
come to rest, so that the base line of a torque recording in which the
brakes rub between applications has two levels, the true zero torgque
reading and also the torque zenerated during the rubbing period.

9.3, Failure to find a suitable cross check for apnlication pressure

The only parameter for which no cross check has yet been devised is
that of application pressure or actual clamning load when the brakes are
applied. Hydraulic pressure supplied to the bréke is cross checked by
setting the test conditions up on & Bourden tube pressure gauge, and

N

recording the pressure on a second Bourden tube instrument. However hyd-
raulic seals are never TOO% efricient and other losses can occur due to the
piston and cylinder rubbing as a result of side loads beinz applied to the
piston as the torque zenerated by the pads is partially transmitted to the
pistons. Thus one is never quite sure that a constant, high percentaze of
the applied hydrzulic pressure is transmitted to the pads under test. Static
measurenent of seal efiiciency plus the fact that most of the torque gener-
ated is taken up by the caliper/back plate abuttment suzgest that litile or
no trouble is caused from tnese effects, and experience has shown that
residual unexplained variations can only be of neglizible value. However,
it would be advantageous if an indepéhdent cross check could be devised.
Static calibration by means of a load transducer temporarily replacing
the disc is of no value, since nd substitution can be devised to renlace the
effect of side loads due to torque, nor cen the effects of vibration and
pulsatinz loads due to circ nferential variations of disc taickness be re-

produced. This type of cross check has not therefore been triéd. The intro-

duction of resistance strain javuges to the caliner yoke nhas been considered,

pt

as has the oprovision of a dial gauge on extension arms  cupported on the




cylinder heeds of the caliper.

Errors due to high temperature, temperature variation, temperature
gradients and uneven distribution of temperature over the surface combine
to suggest that electrical strain zauges mounted directly on the caliper
yoke would grove'to be a major development problem in itself, the return
for which would not warrant the effort reguired. Vibration of the whole
system 1s such that azain the use of extension arms would cause more prob-
lems than they would solve, and therefore all attempts to cross check the
pad clamping load were abandoned, and this parameter remains the only one
for which an adequate cross check has not been devised.

Fedyo Torogue measurement cross checks

The end point of the whole brake test is to evaluate torque zener-
ated, and thickness loss due to wear as reliably as possible. A novel
nethod was therefore devised to minimise errors in torgque readinzs, ‘o~
gether with an arrangement of the electrical circuits which displays errors
of sensitivity as a continually monitored zero shift. These are described

in detzil in the next chapter.




CHAPTER 10. TORLUE EICORDING

10.1. Use of a novel princinle to reduce errors

The torcue generated by the disc breke caliper was transmitted by
direct coupling to & torque arm of known length. A strain gauzed rec-
tangular section steel bar carried the load ss a contilever in bending
azainst a rizid mechanical stop. Strain elements were placed in a bridge
circuit as is conventional. The method emoloyed to minimise errors
depends on tne fact that'most materials exhibit coefficients of friction
of around O.4. Thus, since the majority of brake applications are made at
a constant clamping load most measurements of torque are similar and equal
top r L. vhere p = coefficient of friction, r = the radius of action of
the pads =nd L 1s the total clamping lozd apulied to both sads. If the
recording instrument developes an error in sensitivity only, then the na g~
nitude of this error at zero input is zero. By arranging that the input to
the instrument is zero when p = .4 the effects of changes in sensitivity are
minimised and their presence is shown by a shift in zero reading. Changes

n sensitivity at coefficients of friction of other than 0.4 will still be

= 0.4
( ; )

fin

finite, but their maznitude is reduced by a factor of
In practice the XY plotter, which is a potentiometric instrument with
full zero supression, was set to read 0.4 with the input short circuited.
The strein bridge circuit was tnen balanced with a dead weizht load
on the torque arm equivalent to the torque at p = 0.4 and the XY plotter
placed in circuit. Under this condition the XY plotter was showing the cor-

. : ! W3 3 o - 1 .
rect readinz with the torque outout from the machine equlvalent to the aver-

— ) ) ~
age expected value of p. 7ith the load removed from the torgue arm the 1Y

plotter wass then adjusted to read zero by adiustments to the sensitivity

control not by chanzinz the zero supression.

This procedure was so simple that it was found convenient to calibrate

3+ 3 o Y1 > R o s
nd after each circuit, and it was found in prictice that within this
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time span only small errors in zero position occurred.

10.2. Discrimination between zero and sensitivity errors

vWhen slight shifts in zero readings were subsequently observed it
was necessary to distinguish between changes in zero setting and sensit-
ivity by reloading the torque arm mech;ﬁically, after which any minor errors
could if necessary be corrected retrospectively. It was found in practice
that the combined effect of early warning of drifts in sensitivity, and the
error reduction factor of (ﬁ~i—gié) resulted in no errors ever occuring
which were of a magnitﬁdé worth correcting. Friction measurement however,
is such as to put a premium on positive evidence of the absence.of errors,
rather than merely no evidence of their existence.

10.3. Facilities for retrosvective correction of inaccurate results

Dynamometers are run on a 3 shift basis and on the two nizht shifts
no tecnnical supervision is available. The cost of two shifts of operation
1s £48 and 1f a fault occurs durinz tae nizht a full two day test may well
be discarded. However frequently a machine is calibrated, it is not pPOS~
sible with conventional calibration to recover the information between the
last two calibrations once a fault is found since it is not vosgible to
determine the point at which a sensitivity shift started, nor the rate at
which it changed. With the combination of zero errors and sensitivity
chanzes it is ~ossible, assuming that only one type of error occurs at any
one time, to back track and lozate the point at which a change occurred
together with the rate at which the change took place and apply complete

correction to the existing results. Thus no gaps remain in the total test

3

data,which may on occassions avoid tne necessity to repeat a whole test.
Fig. 27 shous a result in the form of a y/T record for esse of interpre-
tation, in which the recorder sensitivity was intentionally varied by I 209
durinz a test. It may be seen that the readings of p varied to the order of

. . . Ny L 3 ot . 33 1= e o n S . 3
2 - 3% and the chanze in 'between apnpli:ations' readings rovides facilities

for complete rectification.
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CHAPTER 11. FPROTOTYPE PRNFORMANGE

11.1. Heason for performance check at prototyve staze

It was appreciated that at this stageéthe equipment was not developed
into its final form, but before undertaking to spend more time g effort and
money it was appropriate to examine the performance of the whole machine.
The proving trials fell naturally into two groups :-

a. To assess the electrical and mechanical functioning of the controller,
the values of the various control parameters chosen, and mutual com-
patability of these parameters.

b. To determine the degree to which a test result could be repeated in
terms of friction measurement, frictional behaviour, and durability.

11.2. Initial trials on a range of tynical brake materials

The preliminary tests consisted simoly of a series of medium duty cir-
cults performed on a variety of standard types of disc brake linings. No
difficulty was encountered except that the surface of the copper profile had
to be kept very clean in order to ensure reliable electrical contact.

It soon became evident that during the first circuit on new samples of
unbedded material a considerable fall in friction was recorded both with reg-
pect to tne initial value of friction and also to the stabilised friction
level in subsecuent circuits. This behaviour was considered to be represen-
tative of initial fade which is known to take place during tests on a vehicle,
and 1t was interesting to note that tne fade under these moderate conditions
was always fully recovered to a normsl level by the end of the first circuit.
The machine discriminated easily between different types of friction material,
and after the effects of initial fade had been overcome, many materials
showed varistions in friction level in phase with the imposed temperature
variation es in Fig. 18.

11.3. Extended trials on & nair of similar brake materials

AT ~ Y R NN . S .
The essentizl feature of the programner was the dezree to which it

TR
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could detect nnd characterise a small difference between very similar samples
. ,—P . ’ . \

consistently. The first extended trials therefore, were designed to study

this aspect of performance.

A palr of samnles was selected from each of two babtches of nominally
the same material in the knowledze that normzl random variations of fa ictory
produced material would ensure that small, but only small differences would
exlst between them. Selection of nominally the same material also ensured
o . ~ PR L . ki 4
that as far as nossible both samiles could be exnected to respond in a
similar manner to effects of previous history during a long duration test.

The chosen procedure consisted of a series of medium duty circuits

performed alternstely on esch pair of sam:les, followed by a similar prog-

ramme at heavy and then at lizht duty. Alternzte sequencing of the circuits

)
RS

was crnosen in order to minimise the effects of time dependent factors such

as disc azeinz on the comparison of tac two materials. The calculated

1

averzze value of coefficient of friction and also wear for each moderate duty

circuit is plotted in Fiz., 23. which serves to cdemonstrate the relatively high

"

.)

dezree of consistency obtained, sample (A) havinz slightly higher friction

throuzh most of the test and also correspondinzly hizaer wear rate.

11.4+ Precision of enr

Unexnectedly rood repeatebility was achieved in wear assessment, and
it became clear that residual errors were caused largely by the individual
oreratives handlin: of the micrometer. This was evidensed by the fact that
vhere two different operators haspened to measure pads atl the beginning and
end of a te:zt consistent errors were introduced. It was found that sone
tently used higher torgue in using the miorOmeter then others
and if these onerators measured initial thickness the wear losses were re-
corded low. To counteract this effcct microneters were reslaced by Suiss

21 micrometers made by 'Eialon' with an JmHﬂﬂlate improve-

SIS




Fig. 29 shows

& progressive change in wear rate as successive
1 ™ jut = o N * s s
moderate duty tests are performed on a given material the scatter about

the line being the error of wear estimation due to testing.

11.5. Hepeatability over a time veriod

It is more difficult to achieve good }epeatability in tests on
friction materials when these are. conducted over a long time span than
when they are done consecutively. Fig. 21 shows the results of a pre~
liminary exercise in which two tests were measured consecutively, after
which a further pair of tests were performed on the same material after
a period of two weeks had elapsed. The resulté suzgest that the two week
interval had not resulted in a significant change in the ability of the
machine to repeat an earlier result. In order to investigate the effect
of elapsed time more thorougnly, Fiz. 30 shows the results of a series of
moderate duty tests done on two similar materials where one series of tests
were done conseccutively and the other done with an interval of one week
between each tests. The results snow differences which are clearly real
and due to the effect of material recovery durinz each week cf standing.
To demonstrate this a third set of tests is included in which a new sample
of the material was also tested at weekly intervals.

11.6. Standard deviation in friction and wear rate evaluation.

In order to evaluate the precision with which the dynamometer could
measure the coefficient of friction and wear resistance of friction
material two difficuliies have to be overcome. TFirstly, in contrast to the
measurement of mest engineering quantities it is not possible to make two

samples of any material to & known standard of similarity in their behavicur

w0

as friction materials. The reason being thaat there exists no method of

measuring these parameters with sufficient precision except perhaps the
>

machine under consideration. To resort to materials of pure chemicsl com-

osition does not provide a solution since no pure substances bgnave in any

g

way approaching a suitable friction material.
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The second reason is that the use of the same samples of material is
precluded, since although it is well known that the performance of a test
for friction and wear will alter the characteristics of the test pilece it
is not known quantitatively what the magnitude of the change might be. It

was decided therefore that the problem was only soluble statistically, and
that the sfandard deviation of pairs of samples is equal to ,Ljﬁ; times
tne standard deviation of single tests.

Since the testing time would be considerable it was decided to comme
bine the measurement of precision of testing with an exercise to measure
the variation inherent in factory produced materials which was required for
other reasons.

Several samples were chosen from several batches of factory produced
materials of four different types, each type being a material in current
production. These were tested in random order, each test being performed
twice for the purpose of assessing repeatability. Each test consisted of
three moderate dufy circuits ; the first of which was disregarded because
new pads were clearly more variable than the same pads after bedding. The
whole programme lasted for four weeks (3 shifts) or 480 hours,each indivi-
dual test of 3 circuits taking about 12 hours.

Friction and wear results were subjected to statistical analysis of
variance to determine the sources of variation. The standard deviations of
tie test results for each of thne four materials are shown in the table in
Fig. 31.

The total standard deviation within sample includes the combined
effect of variation from two sources, random variation dge to the variabil-
ity of a sample as it is worn into the substrate, and the variation arising
from variability within the machine and its progremming.

Clearly, if the whole source of error within pads was Gue to the
rachine, then the standard deviation due to the machine would be only

mi < " ‘. 3 -
0.0032 and 0.0002in for wear measurenent. These Iigures were considered




to be quite encouraging, but in order to separate the two sources of

variation several compound pads were constructed. Material from eight
samples was removed from their metal back plates and cut into gquarters
such that two diagonally opposite quarters were salvaged from each pad,
and these were reassembled to form two pairs of samples, each pair conw
taining one guarter from each of the original eight samples. This was
repeated for several batches of material gnd the samples were retested in
a randomlsed programne,

A statistical analysis of the coefficient of friction showed that
resulting from this ﬁrocedure the within sample standard deviation fell
from 0.0032 for whole pads to 0.0023 for gquartered padén Since the con-
tribution of random sample variation to the overall variance would be
expected to decrease by a factor of four, it may be calculated that the
contribution from machine and programming errors yields a standard devia-
tion of 0.0019 by tae following calculations :-

2

If Jg 1s the contribution of sample variation to the within sample

is the contribution from machine and programming errors,

T
variance and (Fg,

T T
then @~ = 07 +0%,

S
2 2 t
Thus for whole pads 0-063%2 = O_s t 0:,\ W@
z z z
end for quartered vads g-00 23 = % S N7 P @
Solving and (2 z
Vlné (1) \4) 0‘; - 0.00 ﬂz_ & /4{
e = O-00 19 M 2
Similar calculations for wear yield a value of U, = .0002in in wear

estimation.
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SECTION 4.

THE FULLY DEVELOPED HACHINE




12.1. Extension of flexibility

The success of the operating trials on the prototype unit was so
encourazing that it was decided to manufacture six further control units to
operate six more dynamometers all of which were inertia type, but which
covered a range of inertia capacities from 700 lbs, ft.2 to 30,000 1lbs. ft.2.
Envisaging that this represented considerable capital outlay a control con-
sul was designed incorpor iting all the facilities available on the oroto-
type with additional safely devices to ensble the units to be operated on a
three shift basis with no technical personnel on the two night shifts, and
extended flexibility required to cover a multiplicity different machines.
In order to minimise construction cost it was decided to subecontrict the
construction and to maintain secrecy it was necessary to modularise the
desizn and sub-contract different modulss to different constructors. To
reduce the cost of components it was decided to make one ¥ zlotter carry
out the function of both the programming and the recording XY ploiters, and
to make the remaining unit do its own monitorinz and to cross check its own
temperature control.

12.2. Multinlexinz of XY oplotters

Congsidering the function of the two XY plotters in the nrototype unit)

the srogramming insurument functions during the period between the end of

=7
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one brake asplication and the initiation of the next, and the recording

instrument operates only during a brizke application. Also there is a short

period of accleration of the machine durinz which time neither instrument is

operational which is therefore available for monitoring the brake application

temperatu-e.

This was achieved with the plotter carriage arranze: ent shown in

. d . + 3 bl En 41 - . o
Fig, 32. The temperature sigmal was fed continuously to the L amplifiers

and the torcue sicnal to the Y amplifiers, the temserature profile being
! ) g e
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rotated tarough 90° with respect tovthe base plate. The carriage bore a
motor driven threaded rod parallel to the Y axis, which in turn carried

a photo cell used to detect the edze of an transparent profile illuminated
from behindywinich replaced the etched copper profile used in the prototype.
The profile was cut from a sheet of aluminiwum and was positioned to cor-~
respond with the temperature scale as shown in Fig. 32. A light source
diffused by a ground zlass screen behind the profile activated the photo-
cell which in turn trizzered the main motor relay. Between apnlications
the photo detector was stepped by means of a single turn of the threaded rod
and steps were counted by the counter shown.

The use of this mask type profile in which the photo cell detected
the position of the uncovered part of the boundry afforded a fail safe
system in that failuré of the light source caused the programme to discon-
tinue. It was found in practice that this type of profile proved more
satisfactory than the etched copper strip which had occassionally‘due to
contemination of the conducting surface, failed to trizzer the main motor
relay at the correct temperature.

12.3. Honitorins fecilities

In addition to the recording pen and photocell, the carriage was
also fitted with a magnetically operated pen actuated by the same relay as
that used to trizzer the main motor solenoid, so that a dot of red ink was

placed on the chart at the time the main motor was started. This nrovided

.

a permanent record on the friction temperature graph of the Zerformance of

of on & seperate siieet as vre-

joN

“the lemnerature centroller instea

Parallel lines showing the correct location of the peaks of the tem-
perature time graph were pre-printed on the record sheets to assist the
early detection of faults and to provide an easy reference system for ret-

. 1 0} 043 at] med
0suective validation of each test sheet. he wvhole modification was made

¢

in such a manner as to clip quickly and simply on to the basic XY plotter




to facilitate the interchange of units. Fig. 33 shows a typical graph in

the form of a friction/temperature envelope with the temperature monitor

and parallel location lines.

12.4. Torque neasurenent

Torque measurement by means of a strain gauged cantilever bar was
retained for dynamometers carrying passenger car brakes, but for those
carrying brakes for heavy com:ercisl vehicles,commercially made load cells
were substituted. Both systems depend on a Bridge circult and both were
operated as described in Chapter 10.

12.5. Additional facilities

12.5.1. Intezrated brakine tinme

The integrated braking time which in the prototype instrument was

deduced from the lenzth of the friction/time charts was subsequently

o
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measured directly by a digitel timer with improved reliability and precision.

12.5.2.Total test time

In view of the succeszs of such a simple independent cross check, thle
total durstion of each test was also recorded. Errors in tne temperature
control were found critically to affect the cycle time especially at the low
temperature ends of the profile where cooling was slow. A combination of
total test time and total braking time could therefore often Le used to
locate the source of problems.

For example, a changed test time without change in the braking time

)

ed cocling conditions, & similar change in both test and

[

indicated chan

g
braking times indicated line prescure errors, and a change in braking tine
with a larger chsnze in test time indicated speed error.

12.5.3. Intezrated testing time

A third digital time counter was provided to sum the total operating
time of the unit so that regular schaeduled maintenance could be carried out.

In practice a schedule has been drawn Up in which routine overhauls

are performed at 1,000 hrs. e e




12.6. Temperature Monitorins

Because the temper-ture of application of the brake is the dominant
factor in measurement of " wear resistance of pads it was decided to take pre-
cautions in addition to the continuous nonitoring of temperature as described
in 9.2.6. |

Examination of the cross check described above shows that failure of
the thermocouple and its carrier to follow disc temperature is already
covered; but not the associated amplification circuits of the XY plotter.
However the provision of a re~transmitting slide wire to the XY plotter
enables a voltage to be generated proportional to the position of the plotter
carriage along tne X axis. Thus if this voltage is used as an indication of
not only the thermocouple performance, but all its associated electronics,
and compared with the output from a second thermocouple operzting on the same
radius on the disc, then correspondance between these two voltages will
provide a cross check on tne performance of the whole temperature measuring
and temperature controlling system. This was.available by switching the
machine off when the indicated temperature difference exceeded 10°C and
sounding an alarm signal. The circuit used is shown in Fig. 34.

12.7. Additional fail safe systems

The introduction of three shift working without close supervision
necessitated the addition of further safety devices.

12.7.1.0ver speeding of main motor

On some dynamometers the main accelerating motor 1s capable of running
to a speed at which either the flywheels would burst or the bearing would
sieze. To prevent this &n interlock was provided so that if no brake applic-
ation had been trizzered before the safe maximum speed was exceeded, or if no
speed siznal was received within taree seconds of the motor sterting (failur
nain motor was switched off, and an alarm

A \ . o~ +he
of the tachometer generator) the m

siznal sounded.




12.7.2.Location of chart or orofile

Micro switches were provided to prevent the machine from starting if
either the location of the yy plotter chart or its controlling profile were
incorrect. Also the test was halted in the event of the speed sequence
being incorrectly set such that an application speed was lower than the
release speed.
12.8.  Selection of applicatien and release speed

Althouzh a uniselector wes quite adecuate for programning speeds,
performed well on the pro?otype controller, and provided the additionsl
facility of stepping the controller along the X axis it was somewhat dif-
ficult to re-programme the sequence of overations. To facilitate the more
frequent re-programming required for a universal dynamometer controller
covering a wide variety of test schedules, the uniselector was replaced by
& more conventional patch bosrd in which application and releasge speeds
could be selected over the range zero, to 1500 r.p.m. Thisg system also made

brogramminz easier, in that if an application was programmed on say a steeply

Q

rising vart of the tempsrature profile which failed to raise the temperature
N hy bs i

¢

sufiicient to clear the orofile for the next brake application, it became an
easy matter to incresse the application speed or reduce the releage speed
without rewiring.

This facility was particularly useful in test sequences where it was
required to limit the energy dissipated in individual applications whilst at
the same time Zenerating a rapid rate of rise of temp:rature with time. On
the previous system this could be achieved, but only at the expense of
frequent double applications, where one application was trizgered inmediately
after the release of brakes on the previous application. The circuit used
1s shown in Fiz. 35.

12.9. Manual over-rides

. . - o 1 3 K3 «
The finzal feature of the modified controller was the ability to switch

from temperature control to a constant time cycle control whilst still re-




cording against tempera

ture to facilitate fade tests and other proprietary

test schedules. Override facilities were also available to maintain

application speed, release speed, or pressure, independent of the programmed

sequence. The complete unit is shoun in the photograph Fig. 36.




CHAPTER 13. SEIECTION OF TYPIGAL RESULTS .

The type of data obtained from the machine is illustrated in Figs.
36 - 40 by a few examples of some aspects of the behaviour of typical
materials used as disc and drum brake lininzs.

13.1. A comvplete test schedule

In Fig. 37, three circuits are shoun representing typical light,
moderate, and heavy duty behaviour of a normal commercially available disc
brake material. Each circuit consists of 182 brake applications made over
a range of temperatures at 200 p.s.i. hydraulic pressure together with 12
applications interspersed through the circuit at 300 p;s.i. The individual
torque/temperature curves form an envelope showing the overall trend of
coefficient of friction through the range of temperature. High values
standing out from the general pattern represent those applications made at
300 pes.i. and of course the scale of friction refers only to the 200 p.s.i.
application, those at 300 p.s.i. beinz 3/2 times scale size.

A complete te:zt consists of seven such circuits usually in the
sequence two light, two moderate, two heavy, followed by a final ligzht after
heavy designed to show changes with previous history.

The comnlete test has a duration of about 24 hours including the time
required to make seven measurements of wear losses sustained by the pads.
Fig.37 D snows the temperature profile for a medium duty circuit in the
position normazlly occupied by the monitor together witn three vertical lines
locating the exnected position of the peaks for each duty level. In order to
discriminate between results recorded during taoe first and subseguent excur~
sions to high temperature on each circuit, the recording pen colour was

) P DRSS A { 3 2
changed manually from red to black after the macnine had completed the first

peak in temperature. This facility oroved very useful when examining

. L. N e ek Yo ‘o ut i ne narti i a Xann
materials which exhibit initial brake fade but in the particular example

shown, 1little or no separation was in evidence. The wnole result forms a
i, 1 para ;




very clear picture of material behaviour, and in particular shows the

progresslve changes which occur in performance as the duty level is inc-

reased.

13.2. Chaﬁg@s in disc behaviour

A second example of behaviour Fig. 38 refers to changes which
occurred due to progressive changes in the cast iron of the breke disc as
a series of tests was performed on the same friction pads. The friction
material used was of the same type as that used in Fig. 37, but in this
case new samples of friction material were used for each test and the test
was comprised of two medium duty circuits. The series commenced with a
brand new disc and a very high coefficient of friction.resulted Fig. 38 4.
The object of testing each »ad material for two circuits was to eliminate
variations due to the initial bedding of the pads as surface irregularities
are removed and the figures shown represent tae second circuit of a pair.

As the series continued and the disc became 'conditioned! the coefficient
of friction fell prozressively until apparent stability was reached at about
tie 26th test.

An examination of the full series of 36 tests, however, revealed that
even after 72 circuits changes in mean friction level of the order of 0.001
per circuit were still occurring.

A comparison of the results in Fig. 38 C and D with the mediuwm duty
circuit of Fig. 37 B which was carried out on another well used disc, shows
marxed similarity between the two tests.

The reason why cast iron which was a normal zrade 18 zrey iron should
change under the conditions used is not yet known. Iicro sections throuzh
the disc revealed no subesurface transformation and the nominal surface tem-

.
pPerature wss never sufficiently hizh to cause any metallurgical changes. The
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possibilities of very nigh surface temperatures has been the subject of much

£

speculation, but the subject falls outside the scope of this thesis. However
s a , he

superficial examination of the problem suzgests that surface contaminztion by
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material from the friction.pads in the accepted sense is not responsible
L

for the changes -~ elucidation of this problem might well form the subject

of further work.

13.3. Investigation of initial fsde

As a further example of the type of cata available from the machine
Fiz. 39 shows the dramatic but progressive changes which occur in initial
fade as small percentages of a commonly used ingredient were increased
uniformly from Fig. 39 A to D.

Close examination of Fig. 39 A shows that as the temperature
increases, slight fade in friction occurs, but the majority of fade is
delayed, and appears during the fallinz temperature region after the first
peak. Subsequent peaks of temperature give rise to smaller amounts of fade
until at the end of the first circuit most of the fade has been eliminated
by previous history. The sequence of applicctions is indicated by the
arrows. As the composition of the pad material is chanzed prozressively
from Fiz. 39 A to D tne whole effect chanzes markedly in maznitude but in-
varisbly, by the time the third temperature peak was reached tne initial
fade had been 'heat treated! out of the pads. A second similar test on the
seme pads showed thit only in the case of zero additive was there any
recurring residual fade, and tzere only on the second rise in temperature.

<

13.4. Behaviour of drun brakes

Fig. 40 shows by comparison tae daifferent type of behaviour exhibited
by a larze comsercial vehicle drum brake. It may be scen that considerable
changes occur in coefficient of friction which are of a less transient
nature as tne duty level is increased to cover higher temperatures. There

)
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re two reascns for this, firstly the type of friction material used fox

large drum brakes is more sensitive to temperature because they are made to

I3 s 233 . 1 AT sintair o7, s :;i'l- ~
exhibit greater conformability 1n orcer to maintain a good contact area.

order to avcid 'strip braking! and con-

Good cont:ct area is necessary in .
sequent heat spoitine of the cast iron drurs, and the nett result of these



8.

considerations 1s that the synthetic resins used in larze drum brake linings .
are softer and therefore less thermally steble than those used for disc
brake materials. Secondly in spite of the use of softer resins, the linings
can still not be sufficiently soft to change radius as the drum expands
thermally. Thus as higher temper:tures are reached contact between lining
and drum tends to be concentrated towards the crown of the lining. This
means that although the lining may contact the drum over its whole length,
the pressure distribution departs from the cosine distribution which would
result from continuous wear at constant temperature, Ref. 23 and tends to
zero at the leading and trailing edges. Thus the 'shoe factor' of the brake
decreases as the drum expands thermally contributing to the increased sensi-
tivity to temperature in Fig. 40.

It may be seen from the friction scale in Fiz. 40 that in contrast
with the disc brake results snown earlier, coefficient of friction is not
linearly related to torgue for a constant actuating pressure. In order to
provide a scale of coefficient of friction on the results wnhich are of
course torgue output from the brske it is necessary to make some assumptions
about the pressure distribution alonz the length of the linings. In apite
of the fact that thermzl expansion of the drum relative to the lining and
shoe will affect the pressure distribution, insufficient knowledze exists to
evaluate the effect quantitatively and in any case the magnitude of the
effect varies from lininz to lininz and with flexibiiity of tne wnole brake
mecnanism. For this reason the scale of coefficient of friction is cal-
culated on the assumption that a normal pressure distribution existes and is
to some extent therefore nominal. The calculations involved in evaluating
a scale of coefficient of friction are included in Appendix (5).

13.5. Fade and r=covery tests

13.5.1.Conventional type of test

A conventional fade and recovery test is desizned to yield information

on the loss of brake effectiveness as rapid applications of the brake are




made resulting in abnormally high temperstures.

This is done by measuring

the torcue output from the brake at constant application pressure over say
thirty cycles at 45 second intervals such that at the end of the test a
temperature in the region of 300°C is reached by the brake drum. The test
is usually performed without cooling air in addition to the normal convec-
tive cooling, and is followéd by a further series of say 10 brake
applications at much longer interval to measure the recovery of the brake
as the temperature fails back to ambient. Temperature of the brake is
measured throughout and the temperature time curve both rising and falling
is superimposed on the result of torque/application number so that the
effect of different rates of rise of temperature can be taken into con-
sideration when evaluating the reéuits. This is necessitated by the dif-

ficulty of maintaining a constant rate of change of temperature under chan-

ing environmental conditions. The snort commings of this procedure are

[518)

two fold. Firstly it is not possible to present full informstion on the
variation of torque within each application and secondly it is not possible
to make correct szllowances for variation in rate of change of temperature
between one te:t and another since the relationships are not well known. A
typical result of a conventional fade te:t is shown in Fige 41, in which
the arrows represent an attempt to demonstrate variation of torque within
an application, and the recorded temperature is superimposed as described.

13.5.2.Hew tvoe of fade test

Fig. 42 shows the same test plotted in terms of brake applications,
(again at constant time intervalsj against temperature. The picture presented
shows a much clearer relationship, including the variation within brake
application, and the recovery test is superimposed in red for clarity.

In order to eliminate the effects of varying rates of change of tem-
perature the procedure can now be standardised by cutting a profile to match
the particular results achieved in the above test and using this as pattern

03 ~ oy A 4 - E - . B L
for future tests. Then by programming the A¥ plotter/controller to repeat
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the test on a temperature basis instead of constant time cjcle a precise
control can be exerted on the temperaturc cycle thus eliminating the need
to make subjective allowances for variations occurring due to changing
environmental conditions.

13.5.3.Constant temperature profile testing

It is éf course not possible to reproduce exactly the same test
under controlled temperature because the linings once used will change
substantially in their behavicur. TFig. 43 however shows 3 further samples
of the same material tested according to a constant temperature profile.

o

Time did not permit the provision of an extensive series of such

tests to demonstrate the improved repeatability of temperature controlled
fade tests, and the cost of such'a series would be prohibitive for the pur-
pose of this thesis, the cost of a sinzle test inclusive of beddinz would
be about £100 however a measure of improvement to be gainéd can be seen
from Fig. 44. This shows a series of fade tests on a number of samples of
the same material done by conventional methods. It may be seen that those
tests where, due to variations in environmental conditions, the rate of
rise of temperature is low, show substantislly different characteristics
from those where temperature rose rapidly. It is of course not pozsible to

correct for such changes, as different materials differ in their sensitivity

to rates of chanze of temperature.




14+ SOME SUCCLSSFUL PROGRASES CARRIED OUT ON THE JACHINE

14.1. Variations in cast iron rotor behaviour

Although the dynamometer control was designed to investizate the
behaviour of friction linings the improvement in precision and relisbility
of results soon lead to the conclusion that the cast iron rotor (drum or
disc) was contributing to the behaviour of the friction pair. It had
always been recognised that changes in cast iron for example from grey iron

/

to spherodical graphite iron, nodular graphite, or maleable iron would
influence behaviour to a considerable extent. What was not previously known
was that within the specification of flake graphite zrade 18 grey iron, con-
siderable differences in behaviour could be detected provided tuat variations
from other scurces could be eliminzted. Close examinztion of results showed
that two types of variation due to cast iron could be detected. Firstly a
variation exists between different discs or drums made to the same speci-
fication by the same foundry, and move so between different foundries,‘secondly
a variation of a ziven disc or drum as testing continues. Because the secund
source of varistion often exceeds the first and because considerable uncer-
tainty existed as to the validity of any test on friction materials, these
varistions in iron had not oreviously been observed. However, having elimin-
ated other sources of variation it became clear that the variation due to
iron were very considerable indeed, and did in wmany cases exceed lhe variation
due changes in the friction material which were under investigavion. Know-
ledge of the existance and characteristics of the variébility in behaviour
of iron suzgest that thelr detection should have been ;ossible before the
improvements in testing described in this thesie were available. It is clear

now that the reason that they were not identified lies larzely in the fact
e (on test) to develop in many cases. Thus chanzes in
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apnarent behaviour of the friction materizl under test did not coincide with

the rotor durinz a g
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They were therefore attributed, erroneously, to the unpredictability of the
behaviour of friction tests generally, a conclusion which is not in conflict
with the many attempts to measure friction and wear under much more con-
trolled conditions in laboratories throughout the world.

Fig. 45 shows the results of a series of tests on brake discs of
commercial orizin from different manufacturers, from different foundries
but made to the same specification, and from the same foundry to a given
specification. The work was the subject of a short paper publishéd in the
J.AE, and has been accepted by the industry as the first cquantitative and
positive evidence of the existance of such variability.

In Fig. 45 the original dynamometer results have been summarised for
publication, to ease interpretation for those not familiar with the deriv-
ation of the test results.

A short description of variations with time of testAis reported in
Chapter 13.2. |

14.2. Measurement of brake noice and sgueal on dynamometer

Dynamometers have frequently been thought to be unsuited to the study
of brake noise. This is because the suspension of both disc and btrake assem-
bly differs from that of a vehicle, and therefore modes of vibration may be

critic It is also well knowun that brake noise is in many cases
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extrenely sensitive to brake operating oressure and temperature, and also

v

that noise is frequently extremely fugitive in its appearance, no doubt due
to its dependence on previous history and thermal distortion of the rubbing
parts. However, the most systcmatic pattern of brake noise on vehicles, and

probably the only pattern of behaviour which is reasonably oredictable is

in> periods in which the brakes are coolinz after a prolon-
ny

that occurring dur
ged hizh temperature operation. This is one reason why a nusber of workers
have drawn the conclusion that thermsl distortion plays & strong part in the
generation of squeal, although there are equally pleusible explanations in

other directions.
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During the operation of the dynaoneter to temperature controlled
profiles it was frequently noticed that squeal occurred for short neriods
2 IR I ] s \ .
of a few brake ap;lications towards the troughs in temperature profile,
“and that squeal would start at the threshhold of audibility,increase to

clearly audiblegand then decline to zero Juct after the minimum temper-

ature was reached. Because of the similarity between this pattern of
behaviour to that exverienced on vehicles further investigations were
started.

It 1s beyond the scope of this thesis to describe the work in
detail, but briefly by attuching acceleration transcucers to each back-
plate of the friction material, and feedinz the output.into a filter cir-
cuit to remove ultrasonic noise, .the amplified signal was shown to measure
brazke noise which correlated subjectively with the occurance of noise on
a vehicle fit£ed with similar frictibn material and brakes. iz, 46 snows
a tynical chart from a three channel recorder conteininz tempcrature,
torque and measured noige.

Various further observations were made including the incidence of
ultrasonic noise before and after sudible noise was observed, the relation-

ip of noise to “grfiz(é. , &nd the relationships between noise emanating

from the two pads separately. Further work showed the influence of thicle
ness of the metal back plate on noise and the tests were successfully used
to develon friction materisls snowinz diminished propensity to noise.

14.3. Eenesgtsbility of friction material benaviour

It is commonly accepted that the behaviour of asbestos reinforced
resin based friction materials are, like most other material somewhat
variable in behaviour. This view arises from many sources includinz the

known variations which occur due to chemical changes in tae surfaces of

c s e . , -
the friction elements under heat and oxidative degradation ; and the chan-
LiiAd

ging environment in which friction experiments tzke place i.e. gtmospnerlc

o q iy ilew 1s a
contamination and contamination due to wear products. The view is also




supported by the often observed experimental difficulty in achieving the
same results twice on the same piece of friction material. Leferring back
to the results shown in Chapter 13 it may also be deduced from these that
the coefficient of friction at any siven temperature on any ziven circuit
covers a wide range of values and therefore contains considerable scatter.
However, during the use of the dynamometer for friction material develop-
ment, 1t was frequently noticed that odd individual brake applications which
stood out from the general envelope of values were remarkably well repeated
between consecutive similar circuit55 This suzgested that perhaps repeat-
ability was much betler than the consistency of the envelope itself
indicated, and that another source of variation zave rise to the
variability of the whole envelopé of results.

It was recognised that the programme of speed and pressure of brake
aprlications, althouzh consistent from test to test was not interlocked
with the temperature profile, and that the point in the prozramme at which
a test started could vary by a few applications dependinz on the exact
location of the temverature profile on the XY plotter bed. Thus slight
vhase shift could occur between temperature and brake application programue
which could cause minor variations from one test to another. It was
thouzht that this mizht detract from the repeatability of the whole result
in some srall degree and that the potential repeatability mizht be even
better than it appeared. Accordingly a special exercise was conducted to
establish the true reveatability of friction materials. First a friction
material was selected which showed a reasonably high variation in friction
at each temperzture and run for repeated circuits until ;tability was

L s . . e o i series
reached. In all, 16 circuits were performed in the series.

Care was taken to ensure that temperature profile and application

sequence were in phase for each circuit. Twelve individual brake appli-

. . o e lan inte: } shout er 24 P
cations were then selected at fairly regular intervals throughout each cir

cuit and recorded on a separate XY plotter in narsllel with the recordinz/




programming unit. The applications were selected to cover the whole tem-
perature range and duration of the circuit so that three applications were
made at each of four temperature.

Considerable variation was observed between the results from con-
secutive circuits even though overall stability had been achieved, and
superficially the result looked diss sppointing.  However, it was observed
that the main difference scemed to be in the length of corresponding
applications alonz the temverature axis. It was recoznised that this
could well be due to the effects of strip braking. Strip braking varies
in magnitude from material to material and is caused by the non-uniform
pressure distribution across the radial width of the friction nads, such

/
that work is not done uniformly across the rubbing surface of the disc.

Thus if the majority of the work is done at the same radius as the radius
of action of the recordinz thermocouple a considerable increase in tem-

perature 1s observed within the brake application, and if remote, only a

snall rise is obe
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erved. This in turn varies the length of the recorded
application and appeared to account for tae variability of results.
Circuits No. 9 and 12 were then chosen for manual correction of this

vossible and Fiz. 47 and 48 (shown superimposed) represent

effect as far a

(6]

the resulting repeatability of individual brake applications separated by

no less than 10-1/2 hours of continuous testing over a wide range of tem-
3

peratures. The repesatabilily is now extremely sood showing thet in the

.

uncorrected form, a large part of the apparent scatter, hich itself is not
. 5 s e . ol R ]
great zrises from the random variation of centre of pressure of the pads

with respect to the measuring thermocouple. uie"rlj this is an effect which

averazes itself out over a number of applications accounting for the excel-

lent repeatability of the averaze value for each compnleted circuit.
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¥urther consideration of Fig. 47 and 48 and the reasons for the

in the friction envelope, showus

o~

apparent scatter in individual applications

. Vi4v of friction behaviour must be even better than
that the real repeatability of friction behoviour mus e




that shown in Fizs. 47 and 48. The reason for this is as follows :-
The cause of the variation in the temperature rise per application as

has alrcady been seid, arises from varistion in the radius of action of
the centre of pressure over the face of the friction material. This

in turn means that the coefficient of friction as calculated from the
torque generaﬁed must be slightly in error because the calculation
involves the assumption of a constant nominal radius of action of fhe
centre of pressure.

No doubt this error would account at least in part for the
residual scatter in Figs. 47 and 48, but it was considered that further
investigation along these lines would be beyond the scope of this thesis.

Further work on the real centre of pressure during each application
could be conducted ziven a knowledge of the temperature distribution
across the face of the disc such as could be obtained by employing a num-
ber of thermocounles at different radii. However the precision of the
friction/temperature envelope was more than adequate for the purpose for
which the control system was developed. The further precision saown in
Fizs. 47 a¢d.ﬁ48 show considerable improvement again, and to still seek
further correction would bebof academic interest since tane suggested

precision is unpresedented, but of no real practical importance.




CHAPTZR 15.  DISCUSSION

15.1. Achievements

The original development target for this work was to provide a rapid,
reliable & comprehensive method of testing at low cost. Reliability
requires that the test results be both repeatable and relevant, and rele-
vant means in this context that results from the dynamometer must be quan—
titavely the same as would be obtained on a vehicle if it were possible to
echieve perfect relizbility on the vehicle itself.

It is the authors‘belief that this tarzet has been met, but in order
to provide rigorous proof, further work would be necessary to advance
vehicle testing to the standard which has now been reaéhed in dynamometer

tests.

15¢1.1.Correlation with the venicle

A system has been developed for testing friction materizls u81n~

<

roprietory brakes on a conventional inertia dynamometer. The dynamometer

is automatically programied in such a way that tne test schedule 1s truely
representative of the duty imposed on the brake when run on a vehicle under
nornal or abnormal concditionsg on the nublic road. Experience in testing by
this technigue shows that all features of behaviour exhibited on the dyna-

moueter are gquantitatively repre sentetive of behaviour on the corresponding

5

road vehicle nrovided that tane following conditions are satisfied :-
Te That the friction materizls used on vehicle and dynanometer are care-

fully selected to be ecuivalent in every way.

. B

2. That the metallurgical propertles of tae disc or drum used on tne dyna-

, . S e e e Y nicl
mometer are reproduced in the discs or arums used on tne venicles

S \ . ng d: m ol o
3. That the previous history of testing on both vehicle and dJHQIOTGtOr
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are ecuivalent both for the friction material and for the cast iron

rotor.
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L. That the eifect on behaviour, of standing unused between parts of a test,

L , r over lunch tine are either
say for exam)le over night, over weekend, or ove
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made egual on both machine and vehicle or time is allowed for such tran-

sient effects to disappear before comparisons are made.

However, to demonstrate the quality of correlation with vehicle
results is difficult for three ressong :-
1. It is difficult to ensure that differences in cast iron rotors and

friction material between vehicle and dynamometer do not introduce
uncontrolled differences.

2 rogt vehicles are fitted with different types of brake on front and
rear axles, l.e. disc frontldrum rear or 2 leading shoe front, leading/
trailing shoe rear,-and all Vehic}es have uneven distribution of energy
dissipation front to rear, usually hizher on the front axle. Thus the
performance of the vehicle brakes represents a coﬁbination of inter-
acting brakes and cannot be'compared accurétely with the performance of
a single brake on a dynamometer.

3. The control of vehicle testing is much less advanced than the control
of dynamometer testing, and it is not possible, therefore, in the
present state of tae art to achieve reproducibility between vehicle
tests which approaches that of the dynamometer.

The best evidence of good correlation is therefore derived indirectly
and the followinz is just one example of such evidence. In many cases during
vehicle testing slizht imbalance can be detected between the verformance of
the two front brakes either by observing slizht differences between the tem-—
perature of the two discs or drums, or by the vehicle tending to veer
slightly to one side during braking. Whenever brakes from such a venicle

the dynamometer not only has the imbalance heen

jmd

have been tested in turn o
reproduced, but reproduced over the correct tempersture range even in cases
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where the imbalsnce has chanzed direction throughout the temperature ranze

Fiss. 4O - 55 show the corressondance between vehicle and machine
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results durinz an exercise to investigate brexe pull. & vehicle was pur
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to the left. Fig. 49 shows the individual front disc temperatures during a

60 wile road circult in which a wide range of temperatures could be expected.
Clearly the nearside brake was doing considerably more work than was the off
side. It was concluded that the near side disc was exhibiting untypically
high friction and it was changed for a 'normal' disc.

Fige. 50 shows a second similar run of 67 miles after the new disc
had been bedded and it is clearﬂthat the discrepancz is much smaller, but
gtill present. Fig. 51 shows a third run after the off side disc had been
replaced by a second 'normal' disc and rebedded. The discrepancy has now
completely disappeared sﬁowing that the two discs were a similar pair.

A1l four discs were then re-ground on the operating surfaces and
tested on the dynamometer.

Figs. 52 - 55 show the four discs tested in turn and clearly demon-
strates a very large discrepancy indeed between the first two discs, and
equivalent results on the two replacemént discs. Thus a clear indication
is ziven that both vehicle and dynaqymeter are in detailed agreement in
their measurement of the behaviour of the brakes.

Many other similar cases can be quoted, but the qualitative nature
of vehicle tests, and the subjective comparisons made to draw conclusions,
makes such evidence unsuitable for tabulation.

However, whenever it has been suspected that a failure to correlate
has existed, closer inspection of the results has shown comparisons were
being made under non-comparative conditions such as at different temperatures
or after different amounts of previous testing.

15.1.2.Reproducibility of results

The reproducibility of results on the dynamometer 1s quite unexpectedly

good provided adequate precautions are taken to ensure that both friction

materials are equal. Quantitatively, as is shown in the foregoing report the

reproducibility can be expressed in terms of the two signa limits between

tests. The calculated values for 26r'iimits in coefficient of friction are

. + B
: 0.0033, and for wear loss in terms of thickness are equal to = 0.002in,
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Figs. 56 - 66 show the actual machine results summafised in Chapter
13.2. more fully. TFive or six pairs of samples were used in total out of
each of six batches of material. They were tested in random order, and as
has been stated showed a progressive reduction in coefficient of friction
as the disc characteristics changed. Closer inspection of the results
showed however that there were characteristic differences between samples
from each material batch superimposed on the zeneral trend. Two batches
which showed the greatest difference (batches 647 and 40,) have therefore
been included to demonstrate that slight differences in raw materials or
production parameters caﬁse real differences in performance characteristicg
as stated in Chapter 1.4.1. and 1.4.2. Batch 404 is higher in friction,
higher in wear rate, and more wniform in friction/température characterigtics
than batch 647. The series also'demonstrates the repeatabiliﬂy obtainable in
a long series of tests even when sample to sample variation within batches is
still present.

15.1.3.Quality of results

A large number of brake applications must be made under representative
conditions during a test of friction material in order to assess resistance
to wear accurately. By automatic programming and plotting it is possible to
record the friction behaviour throughout all applications in a meaningful
form instead of recording only a smell fraction of the work done as is the
case by previous methods. By automatically arranzing the plotting of each
brake application, in a logical way instead of merely chronologically, it
has been possible to assemble each individual result so that the whole

envelope of behaviour can be assimilated by the formulator or tester at a

glance. Thus an extrezmely comprehensive test result is presented using all

available data without the need for manual interpretation or the cost of

computer analysis.

To illustrate these points the complete series of machine results

which are summarised in Chapter 13.3. are included (Figs. 67 to 80).

‘ . X - ts iner of 1% in one ingredient
The series Figs. 67 - 73 representis increments 1% g nt
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in the formulation and shows the progressive changes in performance as des-
cribed in Chapter 13.3. The second series from Figg. 74 - 80 however shows
precisely the same series of additions at 1% increments, but in tﬁis series
a second ingredient was added at the 5% level throughout. Together, the two
series show, (A) progressive changes in each series demonstrating consigtent
and repeatable behaviour and (B) that not only do small changes in com-
position have marked effects on performance, but that the addition of one
ingredient interacts with the effect of the presence of other ingredients

as was stated in Chaﬁter 1e4.

15.1.4.C0st and speed of testinz

A full evaluation of a friction material including friction and wear
over a range of three duty levels with repeat tests to evaluate the effects
of previous duty can be completed in 24 hours.

The cost of testing consists solely of the power required to drive the
dynamometer plus depreciation, with the only labour cost involved being that
required to fit the brake up and measure the material for wear losses. By
current accounting figures the cost of a 24 hour test is £50 compared with
£160 for an equivalent test by previous technigue.
15¢1.5.Reliability

Routine maintenance on the controller involving mainly removal of
accunulsted wear dust is currently performed every thousand hours of
operation.

15.2, Why results are better than expected

When the work was started it was expected that a substantial improve~
ment would be achieved both in relevance and in precision. Final analysis
however showed the orecision to be ¥ .003p which in terms of percentage at a

coefficient of friction of 0.4 equals I3/4 %. This is of course far better

than was expected and it is therefore interesting to consider why such

precision was cbtainable.

In the first instance the measurement of dry friction hgs always Deen

) 1 3 3 N 1 ~ -
: ; , her in academic work on sa
considered to be subject to large errors; whet y
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metal to metal friction or in practical engineering work on dry bearings,

machines slides etc., or in dry brake lining testing.

When, in the past therefore, dynamometer results showed variability,
it was considered acceptable, on the grounds that’considerable scatter was
only to be expected in work on friction. It was also accepted that friction
materials could not be made to close limits of behaviour, particularly as
they consist of a mumber of naturally occuring raw materials, and this again
was regarded as adequate justification for poor repeatability. Finally, it
was known that particularly under repetative testing conditions, unstable
surface films could be built up which due‘'to their instability would intro-
duce furthner scatter.

Because of these 'known' gources of variation it was taken in this
work as axiomatic that the dynambmeter results should be completely beyond
reproach, and that repetative test conditions should be avoided and replaced
by repeatable, but continuously varying_programmes: Hence the emphasis on
retrospective cross checking. )

Having gained complete confidence in the validity of testing procedures
it became clear that 'random! variations between samples of material could be
eliminated by attention to detail in raw material selection and production
methods. Once more consistent materials became available, coupled with
enhanced confidence in test procedure it became more reasonable to attribute
residual variation to other sources, however unreasonable they appeared, such
as variations within and between cast iron discs. Having identified and
allowed for two major sources of variation by exercising control by selection
of discs and friction material, the further elimination of sources of error
then becomes self propagating in that the removal of each source of error
gives better precision to enable progressively smaller errors to be identified
and eliminated.

The final scatter shown in Figs. 47 and L& can still be improved by

multiple regression analysis on rate of change of temperature, effects of

speed and energy dissipation rates etc. and thig leads to speculation ag to
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why suci precision can be obtained in the measurement of friction.

In many friction experiments the results obtained depend for their
consistency on the existence of films between the rubbing surfaces of either
oxide, contamination, or lubrication. when these break down, catastrophic‘
wear occurs with a large change in the frictional forces. The truth of this
statement is obvious in !'lubricated! friction, but is also probably true in
say 'pin and ring' tests where oxidation of the metal takes place at the
same time es the oxide film is being worn away. In many cases welding can
take place between the two rubbinz surfaces but its onset ig critically
dependent on surface con£amination.

Brake lining materials are designed to avoid welding, and are used
under conditions where continuous replenishment of the surface by substrate
can occur without gross damage to the opposing surface. Thus the effect
of airborne contamination is masked by the continﬁous formation of wear
debris without in turn risking welding as would occur between two metal sur-
faces. The process is of course not fully understood and therefore opiniong
nust be largely speculative, but is seems that the absence of metal to metal
welding, and the continuous scrubbinz of surfaces by mildly abrasive wear
products must contribute to the remarkable consistency of performance shown
in Figs. 47 and 48.

Finally, although at first sight continuously varying the test con-
ditions would appear to oppose consistency, it is the authors opinion that
such & procedure improves consistency by avoiding the formation of unstable

surface films.

15.3. Retrospective view of other dynamometer test facilities

The most important cause of variability in previous dynamometer test
facilities is without doubt the failure to control test conditions by temper-
ature. The next important factor is less easy to prove, but cogld well be
the almost exclusive use of repetative applications under fixed conditions.
Had these two features been introduced earlier, the author believes that suf-

ficient confidence would have been inspired in the testing procedure to search




out and find all the remaining sources of variation;

In terms of correlation with venicles, it has been said many tines
and reported in Chapter 2 (historical) that the precise conditions per-
taining on the vehicle must be simulated on the dynamometer if good cor-
relation is to be obtained. Althouzh this has been said, it has not to

the authors knowledge every previously been done.




CHAPTER 16. FUTURE WORK

Future work can conveniently be divided into three parts as follows :=
16.1. Practical

Although rigzorous proof has yet to be demonstrated that perfect cor-
relation exists between vehicle and dynamometer results, experience has shown
that no conflict exists between the two, which cannot logically be attributed
to variability on the vehicle sidé. For this reason it is felt that the
expense of improving vehicle tests to a level at which the validity of dyna-
mometer results could be tested is unvarranted. That is not to say that some
improvement would not be advantageous, and work will continue in this direc-
tion.

Again work could be continued towards converting dynamometers to
double, or four brake machines in order to enable vehicle results to be pre-
dicted more accurately. This however will not be undertaken except in special
cases for the followinz reason. The material formulators task 1s to produce
better friction materials, and this can test be done by testing materials
individually under controlled conditions. Provided that the formulator can
predict the results he will get on a vehicle from dynamometer tests, the
dynamometer is sstisfactory for the purpose for which it was designed and the
experience over 2,500 tests shows this to be the case within the limitations
of single vehicle tests.

It is the present view that further work should be directed towards
improving the ability to predict the effects of known changes in single
brakes on the performance of the whole vehicle system by further study of
the dynamics of vehicle braking.

16.2. Acadenmic research

There is zreat scope for further investigation of the causes of
g I

residual variation shown in Figs. 47 and 48, Chapter 14.3. tultiple reg-

ression analysis has shown that part of the cause is a real effect of rate

and direction of change in temperature, and three dimensional graphs have
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shown that further definition can be obtained if tempersture changes during
a single brake application are separated from bulk temperature at the
beginning of applications, by plotting p against the two temperatures 6, and
6, simultaneously. Further effects would be expected by separating the
effects of speed or instantaneous rate of energy dissipation by further mul-
tiple regression analysis, but preliminary investigation suggests that these
are small. ~

It is the authors belief that the precision and reliability obtained
in this section of the work provides great scope for investigation into the
mechanism of ffiction and wear of resin/asbestos composites and that such

investigations might even throw light on friction and wear generally.

16.3. HMiscellaneous

The brakes divisions of three larze motor manufacturers in the U.K.
have all had problems of braking which could not be explained by conventional
testing but which have been resolved by the use of programmed machines
employing this technique of testing. As further problems emerge minor mod-
ifications will be required including specific cases of double brake testing,
further investigations of brake noise, investigations into brake judder, and
a continuation of the work on brake rotors to include the causes of thermal
damage.

Continuafion of investigations of the behaviour of vehicle braking
systems is facilitated by the ability to separate brake behaviour from
behaviour of the vehicle, i.e. suspension characteristics ete. which could

» e

not adequately be done while the validity of dynemometers vwas in doubt.




CHAPTER 17.

CONCLUSIONS

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)
(12)

An inertia dynamomcter can be used to measure the frictional charac—
teristics of breke linings with great acéuracy and reproducibility.
The wear rate of brake linings under a ranze of operating conditions
can be accurately evaluated on an inertia dynamometer.

Fade tests can be conducted on a dynamometer giving repeatable and
meaningful results.

Brake noise can be measured on dynamometers which correlates well
with that on a road vehicle.

The coefficient of friction measured on a brake depends not only on
the ingtantaneous speed, pressure and temperatﬁre etc., but also on
the rate and direction of temperature change.

The temperature change within a brake application has a different
effect on coefficient of friction than temperature change between
applications.

Complex patterns of frictional behaviour during changing operating
conditions are not random variations, and can be repeated with great
precision.

A1l the behaviour of a single brake on a dynamometer can be shown to
relate well to the behaviour patterns experienced on a vehicle.

In the development of friction materials, the study of a single brake
on & dynamometer can be used to predict the behaviour of a total
brake system and to separate vehicle characteristics from brake char-
acteristics.

In order to progremme a dynamometer satisfactorily it is necessary to
use brake application temperature as the control parameter.
Non-repetitive programming is necessary to achieve meaningful results.

. n 1,8 , -
Facilities for retrospective cross checking of all important parameters

is highly 'cost/effective’ in work on tribology.
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0g hecking facilits , ) .
Cross checking facilities should refer to the whole measuring system

2dadd

u

checking form a useful

o
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pus
e
Q
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to frequent calibrations,

D £

Potentiometric instruments such as torgue transducers can be arran:

ERSAS 9]

in such a way that the presence of sensitivity errors or gero errors

]

N

can be continuously recorded, whilst eliminating their effects on
accuracy .

The adoption of brake temperature as the primary control parameter
enables accelerated testing to be used without adverse effects on
the validity of resulis, thus achieving substantial economy of

testing in both time and money.

The use of an XY plotter for recording results of friction lests

N

etc.; without the nsed for processing.

The use of an XY plotter for recording, facilitates the presentation
of every brake application made without either loosing detail or
over complicating the presentation.

The use of an XY plotter for recording results enables test
evalustions to be available immediately on completion of the test,

without manu=l or computer processing, or even to be observed while

[t
ot
o)

2 test is in progress.

; ing S ¢ £ brake applications
Programning to a continuousgly varying sequence ol brake applications,

] i+ e valuable ecord every brake
resulis in a situstion where it 1s valuable to record every brak

i i I onsecuti ~plications do not tend to egui-
application, because consecutlve 2pprlCatibns | )

librium behaviour.
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The combination of progr

ammed sequences of brake applications,

- - R - o N . L. - ,
and the recording of all applications made, results in a vastly

more comprehensive picture of frictional behaviour than could be
achieved by repetitive testing.

In order to evalvate small losses in thicimess accurately it is
necessary to use a micrometer which eliminates human error in
operation.

Different cast iron discs and drums show important differsnces in
frictionazl bvehaviour even though they may be made to a constant
specification.

Different samples of cast iron also show difference in their wear
rates and that of the material against which théy 2Te Iun.

A given cast iron disc or drum will show important changes in frictional
behaviour with time and running, long after conventional bedding has
been completed.

The chanses which oceur in cast iron behaviour ars not associated

Y,

n

D

with operating temperatures which approach t transition tempera-

ture in bulk.
. . . < PREEPS ) a1 e hanges
Chenges in cast irom can not be related to observable changes

he metallography of micro sections.

[N
=
-




APPENDIX 1

Three-factor analvsis of variance on each of

two material groups with replication

Friction Group 1 Group 2
level A1 A2 A3 A1 A2 A3
B1 38 W41 |34 53 |36 .38 | W39 W48 146 501} .33 .38
C1|B2 42«50 |37 39 133 .33 || J41 50 (.33 36| .38 W49
B3 ’37 ‘43 935 036 039 039 -34 035 -37 -40 -43 045
Bl | .34 48 .29 .35 (.37 40| .35 .35 .29 .31|.3%8 .40
02 B2 035 OAO 036 045 038 039 036 040 039 041 036 038
B3 38 W44 | A0 W40 |33 W34 || 42 5137 39 .35 .38
B1 A2 A6 1350 40| 27 W34 || 4R W43 | $33 34| AR W43
c3 | B2 35 .42 .33 .39 | .38 40 || W34 34|34 36141 W42
B3 035 .36 .38 W45 | .39 41| 38 W43 | W41 W43 .35 .36
Degrees of Group 1 Group 2
Source freedom Mean Squares Mean Squares
A 2 00643 .00436
B 2 .00005 .00037
C 2 .00057 .00250
AB A .00101 .00007
AC A 00043 . 0006/,
BC A .00063 00474
ARC 8 .00557 00870
Residual 7 .00201 .00091

For & difference significant at the 95

culate t 95 /; vhere the number of measurements
* n

in & test (n) is 15.

% level between tests cal-

For group 1 this is .034p and for group 2 02311




APPENDIX 2

MIXED DUTY SCHEDULE

GIRLING TYPE 16 SINGIE FRUNT DISC BRAKE

Purpose ¢
Girling type 16 front disc brake
caliper/s°

9-3/4in x .1/2in discs.

Cylinder dia. 2-1/8in.

Test Prefix : SG

Rig Detailg :

2-1/2 flywheels

1 sq.in. torgue cyl.

24in torque arm rad.

0/500 1b.in.? recorder (torque)
0/1500 or 0/2500 1b.in.® recorder

(pressure)

21in Sirocco fan.

10.

11.

12"

13.

14

Rapid wear and friction assessment during mixed duties.

Summary of Schedule

Bedding
Measure, including swell/ghrink

3 apps. from 62 mph to rest, 30%g,

80°C.
1 app. from 72 mph to rest, 50%g,
80°C.
30 apps. from 62 to 30 mph, 30%g,
300¢C.
1 app. from 72 mph to rest, 70%g,
300°C.
48 apps. from 52 to 30 mph, 30%g,
300°C.
1 app. from 72 mph to rest, 70%g,

300°C.

8 apps. from 52 to 30 mph, 30%g,
300°C.

12 apps. from 52 to 30 mph, 50%g,
400°C.

8 apps. from 52 to 30 mph, 50%g,
4,00°C.

12 apps. from 52 to 30 mph, 30%g,
300°C.

15 apps. from 62 to 30 mph, 30%g,
250°C.

1 app. from 72 mph to rest, 50%g,

295020 .




(b)

Sumnary of Schedule - Cont....

15« 3 apps. from 62 mph to rest, 30%g,
2500,

16. 3 apps. from 62 mph to rest, 30%g,
150G,

17. Heasure, including swell/shrink.

Duration : 4 hours

OPERATING INSTRUCTIONS

Temperature to be controlled from rubbiﬁg thermocouples.

Cooling air to be set at 30 mph, for the whole of the test.

Except during bedding, all applications are required to be recorded.
Except during bedding, note as many initial and final temperatures
as time allows.

Control torgue by Unitork throughout.




Release

Pressure 1

pressures required, alongside

APPENDIY 3

Medium

920
760
620
340
550
450
270

0

200 psi.

-

Pressure 2 =

1200 rev/min

tt

i

H

300 psi.

Speeds are prozrammed as follows, with the corresponding line

applications.

The above repeated 3 further times t

Aoolicn. T. Speed B. Speed Press. Applicn. I. Speed B. Speed
1 2 8 1 26 2 6 1
2 A 8 1 27 2 5 1
3 2 6 1 28 3 6 1
4 2 7 1 29 1 5 1
5 3 6 1 30 2 6 1
6 2 7 1 31 3 7 1
7 4 8 1 32 1 8 1
8 2 6 1 33 2 6 1
9 2 7 1 34 2 5 1
10 A 8 1 35 2 5 1
11 2 5 1 36 3 7 1
12 2 6 1 37 2 5 1
13 3 8 1 38 2 5 1
14 2 6 1 39 3 8 1
15 2 7 1 40 2 7 1
16 1 6 1 41 2 5 1
17 2 5 1 42 2 6 1
18 2 8 1 43 3 7 1
19 4 8 1 4, 2 6 1
20 2 6 1 45 3 6 1
21 1 8 2 46 2 5 1
22 3 6 1 47 3 7 1
23 2 7 1 48 2 7 1
24, 2 6 1 49 3 8 1
25 3 6 2 50 2 7 1

o make up a total of 200




APPENDTX 4
CHART LENGTH

Nomenclature :

A Piston Area £gein.
I ‘Dynamometer Inertia lb.ft.2
c Chart length _ em
C Total chart length cm
n Total number of applications in series
P Brake pressure 1b/sq.in.
R Effective radius of brake ft.
t Time _ seC.
tb ’Bﬂ&hg'ﬁme ‘ S€Ce
T Braking torque 1b.ft.
u Chart speed | cm/seco
W Dynamometer speed : rad/sec.
B Coefficient of friction
Suffixes :
S refers to start of application
e refers to end of application
r refers to rth application
The brake torque T = 2pAPR 1b.ft. (1)

Applying Newton's 2nd law and integrating for the r

s L -
application Y T oT (wsr wer)
from which c, = E% (wsr - Wel‘)
g .

Sunming over the whole series and substituting T from (1)

n
_ul -
C = 2iRg gy = ¥er)

r=1 wP

or if u and P are considered constant
n
_ ul - 1
~ 2APRg j{:(wsr wer> T
1

Thus, since the total number of applications and the application and
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release speeds remain unaltered for a given duty level, p is inversely
proportional to C. Some applications were of course carried out at a
higher pressure but these were a small proportion of the total and hence

the above equation was a good approximation.




APPENDIX 5

5.7in
b = 4.9in
r = 7.625in

R = 3 ° Oin

For FORD D800
Brake

Resolving Vertically

1 + XX 91 + &
L+ RGCosf -« r/ PSin©d 6. - pr Pcos @d 6 = O

91 91

Regolving Horizontally
91 + 2K 91 + 2%
R Sing + r Cos 6 d 6. - pr PSin9de = 0

© °

Takiny Moments

[QH + 2K
La ~ Rb Cosg ~- Rh Sing + pr j Pde = 0
e
1
Pressure P= ACos @+ BSin &
Shoe factor S = Drag at drum radius per unit shoe tip load
91 + 24
= ur Pdo
LY e
]
g T = S.P.A. xr 1bSt. = 7625S.
| 12
; If v = .1 S = o257 T = 1960 1b.ft.
2 616 4700 no
.3 1.126 8600 "o
., 1.877 144,00 v
5 3.041 23200 mo
.6 44991 38000 mor

7 8.719 66600 v
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TORQUE ON VEHICLE

CORRELATION OF DYNAMOMETER AND VEHICLE RESULTS
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TEMPERATURE/TIME CURVE FOR BRAKE INTERFACE
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DOUBLE RUBBING THERMOCOUPLE ASSEMBLY
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PROTOTYPE XY PLOTTER/CONTROLLER
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Fig.7
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DIAGRAM OF SIMULATED ROAD CIRCUIT
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DISTRIBUTLON CURVE OF MEAN CIRCUJT TEMPERATURE
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DISTRIBUTION OF TEMPERATURE POR EACH
DUTY LIVEL
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TEMPERATURE PROFILE FOR FEACH DUTY LEVEL
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FRICTION AND WEAR RESULTS IFOR NORMAL
AND ACCELERATED COOLING
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TORQUE AND PRESSURE CURVES FROM TESTS AS
DESCRIBED IN CHAPTER 3,1 :
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