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ABSTRACT

The specification and the measurement techniques of the topogra-
phical features of a manufactured surface and their relation to the mecha-
nical properties and performance are critically discussed in this disserta-
tion. Existing theories that describe the irregular surface textures are
reviewed and compared with a number of data avaible so that useful informa-
tion on design procedures can be obtained. The latest techniques emploving
probabilistic descriptions are also included.

To verify the effect of cut-off on the Center Line Average (CLA)
measures and its relation to the wave length of the secondary texture, an
experiment was conducted with Tzlysurf No. 4 instrument. Five different
surface samples were measured and the roughness profiles were obtained. It
is observed that the CLA value increases with an increase in cut-off.

The complex problem of correlating the topographical description of
a surface profile to mechanical behaviors such as fatigue strength, vearing
capacity, ability to retain lubrication, wear, and corrosion are all respec-
tively discussed and general conclusions are drawn. It is concluded that
both the surface roughness and the surface hardness affect the fatigue
strength. Compressive residual stresses are found to increase the fatigue
strength wheress tensile résidual stresses lower the resistance of the
component against‘fatigue. It is noted that, in general, the load carrying
capacity can be increased with a smoother finish for a shaft. Further, use
of high viscosity lubricant yields a higher bearing load capacity for a
smooth surfsce than for = rough surface. The results derived are useful
for specifying the desired quality of finish for a surface in relation to
the functional usefulness of the component that has been designed to provide

a specific performance.
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RESUME

La spécification et les techniques de la mesure des traits topo-
graphiques d'une surface usinée, leur rapport aux proprié%éé mécaniques
et la performance sont discut€s sérieusement dans cette dissertation.
Les théories existantes qui decrivent les textures irrégulieres de la
surface sont revues et certaines vérifications expérimentales sont
faites pour fournir d'utiles informations sur les procédes d'un dessin.
Les plus reécentes techniques aui emploieﬁt des descriptions probables
sont aussi incluses.

Afin de vérifier 1'effet d'ine coupure sur les mesures de la
_courbe centrale médiane (CCM) et sa relation avec la longueur d'onde de
la texture secondaire, une expérience fut élaborée & l'aide de l'ins-
trument No. 4 Talysurf. Cinq différents échantillons de surface ont
ete mesurés et les profils de rudesse ont été obtenus. On peut observe
que la valeur de la courbe centrale'médiane augmente avec l'augmentation
de la coupure.

Le probléme comvlexe d'associer la description d'un profil d'une
surface aux comportements mécaniques tel que 1'endurance, la capacite
de soutenir, 1'zbilite de retenir la lubrification, l'usure et la corro-
sion sont tous respectivement discute’s et des conclusions générales en
sont tirees. Comme conclusion on peut voir que la surface rude et la
surface dure affecte 1l'endurance a la fatigue. On découvre gue les
forces compressives residuelles augmentent 1l'endurance mais gue les
forces de tension résiduelles baissent la resistance de la piéce contre
1l'endurance. On peut noter éu'en genérzl la capacite de supporter une

A / . . .
charge peut étre augmentee avec un fini plus lisse pour le cas d'un
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arbre. En plus, l'usage d'un lubrifiart a haute viscosite produit
une capacité de charge de roulement plus elevee pour une surface
lisse plutdt que pour une surface rude. Les resultats derives sont
utiles pour specifier la qualite du fini désire pour une surface en
rapport avec 1'utilité fonctionelle de 1la piece qui a éte congue pour

fournir une performance spécifique.
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CHAPTER 1

INTRODUCTION

The topic of typology of manufactured surface is primarily con-
cerned with the specification and measurement of thg topographical fea-
. tures of surfaces. Any surface typological feaﬁure pémprising of minute
.hills and valleys, that occur at regular or irregular iﬁ%ervals, tends
to form a kind of pattefn or texture and is usually called surface rough-
ness. |
Till recently the most widely accepted standard for the measurement
of surface noughness is the so .called Centre Line Average (CLA) value
which gives a measure based on the average of the height of the hills
and depth of the valleys with respect to the centre line. Electronic
instruments are employed for tpe measurement of the CLA value. For sur-
faces that are obtained through macﬁining, the roughness is always inse-
parable from whatever finishing process that is employed. For:example,
abrading processes, such as lapping and honing, produce a texture irre-
gular and multi-directional; grinding, Qﬁich is the most widely used
finishing process, generally gives a texture which is irregular but uni-
directional; while the textures producea by the cutting processes, such
as turning, boring and shaping etc., tend to be both evenly spaced and
uni-directional, It may be seen that each machining process has a typi=-
cal effect on the nature of surface produdedhwhich along with the ac-
tual texture influences.the physical and mechanical properties of the
resulting product. Hence when a specification is made for the required
roughness, it is automatically necessary to specify the finishing process
also.

Even for a particular scheme of machining operation, the surfaces



produced can be extensively influenced by the mode of metal removal action,
The influencing factors renerzlly are (see ref. 16):

(i) plastic deformation as a " result of cold work,

(i) phase transformation and recrystallization,

(iii) intergrannular attack and preferential solution of micro-

constituents,
(iv) microcracking and macrocracking,
(v) change in hardness of surface laver,

(vi) residuel stress distribution in the surface laver,

(vii) embrittlement bv chemical adsorption of elements such as

hydrogen or halogené,
(viii) spattered coating of remelted metal deposited on the surface
during electrical discharge, electron béam or leser machining.
This listing only shows that the wechanism of metal remcval also plays on
important role in the finishing of surfaces besides the actual mechining
process emponéd. The extent of each of these effects is different for
different process, and Tfurther the stress conditions, harcdness, and struc-
ture of the subsurface layer also play an important role in determining the
properties of the surface, All the factors mentioned above affect the prin-
cipal physical and mechanical properties such as fatigue strength, bearing
eapacity, coefficient of friction and lubricability which define the quality
of the manufactured surface in relation to its verformance.
Extensive efforts (3, 24) have been mnde‘in the past vears to search
for a finite number of parameters which can relate the roughness directly
or indirectly to the physical and mechanical properties of the manufactured

surfaces., All the theoretical and experimental evaluations showed just the

dependence of each of the aforesaid physical vroverties on the individnal



surface characteristic and the search for the parameters to describe this
interdependency still continues.

The dissertation presented here is mainly concerned with a detailed
discussionaof the relationship of the surface topography to the physical
properties associated with it., A critical assessment of all the important
theories and experimental findings is made and conclusions are drawn for
purvoses of determining design criteria. Proposals are made where improve-
ments on the existing techniques are desired.

Mention must be made here to stress the influence of the quality
of a finished surface on the functional usefulness of the component in the
specific mission for which the design has been carried out. As far as the
properties and performance of the product are concerned, the degree of
roughness of the surface will affect its function as an integral part of
the system. Among these some ofuthe important factors are (see ref. 13):

(i) the friction and wear between unlubricated surfaces are
increased with an increase in their roughness,

(ii) the danger of seizure in lubricated surfaces is reduced for
smooth surfacesr

(iii) interference fits made on rough surfaces may have a reduced
area of contact and a2 consequent reduction in the holding
ability of the joint,

(iv) fluid flow in small passages such as orifices and valves is

i reduced if the roughness of the wall is increased,

(v) fatigue strength of parts is increased és the surfaces become

less rough.

(vi) besring cepacity is increased for smoother surfaces in contact.

As mentioned before, theories and experiments available to equate

i

surface texture to its physical properties are numerous, Yet none o



the investigations have produced universally acceptable results that
design engineers could adopt. For example, éven a rigorous description
(see ref. 24) of a surface profile is lacking for specification purposes.
An attempt is made here to establish some useful theoretical and experi-
mental relstions on surface rouéhness and its mechanical gualities based
on existing literature.

Chapter 2 of this report reviews the different surface descriptions
and measurine techniques proposed in existing works. Some scmple surface
profiles are shown to elucidate their variety from actual messurements
made in the laboratory. Analytical studies based on probabilistic
charactéristios of a surface texture are discussed in detail in Chapter 3.
Such statisticel ‘descriptions are based on mathematical theories of
stochastic processes and hence are more reliable than other types of
analytical investigations. In Chapter 4 the correlation betwoen the
surface roughness and the fatigue strength of menufactured parts are dealt
with and the effect of residual stresses due to different manufacturing
processes are also reviewed. Using the results svailable from existing
works on this subject, certain design criteria are also presented. Some
experimental results of previous investigators on the lubricetion charac-
teristics of components having different surface roughnesses are discussed
in Chapter 5. An enalytical approach using stochstic processes to evaluate
the relztion between the load and the frictionsl forces for lﬁbricated
slider mechsnism is also included in this Chapter,

Chapter 6 is devoted to the effect of surface roughness on bearing
area, bearing capacity and coefficient of friction.- A brief discussion
on resistance to corrosion of materials having different surface roughnesses

is presented in Chapler 7. General conclusions based on the malerial



presented in all these chapters are drawn in Chapter 8.

An extensive list of important literature on the subject matter of
this dissertation is provided at the end. References to this bibliography
in the bedy of this dissertation are indicated by means of pzrantheses.

The notations used are explained as and when they appear in the text.



b

CHAPTER 2

SURFACE ROUGHENESS AND EXISTING MeASURING TECHNIQUES

2.1 Introductiocn:

_Specification of finish for a surface is of increasing importance to
design engineers. As noted in the introductory chapter, the roughness of
a surface can influence fatipue strencth, bearing capacity, retnining of
lubrication, rete of wear, corrosion resistence etc. of a manufactured

product.

2.2 Kinds of surface irrerularities (1):

The surface irregularities produced by different machining processes
may be classified into four kinds:

(i) irregularities within each tool mark or abrosive scratch mark
resulting from the way in which the met=l has been torn or
otherwise detached from the work piece,

(ii) the tool or scratch marks from whose @ppearances it may be
possible to deduce the tjpe of the machining processes involved,

(iii) the irregularities arising from defects in the process itself
such as chatter merks, imperfect truing of a grinding wheel or
setting of a milling cutter,

(iv) general form errors due to the imperfection in the.maéhine, for
example imperfect slideways etc.

The first two kinds of irregularities, which are the natural and
inevitable consecuences of the process as carried out in a substantially

perfect machine, are defined &s '"rouphness', The third kind of irregulsrity

which, theoretically, should not occur is defined =s "waviness'". The fourth



kind of irregularity is generally deemed to lie oﬁtside the field of
surface texture. When both waviness and roughness are present, they
must be separated as far as possible if a measurement on roughness is
needed. The general case showing a secondery surface texture which
includes the form error is illustrated in Fig. 2.1. A short length L,
wili serve to isolate the primary texture and give a value (peak-to-

valley, for simplicity) for H1. If the length is increased to L2 the

waviness will also be included and the value will rise to H2. When the

whole length L, of the surface is adopted the total height measured

3

i1l be H,.
wi e 3

2.3 Instrumentation chzracteristics:

Instruments which measure surface roughness are designed to examine
comparatively short lengths of surfaces so that the effect of waviness
is minimized. Cut-off lengths as recommended vary from 25 m.m.{(1 in.)
to .08 m.m. (.003 in.), although a typical range for a given instrument
might be .25 m.m. (.01 in.), ..8 mem. (.03 in.) and 2.5 m.m. (.1 in.).
The length chosen should be long enough to accomodate the surface
generation characteristics of the metal shaping process; for instance,
if a turned surface is béing examined it may not exceed the feed per

revolution (see 2).

2.4 Bxisting measuring techniaues (3, 4):

Among the many aspects of the irregularities to be measured, the
height of peaks and the depth of valleys seem to be most useful. As it
is not generally desireble to rate the surface only on the basis of the
highest peak and the deepest valley, some method of averaging become ne-
cessarye.

A1l methods so far proposed require first a determination of a



Fig. 2.1 General case of scratch texture due to
tool abrasion.

Mean [jne system (m-System) ~ Envelope System (E-System)

Rmax
Rmax

Rmax= Rautiete = Peak 10 va//ey ﬁe/'y/ﬁ“

I

Fig. 2.2 Peak to valley measure,

Figure 2.3 The Swedish method.

-
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reference 1ing with respect to which the peaks and valleys are to be
measurede. I£ most systems, the shape of the reference line is defined
independently of the irregularities and is generally given by the shape
shown on the design drawing, (M-system). In a recent proposzl by
von VYeingraber (14) the shape of the reference line is determined by
the irregularities themselves and is not open to independent definiticn,
(B-system).
Somé of the importent types of surface measures ere:
(i) Pesk to valley measure and is illustrated in Fig. 2.2. Some
of the countries using standards based on such concept are
Germony DIN 4762, Swiss VSM 58300, U.K. B.S. 1134, Inter-
national ISO Rec 468. For both M-system and E-system the

measured value is
R max. = R autiefe = peak to valley height.

(ii) Swedish method which is based on peak and valley intercepts,
is shown in Fig. 2.3. In the diagram P stands for peak inter-

cept while V stands for valley intercept, and L is the measured

length of surface. When P :_%6’ v =~%6 , then the measured

value ' is the distance Hgm between the two intercepting lines,
where Hgp is the height as referred to the Swedish method.

(iii) British method where the mean difference is taken between the
five highest peaks and the five lowest valleys. This is

called the ten point height and is given by the formula

+h8+h + h )

(h,‘+h2+h5+hu+h5)-(h6+h7 9 10

eee(2.1)

5.



wnere h1 to h5 0

are heights of the lowest valleys reasured from a specified

are heights of the highest peaks & h6 to h,l

datum within a length of surface measured.

(iv) Mean line messures, standards based on this are U.K. B.S. 1134,
U.S.A. B46,1, International 468. The mean line has the nominal
shape of & defined length of the surface,.and is so positioned
such that the sum of the squares of equally spaced ordinates
measured from it has a minimum value. The mean line can be
easily located using electronic integrating instruments.

This is also called '"centre line average', and is described

in Fig. 2.4. The formula for the measured values are

L
CLA =-}7—S [5] G0 s e (222)
(-]

L 1

rons = (—=— [ y‘?dL‘)a ceesrecsncesenes (2.3)
N /-

]

)

CLA or AA (arithmetic average) is much easier to measure and
is used widely in specifications. The values of CLA measured
over a given surface area exhibit very little scatter when
compared with peak to valley height R max. The rms value
“is usually 10 to 30% larger than the CLA value.

(v) Crest line measure:
The principle of this surface measuring tecbnique is 1llustrated

in Fig. 2.5. The formulas are

1 L

Gy = T” L\ y b B -N'D)
1 L

O =1 I y db | R ¢- 3.3
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G value means éléttungstiefe, or, levelling depth, the subscript
M stands for the M-system and the subscript E for the E-system.
They are aimed at the separation of roughness, waviness and
“errors of form by a proper choice of the rolling circle radius.
Because the mean line measure aiso offers the same separation
characteristics through a proper choice 6f the sample length
and uses a simple measuring instrument; fhe crest line measure
has not been widely used in practice.
(vi) Bearing ratio curve: This is based on the bearing area after
a certain amount of wear as shown in Fig. 2.6. The measured

value at a certain amount of wear is given by the formula

g

X 100%, eeoeececcacesces (2.6)

ZLi
tp =TT

where Lj = length of intercept at ith peak,

i
§
i
[
n

length of surface measured.

2.5 Critical comparison of the measuring methods (4, 5, 6):

All methods explained so far measure just aome value of the irregu-
larity height and are purely arbitrary in the sense that they bear no
direct physical relation to the total description 6f a surface. They only
serve to éompare the surfaces produced by the similar manufacturing
processes. Further, no indication is given about theAshape of the surface
profile and it is possible that profiles which are completely different
in shape may have the same average height.

The Swedish method possesses a merit of indicating directly the
dimensional change that would result from lapping off the bulk of the
scratch marks., The British ”ten-point.height" can aid to make a quick

assessment of interference fringes seen through a microscope. But neither



of the two methods lends itself for incorporation in direct reading
insfrumentations.

The principles of centre line methods lend thémselves to simple
direct reading instrumentation. The CLA value is best regarded simply
as an index by which a defined manufacturing process can be rated and
controlled. The G values in M and E-systems can generally be determined
from a profile graph more readily than the CLA method but instruments
based on this measuring system are only in the experimental stages and
dgsirable radius of the rolling circle has not yet been exactly determined.

Laboratory techniques are now available for recording the surface
data.on punched tape and inputing via a converter inté a diéital computer.
With these advancements statistical research into such parameters as
average slope, high spot countiné and bearing area ( Tragenteil ) are
reported in the literature (see 12).

Of all these measures described in previous pages, no two are
exactly convertible, though some are reasonably convertible at least for

a given machining process. For instance, for a particular surface the

relationship between rms and CLA values is as follows:

Machining process - rms CLA

Turning 1.1 to 1.15
Grinding 1.15 to 1.2
Lapping . 1.3

According to von Weingraber (14), the ratio of G value to CLA value
varies from 1.85 for lapping to 3.0 for shaping; for ordinary range
of grinding, this ratio extends only from 1.8 to 2.6. By an independent

test performed at Taylor-Hobson Laboratory the mean ratio of G value to



CLA value for grinding was confirmed to be 2.4, Investigation by
Diachenk (5) showed, for a variety of freqdeﬁtly encountered surfaces,
that the ratio of the height based on Swedish method to the CLA value

is eround 4, while that of the ten-point height to CLA is around 5.

2.6 Leboratory devices for topographic assessment of surface texture:

Plan view of the texture may be observed through the use of a
laboratory microscope. But the conditions of illumination can greatly
affect the appearance of the image, so also any small changes in focus.
It can be very selective in what it reveals because it tends to cregte
an illus;ve deduction whenever peaks and valleys of large inclinations
are observed (see 7).

Oblique créss-sections and topographic contours can be obtained
by the interference method. In principle, the method employs an optical
flat plzate. Vhen the instrument is pul on top of the specimen and a
beam of collimated monochromatic light is projected on it, the light
rays will be reflected partly by the flat under-surface of the optical
test plate and partly by the surface of the specimen. By setting a
‘certain inclination for the optical test plate, the beam refl@cted from
the specimen will have a phase lag in time, as compared to the beam
reflgcted from the test plate. The resulting interference fringes will
trace the’oblique sections of the texture (7). If the inclinstion of
the optical test plate is zero with the specimen a simple contour map
of the surface can be obtained.

Cross-~sections normal té the sufféce using stylus instruments is
ancther measuring technique. The stylus is generally a pyramidal or
conical dismond with a flat or round tip. U.S5. standard calls for a

60° cone with a radius of 0005 in.

™)

t the tip. In U.K. a 90°

-
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Fig, 2,7 Principal parts of stvlus device,

Fig. 2.8 Rounded skid and- swiveling shoe adopted
in stylus devices.
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pyramidal form, with & flat or rounded tip not more than .000l in. in
width or radius is generally employed. A useful guide to the maximum
permissible load on the stylus is given by a formula in the American
Standard B-46/1955, which states

Maximum force in grammes

= 00001 X (Tip radius in micro-inches)®

A stylus instrument in which the detum is generated by a rounded skid
S sliding across the surface is shown in Fig. 2.7. This is an approximate
measuring device that is widely used. The pick-up body P is hinged to
the driving mechanism at H, and provided with a pair of rounded feet S
adjacent to the stylus T, at least ore of the feet resting on the
specimen Z and sliding across it together with the stylus. Q represents
a displacement sensitive device. TFig. 2.8 shows two general types of
feet used for the stylus devices. A is generally called a rounded skid,
and B is known as a swivelling shoe. T represents the stylus. The
instrument directly gives the vertical movement of the stylus relative
to the skid or shoe.

When the skids are used, the datum éen@rated is the locus of the
centre of curvature of the skid as it slides over the surface. VWhen
the principal crests are close enough together, the locus may approximate
closely to its true form as shown in Fig. 2.9. Vhen the spacing increacses
iso will the movement of the skid, until finally it moves up and down as
much as the stylus. VWhen the spscing is irregular, some undulations may be
exagperated and some éther undulations diminished iﬂ such a way that even
though the greph is not in a sense accurate it still gives approximately
the right impression of the surface. The proctical limits of the skid

sre therefore not calculable snd have to be gsined from experience.
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The difficulties resulting from the adoption of a skid can be
largely avoided by means of the shoe shown in Fig. 2.8 (b). Provided
the crests are reasonably uniform in level and are spaced apart by not
more than half the length of the shoe, a very serviceable datum can be
obtained.

Generally, skids are satisfactory for finer cut and abraded

surfaces, for which the characteristic spscing is less than .03 in.

The properties of skids and shoes are discussed by Reason and Hopkins
().

Magnifying dé;ié;; are sometimes used in making surface profile
observaiions. Among all the magnifying devices those based on electrical
"methods are most practical. They can produce not only a graphical
profile but also a numerical assessment of the surface. They can be
classified mainly into two basic categories:

(i) Carrier modulating devices, in which the magnitude of a
current (the carrier) is controlled (modulated) at every
instant according to the positioﬁ of the stylus relative
to the datumt regardless of how long the stylus remains in
a given position.

(ii) * Current or potential generating devices, in which a current
or potential is generated according to the motion of the stylus
as it is displaced f?om one level to another.

Fig. 2.10 describes the electrical. principle behind, (a) the carrier

modulating instrument, (b) the cﬁrrent generating instrument, and (c)
the potential generating instrument. Fig. 2.10 (a) shows the circuit
diagram used in the Talysurf Model 3 instrument, where a number of

E-shaped stampings with coils are mounted inside the pick-up. An armature
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M carrving a styius T is pivoted over the central limb so as to leaye
small air gaps between the armature and each limb. The two outer limbs
form two differential air gapred inductances whose impedances depend

on the width of the air pap. A high frequency AC flows through each

of the coils, the mzgnitude of the current being proportional to the
impedance of the coils. Thus the position of the stylus modulates the
carrier. According to this circuit, the cﬁrrent pzssing to the amplifier
is proportional to the chanpes in air ceps. The amplified signal is
demodulated to show the motion of the stylus., The output signal can be
further amplified and used for controlling a recorder or actuating an
interrating meter. Before entering the integrating m;ter, it is
generally filtered to suppress the low frequencies and confine the
measurement to the higﬁer frequencies of the textufe.

In Fig. 2.10 (b) the stylus is attached to a ccil which is located
in & permanent masnetic field. As the stylus moves up and down current is
generated in the coil, and the amount of current is proportional to the
amplitude of the stylus motion. After amplification and filteration by
a R-C circuit, the meter readings are obtained. In Fig. 2.10 (c), the
motion of the stylus generates an e.m.f. in proportion to the amplitude,
which after amplification is used to actuate the meter or the recorder.
In the last two instruments the current or potential produced is also
dependent on the velocity of the stylus'travelling over the surface
measured, therefore they are not widely uséd.

Suprose several surfaces of different irregularities as formed by
equally spaced sine waves with different wave lengths A. as shown on the
ton of Figure. 2.11 are considered. For a very small value of »_, the

stylus may not be zble to enter all the rrooves, and hence there will be
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practically very few readings observed in the carrier modulating type

of instrument. As the value far A increases, the response of the
instrument will increase. But once the stylus is able to enter the
bottom of all érooves freely, there will be no further increase in the
readings, however large the wavelength becomes. This characteristic

is shown by the solid line in Fig. 2.11 and is known as transmission
curve. Since the output of the instrument is dependent on the actual
motion of the strlus, it may be expected fo fall off below a certain
frequency level, that is, above a certain A\ as indicated by the dotted
line in Fig. 2.11. Only within the range x-y of the flat solid line

the output plot is useful as a measure of the surface amplitude. The
range between x and y is called the 'pass band'". This type of character-
istic is recuired inherently for instruments based on average measures,
so that the entire sampling lepgth can be covered in regular steps and
CLA values obtained. This is achieﬁed in carrier modulating instruments,
by a wave filter in the path of the current actuating the averaging
meter. The rate of attenuation accepted in U.K. & U.S.A. can be provided
by two R-C networks of equal time constént connected in cascédé és showvn
in Fig. 2.12. The time constant (in seconds) for the network is given

by Resistance (in Ohms) multiplied by Capacitance (in Farads). That is,

e R
E = -] 2 ® ® 00 000000 000000000000 (20'2)
[\/RZ + (o)
2w fc
and the accompanying phase shift is equal to 1 . VWhen two circuits
27 fcR
of equal time constant are used, the final output is given by
2
e
eout=(") ° o0 c0eece0os 00000000 (2-8)

The combination of attenuation and phase shift may cause some distortion

of wave-forms having significant frecuencies coming just around the
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cut-off. But its effect on the averaged resding is very little (1).
As an illustration, Fig. 2.13 shows standard 2 R-C wave-filter transmission
curves vith cut-off .01, .03 & .10 inches at 75% transmission from stylus
to meter pointer.

Because of its simplicity in assessment and instrumentation, the
CLA measure is so fer the most widely accepted standard for surface rough-
ness, and therefore the stylus devices with rounded skids and carrier
modulating magnification are very popular in application. In order to
minimize the effect of waviness, filters having 3 cut-off lengths are
inherently attached to the electrical measuring unit. Up to now, Canada,
U.K., U.S.A. are the major countries that adopted this system of surface

roughness.

2.7 Experimental set-up: -

A Talysurf # & instrumental set-up was used to measure different
samples of manufactured surfaces., The block diagram for the Talysurf
device is illustrated in Fig. 2.14,

A gearbox drives a pick-up across the surface at low speeds and a
sharply-pointed stylus traces the profile of the surface irregularities.
The pick-up is an indicative type transducer, connected in a bridge
-circuit, in which the vertical movements‘of the stylus modulate a carrier
waveform. The output signal is amplified,'demodulated and used for

operating a recorder. The signal, suitably modified by employing some

|
filters, is also used to operate the meter that measures the CLA values.

2.8 Results of Lxperiment:

Five different surface samples were measured. The specifications

Y
=
5
o+

cest results are given in Table 2.1:

-17-
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Fig. 2.15(d) Roughness profile in milling, X2000V, X1OCH,
CLA = 5.7fim. 0.1 in. cut-off,

Fig. 2.15(e) Roughness profile in grinding, X2000V, X1OOCH,
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Table 2.1

Specimen specificstions &

test results.

Sp;g%men Machining process Material RPM in?;SZV. regging
1 Medium turning Cl2 11k 639 .017 5.3 Um.
2 Semi-finish turning Cle L1k 639 .008 3.5 lm.
3 Finish turning C12 L1k 639 .002 2.7 MUm,
4 Milling SAL 1020 317 | 3.56in/min.| 5.7 Mm.
5 Grinding SAK 1020 . 2750 _— 1.7 Um.

By using the recording unit, the roughness profile graphs were plotted

for a vertical magnification of 2000 and a horizontal magnification of

1C0 as shown in Fig. 2.15.

To verify the effects of cut-off on the CLA readings, two tests

were made on specimens No. 1 & 2, the results are shown in Table 2.2.

If the feed is considered as the wave length, these results are consis-

tent with the transmission curves shown in Fig. 2.13.

Table 2.2 Effect of cut-off on transmission.
Specimen No. Cut-off .10 in. .03% in. .01 in.

CLA value 5.3 Um. . s.1 Um. 3 Um.

1 .
Percent of 100% 96% 56.6%
transmission
CLA value 3.5 M. 3.4 umMm. 2.8 Mm.

2 Percent of
transmission 100% 97% 80%

2.9 Summary:

After an

are worthwhile

investigation of the above results, the following remarks

mentioning.

. (i) The resulting CLA values for each specimen are repeating, the

differences are around 1 to 2%.

specimen surfaces is uniform.

This means the roughness of the

~18-



(ii)

(ii1)

(iv)

(v)

(vi)

The effect due to the change of cut-off on the transmission
percentage is consistent with the transmission curves shown
in Fig. 2.13. i

Bv measuring the mean dislance between every two peaks of the
profiles shown in Fig. 2.15 (a), (b) & (c), one gets .0175,
.0081 and .C022 inch. respectively, whereas the actual feeds
for turning these specimens are .017, .008 and .002 inch.
This can provide a check for tﬂe crofile graghs,

Since all the profile graphs have the same multiplication

factors in both horizontal & vertical directions, their relative
roughnesses can be compared by inspecting the graphs.

From Fig. 2.15 (a) it may be found that its peaks & valleys
almost have.equal area, whereas in Fig. 2.15 (d) one will find

that the area of valleys is larger than that of peaks. Even-

(.
\

L

o A Y mvs Aaaa b
CALIL J AL & e v

L)

n O

[

equal. Thus one can say that semple (d) has larger CLA value.
By similar reasoning, the bearing area ratio tp of (a) is higher

than that of (d) at the same depth from the tip.

-19-
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CHAPTER 3

STATISTICAL DESCRIPTION OF SURFACE PROFILE

3.1 Introduction:

N\
To meet design specifications, the use of a single roughness value

such as CLA, rms or G

E etc. mentioned in Chapter 2 to describe the surface

characteristics is not sufficient. Ewven though surfaces manufactured By
different machining processes may have the same roughness value, they can
have different '"type' of texture, and hence can exhibit completly different
properties as far as fatigue, bearing capacity, frictional resistance,

~ lubricability etc. are concerned. This poses an extremely difficult
question. To what degree can further information be obtained by additional
measurement values or by a reasonable interpretation of the graph or by
establishing a certain suitable typology for the shapes of the irregula-
rities ? It was noted in Section 2 of Chapter 2 that for an assessment of
roughness the profile must be inspected carefully and a typology be
proposed according to the processes, such as turning, grinding, milling
and rolling etc., that éenerate the surfaces. Thg inspection of the
profile graph using different magnifications in the vertical & horizontal
directions may be sometimes misleading. This can be seen from Fig. 3.1 that
shows the profile of a shaft turned with a.feed of 0.1 m.m./rev. with
different magnification factors.

Because of such draw backs of expérimental observations and specifi-
cations derived therefrom, it may be realized that an anlytical descrip-
tion of the profile may prove to be useful. Because of the random charac-
teristics exhibited by all surface profiles, an obvious procedure is to

obtain a description based on the probabilistic properties of a random
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process. A few investigations (11, 12) based on such an approach are
available in literature and are presented in detail in the following

pages.

3.2 Distribution characteristics:

The shape of the éumulative probability function for a surface
is often useful in its description. The profiles of a ground surface
before and after lapping are shown in Fig. 3.2 where the curves (a) and (b)

. indicate the frequency probability against deviation.

Though the profiles of the two surfaces are similar in appearance,
the curve (a) shows that a ground surface gives a normal distribution for
the cumulative probability, and (b) shows that the lapped one does not.

From the studies carried out in the machine-tool laboratory of
ETH (Swiss Federal Institute of Technology), it may be observed that for
ground surfaces the distributicen is normally Gaussian in nature. The azbove
is also true for shot-peened surfaces. This is illustrated in Fig. 3.3,
When different cut-off's I, II, III are used, the character of the

distribution does not change, but the range of the deviations changes

(see 9, 10).

3.3 Amplitude Density Curves:

A surface texture is generally of arbitrary random type, and hence
its description through harmonic analysis alone is not-possible. But a
better description of the profile can be obtained through simple statisti-
cal concepts such as the density of surface amplitudes etc. Such proba-
bilistic measures can be applied recardless of the periodic nature of the
profile. The basic definitions normall& used in the theory of stochastic

processes are now stated.
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Consider a random process whose variation with time is as shown
in Fig. 3.4, Such irregular variations are also equally true in the case
of a surface roughness profile. The amplitude probability is defined by

the expression

.toococ;oouaooouucoc0(301)

The corresponding amplitude density is then given by

p(y) = 1im P(y, vy +A¥)
Ay=0 Ay

sececrcscescscccenssl3.2)

If the value of y is varied from - OO to + 09, and p(y) is plotted as a
function of y, the amplitude density curve can be obtained from the
equation (3.2) for the signal under study. -

The shabe of the amplitude density curve for different types of
random signals varies considerably. For a so called normal random
process, the amplitude density follows the well-known Gaussian distri-
bution curve as shown in Fig. 3.5. It may be noted that most of the

processes in nature are approximately Gaussian.

The probability density curve for a Gaussian random process is

2 2
1 -y -y, )/20
p(y) = e ceecesscscases(3.3)
N2t O -
where
p(y) = the amplitude density,
g~ = the standard deviation, and is equal to
(<y2> - y°2)}/‘2 ’
T = the mean value of y given by LY >,

the angular brackets denoting ensemble averace.



For a random signal with a Gaussian distribution following characte-

ristics apply:

(i) A Gaussian distribution is characterized by the two parameters
gand y,.
(ii) In the case y, = 0, the Gaussian signal is centered around zero

as meail.

(i3i) The arithemetic average deviation from the mean is
oo
T N TR 100 I SRR C X
-0
vhere [y | is the absolute value of y.
In fact if the record of a signal is studied over a definite time

intervel T, the probability of finding the amplitude of the sigral between

levels vy and y + A ¥y is given by

n
Z At
y +Ay o A )
Ply, y +4 ) =j p(y)ay = ==+ - &L .(3.5)
y T T

W

n
where p(y) is the amplitude density, and AT = = A ti refering to
i=1

Fig. 3.k4.

The arithmetic average deviation may be deduced as follows.

00 : o0
Yaa = \f lyp o« p(ylddy = lim E:.py) Plyv, y +AY)
! o0 y—»0 =%
- lin ¥ 2. 2 fT 1t
= Mnzly] === 5 Fvhd e (3.6
At~ 0 ©

vhich is the known expression of the average value of a signal. The

standerd deviation for @ Gaussian distribution is given from

o0
.
z 2 :
o’ = T e G
~20
Similarly from ecquation (3.6) it may be deduced that

r“s

g 1 f~ 2N -
irms < ('10 :‘,‘7 Q?’/ 2 ® 50850628608 065098CEs 606 (;\58)
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which gives the widely used root mean gquare value of any stetistical data.
The concept behind obtaining the smplitude density curve is also

useful for characterizing the typology of periodically varying profiles,

for example sinusoidal, triangular, or square waves, and saw-tooth signals,

or any combination of these. In the case of periodic signals only it is

sometimes useful to assume that the amplitude density curve is proportional

to the timeA t required by the signal for an increase in its amplitude by
an amount A y. In other words, the amplitude density is inversely propor-
tional to the velocity (11) by which the amplitude of the signal changes

fromy toy + Ay. That is

1 dat
p(y) = P T P & 1))
dt

For general crses of profiles, periodic or aperiodic, a method for
obtaining the amplitude density curves to a first avproximation is through
equation (3.2) in the following manner.

If Ay is small, the probability of finding emplitude values of the

signal between y znd y +Ay can be approximately written as

Py, v + A ¥) DF)AY  vevereneoesenenenass(3.10)

By messuring P(y, v + A y) for all values of v and plotting the results,

o

_the emplitude density curve of the process under consideration can be
obtained. This method is relatively simple but extremely time consuming.

In the field of electro-acoustics, several set-ups have been

developed through which the smplitude dersity curves may be plotted in

{
+

o

the laboratory. TFig. 3.6 show: e line diagram of a solid state auto-

-

matic plotter for the amplitude density and bearing area curves. The

mototracer drives the pick-up to travel mcross the roughness sample

eY i
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Fig. 3.7 Results of tests on 16 surfaces (11).
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and the signals are thus obtained.. After amplificétion, one component is
transmitted to sctuate the pointer to move.in’X-direction, and the other
component is used to operate the movement in Y direction, which can be
selected by a control to plot either the amplitude density curve or bearing
area curve. The performance of the automatic pletter is given as follows:

(1) Electronic slit width relative to the amplitude of signal

l &
1000 *-

is
(ii) Plotting time for both the amplitude density and the bearing

area curves is 20 seconds.
Results for 16 different samples are shown in Fig. 3.7 and are explained
in detaii in Table 3.1, Explanation for the 16 test curves (11) shown
in Fig. 3.7. In each graph, there are three curves. On the upper left
side is the roughness profile, where P indicates the peak, o indicates the
bottom of the deepest valley. The lower curve with letters P agd o at
each end is the amplitude density curve. While the curve extending from
lower left side to upper right side is the bearing area curve., For example
on the amplitude density curve for super finished surfaces a pesk at the
.left side may be noted which correéponds to the upper part of the profile.
This shows acceptable finish for tﬁe sample as compared with fhose of
grinding, honing gnd polishing operations, especially if wear and strength
is the criterion for the product. The amplitude density cﬁrve corres-
ponding to a running-in process is shown for sample 12, It cén be seen
that such a process possesses a marked similarity with a super finished
surface as far as amplitude density is concerned.

3.4 Other probabilistic descriptions:

In a recent paver, Wallach (12) proposes a quasi-probabilistic
B g e F 1A b

method for the description of surfrce topographies. He considers the
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Table 3.1 Explanatibn for the 16 test curves (11) shown in Fig. 3.7.
Type of CLA Vertical
Graph Sample heat Finishing reading, | Magnification
No. Material treatment Process M. of profile
1 SAE 52100 Annealed Turning L 800
2 SAE 52100 Annealed Turning 5.6 800
) Brass Annealed Diamond Turning | 2.25 1600
L Brass Annealed Milling 1.54 400
5 SAE 3310 Annealed Planing 3.1 800
6 SAE 52100 Hardened Grinding .06 20000
7 SAE 52100 Hardened Grinding (Hard 1.10 2800
wheel)
8 SAE 52100 Hardened Lapping .62 4000
9 SAE 52100 Hardened Honing .6 = 16000
10 SAK 52100 Hardened Polishing 033 20000
11 SAE 52100 Hardened Superfinishing .6 800
12 SAE 52100 Hardened Running-in .03 L4000
13 SAE 1012 Annealed Forming 1.15 LO0OO
14 SAE 52100 Hardened Grinding & .83 2400
rolling
15 SAE 52100 Hardened Sand blasting 1.85 1600
16 SAE 52100 Hardened Liquid honing .75 2400




surfaces topography to be made up of a regular waviness plus a random
roughness. The former part may be due to the machining marks, warpage,
or some particular effect of the manufacturing process. Whereas the
latter is aue to the random tearing of the material in machining, the
chemical or electrolytic attack in non—coﬁventional machining, or any
randomness involved in the material removal procesé.

The regular waviness of the surface may be exfressed in the form
of a Fourier series and the random roughness is in terms of a probabi-
lity density function. The calculation of the regular waviness hy at
any point (x, y) on the surface is straightforward. However, the calcu-
lation of random roughness h, is complex and will be explained in detail
below., The total height hty above some reference surface is the sum of

the regular waviness and the random roughness. That is,

ht = hw“‘ hr 0.-oooo‘-o-oocoocc-0¢¢o¢4(3.12)
where .
o0 oo
hy = 2 . 2 Tix 2Ky
" A . :
i keo (Ajk Cos T4 Cos Ty

+ Bjk Cos 2l ix Sin 2Ky + Cik Sin .——3——2 Tt Jx Cos er Ky
Lx Ly J Lx Ly
2T ix Sin 21Tky )

Lx Ly

+ Djk Sin
and Ajks Bjk, Cjk & Djk are the Fourier coefficients.-

hr is determined from a cumulative probability distribution for the
particular type of surface. Consider the curve for one of the ECM
(electro-chemically machined) sample as shown in Fig. 3.8. Here hr is

plotted against the cumulative probability. The value of h, for any

-27-
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point (x, y) is found by following steps: B

(1) A-table of randem numbers with a range of O to 100 is prepared.

(ii) From this table a randonm nuaber is arbitrarily chosen.
(iii) .Taking this nuamber as thé_cumulaaive probability in percent
along the ordinate of Fig. 3.8 a correspondiﬁg &alue of h, frem
the graph is read. .
(iv) The steps are repeated to cover the other points on the surface
.following the other random numbers in sequence from the randon
number table indicated in (ii). .
If the cumulative probvability distfibufion can be expressed in terms of en
analytical function, then it is possible to obtain a reference plot as the
one shown in Fig. 3. 8 and proceed as above, or(calculate the random heizht

directly from the functional description. In such a case the importance
y 3 P

is not in the procedure, dbut in the ability to express the roughness with

function it is possible to uniguely describe the random roughness just as
it is pessible to do for the regular wav1ne§s in eguation (3.12).

To obtain the Fourier coefficients for the regular waviness hy, and
the statisticai paraneter for the ?andom roughness hn, it is.necessary to
start with a three cdimensional description of the surface, This is
readily done by takinz closely spaced parallel traces with a tracer type
instrument such as a Talysurf. These traces are generally taken over a
srall patch of the surface, Each trace is sampled at' a constant rate to
give a series of egqually spaced hei;htAfeadings. The sawrpling is done
so that the traces (series of numbers) can be aligned to give a two-di-
mensional array of heights. From this array of heights the geometric
mean surface is determined, In the case of a norina lly flat surface a

plane is determined. In the case cf a cylinder a mean cylindrical suriice:



would be determined. All height measurements are then referred to this
surface. Then the total surface roughness, ht, ié expressed as a double
Fourier series. That is, the fourier coefficients for equation (3.12)

are determined by the regular waviness since tﬁe random roughness has no
regular components. Actually, in practice only the first few terms in a
Fourier series are calculated. This is done for simplification and, in the
case of roughness ﬁeasurements, such an approximation gives reliable results.
Thus, the surface roughness seems arbitrarily divided into two components by
the number of Fourier coefficients calculated. The decision is really not
érbitrary if the results is a regular waviness expressed as a Fourier

series and a random roughness expressed as a statistical distribution,

and these descriptions are not.inconstent with the known way the surface

was generated.  itfié,.however, necessary to analyge each surface to

decide the cut-off. For more detail, refer to (12).

The method of Wallach is applicable tc both conventional and non-
conventional maching processes. In comparison with other methods this
approach is especially useful in the study of performance of the surfaces
prior to their manufacture. Wallach has used this method successfully
to calculate the leakage flow between two surfaces by means of a digital
computer program. |
3.5 Conclusions:

The character of manufactured surfaces is random in nature. Theore-
tical studies based on probabilistic déscpiption have yielded some appli-
cable approaches. Among these, the amplitude density curve method posses-
ses the advantage to lend itself to the employment of an automatic plotter,
by-which the density curve and the bearing area curve can be obtained at the
laboratory. Such a method provides some criteria for the evaluation of

wear resistance as well as load carrying cayacity . The method
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developed by Wallach can be used to calculate the performance of
surfaces,‘such as leakage betwéen surfaces etc., prior to manufacture.
A1l the parameters for the description of the correlation between the
surface texture and its physical and mechanical properties have not
been completely understood, and investigations using the theory of
stochastic processes are still underway.

Research is continuing at Sir George Williams University, on
the best description of a surface profile using experimental and
analytieal techniques. An automatic computerized method to get all-
the stochastic descriptions suchvasAprobability density, auto-
correlation, spectral density from measured data has been developed.
Also being carried out by the same team is a representation of
texture through two separate variables based on amplitude fluctua-
tions and probability of valley intercepts using methods of random

excursion employed in Communication engineering.



CHAPTER 4

SURFACE ROUGHNESS AND FATIGUE STRENGTH

4,1 Introduction:

Components made of the same materisl but produced by different

manufacturing methods will have different fatigue strengths, even though

their roughness numbers are the same. The main reason for this is due to

the fact that the residual stresses on the surface layers are not of the

same nature.

The origin of residual stresses can be generally attributed to

(i)

(ii)

(iii)

plastic deformations from non-uniform thermal expansion or
contraction,

volume changes from cpemical reactions, precipitation or phase
transformetion,

mechanical working.

Residuzl stresses are beneficial if they are compressive and detri-

mental if tensile, particularly in the cases of material hardened by

working or by heat treatment. The following typical processes normally

cause residual stresses (see 14, 15, 16):

(i)
(ii)
(iii)

(iv)
(v)

Tumbling - causes compressive residual stresses, has a good
influence on the fatigue limit..

Vapor blasting and shot peening - introduces favorable compres-

" sive residual stresses.

Grinding - mainly thermal residual stresses reproduced, volume
changes due to phase transformation and cold work.
Worn cuttinsg tcols ~ tends to generste tensile réesidual stresses.

Electric Discharge machine - produces tensilée residual stresses.
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(vi) Mechanical treatment - glass bead peening, surface rolling,
honing, polishing etc., all cause compressive residual stresses.

4,2 Influence of finishing procesces:

Many investigators who studied the effect of surface finish on fati-
gue strength did not utilize pgecise measurements of surface roughness.
Usuallylthe surface finish was designated by the method used for the prepa-
ration of the test specimens. Moore and Kommers (17) investigated the
effects of surface finish on fatigue strength of two carbon steels with
five grades of surface finishes. Their results are given in Table 4.1,
Sample conditions used in the endurancé limit test. ‘

A high polish is seen to increase the endurance limit slightly above
that for a standard polish, while the rough surfaces reduce the endurance
limit 10 to 15 percent. Similar results were obteined by Thomgs (18)
which are a2lso listed in the last column of Table 4.1.

In a recent study, Siebel and Gaier (19) found that there is a criti-
cal surface roughness beycndwhich there is no increase in fatigue strength
with a decrease in surface roughness. This critical roughness is indepen-
dent of the type of fatigue stres§ but varies with the material and the
metallurgical structure. They used the maximum depth of groove as the
criterion for cléssifying surface roughness rather than the root mean
square value. For steels tempered to relatively high strength, the criti-
cal roughness value is 1 to 2 microns (40 to 80 micro-inches). For annea-
led steels, the critical roughness value is 4 to 6 micronse. Once the cri-
tical roughness is exceeded, there is a linear drop in fatigue limit with
the logarithm of the depth of roughness.

From the view point of fatigue of metals, it is generally most desi-
rable to have the longitudinal axis of the final irregularities and sur-

face scratenes running parailel to the direction of principal tensile stress.



Table 4.1 Sample conditions used in the endurance limit test (17, 18).
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Any scratches or '"furrows' perpendicular to the direction of tensile
stress may serve as a nucleus or stress concentrator .to initiate a
fatigue fracture. Caswell (20) concluded from tests 6n a mild steel,
that grinding and polishing ig direction transverse to the axis of
principal stress gave an endurance limit about 26 percent lower than
for grinding and polishing in the principal-stress direction.

The influence of surface roughness on the fatigue life of SAE 1035
and SAE 3130 steel was studied by Fluck (21). Six methods of surface
preparation were used and groups of 12 similar specimens were tested at
two stress levels for each of the two steels. Results zre shown in
Table 4.2, Results of test to evaluate the effect of surface roughness
on the fatigue life of steel.

The fatigue life -is noticed to be greatly increased by methods of
surface prepafation which reduce the size of circumferential scratches
(longitudinal roughness measurement). Longitudinal scratches, even
though large, have very little influence on the fatigue life. The
manufacturing process affects not only the surface roughness but also
the surface hardness, snd this in turn has a definite effect upon
fatigue strength. . Investigations by Cina (25), and by Sinclair, Corten
and Dolan (26) indicate that this increaée in hardness (from cold
working the surface) may be even more important than the surface rough-

‘ness in influencing the fatigue strength.

Cina (25) investigated extensively the effect of surface conditions
upon fatigue strength. He considered that while final polishing of a
fatigue specimen is carried out to reduce the surface roughness from ]
previous turning or polishing operations, this polishing with emery paper

may produce cold working of the surface, the effect of which may be to



Table 4.2 Results of teét to evaluate the effect of surface roughness on

the fatigue life of steel (21). °

SAE 1035 Specimens

SAE 3130 Specimens
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Unit stress 38,000 psi. Unit stress 95,000 psi.
Lathe formed 65 18 | 258,000 | 24 | 105 | 15 24,000 | 43
Partly hand
polished 16 19 | 728,000 | 12 6| 4 | 91,000 | 20
Hand polished 6 10 | 790,000 | 2k 51 3 |137,000 | 27
Ground 13 95 836,000 | 28 7 | 45 | 217,000 | 19
Ground & polished 3 6 11,260,000 | 4k 2 6 | 234,000 | 47
Superfinished 8 v | 848,000 | 19 7 8 | 212,000 | 46
Unit stress 36,000 psi. Unit stress 88,000 psi.
Lathe formed 65 18 | 566,000| 10 | 105 | 15 54,000 | 24
Partly hand
polished 16 19 |1,555,000| 19 6 4 | 280,000 | 27
Hand polished 6 10 1,670,000 | 25 5 | 3% |311,000 | 61
Ground 13 95 3,598,000 | 51 7 | 45 | 368,000 | 24
Ground & polished | 3 6 |3,365,000 | 195 2| 6 |690,000 | 77
Superfinished 8 7 11,822,000 | 16




Table 4.3 Results of test to evaluate the effect of surface roughness

on the faticue strength of steel (25).

Fatigue strength tons/in2
Effect on
Type of steel Electroly- finite
Mechanically|tically fatigue
polished polished life
13% chromium fully martensitic 50 46,5 Considerable
13% chromium tempered martensitic 25 29 Slight
20% chromium fully softened =
ferrite 19 15 Slight
25/20 chrome nickle fully
softened austenite 19 15 Negligible
9/3/8/.6 Mn-Cr-Ni-C Stable auste-
nite softened _ 2k 18 Negligible
18/8 Nickle chrome unstable
austenite 19 17 Negligible
Low alloy (3% Ni) tempered’
martensite 29 2hk.5 Negligible

increase the fatigue strength. He carried out several tests on steel

and the results are given in Table 4.3, shown above. It may be seen that
the fatigue strength of mechanically polished specimens are higher than
the electrolytically polished, and their effect on fatiéué life varies
_ifrom considerable to negligible. Further to show that mechanically
polished specimens have. longer fatigue life and higher fatigue limit due
to cold work introduced into the surface, Cina (25)'stress—relieved a set
of identically heat treated low alloy rotzting-beam fatigue specimens.and
Fatigue

blanks in a vacuum. The blanks were then machined and polished.

tests of these specimens showed that the fatigue strength was reduced
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from 29 to 24.5 tons per square inch by stress relieving which is the
same reduction that was obtained for the electro-polished specimen. From
the results of his tests, Cina (25) drew the following hypothesis:
Mechanical polishing results in artificially greater fatigue strength due
to cold effects introduced into the surface of fatigue specimens, while
electro~-polishing gives truer fatigue strength value since it reveals a
true virgin surface of the material.

Sinclair, Corten and Dolan (26) performed the similar tests on the
fatigue strength of two titanium alloys and is useful in application to
actual srevice conditions. A summsry of their results is given in
Table 4.4. For electro-polished specimens series 3, .002 in. was removed
from the surface of mechanically polished specimens, and for series 8,

.010 in. was removed from the surface. Here, it is found that,“in general,
the fatigue strength varied according to the hardness of the surface layer,
with the highest hardness corresvonding to the greatest fatigue strength.
Roughness of the surface is found to influence fatigue strength but to a
much lesser degree than hardness. The loss in fatigue strength due to
surface roughness becomes greater at high surface hardness. As a first
approximation, the relationship between surface hardness, surface rough-
ness, and fatigue strength from the data. given may be expressed through

the equation

! 3
L0284 Y“OIL'?

N YD

Z =207 X~
|
|
where 7 is fatipue limit, p.s.i.
- X is rcot mean sguare surface roughness,

and Y is Knocop surface hardness (100 gram load).

This equation (26) indicates that surface roughness does not seriously



" Table L.b Summary 6f results of tests by

Sinclair et al (26).
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influence the fatigue strength of these alloys, and for constant values
of surface roughness the relationship between fatigue limit and surface
hardness is approximately linear.

4,3 Design criteria:

As an aid to machine designers, Noll and Lipson (22) plotted
curves of endurance limit versus tens?le strength, using the data
obtained by numerous investigators for ground, machined, hot-rolled
and as-forged (with no other treatment after forging) specimens, and
are illustrated in Fig. 4.1. All data from ground, honed, lapped and
superfinished specimens are included in the ground surface category.
Similarly, all machined specimens, whether rough or finish machined,
are included in one category, and the curve has been extrapolated
because of the limited data available. These data have also been
corrected for the effect of size of the specimen before use& in the
plot (see 22).

Using average curves, like for Fig. 4.1, as a basis for predic-
ting "infinite" life (the endurance limit) for the products and employ-
ing an empirical relationship between tensile strength and Brinell
hardness for steel, charté for design purposes are constructed based on
a modified Goodman diagrem. .The maximum applied stress is plotted against
the mean stress- of the loading cycle-for specific ranges of Brinell
hardness, for ground, machined, as-rolléd and forged surfaces.

‘Fig. 472 shows some typical curve. Though called working stress by
Noll and Lipson, it may be observed that charts are set up to delineate
conditions that result in fracture and have not been reduced by a
"Factor of safety'. IKighteen similar curves covering a Brinell hard- .

ness range from 160 to 555 are also proposed by these authors (22).
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For use under conditions where less than a million overload cycles may
be encountered in steel components during no;mal life, Noll and Erickson
(23) constructed charts for critical stresses against a given 'finite
life". The same hardness ranges as those in the curves referred in
Fig. 4.2 are used, the stresses and the cdrresponding finite life from
the upper portions of the available stress-life curves are used in
constructing these curves. Fig. 4.3 shows the design plot valid for the
Brinell hardness range of 302 teo 321. However, a check with the results
obtained by Fluck (21) for SAE 3130 with a Brinell hardness of 285 shows
that the machined specimens have approximately 500 % longer median life
and the ground specimens have approximately 1200 % longer median 1life
than those predicted by Noll and Erickson's chart (see 23).

A series of tests carried out by Gunn (24) gives the following

fatigue strength reduction factors Kf for Alluminium alloy D.T:D.363,

where
_ Unnotched fatigue strength at some specific endurance
f 7 notched fatigue strength ’ Sp

limit.

Longitudinal polish 5.5 micro-inches, Kf = 1.0 at lO7cycles,
Circumferential polish 9 micro-inches, Kf =1.06 at 1O7cycles,
‘Fine machine : 64 micro-inches, Kf =1.12 at lO7cycles,
Rough machine 100 micro~inches, Kf =1.16 at 1O7cycles.
Fer mater%als used in aircraft structures, a value of Kf equalling

3 to 5 are common and values of 8 to 9 can occur. When two or more stress
concentrations act simultaneously they are considered to be communicative.
Therefore, for an average Kf of &4, changing from 64 micro-inches finish

to a 9 micro-inches finish would result in a small change of Kf from
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4,48 to 4,24, This is insignificant when one considers the inherent
scatter in fatigue results (see 24).

L,4 Effect of surface flaws:

Surface blemishes or flaws may be due to isolated scratch marks
or‘notches which affect the roughness value of the surface only a little
but can have a very drastic effect on the fatigue strength of the compo-
nent.

The example reported by Moore and Kommers (24) illustrates how the
roughing up of a surface to the deepest scfatch mark improves the fatigue
resistance. As shown in Fig. 4.4 two identical test pieces are lapped
to the same initial roughness values. In one test piece a single sharp
groove 004 in. deep is cut and the other is rough turned to a maximum
depth of .0039 in. Both test pieces are subjected to fatigue tests and
the first sample with a single groove showed a reduction of 80%‘of
fatigue strength, whilst phe second showed a reduction of only ll%;

The most important consideration for all components with regard
to fatigue is the surface condition (irregularities outside the roughness
pattern range). It is essential that maéhining operations produce a
residual stress field that will prevent crack initiation or retard or
stop crack propagation and this stress field should not be disturbed by
individual deep- scratch marks. These conditions, howevér; bear little
relation to their measurable surface texture (see 24).

4,5 Surface treatment:

Under exial loading the surface condition doeé not play as prominent
s part in determining the fatigue strength of the member as it does f&r a
condition where a high stress gradient exists with peak stresses occuring
at the surface. However, in all cases emploving tests by axial loading,

it ig found that surface streasses are nsually somewhat higher than those
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in the inferior. For a metal part with an intentional surface layer,
endurance limit may be determined more by the characteristics of the
outer surface layer than by mechanical préperties of the base metal.

Among surface treatments which markedly affect the fatigue
strength are: nitriding, carburizing, .flame or induction hardening,
shot peening, sand blasting and cold rolling. Several of these treat-
ments may reduce or minimize the harmful effects of stress concentra-
tion arising from rough surface finish., It is generally believed
that the beneficial effects are due to the compressively prestressed
casing introduced on the surfaces by these treatments. The applied
stresses are therefore counteracted to'some extent by the existing
residual compressive stresses. Furthermore, because even the most
highly polished surface has microscopic notches, the layer adjacent
to the surface is stronger in, resisting fatigue than the same metal
without the case protection.

Several investigators have proved that the endurance limit of
nitrided steel is increased from 20 to 40% above that for polished
specimens of unnitrided steel. Case carburizing for increasing
surface hardness may also be used to improve the endurance limit
of a machine part. But carburized surface is brittle or notch sensi-
tive, and damaging cracks may readily form during quenching especially
in an irregularly shaped part. A decarburized surface on the contrary
markedly reduces the fatigue strength. Austin (27) reports a 20%
decrea;e in endurance limit of a 0.38 percent carbon steel with decar-
burization of the surfaoe.

Harger (28) reports that the fatigue strength may be increased
by induction and flame hardening. However, Wiegang (29) establishes

that fatigue fracture often occurs in the region of transition from
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the hardened layer to the base metal. Data is not presently availa-
ble on the effect of surface finish in relation to these treatments,
but if the failure does not originate in the surface, a moderate
roughness of the surface may not be expected to have a measurable
influence.

A perfectly smooth surface is not necessarily the best one to
resist fatigue. Shot peening has become popular in many instances
for increased fatigue resistance and it also has the advantage of
eliminating careful polishing or machining after heat treatment and
mey serve as a means of cleaning or descaling. Results of Wiegand
(29) indicate that the fatigue strength of a shot-blasted rough
surface is about esqual to that of ground and polished (not shot-
blasted) one.“ Zimmerli and Luppert (%0) find that usage of smaller
sized shots in the preocess gives a greater endurance limit.- They
also find that fatigue strength increases with peening time up to
certain optimum value, Ixcessive peening intensity may cause a
decrease in the fatigue stréngth.

Cold rolling of steel improves the fatigue strength in the same
manner as shot peening. Surface roughness of a highly polished part
can be somewhat increased by cold rolling, but the endurance limit in
'reversed bending is also increased,

4,6 Conclusions:

Turned or filed specimens have a fatigue strength lb to 25 %

below that of standard polished specimens. OSurface treatments, such

as nitriding, carburizing, and cold working, can increase the fatigue

o

strenzth considerably. The higher the hardness of the material, the

J

e

greater the effect of surface roughness in reducing the fatirue
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strength of nontreated surfaces. All methods of surface preparation,
however, except electropolishing, cold work the surface and affect

the hardness and accompanying residual stresses at the same time as
they produce a characteristic surface roughness. The fatigue strength
is influenced by all the factors mentioned in this Chapter snd not

just by surface finish alone.



CHAPTER 5

INFLUENCE OF SURFACE ROUGHNESS

ON ACHIEVING DESIRED LUBRICATION

5.1 Introduction:

When two surfaces are kept apart by a film of lubrication contact
from time to time is bound to occur if the surfaces are not perfectly
flat. According to Bowden and Tabor (31) and other works on this
subject (4, 37, 38), the wear is caused in the following steps:

(i) fluid oil film supporting,

(ii)  boundary lubrication (mono-molecular film),

(iii) oxide film suﬁporting,

(iv) films of phosphides, sulphides or metallic soaps supporting,

(v) metal to metal contact, )

(vi)  local welds and shears (often accompanied by the pluckiﬁg of

wear particles.out of the weaker surface).

The final run-in surfaces will distinctly differ both geometrically and
physically from their initial conditions.depending on the requirements
of their ultimate performance. That is, they cannot be precisely simu-
lated by any preparatory manufacturing processes. As all moving parts
are suprorted by bearings which have different reguirements for lubrica-
“tion, therefore the study of the influence of surface texture on the
Jubricetion becomes an important problem in mechanical engineering. On
this topic numerious experimental and anslytical works have been done in
the past and a few of them will be discussed in this Chapter.

5.2 Experimental -results and deductions:

The graph shown in Fig. 5.1 gives the set-up and test results

obtained by Spragg (S) of the Taylor Hobson Laboratory, in which a
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cathode ray oscilloscope is used to display the behavior of a small alter-

nating voltage (50 millivolts from 50 cycle mains) applied across the
bearing surfaces. Here the relation of the coefficient of friction to a
dimensionless parameter ZN/P is shown. The terminology for this parame-
tric description is given by the following:

Z= viscosity of the lubricant,

N

the speed,

P

1]

the load per unit projected area of the

bearing.

From the plot it is seen that at least in some cases, if not all, the toe

of curves corresponds to the transition from a fluid film to a boundary
layer lubrication.

In Spragg's set-up, the thickness of oil film & T becomes less as
the speed is reduced until the high spots of the surfaces begi; to come
in contact. Then flashes from the sine wave in the oscilloscope téwards
the horizontal axis of the screen appear, and increase in number as the
speed is further reduced. Finally when the contact is continuous the
flash point in the oscilloscope moves inoa straigth line across the
screen. Thus to the left of the toe in the curves in Fig. 5.1 there is
a continuous contact causing a rise in friction coefficient (defined as
the ratio between the driving force F and the load P, i.é. /L = F/P)

“as the speed falls due to the processes of boundary layer and metallic
shear coming successively into play. To the right of the toe, the sur-
faces are held spart by = fluid film, the thickness'of which tends to
increase with en increase of speed. The apparent increase in the valhe
of the coefficient of friction, yZ in this region is perhaps accounted

for by the increesing amount of work required to overcome the viscous
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‘drag of the oil film.

| If the primary texture is reduced in height, thé toe of the curve
will move towards the origin and become sharper, as shown by the dotted
lines in the graph (5). This is because the average thickness of the fluid
film has reduced before the high spots of the surfaces engaged. Improved
finish, therefore, permits lower speeds or higher loads before this stick-
slip region is entered according to Wright Bzker (5).

From the results presented above one may conclude that all sliding
surfaces should start with as fine a finish as possible., In practice this
is not always the case, because often there are other considerations that
must be taken into account. In the case of aero-engine cylinder, for
example, too fine a finish permits the build-up of an excessively thick
oil film, and a definite roughness, produced by a series of carefully
controlled procésses, is essential to satisfactory performance (4).
Furthermore, if local seizgre does occur, the result is likely to be more
serious with very smooth than with rougher surfaces, partly because
weld particle that may be detached, or any dirt in the oil, has further
distance to travel before it finds a placé where it can lodge, and partly
because protective oil will also have to travel farther before it can reach
the affected spot. Yet, scratch marks having a favourable direction (lay),
especially criss-cross patterns, can be helpful in distfiﬁuting the o0il
,6ver the surfaces. Again, if there are initial errors of form and bad
alignments, very smooth .surfaces may take longer run-in period than those
that are not &s smooth, except runniné into a risk;of scuffing.

The secondary textufe of the surface is also vitally important due
to the fact that it plays a role in building up oil wedges. Scome results
for a 7 inch diameter flat thrust bearing obtzined by Samalz (32) using

- . .
ro nf Technoliey are chown in

ester Ceolleg f Technel igy

a set-upn designed at the Manch
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Fig. 5.2. Waves of about ¥ in. circumferential pifch and .0013 in.
ﬁeight artificially lapped on one of the ﬁémﬁers increased the permis-
sible load by a factor of about 3. In other words the toe of the u
versus ZN/P curve on Fig. 5.1 was moved towards the origin, affecting
it in the same way as a refinement in the primary textdre.

5.3 Effect of slider lubrication-An analytical aprroach (L4);

In a paper on the effect of surface roughness on slider bearing
lubrication by Tzeng and Saibel (44) the combined effect of waviness
and roughness is considered as a Beta distribution. In this, work an
analytical treatment based on the—abové mentioned description for the
.random surface roughness is presented and using an example the order
of magnitude of the frictional effects produced are demonstrated.

Consider a wide slider bearing as shown in Fig. 5.3 in which the

RE——

, along the width is negligible. The

change of oil pressure, d:

Reynolds equation for incompressible lubrication flow (41) is then

reduced to . ] o o

dH
1 dx °

4 (g3 dpy o
— (w &) = A ereeeeneraeeanaens (5.1)

p(x) is the pressure,

where P

H = H(x) is the film thickness,

AL is the viscosity of the lubricant (constant),
and A 1= 6# U, U being the velocity of the slider.

A simple integration of equation (5.1) yields

dp A, A
dx = + = @c 000000 c00c0s00000c0 (502)
H2 B>

here_/‘_‘2 is an integration constant.
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Let € denote the random roughness deviation from the mean bearing
surfaces, and h(x) the nominal film thickness.defined by the mean surfaces.

Then one can write
H(x) = h(x) + € .

If the right hand side of equation (5.2) is treated as the input stochastic
process, the pressure distribution p(x) can then be regarded as the stochas-
tic output of a linear system. The output process must satisfy two boundary
conditions at the ends, namely

p(0) = 0 and p([) = 0y eeveeccocecccccccccsscosscenslDe3)
at - x = 0 and x ::ﬁ respectively.

Let random roughness variable & be characterized by its probability

density function f(€). Taking the expected values of the terms in equation

(5.2),

R =A1<E1°2> A, < 1715> RN

dx

with corresponding boundary conditions

<pbﬂ>x=0=0,<ﬂx»x:1 S0 eerrriiiiiiieneieeaes (5.5)

fo be satisfied. The symbol{ ) represents ensemble average or the expected
value. Noticing that the terms on the right hand side of equation (5.4)
are'expectéd values of functions of the random variable € , it may be shown

that .

o0
1 £ (€) \

- = —_— d ’( :2’ 'Y ;0000..000-1000-.0( OF\:
AF? f.oo TETSERRA R ? | >

Upcn determination of the right hand side of equation (5.4) using equation



(5.6), the expected value of the pressure as a function of x is obtained

by solving this differential equation. Symbolically

* 1 X 1
(p(x)):A,lf <—}-{?—>dx +A2J <—}-{-3~>dx. cessesecnses (5.7)
(4] ]

The integration constantlaia can now be determined by the second
condition in equation (5.5). Integrating the final expression for { p(x))
over the bearing surface area, the expected value of the total load-

carrying capacity per unit width becomes

¢
W :.j:(p(x)) AXe  eereecececenesnancaseeeness(5.8)
) ] .

Based on the same assumptions and reasoning as before, the shearing

stresses are given by (see 33)

; U1 H dp
— o - e
31 = T > 5; on the sho€, .s.ceeseceeseessa(5.9)
AU H dp .
i2 = - T + > on the slider. ceeeseveseese(5.10)

X

Here %§ can be replaced by equation (5.4). The expected value of the

total frictional force'may likewise be obtained as

4
; L(Tq) dx, N 2 & B

&3
i

!

]
it

je(j?ﬂ ax. P € T =)
A A

Consider now a plane-slider bearing of infinite width. Let the

roughness of the bearing surfaces be represented by a Beta density function

Jors

of the form
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Fig. 5.3 Slider bearing.
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Fig. 5.4 Comparison of Beta and Gaussian distributions.



2 2
£(€) = (l-é—g) , for —_c-“-'eé'-c,

—= O, elseWhere’ ©e0 0000000000000 000 000000 (5.13)

or in terms of the variance 0-'2,

_ 15 €2 @ Le (S
2€) = e (1 - = ), for - (PHCLe4 (¢,

= O’elSeWhere. a--ooo.-o-'.oooao.0-00-000000(50‘14)

Roughness is frequently regarded as being characterized by a Gaussian
distribution. Recently Williamson (34) has verified such Gaussian
distributions for a wide variety of arbitrary surfaces. However, using
Beta distribution as an approximation can also lead to accurate results
since the analysis is not sensitive to the approximation of ‘the distri-
bugion function. The unit Beta density function is compared with the
unit Gaussian distribution in Fig. 5.4 for classification. .

Now using equation (5.13) in equation (5.6) and then equation (5.4),

it can be shown that

d 16 h
<5§>=16C{A [ o + 8ch +1+h(c -h)l < )]

-A2 [l?.ch + 2(c®-3n%) fn (222 >]} PR C B

1

{p(x)) {A ['16 ’x gﬁ (h_3-h°3) =I5+ 4c? Iq}

' 6c .2 2 2 '
-AaITn— (h -ho )-612+Zc Iﬂ]}' ooo-.-co-o-oooon'(snlé)

where h,. is.the minimum.value of h(x), m the angle of inclination of the

-

- =51-



shoe and

L .
n(X)=! Iﬁln (hw)<m. (see 33) cieeeeo(5.17)

The total load can now be calculated from equation (5.8) as

h 4 h 4
-8 32,8 (O BRI 3 N 2
165{1\ - .hol) 4J3+40JJ
"3 3
B, 2 2
-+j\ [ - h, 1)+ 6J3 - ZC«L] s eeeenee eeeso(5.18)
where h1 =h, + mﬂ is the maximum value of h(x) and .

I EEJ-In(x) dx. tecceveccscceraras cessesesl(5.19)

o

Similar calculations for the frictional forces from equations (5.9) and

(5.10) yield

= s rda A
F1 = 5 [—3\?‘1 +_2—?2J 2 ..................-.-.(5.20)

16c2

2[11

F

1If1 + {%f;1lr12]  eeeersceensesessasa(5.21)

2 16c5

| 3
where qu = luﬂ()- 20212(1) + cL*Io &) + %%ﬁ (h,]2 - h°2 )
c L 4
- 3 ( h, - h, ) S .....(5.22)
and Y, = '—;é ’f +«§m9. (% -0 - w1, () + bPT (D L.l (5.23)

A set of curves can be plotted from the foregoing results to tackle any
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general case., For the ﬁresent discussion, results are computed for a
particular example to illustrate the method discussed above.

S.4 Numerical example and calculations:

Corisider the example of slider mechanism as shown in Fig. 5.3
using lubricant with a viscosity of .000C05 Reynolds, the velocity of
sliding is 320 inches per second, the inclination of shoe is zero degree
five minutes, the length of slider is 2 inches, énd the roughness of the
surfaces can be represented by Beta distribution with ¢ = .0002 in. and
h = ,0003 in. Then by substituting 4 = 5 X 10-6 Reynold, ¥ = 320 in.
per second, m = tan 0°5' = ,00145, f= 2 in., ¢ = .0002 in. and h = .0003
in. into equations (5.16), (5.18), 5.20) and (5.21) we get the results:

the expected unit pressure at the middle of the shoe,
{p{1)) = 10,680 p.s.i., |
the expected value of the total load-carrying caﬁacity per
unit width, |
W = 14,610 lbs. per in. width, .
the expected values of resistance force per unit width on the
shoe and slider are

?1 = 5.53 lbs. and F, = 9.8k 1lbs.

respectively.

Assuming smooth surfaces and using results of Shaw and Macks (35)
the following values are obtained for the parameters:
Unit pressure at middle of Fhe shoe, p(15 = 7,900 p.s.i.,
load carrying capacity per unit width, W = 11,250 1lbs./in.,
resistance force on shoe, f1 = 6.65 lbs./in.,
resistance force on slider,IFé = 8.28 1lbs./in..

The coefficients of friction, defined bylﬁ /'W, are calculated as follows:



Coefficient of friction

on the slider| on the shoe
Rough surfaces * .000675 .000378

. Smooth surfaces .000735 .000591

A comparison of the foregoing sets of results reveals rather inter-
restiﬁg effects of the surface roughness. Both the load carrying capacity
and'the frictional forces are increased qénsiderably when surface rough-
ness is taken into account. Howefer, the increase in the total load
carrying capacity is more significant than that of frictional forces.
This leads a lower average coefficient of friction (defined by F / W‘)
'in the case of rough surfaces than in the case of sm;oth_Surfgcés.

It must be pointed out here that the analysis adoptégngiwkhe pro-
blem is not just iimi£ed to an assumption of a Beia distribution. For
other types of distribution there may be some difficulty in obtaining
solutions in a closed form. In such an event, numerical techniques
may be employed for solution. The Beta distribution when applied to
such problems has certain special merits over other types of distribu-
tions. TFor instance, the singularities in the integrand in equation
(5.6) which may arise for other types of distributions can be avoided
if a Beta distribution is employed. It is felt that there areAprobably
'many instances where the surface roughness can be approximated by Beta
distribution with a reasonable accuracy. This mey be achieved by adjust-
ing the powers of the density function of adjusting the maximum value
of ¢, or both.
5¢5 Summary: . st

The result of Spragg's test (5) shows that above the tféﬁsiti;h

point the o0il film thickness between two.parallel bearing surfaces
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increases with an increase in speed, and decreases with an increase in
surface roughness. Scratch marks carefully distributed in a favorable
lay is helpful in improving load carrying capacity. Salama (32) proves

that the waviness with proper amplitude and pitch artificially lapped

on one member of the flat thrust bearing could increase its load carry-

ing capacity and decrease its frictional force. ‘The solution of the
slider mechanism by a stochstic random process, taking the combined
effect of waviness & roughness as a Beta distribution, gives results
with a reasonable accuracy. A set of curves can be plotted from these
resulting equations for different values of the parameters to tackle
any general problem. From the results of numerical examples one may
conclude that by taking the degree of roughness into account both the
load carrying capacity & frictional forces are incréased. But® the in-
crease in the former is more Significant with a reduction in the re-

sulting coefficient of friction,.
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CHAPTER 6

BEARING CAPACITY AND FRICTIONAL éESiSTANCE

6.1 Bearing area and bearing curve.

When a nominslly flat surface is placed in contact with another
smooth surface, kinematic principles indicate that, when no load is
applied, not more than three of the highest points of the surfaces
ere in contact. ‘/hen the load is applied, the areas of contact spread
out under elastic and eventually under pléstic deformations. Bowden
and Tabor (6), using electrical resistance and other methods, have
shown that the total area of contact is proportional to the load, thus
accounting forythe laws of friction. The principles holds good even
for well-lapped surfaces. The initial points of contact can also be
expanded by procressive lepping representing wesr and the area of real
contact then being that in contact with the lap. In all the cases, the
area of contact is called the bearing area.

An estimate of the bearing area is often derived from a profile
graph by drawing lines, such as p-q in Fig. 6.1(a), equidistant from
the reference axis and measuring the sum of the metal intercepts along
its length. Making assumption that the profile extends uniformly
éoross the surface in the direction normal to the plane of the section,

the proportion of the intercepts to the length of the line will indica-

te the proporticn of true to apparent bearing area that might be expected

after a certuin amount of leovping. The position of the bearing line is
often defined in terms of ite distance below the extreme penks expros-
sed as o fraction of the total heipghl, axd thus invelves the problen of

defining this height in » =atisfactory way,
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From the measurement of the intercepts along a number of bearing
line Abbott and Firestone (5) obtained their well know "bearing area
curve", as shown on Fig. 6.1(b), which gives an indication of the rate
at which the wear may be expected. BEhrenreich (5) has suggested that
the slope of the curve could be a useful index of performance.

The bearing area curve can also be obtained by means of the ampli-
tude density curve plotter as described in Section 3 of Chavter 3.

6.2 Load carryins capacitv:

When a hardened shaft runs in a soft bush, a fine finish at least
on the surface of the shaft is required for a friction free performance.
Different surface roughness has different lozd carrying capacity. The
results of some experiments carried out by Clay (55 of Rolls Royce Co.
are shown in Fig. 6.2. The plot shows the relative load carrying capa-
city of nitrided shafts finished in various ways, all running at 1500
r.p.m. in dismond-turned lead-bronze bushes T{inished to 20 micro-inches
CLA with .00l diametrical clearance and D.T.D. 109 Silvertown p.4 oil
lubrication.

Roughly a ten-fold improvement in the finish of the shaft resulted
in a three-fold increase in the load carrying capacity as the shaft was
changed from rough grinding to fine lapping. The use of oils of very
low viscosity eﬁables the machine tool spindle to run cool, but fine
finishes are then reocuired, clearsnce have to be reduced and alignment
correspondingly improved. Special attention must be paid to the filter-

ation of the oil ard the resultins performance and long life can be

\
rewzrding (see 5).
[
27N\ 2 ) . r~ B e a R
Furey (34) studied the effect of the surface roughness zné lubri-
. . s
cant vieccsity on the leozd carrying cepacity by using cone of pure slidinc

hut relatively nigh, contact stress. A fixed ball riding on a rotating
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steel cylinder was employed. The mineral oils of same type (parraffi-
nic) but varying in viscosity were evaluated in the ball-on-cylinder
device. A summary of results obtained is shown in Table 6.1 as

follows.

Table 6.1 Effect of surface roushness and lubricant viscosity on the

load carrying cspacity (36).

Load carrying capacity

W 20 (grams)

Type of surface preparation Sand Blasting| Machine Grinding

Surface roughness
(CLA micro-in.) 94 to 106 8 to 10

Lubrication Viscosity
at 77°F (cp).

34,9 28 11
22k 69 81
Lz5 91 212

Here the ioad carrying capacity W20 is the load required to produce
metallic contact for 20% of the time. .From these results, it may be
seen that increasing the viscosity by a factor of over 12 increases
the load carrying capacity of the smoother machine-ground surfaces
to a factor of about 20, but for the rougher sandblasted surfaces
the increase is only 3 times. Alternately, for oils of low viscosity
the sandblasted surfaces have 3 times the load carry capacity

as compared with smooth surfaces, For higher viscosity lubricants
the machine-ground surfaces exhibit twice the load carry capacity
than those obtained by sand-blastin-.

6.3 Surface rourhness and coefficient of friction:




Surface roughness has a decided influence on the coefficient of
boundary friction. Typical test results are reported by Burwell (38)
for different surface roughness as measured in microinches, root mean

square, on the Abbott Profilometer as shown in Table 6.2 attached.

Table 6.2 Coefficient of friction as influenced by surface rough-

ness (38).

Surface roughness S?pgr Ground | Ground | Ground | Ground
root mean square finish

in micro-inches. 2 7 20 50 65

Coefficient of
friction for

(i) Mineral oil .128 .189 . 360 372 378
(ii) Mineral oil

+ 2% Oleic acid| .116 .170 249 | L261 230
(iii)Oleic acid 099 | .163 | .195 | .222 .238

The interesting fact is that the friction increases with roughness
up to 20 microinches, after which it remains essentially a constant, The
slight drop in the friction values at 65 microinches for ground surfaces
in case (ii) may be due to the very fast feed that had to be used. This
imparts a slight siprai texture that migﬁt have caused an erroneous read-
ing of the roughness value by the profi}ometer (see 37, 38).

Miyakawa (39) reports the effect of surface roughness on boundary
friction under various conditions of loadé, speeds, and lubricants.

From his experiments, it may be found that the direcfion of polishing
relative to the direction of sliding greatly influences the boundary
friction. For a sliding parallel to the direction of polishing, the
friction is larger than sliding in the perpendicular direction to polish-

ing. Here the average degree of roughness has very little influence upon



the friction, except in the extreme cases of very'low or very high rough-
ness values. - It may be then concluded that effective lubrication takes
place, when the sliding surface is perpendicular to the direction of po-
lishing and the surface has an average degree of roughness.

6.4 Conclusions:

When two surfaces are rubbing against each other, some wear is ex-
pected to result. Bearing area curves enable rates of wear to be esti-
@ated, and can be constructed from surface traces, or can be obtained
through amplitude density curve plotter.

Generally the load carrying capacity of surfaces will increase
wwith an improvement in the surface finish, providing other conditions
remain the same. The increase of lubricant viscosity has an advantageous
effect on the load carrying capacity of a smoother surface than that of
a r;ugher surface.

The boundary friction is markedly affected by the direction of
sliding rather than the degree of surface roughness. However, the rough-
ness provides the effective lubricating action as a result of the inter-
ruption of contact by the roughness of the surfaces. A desirable lubri-
cation effect takes place when the sliding surface is perpendicular to
the direction of polishing and the surface has an average degree of rough-

nesse.
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CHAPTER 7

SURFACE ROUGHNESS AND CORROSION PROPERTIES

7.1 Introduction:

By definition corrosion is the destruction of a metal by chemical
or electro-chemical reaction with its environment. The majority of
corrosion is caused by liquid and gaseous agents. This involves the
loss of electrons froﬁ the metal atoms ~ known as 'oxidation', and
gain of electrons by the atom in the reaction agents - known as 'reduc-
tion'.

7.2 Stress corrosion:

The distor?ion ofvmetal uﬂder stress is very much like the dislo-
cation of grain boundaries in the case of corrosion. For any local dis-
order, there is an increase in local energy and the distorted material
becomes increasingly anodic. The result is a localized decrease in resis-
tance to corrosion. In the stress - corrosion cracking, where the grain
boundaries bhecome sufficiently anodic, the average stress level is almost
near the yield point. The corrosion attack starts at the grain bounda-
ries that are situated in a plane perpendicular t6 the plane of the ten-
sile stress. As the stress corrosion penetrates, notches will start
forﬁing between tﬁe grains, and the local stress on the grain boundaries
increases, Since the stress on a boundary depends on the loading and
the bearing area, which in turn is dependent on the roughness texture,
it may be concluded that surface roughness affects stress - corrosion
directly.

Rough surfaces generally pessess what is calied 'stress raisers',

minute scratches on the surface having the local stress cencentrating
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affect., The flaws in the material can also add té this affect causing
some transcfjstalline corrosion., All these factors cause a rapidly pro-
pagating corrosion and the grains are gradually pulled apart by the re-
sulting tensile stress. The end result is a fracture with little or no
plastic deformation of the metal,

| Residual stresses are particularly important in this type of corro-
sion propagation. For example ground surfaces usually leave some resi-
dual stress in the underlay. ZLapping or honing operations generally pro-
duce a finer texture with a lower tendency to corrosion beccuse they
reduce the residual stresses. Shot -~ peening results in a higher rough-
ness, but it introduce some compressive residual stresses which actually
counteracts propagation of stress corrosion (see 42, 43).

7.3 Corrosion - fatigue:

The influence of the atmosphere on fatigue life is considerable,
In corrosive atmosphere, repeated cycling and corrosion seem to interact
and the damage is greater than the simple summing of the two indepently.
This interaction of corrosion and fatigue is called corrosion fatigue.

The progress of corrosion depends on time, while failure due to fa-
tigue depends on the number of cycles of repeated stress., Hence the cor-
rosion - fatigue.will be sensitive to changes in the rate of stress cy-
cling. The experimental results of Lessells (43) indicates that in
corrosive atmosphere a fatigue limit does not exist. All factors that
affect fatigue will also contribute to corrosion - fatigue.

Rough surfaces tend to have more stress raisers and hence are rore
likelihood of initiating fatigue cracks. The formation of fatigue cracks
at corrosion pits intensifies the stress at the tip of the crack, thus

increasing the corrosion rate further. Corroded particles tend to fill
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the fatigue cracks, preventing the formation of protective films and
exerting a wedging action on tHe sides of the crack, thus propagating
the crack further (see 43). -

7.4 Fretting - corrosion:

Fretting - corrosion occurs freguently in these components that
re intended to be clamped together so tightly as to prevent any rela-
tive‘movement. The elasticity of the compénents makes a perfect clamp-

ing difficult if not actually impractical in many instances.,

As an example consider a bar that is clamped between two blocks
as shown in Fig. 7.1l. When the cantilever bends downward due to the
applied loads, the highest tensile stress occurs on tﬁe uppermost fibres
of the bar which is adjacent to the clamping block. This stress is
transmitted to the matérial between the blocks and.through friction to
the block itself. Under ordinary conditions, the friction is insuffi-
cient to prevent slipping at this interface and hence fretting will re-
sult. A similar situation occurs in a ball bearing race that is pressed
onto a shaft. Other examples are shrunk - fit collars, bolted and ri-
veted joints subject to vibrations, and splined shafts. The fretting
can be reduced by increasing the friction between the interfaces that is
by increasing the roughness of the surfaces in contact.

Obviously, if slipping can be completely prevented, fretting corro-
sion will be eliminated. Cne remedy is to igcrease the tightening pressu-
re and also increase the friction by roughéning the contact surfaces., A~
nother possibility is to counteract the tensile stresses by introducing
compressive residual stresses on the surface where fretting due to slip-

ping is expected to occur (see L2).



7.5 Conclusion: )

Increased surface finish increases the resistance to stress-corro-
sion. Residual stress plays an important role in stress - corrosion
effect. Tensile residual stresses accelerate corrosion propagation
whereas compressive stresses counteract.'corrosion. Such effects can
be obtained by a proper choice of surface finishing operation. ZLapping
or honing reduces ?he residual stresses on the surface and hence in
these cases there is less tendency to corrosion. Shot peening producés
compressive residual stress and therefore beneficial in the prevention
of stress - corrosion.

Rougher surfaces tend to have more stress raisers and hence chan-
ces are great for an initiation of fatigue cracks. All the factors that
affect fatigue strength of specimen also affect corrosion-fatigue.

Increased surface roughne%s increases the frictional force between
the contacting surfaces thus reducing fretting-corrosion. Introduction

of compressive residual stresses on the surface also prevents slipping

and hence fretting - corrosion.



CHAPTER 8

CONCLUDING REMARKS

Since the performance of a manufactured product'is always affected
by the texture of its surfaces:both the design and the manufacturing
engineers have become, in the recent years, greatly interested in the
exact specification and control of the integrity of the surface involved
as well as in the establishment of some correlation with the resulting

mechanical properties.

In this technical report the theories of surface texture specifica
tions and the techniques for their measurement are critically discussed.
Analytical approaches and experimental results of previous investigators
on the efféct of surface roughness on its mechanical properties are also
studied in detail.

Most of the existing specifications are based on the peak-to-valley
measurement as an indication of the roughness. Due to its simplicity in
assessment and convenience for adoption in instrumentation, the CLA (cen-
ter line average) measure is, up to now, the most widely accepted standard
for specifying and controlling the surface qualities. Since statistical
descriptions are consistent with the‘character of the manufactured surfa-
ces, a specificafion arising out of.such methods will provide a rigorous
procedure to give exact nature of the texture of any profile. Experimen-
tal results obtained by the author and reborted'in this dissertation veri-
fies this boint.

Aside from the effect of surface irregularities, the residual stresses
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on the surface have a deciding influence on the resulting fatigue strength.

Surfaces produced by different processes may have the same roughness

values, but different fatigue strengths. Those having compressive
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residual stresses and higher surface hardness usually have higher
fatigue strengths. It is concluded that both carburizing and nitri-
ding can increase the fatigue strengths considerably. For increased
hardness of the surface, an increase in the quality of surface finish
improves the fatigue strength and life of the specimen.

As far as the retainment of lubrication is concerned, both the
primary and secondary textures of the surface irregularities are essen-
tial. The result of Spragg's test shows that above the transition
point the oil film thickness between two parallel bearing surfaces in-
creases with an increase in speed, and decresses with an increase in
surface roughness, It is also seen that waviness with proper amplitu-
de and pitch can increase the load carrying capacity of a flat thrust
Bearing. Using a method based on a probabilistic approach the load
carrying capacity and frictional forces can be computed for ; slider
mechanism if the conditions of lubrication are known.

Bearing area curve provides a useful means for the estimation of
wear resistance. It can be obtained either from the surface profile
trace or directly through the amplitude density curve plotter. An
increase in the quality of the surface finish generally increases the
load carrying capacity. Increased viscosity of lubricant yields higher
bearing load capacity on a smooth surface than on a foﬁgh surface.
When two surfaces with average roughness are rubbing together in such
a way that the direction of sliding is vpervendicular to the direction

)

of polishins of the surfae~, o rirrer load carrying capacity and less
frictional force on the interface can be expected. All factors that
improve fatigué¢ strensgth, reduce friction, and increase bearing capaci-

ty are benificial for corrosion resistance,
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.

It is evident from this presentatioh that a theofetical defini-
tion of a surface profile and its influence on the.performance of the
associated component is an extremely compiex problem. All the exis-
ting theories znd subsequent experimental findings have succeeded
only in establishing’relations that are‘empirical_with little mathe-
matical foundations. In the recent years attempts have been made to
solve this problem emnloying the mathematical theory of stochastic
processes., Though the available information 1is scarce and mostly
incomplete, it may be recognized that investigations directed along

these lines have the prospects of success and achieving satisfactory

"results useful for design.
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