Surface Texture
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TRIBOLOGISTS are concerned with what
bappeas when two solid surfaces slide over each
other, uonder either dry or Iubricated condirions.
They often measure and compare the surface
texne and roughness parameters befare and afe
ter the wear process, and at intcrqmediate stages
as well. Undexstaading the relationship between
wear properties and surface texwae can lead w
the specification of optimized surface textures
and manufacturing processes for various surface
function needs. .

The term “surface texue™ refecs 10 the fiae
irregularities (peaks and valleys) produced on a
surface by the forming process. By convention,
the texmre comprises two componeats: rough-
vess and waviness. Roughness consists of the
finer irregularities characteristic of the process
itself, such as the grit spacing of a grinding
wheel or the feed of 2 singlo-point tool. Wavi-
ness consists of the more widely spaced irregu-
laridies that are often produced by vibration in
the machining process. Usually, however, the
texmos “strface texome” and “roughness” are
used interchangeably. because roughness is
specified and measored much more oRen than
waviness. The surface topography includes
these surface texture components 2s well as any
other irregularities, such as error of form.

. Thete are two types of profiling techniques
for surface texture, depeading on whether the
height measwrements ane made simply afong 2
line (profile methods) or over an area (raster arca
methods). Both types of techniques develop
quantitative knowledge of the surface peaks and
valleys by point-by-point measurememt with &
high-resolution probe. Surface profiles are gen-
erally measured across the surface lay, the diree-
tion of uniaxial machiaing marks caused. by
most swrface forming processes. The profile
may be produced by a contacting stylus that
traverses the surface, by a noncontacting probe,
or by aprical interferometrie fringes. The stylus
method has been widely used (Ref 1.10) by ca-
gineers, opticists, and tribologists. Therefore,
the stylus technique will be discussed in some
detail in this aricle as an important example of
surface profiling. Other eechniques are discussed
elsewhere (Ref 15, 12).

Surface Statistics

In general, surface texwres are highly com-
plex, because many surface finishing processes,

such as polishing, grinding, and shot blasting,
are statistical by oature. To characterize such
surfaces, two types of statistical descriptors are
used: parameters, such as root mean square
(rms) ronghness, which attempt to guantify
some aspect of the surface statistics with a single
number, and statistical functions, such as the
power spectral density, which by their nature
yield an array of information about the surface.

Surface Parameters

There are a great variety of surface parame-
ters, mapy of which have been developed to
characterize the function of enginecring surfaces
for particular applicaticns. In fact, about 50 to
100 parameters have been defined for industrial
use, and many of these appear in national stan-
dards as well. Nevertheless, surface parameters
can generally be classified as height parameters,
wavelength parameters, shape parameters, and

combinations of these, known as hybrid param-
cers,

Height Parameters. The most common sta- -

tstical descriptors of surface height are the
roughness average, R, and the rms roughness
{also called R,). These are closely related and
are given by t?ne following formulas, shown ia
integral and digitized form:
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where y(x) is the surface profile, sampled by the
set of N points y, over the length, L, 25 shown in
Fig 1. The parameters R, and R, are useful esti-
mawrs of the average heights and depths of sur-
face profiles. The rros roughness is commonly
specified for the surfaces of optical components.
In general, the lower the rms roughness of an
optical companent, the less stray scatteted light
and thus the higher the quality of the component.
Roughness average is used in the automotive
and other metalworking industries to specify the
surface finish of many types of components,
rangiog from cylinder bores to brake drums (Ref
13). In addition to these two averaging height
parameters, an assoranent of other height pa-
rameters have been defined for various applica-

(Eq 1)

tions, including several for characterizing peak-
to-valley height (Ref 4, 14).

Wavelength parameters are used to charac-
terize the spacings of the peaks and valleys of
the surface. The spacings ar wavelengths are
often characteristic of the process that formed
the surface, such as the shot size used for abre-
sive blasting, the grit size of a grinding wheel, or
the feed of a too!, A typical wavelength parame-
ter, recognized as standard by the Imteraational
Organization for Standardization (1S0), is the
mean peak spacing S, (Ref 14), dedined for 2
surfacc profile as the average spacing between
two successive negative crossings of the mean
line (see Fig 2).

Shape Parameters. The periodic profiles in
Fig 3 all have the same R, and wavelength, but
have different shapes and thus may perform dif-
ferently in different applications. In particuler,
the profile in Fig 3(b) represents a good load-
bearing surface, and the profile in Fig 3(a) eepre-
semts a poor one. Because of its facers, the pro-
file in Fig 3(c) is best used as a diffraction
grating, whercas one of the other sarfaces may
be most suitable for Jubricated sliding. Shape
parameters help to quantify the differences be-
tween these surfaces. The most important pa-
rameter, the skewness, is 2 measure of the sym-
metcy of the profile about the roean line. It is
defined as:

N
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According w this definition, the skewness of the
profile in Fig 3(g) is positive, wheneas its oppo-
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* R, = Average absolute deviation of profile o) from
the mosa lino = total shaded area/L
Idealized stylus profile showing the mean

Fig 1 line; the evaluation length, &; the digiti
points, y;; and a definition of the parameter Ry

Eq3)
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Fig 2 Surface profiie showing the ISO definition for the peak spacing parameter, S,

site number (Fig 3b) bas negative skewness. The
other two profiles (Fig 3c and d) are symmetrical
and have zero skewness.

Hybrid Paramieters. Slope agd cuivature arc
twe examples of quantities that combine the
concepts of height deviation and lateral displace-
ment and are thus termed bybrid parameters.
They may be defined analytcally or digitally in
several ways. Hybrid parameters have been used
i a pwmber of areas of tribology, such as theo-
aes describing elastic contact (Ref 15) and thez-
mal contact conductance (Ref 16).

Statistical Functions

More complete statistical descriptions of the
propertics of surface profiles can be obtained
from statisical funcdons, such as those used in
random process theory and time series analysis
(Ref 17-19). Foar iraportant statistical functions
arc the amplitude deasity function or height dis~
tibution, the bearing area curve,-the power
spectral density, and the antocorrelation func-
ton. The definitions and applications of these
functions are described in severel sources (Ref
2, 6.7, 17-23). The power spectral density and
the autocorrelation function will be discussed in
detail hece.

The power spectral density (PSD) decom-
poses the surface profile into its spatial Fourier
companent wavelengths. Tt is given apalyt-
cally by:
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and is estmated in digitized form by:

NA | 5=

(Eq S)

In g 4 and 5, A is the lateral point spacing
(sampling interval) of the digitized data points,
the total length of the profile, L, is equal to NA,
and the set of spatial frequencies, F, in the digi-
tized PSD is given by kL, where k is an integer
that ranges from 1 to Ni2. Calculaton of the
digita! Fouricr transform in Eq 5 can be gready
speeded by using fast Rourier tansform (FFT)
algorithms (Ref 24, 25).

Figure 4 illustrates the sensitivity. of the PSD
to the differeat characteristics of surfaces pro-
duced by different processes. Figure 4(a) shows
the PSD ploteed for a highly sinusoidal surface, a
prototype of those available from the National
Institute of Standards and Technology (NIST) as
standard reference materials (Ref 26, 27). The
Fourier amplitude at the fundamental frequency
of 0.0] pm™—! (wavelength = 100 pm, or 10° A}
is the dominant feature in the curve, but imper-
fections in the sinuscidal namre of the surface
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are also evident from the presence of higher har-
monics in the spectrum. By contrast, Fig 4(b)
shows a more randem surface produced by the
grinding process and its PSD (Fig 4c) thathas a
fairly decaying, albeit somewhat randomized,
distribution, with litde cvidence of periodic
Componenss.

Autocovariance and Autocorrelation. The
complementary function to the power spectral
deansity is its Fourier transform, the autocovati=
ance fugction, C(x):

= f (PSD(R) aF Eq6)

Alt&naxivdy, the autocovariance function can
be calculated directly from the profile itself.
That formula is given by an overlap integral of

shifted and unshifted profiles:
1 [t
Cy= T f BNy + o)dx (Eq 7)
°
where the quantities L and y(x) have been de-

fined previously.

The value of the autocovariance function at
zero shift (r = Q) is by definition equal to the
mean squarc roughness, R2, of the profile; pro-
vided an appropriate mean line has been sub-
tracted from the profile to calculate y(x). When
the autocovariance function is normalized by di-
viding by the zero shift value, the result is
known as the autocorrelation function (ACKH),
cl1):

L L
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If the fact that the overlap between the shifted

and unshifted profiles decreases as the shift dis~

tance increases for a finite length profile is taken

into account and the digital formulation is simul-

tancously used, the ACF can be ¢stimated by:
Nej
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Profiles for four different surfaces with the same roughness average, R, and wavelength but varying skewness, Ry (2) Ry > 0. (b) Ry <0- () Ry = 0. (d) Ry = 0.The
dotted (ine shows the positian of the mean value. '
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Fig 3 Power spectral density functions for profiles of two roughness specimens. (a) Sinusoidal roughness
specimen machined by diamond turning with R, 0f 3 km (120 win.) and spatial wavelength of 100 wm (106

A. (b) Roughness profile of a coammercially ground surface whose PSDis shown in (). (¢) Commercially mvailable
specimen of a ground surface with R, of 0.6 um (24 pin.). Both power spectra are calculated for profiles having
trace lengths of 3.0 mm (0.15 in.). The ordinate values are egual 1o the SGuare root of the pawer spectral density

values and are plotted in arbitrary unis.

The autocovariance and autocorreiation func-
tons are useful for visualizing the relative de-
grees of periodicity and randomness in surface
profiles. For example, Fig S shows ACFs for
germanium and silicon suxfaces calculated from
surface profiles measured by a stylus instrument
(Ref 28). Both surfaces were machined by dia-
mond turning under similar conditons, but the
periodicity iraposed by the feed of the tool was
much stronger on the silicon surface and thus its
ACF is highly periodic. Because of its more

random surface Topography, the germanium sur-
face exhibits a swongly decaying ACF, with
anly a small amount of periodicity shown as a
barely visible oscillation.

Therefare, as measures of the lateral sttucture
of surfaces, the PSD and the ACF seem to be
uscful in different ways. The PSD is useful for
studying the steagths of various periodic com-
ponents in the surface profile and for comparing
these with the strength of the broad spectrum of
random components. The ACF is useful for ob-

scrving directly the lateral extent of the raadom
structures on the surface by swdying the decay
in the fuaction near zero shift.

Other Descriptors

As stated previously, scores of parameters
and functions have been developed to quantify
stylus profiles of surfaces, many of these for
applicadons in tribology and engineering. The
choice of roughness parameters and/or statistical
functions to characterize the surface function 2d- -
equately is cnitical for each application. An ex-
ample from the antomotive industry will be dis-
cussed here.

Finishing of engine cylinder bores by the pla-
teau honing process (Ref 29) may result jn an
optimal cylinder bore surfacc 1exmre. This sue-
face has a negative skewness, R.,, which resules
in good performance for running-in, long-term
suaping, and lubrication of the cylinder buws. In
such situations, the traditional roughness param-
éter, R, does not adequartely estimate dhe pec-
formance of cylinder boxe surfaces. The deep
valleys, which can be uscd as oil reservoirs dur-
ing engine operation, are better quantified by
combining R, with R,,. Indeed, other parame-
ters, such as the R, family (Ref 30), have also
been developed as functional deseriptors of
these types of surfaces.

Therefore, it may be possible to optimize the
functional performance of engineering surfaces
by combining the specification of surface teature
parameters, matenial, and manufacturing proc-
css with the development of quality controf pro-
cedures. This combination has been called “sur-
face texture design” (Ref 31). :

It is likely that in surface science, 100, other
topographic parameters can be developed that
corrclate well with performance. For example,
Blakely and Somorjai (Ref 32) and others oorTe-
lated the ability of a surface to foster certain
surface chemical reactions with the prescuce of
lattice steps on the surface, These ideas conld be
quantified in texms of a step density parameter
that might be defined as the fraction of swface
atoms that are adjacent to lanice steps.

Experimental Issues
tor Stylus Instruments

The height resolution and range of sylus
instruments depend largely on two factors: the
transtucer and the mechanicsl noise and
straightness of the traversc mechanism. In mery
research instruments, the transducer s a linear
variable differential ansforraer (LVDT) (Ref 3)
that, together with demodulatiop and amplifica-
tion circuitry (Ref 33), produces an output di-
rectly proportional to surface height. Another
type of transducer based on optical interferome-
try also produces a signal direcdy p_mpomnngl
to height (Ref 34). Inductive and pxez?clecmc
transducers that are sensitive to the vgmc'al oo~
tion of the stylus (that is, the time du-{myesof
the stylus tip height rather than the height irself)
are also available (Ref 33, 35). These types ae
generally more economical than LVDTs and are
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Figs Autocorrelation functions for single-crystal surfaces machined by diamond turning. (a) Germanium, {b) Silicon. The curve for germanium is an average of three

more generally used in industrial shops than in
research or metrology laboratories,

An example of an LVDT is shown schemati-
cally in Fig 6. As the stylus moves vertically, the
ferrite core is displaced from the balance posi-
tion of am altcrnating current (ac) bridge, to
which the coils are commected, and which is
driven at 2 high carrier frequency. The out-of-
balance voltage signal that is demodulated and
amplified is proportional to the vertical displace-
raent of the stylus. Some wansducers are 50 sen-
sittve as to have rms noise levels of about 0.1 nm
(Ref 7), which means that surface structures ap-
proximately one atom high can be detected.
Other LVDT mansducers have vertical range as
large as several hundred micrometers or morc,
and, in general, the ratio of range to resolution is
on the order of 10°. Ooe version of the optical
transducer (Ref 34) mentioned above has an
even wider range (~4 mm, or .16 in.) and 2
resolution of approximately 0.01 jum.

Three types- of designs for achieving low
scanning noise and good straightness of mavel

Colls

Eerrite Core

—r

Schematic showing key components of 3 high-
sengitivity LVDT. As the stylus traverses the

Fgzé6

peaksandvalleys of the surface, the ferrite core moves
vertically with respect 1o the coils.

ACFs measured st different positions on the surface. Forsilicon, the curve is an average of four ACFs.

are shown in Fig 7, The least expensive method
involves the use of a skid (Fig 7a), which traces
a reference line on the surface very near to the
LVDT. The vertical position of the stylus is
measured with respect 1o the path of the skid.
The skid also serves as a high-pass mechanical
filter because it averages over a faxly wide
swath of surface peaks. Mechanical noise in the
drive mechanism can be significantly reduced by
this approach, because such noise does not cou-
ple well into relative motion between the stylus
and the skid to which it is referenced.

Figure 7(b) schematically shows an extcrnal
reference datum surface that guides the motion
of the tracer. Well-engineered wasing systems
may minimize the Abbé offsct (Ref 36) between
the refercace surface and the measured surface
by placing the stylus contact and the set of refer-
ence contacts as close to the samc vestical line as
possible. Altematively, such systems may mini-
mize the amount of angular motion and vibration
in the carriage.

The design shown in Fig 7(c) involves no
sliding components at all. Ratber, a flexure

pivot or a set of pivots constrains the motion o a
plane that is perpendicular 1o the axis of the
pivot. The solid construction provides highly
noise~-frce motion. Onc commercial design has
been shown to provide approximately 0.1 nm
s noise (Ref 7) over a trace length of 1 mm
(0.04 in.). Another variation of the flexure ap-
proach (Ref 37) involves multiple sets of flex-
wres 1o allow for motion in two directions.

For measurements of smooth surfaces that re-
quire high vertical magpification, the straight-
ness error of the traverse mechanism can seri-
ously distort the measured profile. Figure 8(a)
shows a distorted profile of 2 91 nm (3.6 pin.)
step-height specimen (Ref 31). The use of the
skid can substantially eliminate this error (see
Fig 8b), because the reference datum is  portion
of the surface located very close to the stylus.
This consideration is closely related to the Abbé
principle in dimensional measurement (Ref 36).
The skid 2pproach works well as long as the skid
is travessing on a smooth reference surface.
However, use of the skid can lead to unuranted
distortions in the profile, particularly in cases

Flaxure
pivot

|

e

@) tb)

Fig7

sotup

Reference
datum

{e)

Schematic showing three types of configurations used to constrain unwanted motion of the stylus.
High-pass mechanical filter skid. (b) External reference datum to guide tracer motion. (c) Flexure pivc
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men distortod by the strightness ecror of the
averse rmechanism of the stylus instrument. (a) Stylus
without skid. (b) Stylus with skid

where the surface contains isolated peaks (Fig
9). Avother problem with skids is the potential
for surface damage, becanse the skid loading on
the swface may be buadieds of dines laager tan
dhe stytus force.

Lateral Resolution and Range. The draw-
back of flexure designs is that the trace length is
limited by the degree to which the flexure may
be bent before the elastic beading forces become
00 large. In the two desigas discussed above,
that orace length limit is about 2 t0 3 ram (0.08 to
0.121n.)- However, as a rule, Jateral range is not
2 problem for stylus inswuments. The leud-
screw drive mechenisms of many inswrumeats
petmil mrace leogths on the order of 100 mm (4
mn.) or more.

Because a stylus profile represents the convo-
lution of tbe surface squcwre with the end form
of the stylus, the Jateral resolution depends criti-
cally on the size of the stylus 8ip and to a lesser
degree on the flank angle. Styli are often flat-
tened at the end, the width across the flar essep-
tially determining the lateral tesolution. A come
monly availeble width is 2 um (80 pin.), but
pyramidal styli with Zips as small as 2 oominal
0.1 X 0.1 pm (4 X 4 pin.) zre 3lso used. In
some instapces, highly spherical styli are also
produced. Beanen and Dancy (Ref 7) and Vor-
burger er al. (Ref 38) show micrographs for

) —

Recorded _/L\-/__.
Profile
Schematic showing an isclated peak on th
g9 imen surtace genarating a faplse V;?ey n

ghe profile that waxs measured by a stylus instrument
incorpomting a skid

0.5um

@
Fig 10

—_ 0.5um
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i i [ f service
Profile graph of low-usage stylus related to profile graph of identical stylus after 15 months of 5
(a} Meassured in March 1988 with a tip width of approximately 0.05 um (2 win.). (b) Mcasured in June

1989; width is approximately 0.15 km (6 uin.) after dozens of traces.

these, Figure 10(a) shows a stylus with a tip
width of ~0.05 pum as measured by the razor
blade tracing techmique (Ref 38, 39). One year
lawer, after dozens of waces, e profile graph of
the same stylus (Fig 10b) shows a certain
amount of wear, because the width has increased
to approximarely 0.15 wm (6 ia.).

If the stylus tip is spherical, the lateral resolu-
tion can be smaller than the tip radius, . Figure
11 shows the geometrical construction when a
spherical stylus first contacts a step, which is
assurmed 10 be infinitely sharp. M h << r, the
point of initial contact occurs at a position V2hr
to the left of the step edge; thus, V2hr repre-
sents the width of the ansition and the effective
resolution of the stylus. The calculation assumes
that no deformation occurs at the single point of
contact. In the case of a § pm (39 pin.) radius
stylus and 2 step of height 10 nm, the calculated
transidon width is 0. 14 gm (5.5 uin. ).

The flank angle of the stylus (Fig 11) also
affects its resolution. The stylus cannot acen-
rately profile over slopes greater than the flank
angle (usually =45°). This is not a problem for
mosttypes of smooth surfaces where the average
surfacc slopes are only a few degrees, but it does
complicate measurements of surfaces with steep
cracks or holes, such as thosc on ceramics or
cast roaterials.

An example of the Jateral resolution capability
of 2 stylus instrument is illustrated in Fig 12(a)
(Ref 39), which shows a profile of a 6000
lines/mm grating measured using 2 flexure-
pivet-type stylus instrument with 2 0.05 pm (2
pin.) tip width (Fig 102) and 0.6 wN stylus
loading. A piezoelectric stage was used to drive
the surface under the stylus to obtain the bigh
lateral magnification. By contrast, Fig 12(b)
shows 2 profile of the samne surface with a much
wider (0.5 wm, or 20 in.) stylus tip.

‘To summarize, the convolution of the stylus
with the surface reduces the widths of valleys
and increases the widths of peaks in the output
profile. The minimum detectable valley width is
roughly equal to the stylus tip width itsclf, but
may be smaller for spherical styli tracing over
very shallow valleys. From geometrical argu-
meats, the minimum detectabie peak width can

be quite small in principle, dut if it becomes
considerably smaller than the stylus Gp width,
the area of contact would be decreased, the sty-
lus pressure would increase, and the stylnx
might tend to deform such ag asperity. How-
ever, peak spacings of 0.05 jun (2 pin.) have
been detected (Ref 39) on the surfaces of ran-
dorn-profile precition roughness specimens (Ref
40) using commexcially available stylus tips.
Bandwidth Limits for Surface Metrology.
The forcgoing discussion leads to the important
concept of bandwidth limits (Ref 28) for _surface
metrology. Stylus instruments are sensitive 102
certain bandwidth of surface spatial frequencies,
limited at the high-frequency end by the stylus
width and the sampling interval and at the low-
frequency end by the traverse length ox by high-
pass electrical filtering. One of the mOST Lmpar
tant considerations in stylus profiling is whethe!
or not the wavclength domain of inteest on the
measured surface falls in the flat portion of the
transmission function of the instrumeat. For o
ample, at position X in Fig 13 (Ref41), thece i
esscatially no attenuation caused by the facrars
that limit cither range or resolution. One type of
jnstrument has a traverse of 2.5 mm (0.1 in.) anc
can employ stylus tips having widths as small as
0.1 wm (4 yin.). Therefore, the cffective bad
width of spatial wavelengths sensed by this i
strument cxtends over the range of approxt
mately 0.1 10 2500 um (4 to 107 pin.) for it
unfiliered operation. For maoy industsial appli

Schematic showing the path traced I:vl
spherical stylus tip traversing over 3 Smb!
sharp step

Fig 11
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Fig 12 Surface structure of the 6000 lines/mem grating recorded by a flexure-pivot-ype stylus under 2 0.6 uN
B 12 j02d. () Measured by 20.05 pm (2 pin.) width stylus. (b) Measured by a 0.5 urm (20 pin.) width stylus

cadons, the standard stylus has a radius of 10
jn (400 pin.) and the long-wavelength cutoff
(\) is determincd by a standard high-pass elec-
trical filter that is often set to 800 pm (3 X 10°
pin.). The spatial wavelength bandwidth of
these instumnents extends approxirnately over 10
w0 800 pm (40010 3 X 10° pin.). Spatal wave-
lengths larger or smaller than this range are de-
tectcd with reduced or nil seositivity.

It is important for the opexator to use 2 band-
width that encompasses the spacing of the sur-
face roughoess structures to be evaluated. This
mezns that, on the one hand, the finest surface
fcatures 0 be assessed must be more widely
spaced than the stylus tip width or radius and, on
the other hand, that the nominal instrument cut-
off must be several times longer than the most
widcly spaced featurcs to be assessed.

However, the bandwidth also affects the s
pois¢ of the measurement. The wider the band-
width, the more noise enters into the output pro-
file. The noise conuibution t0 2 roughness
measurement can be checked for most stylus
instruments by measuring an optical flat, be-
canse such a specimen ordinarily has a rough-
ness that is srpaller than the nojse resolution of
the instrument. The resulting value of measured

R, or R, represents the noisc resolution of the
instrument, including both the mechanical noise
of traversing and the electrical noise over the
finite spatial bandwidth as discussed above.

Stylus Load and Surface Deformation. The
logical parameters that determine whether sur-
face damage will be caused by stylus load are the
surface hardness, the stylus force, the seylus tip
width, and, to a lesser extent, the stylus speed.
A stylus tip width of 1 pm (40 pin.) should not
produce detectable damage on metal surfaces as
soft as gold as long as the stylus force is smaller
than about 0.03 mN.

Many types of stylus instruments use stylus
forces of 0.5 mN and higher, but these arc nor-

"mally used with stylus tip sizes on the order of

10 pm (400 pin.). Because the presswie is in-
versely proportional to the area of contsot, the
pressure on the surface caused by stylus loading
is smaller for a 10 pm (400 pin.) stylus witha
0.5 mN force than it is for 2 1 pm (40 win.)
stylus with a 0.03 mN force. Even if the stylus
leaves a visible track, the resulting profile is
likely o be accurate, beeause the variation in the
depth of the wack over the swface should be
significantly smaller than the depth itself. How-
ever, if a skid is used for stylus profiling, the
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measured surface can be seriously damaged by
the skid. whose loading is hundreds of times
{arger than the stylus loading.

The above discussion pertzins only to plastic
or irreversible deformation of the surface by sty-
lus loading. Characterizing the elastic or revers-
ible deformation (Ref 6) is much more difficult,
but the clastic deformation is expected to be very
small (Ref 42). ’

In a study of plastic damage, Song and Vor-
burger (Ref 39) measured a 2160 lines/imm gold
grating with a 0.5 prw (20 pin.) stylus tp width.
Whea the stylus loading increased from 0.6 1
100 N, the grating profile in the sam¢ position
was ancnuated (Fig 14a-d). When the stylus
loading was reduced again t0 0.6 uN (Fig 14e),
most of the periodic smucture of the profile in
Fig 14(a) had been plastically eliminaicd by the
previous loading conditions and did not reap-
pear. However, a few of the fine peaks did reap.
pesr, and the difference between the profiles ir
Fig 14(d) and (e) suggests that some feames
werc only elastically deformed by the increasec
stylus loading.

Other Distortions. Stylus flight (Ref 43-45
and profile digitization are two other sources o
profile distortion. Stylus flight can occur wher
the stylus encounters & sharp chagge in the sur
face topography, such as a steeply rising surface
step. The logical parameters that affect this phe
nomenon are the stylus speed, the stylus force o:
the surface, the stylus tip size, the damping con
stant in the vertical direction, and the rate @
change of the surface slope. A key tradeoff oc
curs between stylus force and speed. A magnet
phonograph cartridge with a force of 20 mN ca
have a record disk waverse bencath it at a tar
geotial speed of 500 mm/s (20 in./s) withou
losing contact, but a stylus with a force of 0.
mN must wavel much more slowly, about
mms (0.04 in./s), to maintain contact. Tt
usual symptomn of stylus flight is a peak in &}
mcasured profile with a sharp rise and slower tz
occurring after the stylus emcounters a sha
peak on the swface. The accuracy of such fe
ures can be verified by remeasuring the san
profile at a slower speed.

Stylus profiles arc routinely digitized for d
purposes of COMpuiEr processing and mass s
age. In order to abtain an accurate digital repr
sentation of the profile, the peak-to-vall
height of the profile should consist of many ve
tical quantization levels, and the widths of ¢
surface features 10 be studied should consist

many lateral sampling intervals. ln addition, i
distribution of surface peaks and valleys is bei
chasactetized, there should be enough points
the profile to give an adequate statistcal sa
pling of the variability of these structures.
system at NIST used 4096 vertical quantizati
levels and 4000 digitized points. These vah
seem to providc adequate resolution for me
applicatons.

Finally, a ubiguitous source of confusion
simply the difference between the horizontal ¢
vertical magnification of surface profile recor

- The ratio of vertical to horizontal magnificat

can be 100:1 or higher in some applicatic
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This effect is pot a source of crrar, but Jeads to
mispercepions of the trnue appearance of surface
exmre becanse the resuldng profile records
bave highly sl and sharply peaked stuc-
tares. Figure 15, wken from Reason (Ref 33),
shows a comparison between a profife measured
with a 1:1 ratio ard one with a 25:1 ratio. The
qualitative impressions derived from the two
picuaes arc quite different. In reality, surfaces
are much less jagged than they appear from con-
of Roughness Measurement Re-
sults. Of all the surface profiling concepts dis-
cussed in this article thus far, the most widely
used output parameter is the roughness average,
R,, and perhaps the most irportant instrument
pararoeter is the long-wavelength cutoff. A few
measurement results for R, from typical metal
finishing processes will now be discussed, with
the instrument cutoffs noted as well. -

The surfaces of metal components can be fin-
ished by any of 2 number of different processes.
Typical ranges for the roughmess average
achieved by a large number of processes are
given in Ref 4. The ranges of measurements

. made by the authars for a few of these processes
are sbown in Table 1, along with the Iong-wave-
length cutoffs used. These results represent the
highest and Jowest values thar were obtained an
roughness comparison surface replicas for each
type of finishing process. Nearly all the replicas
are commercially available.

The curofis were chosen either 10 be several
times Jonger than the typical spacing produced
by the surfece finishing process or to be 0.8 mm
(0.03 in.) as a minimum. In general, the spacing
of the machining marks increases with rough-
ness; therefore, for the same finishing process,
mougher surfaces require longer instrument cut-
ofs.

Ceramic materjals are being increasingly used
in indusuial machinery, Although swface fin-

3 P o

(b}

i D : i s i Plotin
- Stylus profiles obtained with two different aspect ratios. (a) Undistorted 1:1 representation. _(b)
Fig 15 _iich ine horizontal scale has been comprel:sea by @ factor of 25 with respect o the vertical scale
Sonrce: Ref 32

Table 1 Extremes of arithmetic average surface roughness,
Ry, a5 a function of selected metalworldng finishing processes

Measared values of surface rovghpos(a)
Miatnum Madmam
Ry Cutofl R, Cutoll -
Faalshing process e pin. om n am sla o "%
0:
Ground . 0024 096 08 003 10 120 08 O
End milled 14 $6 0.8 0.03 1 440 No mfé
Side milled 12 48 25 010 4 560 Nocun; .
Sbapcd or turned 06 24 65 003 I8 720 3.3 ol
Electical dischargs machined EDM) 04 16 08 003 75 300 & o
Cast 0.9 36 08 003 T2 2900 16

(2) For vadaw: fiaishing p as 2 and recorded by F. Sang and T.V. Vorburger betwaen 1976 and 1991, Thess valvsdo
fecessanly represent the entire range of valoes obuinabdle by these processes.




iching, processes are morce expensive for ceram-
35 than for metals, the fanges of roughness val-
ues achievable for both materials are generally
similar. However, many types of ceramic sur-
faces are porous, and dis the finished surface is
charactesized by fairly smooth plateaus and deep
‘Boles. Therefore, valucs of skewness tend to be
negative, and the values of peak-to-valley pa-
rameters tend o be larger relative to R, for oo~
yamic surfaces than for metal surfaces.

Instrument Calibration

Tribologists often make comparisons of sur-
face texaire 10 deterrnine the existence, extent,
and ecauses of snrface wear. These comparisans
can be confused by differences in surface meas-
urewents taken under different condidons. Are
these differences caused by the measuring in-
s the It d stirface, or the variation
of measuring conditions? How can surfacc meas-
nrements be made accurate and when can they
be compared? These questions involve both in-
stument calibration, correct measuring proce-
dures, and the usc of various calibration and
check specimeas.

General Calibration Issues. The measure-
ment condidons that should be defined, cali-
brated, or checked for a stylus instrument are
(Ref 31,41, 46):

® Magnificadon, both in the vertical and hori-
zontal dircetions

® Stylus tip

@ Stylus loading

. @ Type of skid or reference datum

® Type of filter, reference line, and curtoff
lenpth

® Profile digitization

& Algorithms for calculating parameters

© Number and distribution of profiles on the
surfacc

Four types of calibration specimens can be
used for is purpose according 10 ISO standard
3436 (Ref 41): step-height specimens for cali-
brating the vertical magnification, specimens
with fine grooves far checking stylus condition,
specimens with periodic profiles for checking
vertical and borizontal magnification as well as
the character of an electronic filter, and speci-
mens with random profiles for. checking the
overall response of an instrument (Ref 31, 41).

The vertical maguification of a typical com-
mercial stylus instrument is generally accurate to
10% ar better, depending on the fineness of the
application. For accurate dimensional measure-
ment of suface structures, the instrument must
be calibrated. This is often done by measuring
the recorded displacement produced by travers-
Ing  step whose height bas been calibrated by
mterferometric measurement. Calibration in the
vemqal direction. becomes difficult at very high
magnifications where the desired resolution may
be ar the nanometer or subnanometer level,
Somewhat beyond the resolution capabilities of
qmcpuo;al interferometric techniques. In that
casc, interferometric techniques that incorporate
clectronic phase measurement (Ref 47\0?0::«;_

twte one approach to providing calibrated meas-
urements of small step heights. The sowrces of
uncertainty in surface height calibration and csti-
mates of their magnitudes are discussed else-
where (Ref 31, 46, 48).

In the lateral direction, the relative displace-

ment of the stylus over the surface can be meas-
ured directly by a laser imterferometer (Ref 37).
Altematively, calibrated grids or other types of
periodic surface specimens (Ref 26) can be used
as secondary displacement standards.

Comparison of Roughness Parameters. In

arder to make surface mcasurement results com-
parable, the measurement conditions mentioned
above should be precisely defined and specified,
especially the stylus size and cutoff Jemgth,
which limit the bandwidth of the measured pro-
file. The accuracy of surface measurements of
manufactured parts is aided further by 2 well-
established measurement procedure, such as the
following (Ref 31):

1. Calibrate the vertical magnification of the in-

strument using a step specimen whose cali-
brated step height covers the range of surface
heights of the engineering surfaces ‘to be
measured

. Verify that the calibration was comect by

mcasuring cither the calibrated step height
again or a roughmness specimen with cali-
brated R, such as a sinusoidal specimen (Ref
2

. Mecasurc the cagincering surfaces of interest
, Check the measurement by measuring 2

check specimen with a waveform identical or
similar 10 that of the measured surface. The
R, or other roughness parameter value of the
check specimea should have beea calibrated

under the same measucing conditions with'

the same instrument characteristics as the
measuremeat in step 3

In addition, the instrumental parameters, such as
filter setting, stylus loading, and straightness of
the mechanical motion, should be checked peri-
odically. '

Existing roughaess calibration specimens can

be used as check specimens for a wide range of
engineering surface measurements. For exam-
:ple, when the measured engineering surfaces
_ have highly periadic profiles, such as those ob-
tained by turning, planing, or side-milling proc-
esses, periodic roughness specimens with trian-
gular, cusped-peak, or sinusoidal profiles can be
used as check standards. When the measured
engineering surfaces have random profiles, as
obtained by grinding, lapping, polishing, and
honing processes, the random roughness speci-
mens originating from the Physikalisch Tech-
nische Bundesanstalt in Germany (Ref 49) or
the Chang Cheng Institute of Metrology and
Measurement in China (Ref 40, 50) can be used,
These sets combined would cover the range of
R, values from 1.5 10 0.012 pm (59 t0 0.5 pin.).
If the checking measurement shows that the dif-
ference between the measured result for the
check specimen and its certified value under ref-
erence conditions was within a given tolerance,
~ ~asurement of the engineering surface is
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;t;l)\sidzrcd 10 be under pood quality control (Ref

In wmibology cxperiments, if surfaces meas-
ured under identical conditions are being com-
pared, the instrument is needed only as 3 com-
parator and its absolute calibration is of
secondary importance. In such case, only a pilot
specimen may be needed for surface measure-
ment quality control. The pilot specimen could
be selected from the measured engineering parts
or could be an engineering surface with the same

~ surface texture pattern and a similar roughness

parameter value as the test surfaces, produced
by the same manufacturing process. It should
also have good swrface texmure uniformity. The
stylus instrument should be checked for meas-
urement repeatability by measuring the sarne
trace approximately 15 to 20 times. After that,
several measurements should be made daily at
positions evenly distributed in a small measuring
area designated on the surface of the pilot speci-
men. The user should then be able to detect a
significant change in the characteristics of the
instrumnent.

Comparison of the surface profiles often
yields more useful information in tribology ex-
periments than the simple comparison of rough-
ness paramcters. Mowever, profile comparison
requires that the tested surface be relocated in
the exact same place from one measurement run
to the next. Discrete, racognizable sucface fea-
tares, cither natural or anificial, could be used
for relocation. In Fig 14, for example, a deep
valley on the measured gold grating surface (sec
arrows) provided a means of orienting these pro-
file graphs from run to run.

Applications

Metalworking. Measurements of surface
roughness for metalworking components likely
form the bulk of surface roughness measure-
ments throughout the world, The automotive in-
dustry is one example where the manufactured
surfaces are carcfully specifed. Table 2, aow
about 16 years old (Ref 13), shows roughness
specifications in terms of the roughness average,
R,, for a number of automgbile compenents. Itis
likely that these specifications were drawn up
empirically and were probably similar to specifi-
oations elsewhere in the automotive industry.
However, there is no real collective body of
knowledge that describes these types of specifi-
cations and the reasons for them. As far as can
be told, the information is scattered throughout
the Jiterature or is proprietary.

Griffiths (Ref 51) awempted 10 systematize
some of the knowledge on surface function. Ta-
ble 3, taken from his paper, lists the corrclations
between surface physical properties and various
causes of component fallure. The circles arc
teken from previous work of Tonshoff and
Brinksmeier (Ref 52) and the squares from Grif-
fiths® additional research. The surface texture
influences failure occurring by plastic deforma-
tion, fatigue, and corrosion. Griffiths also listed
the influence of surface parameters on compo-
nent performance (Tablc 4). This table discusscs
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Table 2 Typical surface roughness specifications
of 1976 model year automotive engine components

CarNo. 3 Car No. 2
Munufactaring
Compasest process ] wla I Kin.
Cylindex block
Cylinder bore Hoaing 0.41-051 16-20 051-0.64 20-25
Tappet bore Reaming 15-1.9 60-75 2.0-30 80-120
Maip bearing bore Bocing . 15-20 60-80 33-38 130-150
P'Hud surface Milling 10-13 40-50 48-53 190-210
iston
Skirt Grinding-polishing Li-14 45-55 LO-13(a) 40-50(2)
Pipbore . Grinding/polishing 0.76-097 30-38 028-0.33(a) 11-13(
Piston pin Grinding~lapping 023-030 912 008-013 3.5
Craokshaft
Main bearing jowenal Grinding-polishing 0.10-0.15 &6 0.15-023 6-9
Connecting rod journal Grinding-polishing 0.10-0.15 46 0.15-023 6-9
Camshaft
Journal Grinding-polishing 0.10-0.15 46 036-0.46 14-18
Cam Grinding-polishing 0.38-051 15-20 0.56-0.66(a) 22-26(2)
Rocker amm
Shaft Grinding 0.36-051 14-20 - 051-056 20-22
Bore Honing-polishing 0.74-0.81 29-32 0,76-1.0 30-40
Valves
Intake Grinding 0.86-097 34.38 0.41-056 16-22
S&Exhaust Grinding 0.46-0.51 18-20 036-051 14-20
v
Intoke Grinding 0.64-1.0 2540 Q76-1.0 2040
Exhaust Grinding 036-1.1 3445 0.76-0.89 30-35
Tappet .
Face Grinding 0.10-0.13 4-5
Outside diameter Grinding 036-046 14-18
Hydraulic Jifter
Face Grinding-polishing 0.56-0.64 22.25 0.38-051(a) 15-20(2)
Ourside diameter Grinding-polishing 0.36-041 14-16 023-036(2) 13-14

(a) Grinding only: no polishing. Souree: Ref 13

Table 3 Effect of surface properties on component failure causes

Susfacc paypsical propoiola)

Yidd Fatigue Reshlual
Canse of fallure stress Hardness Strepgth strength, sress Textare Mocrocradks

Plastic deformation - » o
Scuffing/adhesion .

Fracture/crack )

Fatiguc . ° °
Cawvitation
Wear ‘
Diffusion °
Corrosion o ° o

}&Fﬂm original 1980 survey: & strong infl o, bic inf pposed infl Latee survey: O, Taaccadle influence. Source:
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Table 4 Effect of surface parameters on component performance

Surfuce parsmctor(a)

Poxfocmance
pacameter Rougkoes ‘Waviocrs Foem Ly
°

Cherni Meeall toard

Scaling
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Tool life
Load carrying
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Electrical resistance
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() ®, strong infl O, Sup infl Source: Ref 51
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not only roughness and waviness, but alse tk
metallucgy and chemisty of the surfaces ant
other qualities as well. Rougbness is partcelad
important for sealing, dimeasional accaracy
preserving the cleanliness of the componcnt, 0p
tical reflectivity, and scveral other functions.

Tribology and Wear. An important researck
direction in tribology s to determine e rela.
tionship between surface texture and wear prop-
ertics. and the variation of surface texture during
the wear process. Many investigators use Stap-
dard test geomerries for wear and friction tests,
such as pin-on-disk or four-ball wests (Ref 33-
56). The amount and soucture of damage &
these components is of great intecest in such
tests. Key measurable parameters are the vol-
ume of material removed by wear and the sur-
face area of the wear scar.

As discussed by Whitenton and Blan (Ref
55). both two-dimensional analysis of profiles
and three-dimcnsiona) analysis of surface (opog-
raphy maps ¢an be used to assess wear damage.
In the two-dimensional epproach, a profile of
the wear scar is obtained and the area lost or
gained in the wear region is estmared. By po-
jection, the volume can be estimated as well.
The profile can be obtained by stylus measure-
ments or by image analysis of the scer.

In the three-dimensional approach, the meas-
urement system gencrates a matrix of X, Y, anc
Z values that describe the topography of the sur-
face after the test. Parameters such as surface
area can be determined from this matrix. Inad-
dition, the volume removed by wear can be ob-
tained by comparing the surface map witk ta
for the unwom surface. An important advantage
of this method is its accuracy; it produces the
most direct measurement of the wear valume
Onc disadvantage is that it is more time cosum
ing than the two-dimensional method.

Figure 16 shows the surface topography th
resulted from measuring a borom bell in 2 four
ball test (Ref 56) that used 6.35 mm (0.25 in.
radius a-alumina balls. These three-dinenstond
data of the wear scar surface were carefully fil
tered to remove extraneous instrumental e,

Figure 17 shows the relationship between b
wear volume of the top ball scars and the boiton
ball scars in the four-ball test. Five sets of ball
were tested at room temperature while immerso
in paraffin cil. Bocause there are three bottor
balls which wear simultaneously, tures times th
wear volume for one ball is plotwed aloag th
x~axis. The scar volume of the top ball is plooe
along the y~axis. Under the five diffetent sets ¢
experimental conditions, the total wear volum
lost for the bottom ball sears as calculated fron
surface profiling appears to be about cqual o th
wear volume lost for the top ball scar.

Another application of strface texuse me
urements in tribology is the examination of use
components to gain information on the We:
mechanism (Ref 57). For example, the mechs
nism of scuffing involves the desuruction of su
faces by the welding and fracture of asper?
contacts. Such surfaccs are easily distinguishe
from those produced by controlicd ruanig-
wear. Many engines use specially formular



Fig 16 Bottom-ball topographic data for a fourball test showing a round wear scar. Source: Ref 56

-

“first-fill" lubricants designed to assist the run-
mng-in of the surfaces. This ranning-in is cru-
cial for obtaining satsfactory service life.

Bovington (Ref 57) has observed how a prop-
erly rup-in surface can be distinguished from a
scuffed surface. Gengerally, the rup-in surface
conteins a aumber of flat plateaus, the peak-
valley roughness is about half that of the new
surface, and the skewness, Ry, is negative.
Ruuaing-in proceeds in 8 conwolled ‘manner,
that is, with the truncation of suxface peaks but
without abrasive or adhesive wear processes.
The wugcations or plateaus result i1 a reduction
of the contact pressures, and their prescnce is 2
good indication of long service lifc. Scuffing, on
the other hand, penerates new surfaces. There-
fore, the peak-valley roughness does mot de-
crease, and the R, parameter docs not become
progressively more negative.

Bovington (Ref 57) has also observed that
modem engine desige and lubrication technol-
ogy are so advanced that the old methods of
evaluation of wear, such as weight loss, are be-
coming irelevant, The {ubricant industry needs
o begin defining wear in tecms of changes in
surface textare.

Davis er al. (Ref 58) measured the three-di-
mcnsional topography of various places in a

3 x(bottorn balt volume), in.3 x 106
0 06 1.2 18 24 30 36

% 006 o8 b
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3 x (bottom ball valume), mm®

Fig 17 Relation of the wear volumes of the top-ball
wear scars fo the bottomn-ball wear scars. Be-
cause there are three bottomn balls, three times the
wear volume for one ball is plotted along the x-axis.
The top-ball scar volume is plotted along the y-axis. A
1271 45% line is also drawn. The numbered data points
<orrespand o the test numbers, Source: Ref 56

honed eagine cylinder bore and related the to-
pography to component wear. Based on detailed
results, they develaped a chart showing oil vol-
wme in cubic millimeters versus the amount of
the surface that would be muncated by the wear-
ing process. The ail volume is refated to the
volume of the surface valleys, calculated from
their three-dimensjonal topographic measure-
ments. Their mathematical truncaton process
was a simuladon of 2 wear process thex cuts off
the surface peaks. For an engine cylinder bore,
oil volume is of crucial importance. Figure 18
shaws data taken from the analyses of one of
their theee-dimensioaal topographic maps. As

the truncation proceeds, the oil volume in the’

valleys decreases. Based on their information
and measurcment results, Davis er al. (Ref 58)
predicted that the component would begin to fail
at a rapcation level betweea 60 to 70%, because
the oil volume would decrease to unacceptable
levels.

Magnetic Storage. Tribology is especially
important to the functioning of tapes and disks in
the magnetic recording induszy (Ref 59), in-
cluding the hydrodynamic properties of flying
read heads, the lubrication of tapes and disks,
and the sliding contact between a disk and a read
head upon startup. Surface roughness is also im-~
portant. Figure 19 shows results from Bhushan
et al. (Ref 59, 60) for the measured coefficient
of fricdon of six CrO, magnetic tapes sliding

\ 5
2 012 =
N 3
0 P, 0
Q 20 A0 60 80
Truncation. %

y Oif volume for cylinder bores estimated by
Fig 18 [ahematical truncation of a surface topog-
raphy map. Source: Ref58
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Fig 19 Coefficient of friction for six CrO. magneti
g tapes as a function of two parameters. (2

Coefficient of friction versus rms roughness, R,. &
Coefficient of friction versus the real area of comaa
A, (normalized to contact load). Source: Ref 59, 60

against a glass head as a functon of the m
roughness measured with an optical profila
The tapes all had the same composition; the vari
aton in rms roughness was achicved by usin
ditferent calendering pressures during the finist
ing process. The coefficient of friction de
creased rapidly up to an rms roughness of abot
40 nm, then seemed to remain fairly level. How
cver, when the friction results were ploted ve
sus the real area of contact (normalized to &
applied load), an excellent linear correlation wi
obrained (Fig 19b). The quantity plotted alor
the abscissa is based on Greenwood ar
Williamson's formula (Ref 15) for the real an
of contact, 4,. in the elasdc regime:

Ac 32

— gt er e

(Eql
AaP: Em(g-?. 12
R,

where A, is the apparent area of contact, p, ist
apparent pressure, o, is the standexd deviad
of the composite peaﬁ-height disuibution of 1
contacting surfaces, &, is the composite pe
curvature of the contacting surfaces, and E* i
composite modulus that is a function of 1
Young's modulus and Poisson’s ratio of the &«
tacting materials. The linear relationship ¢
tained by Bhushan er al. (Ref 59, 60) was dy
cated by Miyoshi et al. (Ref 61) for the same
maguetc tapes sliding on a nickel-zinc fer
pin in a pin-on-flat experiment.
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Reconstructiond from pattern recogaitian
analysis of profiles of the contacting surface
of lip seals, (0) ddextly 20od seal. (b) ideally bad seal.
Souroe; Rt

Fg 20

Lip Seaks. Thomas & @/, (Ref 62, 63} wsed
pottem ot fniques o lote sur
fate wxwre and lip scaliog perfonnance. They
masured surface profiles of & set of rubber lip
seals, some good and some leaky, and calous
lated 2 mamber of surface parameters from the
profiies, suck as R, R, and peak chevamuse,
The groups of parametzrs for the gond and bad
seals were they separated by pattem recognition
echnigues. From these results, they constructed
model for successful and leaky sealing
surfaces (Fig 20). Afthough this approach is
highly empirical, 7t can leed 10 2 Sound under-

ding of surface funciion by enzbling the en-
gineer o focus on the most probable parametcys

Whetever possible, eogintering  surfaces
shonld be assessed by evaluating those surfase
parameters St steongly correlate with e com-
ponent functivn. Tue type and coowo) values of
these functional 2an he A i
by comrolled expers This example of lip
seals again Dighlights the Importance of surface
texeore design (Red 31). The functionad perform.
ante of engmeering surfaces can be optimized in
= eomprebensive way by proper design of their
surface textire, specification of the svaterial and

sfacturing p and devel of
quality conteol procedires.
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