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Chapter 2
Characteristics of Solid Surfaces
1
Introduction
A solid surface is a drastic discontinuity in the atomic structure of the material. While
atoms in the interior of a material are bonded with their neighbors in all directions, atoms
and molecules located at a surface have no neighbors on the other side of the surface. Even
in perfectly cleaved crystals in a vacuum environment, the energetic conditions of surface
atoms can be expected to be different from those in the interior of the material. Moreover,
as one approaches the surface a almost any material from its interior, significant gradients
in chemistry and microstructure are encountered, particularly in the region spanning up
to 100 micrometers from the surface. Far from the surface one finds the features of the
base material wholly unaffected by the presence of the surface. As one approaches the
surface from the interior, a relatively thick (10-100 µm) layer of plastically deformed material
is encountered. This layer is created by the manufacturing process used to produce the
material and its detailed features are intimately connected to the specific characteristics
of said manufacturing process. Closer to the surface, a 0.001 to 0.1 µm thick layer of
severely distorted material, called the Beilby layer is present. This layer is created by the
most delicate surface finishing process employed on the material surface. Even closer to
the surface, a transitional, chemically reacted layer of thickness similar to the Beilby layer
is encountered. The nature of this layer depends on the specifics characteristics of the
environment the surface has been exposed to. Finally, the last two nanometers of material
next to the surface consist of chemically and physically adsorbed molecules.
2
Statistics of Surface Roughness
A typical engineering surface can be considered as a landscape consisting of smooth terrain
interspersed with hills and valleys. Modern instruments can easily detect small variations
in height of surface features. Various scales of roughness can be identified. At the larger
scale, waviness or shape misform often exist. Waviness is often superimposed with finer scale
roughness. The combined effects of waviness and roughness define the actual shape of the
surface.
1
A typical roughness measuring instrument is a surface profilometer. It consists of a
sharp, lightly loaded diamond needle (stylus) that performs constant speed traverses over
the surface to be examined. Traversing distances L are of the order of mm or cm, the
horizontal roughness resolution capability is of the order of of 1-10 µm and the vertical
resolution capability is of the order of 0.01-1 µm. Data collected from such a stylus trace
can be regarded as a stochastic signal and standard techniques of statistical analysis can be
used to characterize the roughness of the surface. The signal obtained from such instruments
is amplified, digitalized and post-processed to yield information about the topography of the
surface.
For analysis purposes, a suitable reference height is usually selected. Specifically, the
mean asperity height can be conveniently used as reference, set to zero and one then measures
the deviations in height from the mean value, z. Alternatively, other reference points (such
as taking the height of the lowest valley as the zero value of z) can also be chosen. For
simplicity, in the following formulae, the mean asperity height is used as reference.
Two readily computed and commonly used roughness measures are the center line average
(CLA) roughness Ra , defined as
1
L
Ra =
Z
L
kzkdx
0
and the root mean square (RMS) roughness Rq given by
Rq =
s
1
L
L
Z
z 2dx
0
While the average roughness Ra is very commonly used, it is often unable to discriminate surface profiles with rather different roughness characteristics, while Rq is much more sensitive
to outlier surface height values.
The data collected from a profilometer can be readily used to construct the probability
density function of surface heights, f(z). From this, the cumulative probability that any given
height will be below a specified level h is then given as
F (h) =
Z
h
f(z)dz
−∞
Alternatively, if the cumulative distribution function is given, the probability density
function is readily obtained as
f(z) =
dF
dz
The mean, standard deviation, skewness and kurtosis of the probability distributions are
then defined in terms of the various moments (about the mean) of the distribution as follows:
Mean:
µ=
Z
∞
zf(z)dz
−∞
2
Variance:
σ2 =
Z
∞
z 2 f(z)dz = R2q
−∞
Skewness:
1
Sk = 3
σ
Z
∞
1
K= 4
σ
Z
∞
z 3 f(z)dz
−∞
Kurtosis:
z 4 f(z)dz
−∞
While the skewness and kurtosis have not been used much in surface characterization
studies, they are important quantities as individual manufacturing processes such as turning,
milling, honing and grinding are generally associated with specific values of these quantities.
If the reference level of z is set instead to the minimum measure height (i.e. zmin = 0), all
the above expressions apply but with z − µ replacing the coefficient of f(z) in the integrals.
Extreme value parameters can also be useful are also readily obtained from measured
data. Examples include, the maximum and minimum asperity heights. Finally, many other
surface roughness parameters can be derived; these may be useful in specific circumstances.
Since specific surface features are clearly the outcome of many different random events,
the probability density function of surface heights is often approximately Gaussian, i.e.
σ
z2
f(z) = ( √ ) exp (− 2 )
2σ
2π
Approximately normally distributed surface roughness data can be simulated using pseudorandom numbers and the inverse transform method for random variate generation. Specifically, simulated roughness values Z belonging to an (approximately normal) cumulative
probability distribution F (z) with mean µ and standard deviation σ, can be readily produced using the formula
R0.135 − (1 − R)0.135
0.1975
where R is a uniformly distributed pseudo-random number between 0 and 1.
The autocorrelation function (ACF) provides useful information on the spatial distribution of roughness. The ACF ρ(τ )is defined as
Z =µ+σ
L
1
z(x)z(x + τ )dx
ρ(τ ) = 2 lim
σ L→∞ 0
The distribution of ρ(τ ) is a decaying function of τ and is intimately connected to the specific
manufacturing process used to produce the finished surface. A commonly used empirical
expression for ρ is given by
τ
ρ(τ ) = exp − ∗
β
Z
3
where β ∗ is the reciprocal of the decay rate, which is related to the correlation length β by
β∗ =
β
2.3
Another useful quantity is the bearing ratio tp . Imagine a rough surface where the peaks
higher than a certain preselected height h∗ are gently removed without disturbing the material below. In a profilometric trace, of such surface, asperities originally taller than h∗
would appear as truncated plateaux. The bearing ratio is defined as the sum of the lengths
of all the resulting plateaux, divided by the total assessment length. If the imaginary peak
truncation process is carried out for various different values of h∗, a bearing area curve can
be obtained by plotting the resulting values of tp versus h∗ . From a statistical standpoint,
the bearing ratio at height h, t(h) is simply the complement of the cumulative probability
distribution function, i.e.
tp =
Z
∞
h
f(z)dz = 1 − F (z)
The bearing area is useful to characterize the changing roughness topography of the
surface of materials subjected to sequences of manufacturing operations.
4
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