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Atomic force microscope studies of stainless
steel: Surface morphology and colloidal
particle adhesion
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An atomic force microscope has been used to image four commercial stainless steel
samples of widely differing surface finishes. Analysis of the images allowed quantification
of surface roughness over different area scales, 50× 50 µm, 10× 10 µm and 1× 1 µm.
The atomic force microscope was also used to measure directly the adhesion of a single
polymer latex particle (radius ∼5µm) to the surface in solution using the colloid probe
technique. It was found that the adhesion increased with decreasing roughness, except
for the smoothest surface which exhibited very regular surface features on the area scale
most relevant to adhesion of the particle (1× 1 µm). There was a good correlation
between the variability of adhesion over each surface and the corresponding variability
in surface roughness. Measurements of this type should prove useful in the
technical/economic choice of surface finish for a particular purpose. As the colloid probe
has dimensions comparable to those of bacteria and yeast cells, such measurements
should especially be of value in the selection of surface finish likely to minimise
bioadhesion. C© 2001 Kluwer Academic Publishers

1. Introduction
Adhesion of fine particles and colloids to surfaces has
significance throughout the process and bioprocess in-
dustries. The types of equipment in which such adhe-
sion may take place include pipelines, heat exchangers,
fermentation vessels and membrane separators. Such
adhesion can lead to loss of efficiency, contamination
of products and loss of sterility. The balance of forces
between a particle and a surface which results in adhe-
sion has been the subject of much fundamental study.
However, most such studies have focussed on flat, ho-
mogeneous surfaces and only recently have rough, het-
erogeneous surfaces received substantial attention [1].
Theoretical treatment of adhesion at such surfaces re-
quires simplifying assumptions about the nature of the
heterogeneity, generally resulting in only qualitative
agreement with observed adhesion. Therefore, for prac-
tical purposes there remains a need for experimental
methods which quantify the adhesion of particles to
such surfaces.

Atomic force microscopy (AFM) [2] is a powerful
imaging technique that, by scanning a sharp tip (typi-
cal end diameter 5–10 nm) over a surface, can produce
topographical images which quantify surface morphol-
ogy on an area scale comparable to that encountered
by a colloid interacting with that surface. In addition,
AFM can directly measure the force of adhesion of a
single particle in a direction normal to the surface at
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which the interaction is taking place. This latter tech-
nique used involves the immobilisation of a single par-
ticle at the end of a tipless AFM cantilever, creating
a “colloid probe” [3]. This measurement can be made
in a process relevant environment, air or liquid. Thus,
AFM is uniquely able to investigate both surface rough-
ness and its influence on small particle adhesion. The
colloid probe technique has been mostly used to quan-
tify the forces acting during the approach of particles
to surfaces [3–5], for example, electrical double layer
interactions. There have also been studies of adhesion
of hard inorganic particles to surfaces [6–9] and of de-
formable particles to surfaces [10–13]. The influence
of particle surface roughness has been studied by mea-
suring the adhesion of colloid probes made of different
materials to atomically flat surfaces in a nitrogen atmo-
sphere [14]. However, the planar surfaces at which ad-
hesion has been measured have mostly been relatively
smooth. Theoretically, when the topography has peaks
and troughs that are of similar dimensions to the par-
ticle the adhesion is increased or decreased relative to
that measured at a flat surface depending on where the
interaction occurs [1]. When the roughness dimensions
are much smaller than the particle size the adhesion is
expected to be substantially reduced.

Stainless steel is one of the materials most commonly
used in process plant fabrication. The quality of the
metal surface finish required is an important economic
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consideration that needs to be balanced with the influ-
ence the surface roughness has on process efficiency.
There are some published studies of the use of AFM to
study the influence of metal surface finishing on topog-
raphy [15], but none also report the influence of rough-
ness on adhesion. The present paper describes an AFM
study of the surface properties of four stainless steel
surfaces—two steel plate surfaces used in the chemi-
cal, pharmaceutical, dairy and nuclear industries, and
two steel sheet surfaces used for aesthetic finishes of
microwaves, fridges and food work surfaces [16]. The
adhesion of a polymer latex colloid probe to these four
surfaces in liquid has also been quantified. Such de-
formable latex spheres may be considered to be model
systems. Their dimensions and non-specific surface in-
teractions will be comparable to those of bacteria and
yeast cells [17], but they may be studied in the atomic
force microscope without the need for maintaining cell
viability.

2. Materials and methods
Stainless steel (304) samples were obtained from
Sillavan Metal Services (Wolverhampton UK). The two
plate surfaces were termed Super Smooth (BS1449
No 8 Type) and Coarse Ground Grit (BS1449 No 3A).

TABLE I Surface roughness measurements for four stainless steel samples

Manufacturer’s
Specifications AFMRa measurements (nm)

Surface Finish Ra (nm) Reflectivity 50× 50µm image 10× 10µm image 1× 1µm image Mean of 50 1× 1µm areas***

Super Bright 50 58/63 7.9 4.3 1.90 1.92 (±0.65)
Super Smooth 200/400* 28/34* 43.4 9.5 0.37 2.80 (±1.63)
Long Grain Brush 200 30/40* 111.9 22.0 3.13 4.00 (±2.27)
Coarse Ground Grit** 2500 ∼10 130.7 32.2 2.42 5.39 (±2.97)

*Allowable range **80 Grit. ***Standard deviations in brackets.

Figure 1 SEM image of a polystyrene latex colloid probe.

The two sheet surfaces were termed Super Bright
(BS1449 No 7) and Long Grain Brush (BS1449 No 5).
Table I lists the manufacturer’s roughness specifica-
tions. It may be seen that they cover a wide range of
mean roughness (Ra) and reflectivity. Prior to imaging
surfaces were washed in ethanol, rinsed with deionised
water, sonicated for 30 minutes, rinsed again with
deionised water and finally left to dry. After imaging
the surfaces were then soaked in 0.5 M NaOH, rinsed
with deionised water and placed in the AFM liquid cell
ready for adhesion measurements. Soaking in NaOH
was performed so that the experimental metal surface
would have undergone a cleaning procedure compara-
ble to that used for bioreactors. Force measurements
were made in 10−2 M NaCl pH 7.0. All experiments
were performed at 25◦ C.

The Atomic Force Microscope used for imaging
was an Autoprobe (CP-100) (Themomicroscopes). Sur-
faces were imaged in contact mode in air using
silicon cantilevers with a high aspect ratio and typi-
cal tip diameter of 10 nm (Ultralevers, Themomicro-
scopes). The scan rate of imaging was 1 Hz with a
constant force of∼10−8 N. Relative humidity was
constant at 33%. For adhesion measurements an Ex-
plorer (Themomicroscopes) instrument was used.
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Colloid probes were constructed by attaching a
polystyrene sphere (Sigma, catalogue number LB-120,
radius∼5µm) with epoxy resin (DP 105, Scotch-Weld)
to a standard V-shaped AFM tipless cantilever (The-
momicroscopes). The polystyrene spheres were stored
in solution and for immobilisation a droplet was placed
on a glass slide adjacent to a droplet of glue. The glass
slide was then placed in a micromanipulator (Singer In-
struments) which allowed fine control of the cantilever
position. The tipless cantilever was coated with a small
quantity of glue at its apex and manipulated so as to

Figure 2 AFM contact mode images in air of a Super Bright surface
finish stainless steel: 50× 50µm, 10× 10µm and 1x1µm areas.

pick up a sphere from the slide. The use of the micro-
manipulator allowed the sphere to be precisely located
at the apex of the V-shaped cantilever with the mini-
mum amount of glue, ensuring that neither the lower
surface of the sphere nor the reflective gold coating of
the back of the cantilever was contaminated by glue.
Such a colloid probe is shown in Fig. 1.

AFM allows measurement of the force between the
colloid probe and metal surface as a function of separa-
tion, where the separation is varied using a piezo crys-
tal. A laser beam reflected from the back of the can-
tilever falls onto a position-sensitive photodiode that
detects small changes in the cantilever deflection. To

Figure 3 AFM contact mode images in air of a Super Smooth surface
finish stainless steel: 50× 50µm, 10× 10µm and 1× 1µm areas.
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convert the deflection to a force it is necessary to know
the spring constant of the cantilever and to define the
zero of force. The cantilever spring constant can vary
substantially from that specified by the manufacturer,
thus each cantilever used was calibrated directly by the
method of Clevelandet al. [18]. This well established
method is based on measurement of the variation of
resonance frequency on addition to the apex of the can-
tilever of small tungsten spheres of known mass. The
zero of force was chosen where the deflection was inde-
pendent of the piezo position (where the colloid probe
and the metal surface were far apart). The probe move-
ment was kept constant in all experiments at 0.1µm/s.

Figure 4 AFM contact mode images in air of a Long Grain Brush surface
finish stainless steel: 50× 50µm, 10× 10µm and 1× 1µm areas.

3. Results and discussion
3.1. Surface characteristics—image analysis
The four surfaces were imaged over areas of 50×
50µm, 10× 10µm and 1× 1 µm, Figs 2–5. In these
Figures, the colour intensity shows the vertical profile
of the surfaces, with light regions being the highest
points and dark regions being the lowest points. At the
50× 50µm and 10× 10µm level, all of the surfaces
have scratches in the polishing direction, though these
are somewhat less-defined for the Coarse Ground Grit
at 10× 10µm. These scratches remain well-defined at
the 1× 1 µm level for the Super Bright finish. For the

Figure 5 AFM contact mode images in air of a Coarse Ground Grit
surface finish stainless steel: 50× 50µm, 10× 10µm and 1× 1 µm
areas.
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other surfaces the scratches are less-defined and have
rough edges leading to an overall granular appearance
at this level.

Mean surface roughness [19] (Ra) may be calculated
from the digitally stored data of Figs 2–5. This is defined
as the arithmetic mean of the deviations in height from
the image area mean value (Z̄),

Ra = 1

n

n∑
i = 1

∣∣Zi − Z̄
∣∣ (1)

where Zi is the height of each datum. Values are re-
ported in Table I. It may be seen that the values at
50× 50µm and 10× 10µm are in the same sequence
as that for the manufacturer’s specification (taking both
roughness and reflectivity into account), but the mag-
nitudes of the values vary with the image area used as
Equation 1 does not have a term accounting for the area
analysed. (The manufacturer’s values were obtained
using a Surtronic (Taylor Hobson) surface roughness
measurement instrument with a 5µm radius stylus tip,
expressed as the average for five 0.8 mm lines.) For the
single images the average roughness values at 1× 1µm
do not follow the same sequence as such a small area
is not sufficiently representative of the sample. Hence,
the Table also shows mean roughness values for 50
1× 1 µm areas selected systematically from a grid on
the 10× 10µm images. These mean roughness values
now follow the sequence specified by the manufacturer.

Figure 6 Four representative normalised force-distance retraction curves measured for a colloid probe at different locations on a Super Bright surface
finish stainless steel. 10−2 M NaCl, pH 7.0.

It should also be noted that the ratio of the standard de-
viation of these mean values to the mean values them-
selves (normalised standard deviation) is significantly
smaller for the Super Bright surface (ratio 0.34) com-
pared to the other surfaces (ratios in range 0.55–0.58)
showing a lesser variation in roughness in the former
case. The area of contact of a deformable sphere of col-
loidal dimensions depends on the radius of the sphere
and the applied force [20, 21], but may approach 1µm2

for a sphere of the dimensions used in the present work.

3.2. Colloidal particle adhesion
To measure the adhesion force, the colloid probe was
first brought into momentary contact with the stainless
steel surface with a specified normalised loading force,
40 mN/m for all measurements (normalised force=
force/probe radius). (The loading force may have some
influence on the magnitude of the pull-off (adhesion)
force [7], so it may be important to keep it constant
for comparative measurements.) The colloid probe was
then retracted from the surface.

Fig. 6 shows four representative normalised force-
distance retraction curves measured at different loca-
tions on the Super Bright surface in 10−2 M NaCl at
pH 7.0. They illustrate the variation of shape of the
adhesion components of the force-distance curves that
were measured within an area of 50× 50µm. FromA
to B the probe and metal surface were in contact and
moving together. They remained in contact fromB to
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Figure 7 Normalised adhesion forces (adhesion force/colloid probe ra-
dius) for a polystyrene latex colloid probe at four stainless steel surfaces
versus mean roughness over an area of 1× 1µm. Adhesion forces are the
mean of 50 measurements on each surface. The error bars are a standard
deviation in length in each direction.

C, though the curvature of some of the data lines shows
that over this interval they had some movement relative
to each other. Contact between the probe and surface
was finally broken in the regionC to D. The difference
in force betweenC andD is a quantitative measure of
the adhesion force. In some cases adhesion was broken
very sharply atC. In others there was staggered break-
ing of surface contact. This shows the heterogeneity of
adhesion over the metal surface. FromD to E the probe
and metal surface moved independently, the probe was
no longer in contact with the surface.

For each of the four steel surfaces, 50 force-distance
curves were measured systematically over an area of
50× 50µm. The resulting mean adhesion values are
shown in Fig. 7, plotted against the mean roughness
values over areas of 1× 1µm (Table I). The error bars
are a standard deviation in length in each direction.
The overall pattern is for increasing adhesion as the
roughness decreases in the sequence Coarse Ground
Grit, Long Grain Brush and Super Smooth. However,
the adhesion then decreases for the smoothest surface,
Super Bright. The values of the normalised standard
deviations for adhesion are 0.33 for Super Bright and
in the range 0.60–0.65 for the other surfaces. These val-
ues follow closely those for the mean roughness (Sec-
tion 3.1), showing how closely adhesion and roughness
are related. The AFM images of the surfaces, Figs 2–5,
show that the characteristic size of the roughness fea-
tures over an area of 1× 1 µm is significantly smaller
than the size of the probe. Therefore, the main expected
effect [1] of the roughness is to reduce the area of con-
tact between probe and surface and so reduce adhesion,
explaining the sequence for Coarse Ground Grit, Long
Grain Brush and Super Smooth. In this sense, the lower
adhesion for the Super Bright surface is anomalous,
possibly associated with the greater regularity of the
surface features at the 1× 1µm length scale.

4. Conclusions
The present paper has shown AFM images of four com-
mercial stainless steel samples of widely differing sur-
face finishes. Analysis of the images allowed quantifi-
cation of surface roughness over different area scales,
50× 50µm, 10× 10µm and 1× 1 µm. It was found
that the sequence of mean roughness values agreed with
the manufacturer’s specification, which was measured
over a much greater range using a probe of characteris-
tic dimensions almost three orders of magnitude greater
than the AFM tip.

The atomic force microscope was also used to mea-
sure directly the adhesion of a single polymer latex par-
ticle to the surface in solution. It was found that the ad-
hesion increased with decreasing roughness, except for
the smoothest surface which exhibited very regular sur-
face features on the area scale most relevant to adhesion
of the particle (1× 1µm). There was a good correlation
between the variability of adhesion over each surface
and the corresponding variability in surface roughness.
The results show that of the two plate steels used for
equipment manufacture (Coarse Ground Grit and Super
Smooth), adhesion is less at the rougher surface. For
the two sheet steels used for aesthetic finishes (Long
Grain Brush and Super Bright) adhesion is very com-
parable despite the differences in surface roughness.
Measurements of this type should prove useful in the
technical/economic choice of surface finish for a par-
ticular purpose. As the colloid probe has dimensions
comparable to those of bacteria and yeast cells, such
measurements should especially be of value in the se-
lection of surface finish likely to minimise bioadhesion.
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