Coating 1hickness

Determining paper-coating
thickness with electron

microscopy and image analysis

Richard A. Peterson and Christopher L. Williams

ABSTRACT: For several decades, the determination of a coating
thickness was a tedious and time-consuming task because of the
uneven nature of the base sheet. The use of image-analysis techniques
has allowed t/ae determination of average coating thicknesses for
individual samples wp to several hundred micrometers in length.
Statistical data have shown acceptable precision with standard
deviations used to estimate base paper roughness,
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roduction economics and various
final performance aspects of
coated paper can be related to the
amount of coating present on a given
sheet. In turn, the ability to measure
the amount of ¢oating present is of
g'reat lmport:ance ininterpreting these
factors. The amount of coating present
can be measured in terms of coating
weight, coating thickness, and their
relationship—coating density. Of these
measures, coating thickness is gener-
ally the most readily attained from
individual paper samples (7, 2).
Historically, coating thickness has
been examined using paper cross sec-
tions and light microscopy, with the
earliest use of paper cross-sectioning
reported early in this century (3, 4).
While different techniques abound, the
N

embedding and subsequent cross-sec-
tioning of paper is still a useful tech-
nique to characterize the internal
structure of a piece of paper (5).
Many light-microscopy techniques,
such as those using transmitted, po-
larized, or reflected light, have been
used to observe various characteris-
tics of the sheet. These techniques
were used to study pigment/filler dis-
tribution in the Z direction, sheet for-
mation, starch distribution, and
various defects in the sheet. In the
recent past, scanning electron micros-
copy (SEM) has been added as a tool
to characterize paper cross sections.
SEM and the complementary X-ray
technique, energy dispersive spectros-
copy (EDS), can do much of this work
as well. Now seen as complementary
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techniques, both light and electron
microscopy have also benefited from
the increased use of computerization
(6, 7I)‘

Measurement of a coating thick-
ness can be completed similarly with
both imaging techniques. Basically,
coating thickness was measured manu-
ally across the coating, and a relative
estimate was recorded. The nature of
paper dictated that a relative estimate
be taken due to a typically rough base
sheet and the resulting variation in
coating thickness. Any effort to se-
cure a representative coating thick-
ness value required a multitude of
points to be measured mamally (1, 2).

Using digitally acquired cross-sec-
tionalimages of paper, animage-analy-
sis system can be used to calculate the
average coating thickness along a
given sample length. These images ean
be used toisolate a paper coating from
the sheet based on brightness and con-
trast resulting from atomic weight dif-
ferences using back-scattered
electrons (6). The isolated paper coat-
ing area can then be used to calculate
the average thickness with measured
total image area and sample length.
Acquiring several images along a given
sample results in a good representa-
tion of thickness variations due to the
natural formation and other charac-
teristics of the sheet. The statistical
data formulated can then be used to
characterize base sheet roughness us-
ing the calculated standard deviation.

Precision, as expressed by the stan-
dard deviation, was acceptable. It was
shown to be related to base sheet



4. Typical 256 gray-level image and its isolated coating

I. Thickness values

T S RSD N

Grade A, MD & CD 9.52u 1.72 18.1% 60
MD 9.40 1.49 15.9 30
CD 9.60 1.94 20.2 30
Grade B, MD & CD 5.64 1.19 21.0 60
MD 5.73 1.20 21.0 30
CcD 5.57 1.19 21.0 30
Grade C, MD & CD 10.61 1.81 171 60
MD 10.27 1.49 145 30
CD 10.94 1.58 14.4 30
Grade A, 2 Sigma 9.53 1.44 15.1 56
Grade B, 2 Sigma 5.41 0.79 14.6 56
Grade C, 2 Sigma 10.38 1.53 14.7 57

roughness. Data for coating thickness Experimental image analysis

taken from three different paper
samples gave accuracies over 90% us-
ing confidence limits of one standard
deviation.

Paper samples for the statistical analy-
sis of the method were selected from
three different commercially available
papers. Common embedding tech-
niques were used with hand-cut

samples placed in a 7 mm x 20 mm
capsule for embedding. Each sample
was cut to a width of 2 mm to 3 mm.
The embedding medium was an epoxy
resin with good penetrating charac-
teristics, cured at 75°C for 48 h to
harden the medium. After hardening,
each sample was cut using a glass knife
and ultramicrotome. After Au-Pd sput-
tering, the samples were submitted to
the SEM, a JEOL T330. Images were
acquired using a Princeton Gamma
Tech IMIX System at magnifications
between 150X and 300X. Proper mag-
nification depended on coating thick-
ness to ensure sufficient resolution.

Imaging was accomplished using
backseatter electrons to facilitate the
differentiation between the coating and
the base sheet, as well as the embed-
ding medium. Backscattered electrons
resulted from the interaction between
the primary electrons and the mate-
rial being imaged. The resulting en-
ergy of backscattered electrons was
directly related to atomic weight of the
target material. Therefore image con-
trast and brightness were also directly
related to the element present. Ele-
ments mainly present in the coating,
such as caleium, silicon, aluminum, and
titanium, could be imaged much more
brightly than the surrounding high-
carbon-content materials, thus allow-
ing all inorganic material to be clearly
distinguished from the rest of the sheet
(6).

After image acquisition, the coating
area was separated from the image.
With image contrast, a function of
atomic weight, gray levels could be
used to differentiate clearly between
high carbon content areas, such as fi-
bers and the embedding medium, and
the paper coating. The area of the coat-
ing was then obtained based on the
number of pixels within the coating
gray-level range, which was deter-
mined by the brightness and contrast
of the coating. Image pixels are the
individual points which make up the
image, each having a certain gray level.
Image resolution is ultimately based
on the number of pixels within a given
image. The images used here were 1024
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Coating Thickness

1. Coating thickness distributions—coated pa-
per, grade A

2. Coating thickness distributions—coated
paper, grade B

3. Coating thickness distributions—coated
paper, grade C
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x 1024 pixel images. A total of 256 gray
levels were used for brightness and
contrast differentiations. The gray-
level range used for the coating varied
between 10 and 50 individual levels or
shades of gray. The coating was sepa-
rated from the sheet digitally to re-
move any possible interference from
internal pigment/filler present in the
sheet, which would also have this same
gray-level range.

Total image area was calculated in
um?, using the measured dimensions
of the image. Using the predetermined
gray-level range for the coating, the
percent of the total image area was
obtained for this range by means of
the image analysis software. This is
simply the percent of total-image pix-
elsin the assigned gray-level range for

the coating. The sample was positioned

so that either the X or Y dimension of
the image equaled the sample length.
Using the equation for area, it was
possible to determine the average
width of the coating, or coating thick-
ness, for the entire sample length. Ata
typical magnification of 200X, sample
length was measured at 300 pm for
these measures. Figure 1 shows the
resulting isolated coating segment. The
selected gray-level range has been used
to isolate the coating by combining the
original 256 gray level into two gray
levels—one level for the coating and
one for the remaining area.

Because of the natural formation
changes in paper and the relatively
small sample length, several samples
were obtained from each 8 in. x 10 in.
sample. Ten samples were cut in ma-
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chine direction and ten in cross-ma-
chine direction. From each of these 2
mm to 3 mm wide samples, three sepa-
rate 300 pm lengths were imaged and
the coating thickness calculated for
each. This resulted in 60 coating thick-
ness values from the original sample.
This process was repeated for the three
types of paper.

Discussion

The technique used in the experiment
appears to be a quick method for de-
termining a good representation of
coating thickness and base-sheet
roughness. The method demands in-
strumentation that is already available
in many laboratories. An experienced
user can determine an average coating
thickness measurement from four ac-
quired images in about ten minutes
outside sample preparation. Sample
preparation would vary with embed-
ding and imaging techniques, but these
techniques are readily applicable to
multiple sampling methods toincrease
sample throughput (7).

Statistical analysis of data from the
three sheets was completed to give
some idea of the minimum number of
samples required to report a good rep-
resentation of the true coating thick-
ness. Total population data were used
to calculate the coating thickness, T,
and standard deviation, S, that was
then assumed to be true. Table I shows
the resulting values for the three
samples. Also included in this table are
values calculated from data that were
within two S of the original calculated

average. The resulting relative stan-
dard deviation values were remark-
ably similar among these samples.
Figures 24 indicate the distribution
of thickness values for each sample.

Sample sets of 3, 4, 5, and 6 mea-
sures were used to calculate average
coating thickness values, t, and stan-
dard deviations, s, which were then
compared with the total population
data. These values, taken randomly
from the original samples, were ob-
tained to determine the minimum num-
ber of measures required to reproduce
averages within one S of the original
average. The measures used were each
taken from a separate sample ran-
domly selected. These comparisons in-
dicated 90% of calculated t values were
within one S of T in all sample sets of at
least four measures.

The calculated standard deviation,
s, for the sample sets did not repro-
duce S well and were usually higher by
20%. This result would be expected
based on the small population size.
Comparisons between samples are
thought to be still valid as long as the
number of measures is the same.

The precision of this method for cal-
culating coating thickness from a typi-
cal image for different users was
extremely high, with a relative stan-
dard deviation of less than 5%. This
precision appears to be a function of
the location and amount of internal
pigments and fillers present in the
sheet. The imaging technique used
does not differentiate among clays, cal-
cium carbonate, or other inorganie fill-
ers and pigments used internally or in



5. Three combined cross sections from a grade with few isolated surface fibers and variation in
base sheet thickness

Il. Thickness values for samples in Fig. 6

T S RSD
Sample 1 836 178 21%
Sample2  7.37 099 13%

the coating. For some highly filled
sheets with an open surface allowing
deep coating penetration, the inter-
face between coating and filler is not
readily apparent and must be esti-
mated. However, this type of occur-
rence is rare.

The use of a glass knife for cutting
the cross sections also influences sam-
pling error. Surface chatter on the
cross-sectioned surface caused by the
knife can lead to edge effects in the
image which may interfere in coating
area determination. This occurs in very

thin high-carbon-content areas which
tend to charge and cause artificial ar-
eas of high brightness and contrast.
These areas may match the gray-level
range of the coating, which would al-
ter true coating areas (6). In addition,
the particles in the coating itself may
not cut smoothly, creating a limited
number of very small (<0.5 ym), rela-
tively deep pockets in the sectioned
coating. These pockets act as energy
sinks, leading to a loss of pixel area in
the selected gray-level range. The use
of a diamond knife would be expected
to eliminate these knife effects.

The calculated standard deviations
for coating thickness would appear to
be an excellent indication of base-sheet
roughness. Due to the leveling effect
of most paper coatings, the naturally
rough surface of the base sheet is
smoothed considerably when coated.
This, combined with the relatively
smooth coating surface evident in most
coated papers from cross-sectional
analysis, would indicate that any varia-
tion in measured coating thickness val-
ues is directly caused by base sheet
variation. The variation in coating

thickness, as measured by the stan-
dard deviation of this technique, would
then provide a measure of base sheet
surface variation or roughness. Some
extremely rough matte papers or pa-
pers with a severe contour coating
would introduce an additional varia-
tion in standard deviation from actual
surface variation in the coating.

The sample length used to calcu-
late thickness measures will affect this
relationship. They should not become
too large. In the examples provided in
Figs. 5 and 6, two sheets are pre-
sented with varying calculated coat-
ing thickness values and standard
deviations. The first sheet appears to
be a supercalendered sheet with few
isolated surface fibers, while the sec-
ond sheet appears not to be supercal-
endered with numerous isolated
surface fibers. From statistical data
using 300 um image lengths, the first
sample was shown to have a rougher
bage sheet mainly due to variations in
base sheet caliper. Measured thick-
ness values are included in Table II.
The base sheet of the second sample
might appear to be rougher, but on a
smaller sample length scale due to the
number of isolated fibers. The stan-
dard deviation of the coating thick-
ness is lower for the second sample
due to the averaging effect over 300
um and the consistent caliper of the
base sheet.

While these techniques rely on
SEM-acquired images, light micros-
copy could also be utilized if the proper
combination of optical and chemical
staining can be achieved. Many im-
age-analysis systems can acquire im-
ages from a video system, and most of
the same software can be used for
these systems.

Conclusion

Much of this work builds on methods
that have been studied and refined for
many years. The method described
here is yet another utilization of the
increasingly affordable computer
power available today. The technique
allows the determination of paper-coat-
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ing thickness as well as a reasonable
measure of base-sheet roughness. Us-
ing skills already developed for tradi-
tional paper characterizations, this
method easily expands the use of pa-
per cross sections. il
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6. Three combined cross sections from a grade with numerous isolated surface fibers but
consistent base sheet thickness

Breathing New Life
Into Coating )&

Specializing in:
Release, Low COF, High Traction, Durability
and Corrosion Resistance for...

Dryer Drums, Paper Carrying Rolls, Dryer Felt
Rolls, Lead-In Rolls, Winder Drums and Reel
Drums.

Application of coatings On-Site or at one of our
plants. Call or send today for literature, free
samples or technical assistance.

See us at the 1992 Finishing & Converting Trade
Fair, Booth #604

P.O. Box 10006 5455 Crestview Dr. 150 West 88th St.
Waterbury, CT 06725 Memphis, TN 38134  Bloomington, MN 55420
Tel: 203-757-8747  Tel: 901-373-3013 Tel: 612-885-0452
Fax: 203-753-2604  Fax: 901-386-7752 Fax: 612-885-0548

Circle No. 430 on Reader Service Card

Coating, Gonverting and
Specialty Processes

Volume 8, Pulp and Paper
Manufacture Series

edited by Michael J. Kocurek and Michael Kouris

This comprehensive textbook covers both the fundamentals and

practical operations of coating and other converting processes.

Ilustrated with easy-to-read graphics. Contents include:

+ Pigments Coating: coating machine, drying, printing paper
requirements

+ Finishing and Converting: winding, calendering and super-
calendering, sheeting and trimming, warehousing, shipping
and receiving

+ Speciality Processes: polymers, extrusion coating and lami-
nating, corrugated containers and nonwovens

From the Joint Textbook Committee of the Paper Industry.
1990. 386 pp., 7 x 10" hard cover

Order Number: 0202MS08

Price: $100.00 (no member discount)

S V.
TAPPI PRESS

P.O. Box 105113 - Atlanta, GA 303485113
1-800-382-8686 (U.S.) - 1-800-446-9431 (Canada)
404-446-1400 (Outside U.S. and Canada)




