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PEER REVIEWED

S EVERAL INDUSTRIAL APPLICATIONS

use aqueous pigmented coat-
ings applied on porous sub-
strates. As an example, pig-

mented latex paints are applied on
wallboard, particle board, cement
block, and wood for protective or
purely aesthetic reasons. In the man-
ufacturing of printing papers, paper-
board for packaging, and many spe-
cialty paper grades, there is often a
pigmented coating on the base sheet
to improve its optical and printing
properties. The coating consists of
an aqueous suspension of a pigment
such as titanium dioxide, clay, or cal-
cium carbonate and a binder such as
latex, starch, protein and other addi-
tives to control rheology.

The main difference between
common paints and paper coatings
is the binder level. Most paper coat-
ings do not have to meet the strin-
gent requirements of protective
paints. For economical reasons, their
formulation is usually above the crit-
ical pigment volume concentration
(CPVC). This means they contain
low binder levels and are porous.
Coated paper or paperboard must
still withstand significant in-plane
and out-of-plane stresses in printing
with tacky inks or in the creasing,
folding, and gluing operations during
converting. Factors influencing
adhesion and cohesion of a porous
pigmented coating on a porous sub-
strate like paper therefore have con-
siderable scientific interest. The goal
of this research is to separate the
physical and physicochemical fac-
tors influencing the adhesion
between coating and paper.

BACKGROUND
A review of adhesion literature and
various adhesion theories provides a
basis for understanding bond forma-
tion between two surfaces. For the
cases examined here—bonding pig-
ment particles and fibers with a poly-
meric binder, the requirements of
formation of an interface through
wetting and spreading processes (1)
and of the development of strong
bonds through Lifshitz-van der Waals
(LW) and acid-base (AB) interactions
(2) appear essential. Much current
work is trying to characterize these
types of interactions and assess their
importance in quantitative terms
(2–21). Equation 1 describes an
approach using the work of adhe-
sion:

Wa = WaLW + WaAB (1)

where

Wa =work of adhesion
WaLW =LW contribution to work of
adhesion
WaAB =AB contribution to work of
adhesion.

The question of adhesion, bond
formation, and ultimate bond
strength between porous surfaces
has received little attention. The
porous surface of the substrate pro-
vides more area for potential sites for
LW and AB interactions. Not all sur-
faces are porous, but all surfaces do
have roughness albeit only at a
microscopic level. This roughness
can provide more surface area for
bonding.Porosity and roughness may

also allow the adhesive to anchor
physically into the substrate causing
mechanical interlocking (MI). MI
results from the purely physical
anchoring of one adherent into
the structure of the other as Fig. 1
shows.

MI therefore depends on a com-
bination of the topography, rough-
ness, and porosity of a substrate.
Since MI means that extra energy is
necessary to remove the adhesive, it
can enhance the work of adhesion.
An additional term is therefore nec-
essary in Eq. 1:

Wa = WaLW + WaAB + WaMI (2)

where

WaMI = MI contribution to work of
adhesion.

McBain and Hopkins (22) studied
the effect of roughness and porosity
on bricks, wood, metal, etc., using
adhesives like gelatin, glue, cement,
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Most investigations of adhesion
phenomena in paper have con-
cerned gluing of paperboard or
extrusion coating of paper with
polyolefins.Concerns raised with the
gluing of paperboard include the
rate of bond formation and the fail-
ure location (24, 25). Bond forma-
tion rate is very important. If the
bond does not form quickly, the
paper or board could easily rip in
subsequent converting steps. Loca-
tion of failure after application and
drying of the glue is important. In
commercial use, an operator relies
on the simple test of tearing the
bond apart. If the failure occurs in
the basestock, the product is accept-
able. If the failure is in the glue or at

the interface between glue and
paper or board, the product is not
acceptable (24).The bond should be
stronger than the basestock.

In extrusion coating, it is impor-
tant that the polymer film applied 
to the paper basestock adheres
strongly during the converting
processes. This is because extrusion
coated products find frequent use to
keep moisture in—juice cartons—or
out—cereal boxes. Swanson and
Becher (24) studied the effect of sur-
face energy of the paper substrate
on the adhesion of polyethylene.
They found that a decrease in sur-
face energy of the paper gave an
expected decrease in adhesion. They
did not investigate the contribution
of roughness. Gervason et. al. (25)
examined the effect of paper rough-
ness on adhesion between polyethyl-
ene and sized paper. They found that
roughness did not affect the 
adhesion level except at coating
weights below 10 g/m2, where
smoother surfaces had higher 
adhesion levels.

PIGMENTED PAPER COATINGS
Studies of adhesion in pigmented
coated papers have only concerned
the parameters affecting the cohe-
sion of the coating such as binder
type and content, pigment size and
shape, etc. (26–31). There has been
no critical examination of adhesion
of such coatings to paper, although it
is important.

Coating are applied as an aque-
ous suspension of a pigment, binder,
and additives as noted above. These
pigments are approximately 0.1–2.0
µm equivalent spherical diameter in
size. They are in the shape of plates,
rhombs, spheres, needles, etc. After
coating application, water is
absorbed into the paper and evapo-
rates from the surface of the coating
causing the coating to consolidate
and dry. The dry coating layer is
porous because there is an insuffi-
cient amount of binder to fill the
spaces between the pigment parti-
cles. Air voids therefore form. During
drying, the binder forms a film

Adhesive

Porous substrate

1.Adhesive applied to a porous and rough substrate where MI could contribute to
adhesion

Air Void
permeability, Roughness, fraction,

mL/s µm vol./vol.

Basestock: 2.1 4.5–5.0 0.59
Wood-containing*

Basestock: 4.8 5.7–6.0 0.48
wood-free*

Calendered basestock: 1.6 2.8–3.6 0.54
wood-containing*

Calendered basestock: 3.7 3.4–4.0 0.42
wood-free*

Paper bag 6.8 7.8–8.6 0.58

Copy paper 5.8 5.6–6.5 0.49

Fax paper 3.3 2.8–3.4 0.36

*The basestock papers will be coated.Wood-free paper is paper made from lignin-free fibers.
Wood-containing does contain undelignified fibers.

I.Typical values for different types of paper

etc. They found that surface rough-
ening—while not causing pores—
did not contribute to adhesion. An
increase in porosity did increase the
adhesion level.Gent et.al. (23) found
that surface roughness increased the
relative bonding area with a con-
comitant increase in adhesion level
for natural rubber and styrene buta-
diene polymer on a treated alu-
minum substrate. These workers also
found that pores in the substrate
increased the bonding area. Of
greater significance was the fact that
adhesive penetration into the pores
increased the adhesion level. This
was because the adhesive would
have to break for removal from the
substrate.
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which bonds the pigment particles
together and to the fibers. These
bonds involve dispersive and acid-
base interactions. Figures 2 and 3
show that paper substrates are
porous and rough. During setting of
the coating, the aqueous dispersion
of binder and pigment particles can
penetrate into the surface pores.
Here they set and physically anchor
into the substrate causing MI that
contributes to adhesion.

Measurement of porosity and
roughness of paper basestock uses
standard techniques described in
TAPPI Test Methods. Measuring the
air leaking along the surface of paper
as it undergoes loading provides an

estimate of roughness.An estimate of
porosity as void fraction or pore vol-
ume comes from thickness measure-
ment for known compositions or
from mercury intrusion. Measure-
ment of air permeability can also
characterize porosity in terms of
pore size and connectivity. Air per-
meability is the measure of air flow
through the thickness of paper
under a pressure gradient. While air
permeability does not measure pore
size,one may conclude that there is a
higher flow rate with larger pores for
a given total pore volume. Table I
shows typical values of roughness,
air permeability, and void fraction for
a range of papers.

To demonstrate that MI is possi-
ble with coated paper, Fig. 4 shows
a scanning electron micrograph of
the rear of a clay coating with the
paper fibers dissolved away. This 

2. Example of the porous nature of a paper surface made with
chemical fibers

3. Example of the pores in the cross section of coated paper

4.The paper coating interface with the paper fibers removed
leaving the fiber imprint on the coating

5. Cross section view of wood

6. Example of microroughness of a fiber
surface
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figure shows there are zones where
the coating penetrated into the sur-
face pores of the paper and under-
neath the fibers. At these locations,
either the fiber or the coating must
break or pull out for failure to occur.

Figure 5 indicates that fibers in
wood are hollow tubes with thin
walls. In well-bonded papers, the
fibers have collapsed into the rib-
bons of Fig. 2.While dry paper fibers
are nonporous, they do have a
degree of roughness on a micro-
scopic level that Fig. 6 shows. This
microscopic roughness can also pro-
vide sites for MI.

APPROACH
Paper

Our approach was to pretreat hand-
sheets to suppress physicochemical
interactions between coating and
paper without changing the rough-
ness or porosity. After we deter-
mined the level of pretreatment, it
was possible to vary the roughness
and porosity of softwood hand-
sheets to determine their effect on
MI. The porosity was varied by
changing the wet pressing pressure.
The roughness was varied by wet
pressing against sandpaper of differ-
ent grit. After preparing the hand-
sheets,we coated and dried them.MI
measurement used two different
tests—a peel test and a z-direction

bond strength test. A peel wheel
attachment made to fit in a mechani-
cal tester determined the peel force,
and a z-direction attachment in a
mechanical tester determined the z-
direction bond strength. After all
tests, we examined the failed speci-
mens in a scanning electron micro-
scope (SEM) to detect whether fail-
ure was adhesive or cohesive.

Fiber
We used the same approach as in the
handsheets to pretreat individual,
never dried, kraft, loblolly pine fibers
with a fluorocarbon emulsion. After
pretreatment, we laid the dry fibers
on a wet pigmented coating. After
the coating was dry, we peeled the
fibers off the surface of the coating.
Measurement of the peeling force
combined with SEM examination of
the failed areas provided an estimate
of the extent of MI on a micro-scale.

Experimental procedure
Handsheet preparation We

formed northeastern U.S. pine kraft
pulp into 1.2 g handsheets according
to TAPPI Test Method T 205 om-88
except a change in the wet pressing
process for the handsheets. Wet
pressing causes handsheets to
become denser and changes the
porosity of the sheet. Our wet press-
ing pressure varied at 400 psi, 500
psi, and 600 psi compared to the
TAPPI standard of 50 psi. Air perme-
ability provided a measure of poros-
ity. Higher air flow in TAPPI Test
Method T 460 om-88 indicates a
larger size or amount of pores.

To obtain different degrees of
roughness, we wet pressed the
sheets against sandpapers of differ-
ent grit number—150, 240, 320, and
600—and a smooth surface polyester
film. A diamond tip stylus profilome-
ter gave roughness measurements.

Ingredient Parts based on pigment

Calcium carbonate 100
Carboxymethyl Cellulose 1
Polyacrylate dispersant 0.2
Styrene butadiene latex 10

II. Coating formulation

Coating

Balance

Paper  

Force

Balance

Force

Coated
paper

Glass
slide

Fiber

Coating

7.Wheel used for the peel test

8.Attachment used for the z-direction test

9. Diagram illustrating the apparatus con-
taining the fiber for peeling from the
coating

Roughness, Permeability, Peel force,
µm cc/s N/meter

9.6 0.51 26
9.6 0.05 11

III. Effect of porosity on MI
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Pretreatment. Pretreatment involved dipping the
handsheets in a fluorocarbon emulsion in ethanol of
known concentration, pressing between two blotters to
remove excess fluorocarbon, and air drying for 1 h. Plac-
ing in an oven at 105°C for 15 min provided curing.

Coating. We coated the handsheets with a pigmented
coating using a draw down coater. Table II gives the
details of the coating formulation applied at 60% solids.
Ashing the sample provided a determination of the final
coating weight applied to the sheet. After applying the
coating to the handsheets, we dried them at room tem-
perature for 1 h followed by heating in an oven at 105°C
for 15 minutes to ensure filming of the latex.

Peel test. We cut the handsheets into 0.5 in. by 6 in.
samples, applied double sided tape to the coating side,
and then adhered samples to the peel wheel as Fig. 7
shows. Measuring the force necessary to remove the
paper from the coating with the peel wheel apparatus in

a tensile tester provided the peel strength. Note that the
peel strength measured was due not only to MI but also
to bending and plastic deformation of the layer peeled.

Z-direction test. For this test, we cut coated paper
into 1 in. diameter samples and applied them to two
discs with double sided tape.We attached the discs and
sample to a mechanical tester, Fig. 8.
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10. Peel force vs. coating weight for two different base sheet
degrees of roughness using the peel wheel

11. Surface of a low coating weight paper after peeling

13. Low coating weight cross section at 18 g/m2

14. High coating weight cross section at 78 g/m2

12. Surface of a high coating weight paper after peeling
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Preparation of individual fibers.
We prepared two sets of individual,
never dried, kraft, loblolly pine
fibers—treated and untreated. Treat-
ing meant placing the fibers in an
emulsion of a fluorocarbon in
ethanol. Untreated fibers were in
water. The pretreatment level was
the same as in the handsheet experi-
ments. We removed the treated and

untreated fibers from their solutions
and placed them on separate glass
slides with 20 fibers on each slide.
We covered the untreated and the
treated fibers with another slide to
ensure they would not curl during
drying.All fibers underwent an initial
drying at room temperature for 24 h
followed by curing for 15 min in an
oven at 105°C.

Fiber coating. After pretreat-
ment, we gently laid the fibers on a
film of wet pigmented coating—10
pph calcium carbonate in a styrene
butadiene latex—applied to a glass
slide with one end hanging over the
edge as in Fig. 9.

The coating was dried for 1 h at
room temperature followed by cur-
ing for 15 min. at 105°C. Then we
examined all specimens under a light
microscope to determine if the fibers
were laying on the surface of the
coating or if there was a layer of coat-
ing covering the fibers. If the coating
covered the fiber, we discarded the
sample.

Fiber peel. We tested the MI at
the microscopic scale level by per-
forming a 90° peel test with an elec-
trobalance. The apparatus allowed
attachment of the fiber to the

Roughness after Roughness after
Original pretreatment, water treatment,
roughness, µm µm µm

3.2 ± 0.3 3.4 ± 0.4 4 ± 0.6
3.9 ± 0.3 4.6 ± 0.7 4.9 ± 0.8
4.7 ± 0.5 5 ± 0.6 5.5 ± 0.9
6.1 ± 0.7 6.4 ± 0.5 7.2 ± 0.8
8.3 ± 0.5 8.7 ± 0.4 9.4 ± 0.4

IV. Effect of pretreatment and water to the roughness
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16. Peel force vs. roughness with error bars
calculated from 95% confidence interval

17. Untreated peeled fiber

18. Coating after peeling
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15. Z-direction force vs. coating weight
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microbalance with a small hook 
and attachment of the glass slide to
the moving platform. A computer
recorded force, distance, and time
data. After peeling the fiber off the
coating, we examined the coating
using an SEM to determine the type
of failure—adhesive for coating
removing from the fiber or cohesive
for internal failure in the coating or
fiber—and to measure the fiber
width.

Base sheet dissolution. After
removal of the base sheet, the coat-
ing is fragile. For added strength, we
placed a piece of packing tape on
the coated side of the coated base
sheet before removal.

The dissolving agent used for
clay coatings was 72% sulfuric acid.
We soaked the sample in the acid
1–5 min (the cellulose turned dark),
removed the sample from the acid
solution, thoroughly washed it with
water, and allowed it to dry.

The dissolving agent used for cal-
cium carbonate coatings was cupri-
ethylenediamine (CED). We soaked
the sample in CED for 10–30 min.
The cellulose turned into a blue gel.
Then we removed the sample,
washed it thoroughly, and allowed it
to dry.

RESULTS
Effect of treatment level

We established a pretreatment level
that was sufficiently high to reduce

the chemical interactions without
changing the porosity or the rough-
ness of the sheet or the microrough-
ness of the fiber.We determined the
efficiency of the pretreatment from
measurements of the surface energy,
porosity, and roughness before and
after treatment. SEM examination
also verified that the pretreatment
did not change the paper surface
morphology. A level of 3% by weight
of fluorocarbon polymer on paper
was sufficient to meet the criteria.

From sessile drop measurements,
we found that the fluorocarbon poly-
mer on paper gave an LW compo-
nent of 18.2 mJ/m2 and an AB com-
ponent of approximately 0 mJ/m2

using water, formamide, and methyl-
ene iodide as liquid probes using the
Van Oss approach (30). This indi-
cates a reduction of the surface
energy, almost total removal of the
AB component, and an assumption
by the surface of the paper of the
chemical properties of the fluorocar-
bon polymer. As an example, polyte-
trafluoroethylene has an LW compo-
nent of 18.5 mJ/m2 and an AB com-
ponent of 0 mJ/m2 (32).

Effect of coating thickness
Figure 10 shows the effect of coat-
ing weight thickness on MI. As the
coating weight increased, the mea-
sured peel force decreased with
both rough and smooth sheets.
Observation of the failed specimens
in the SEM such as Fig. 11 indicated

that there were more chunks of coat-
ing remaining on the surface at low
coating weight. Figure 12 shows no
such chunks at higher coating
weight. We believe that the nonuni-
formity in coating weight shown in
Fig. 13 affects the stress propaga-
tion and therefore the failure mecha-
nism. More failures in the coating
could lead to higher peel force val-
ues because energy would be
expended in breaking the coating
chunks off the bulk coating. At a
high coating weight of 78 g/m2, the
coating thickness is essentially uni-
form as Fig. 14 shows. At higher
coating weights, the coating layer
has enough integrity, and the failure
is less sensitive to thickness varia-
tions.

Figure 15 shows that the results
of the z-direction tensile strength
measurements agreed with the peel
force data by showing the same
trend of a decrease in tensile
strength with increasing coating
weight. The same explanation would
therefore seem to apply for the z-
direction test.

Effect of porosity
As the porosity increased, Table III
shows that the measured peel force
also increased. This effect is normal
because at higher porosities the
pores in the sample are larger, more
numerous, or both. They therefore
would give the coating more oppor-
tunity to anchor into the base sheet.

19.Treated fiber after peeling 20. Coating after peeling
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Effect of roughness
Water causes the base sheet to
become rougher and bulkier from
the addition of water (31).We there-
fore measured the roughness before
and after application of the pretreat-
ment. Table IV shows that the
sheets roughened by approximately
6% from their original roughness.
Since coating contains water that is
in contact with the sheet for a time,
we performed an experiment to sim-
ulate the coating operation. We
pressed a wet paper towel on the
surface of the treated sheets and left
it on the surface to dry. (This experi-
ment is preferable to applying water
to the surface because the surface is
hydrophobic. Water would not stay
on the surface of the base sheet.)
Table IV shows that the base sheet
roughness increased after the water
treatment.

Figure 16 shows that the peel
force increased as the roughness of
the base sheet increased. Sometimes
the peel force was as high as 60% of
the delamination energy of the
paper base sheet.Even in the coating
weight experiments using two dif-
ferent degrees of roughness, the
rougher sheet gave higher values
than the smooth sheet as Fig. 16
shows. The results of the z-direction
test in Fig. 15 agree with the trends
of the peel test.

MI at the fiber level
The force required to peel untreated
fibers averaged 65 ± 16 N/meter
over 12 fibers. The force measured is
not only MI but also bending and
stretching of the fiber. The SEM
observation of Fig. 17 showed that
the fibers had a layer of coating
attached. Approximately 90% of the
fiber surface retained coating. This
means that the force measured was
almost totally cohesive failure of the
coating rather than adhesive failure.

The treated fibers had an average
peel force of 27 ± 5 N/meter using
20 fibers. Inspection in the SEM
showed that failure was at the 
coating-to-fiber interface. The fibers
had 5–20% of their surface area cov-
ered with the coating. Using Fig. 18,
we can assume MI on a microscopic
scale. Figure 19 shows a clean
impression of the fibers in the coat-
ing after peeling compared to the
undefined pattern in Fig. 20 for the
untreated system.Because of the pat-
tern remaining from the fiber where
the coating penetrated into the
pores and the roughness, we con-
clude that there was good contact
between the coating and the treated
fiber.

Most of the coating remaining on
the treated fibers appears attached
on the edge of the fiber. The expla-
nation is that during placement of
the fiber on the surface of the wet
coating it sank some into the coat-
ing. The coating then covered the
edge of the fiber as Fig. 21 shows.

SUMMARY AND CONCLUSION
MI may play an important role in
adhesion between coating and
paper at both macroscopic and
microscopic levels. The contribution
of MI is even higher for untreated
surfaces because of greater penetra-
tion.

As the roughness, porosity, or
both of a base sheet increased, the
peel force or bond strength
increased because more potential
sites for MI become available. Some-
times, the peel force represented up
to 60% of the delamination strength
of the paper.

Both peel force and z-direction
bond strengths appear to decrease
with increasing coating weight. Data
obtained at low coating weights
probably incorporate failure
processes unrelated to pure MI.

MI also occurs at the micro-
scopic level. Experiments with sin-
gle fibers showed that up to 20% of
the coating to fiber adhesion comes
from microscopic MI of the coating
into the fiber surface crevices.

Wherever MI occurred either on
a microscopic or macroscopic scale,
the coating failed in the interlocked
areas. This means MI depends on
coating cohesion. TJ
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