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Toner Penetration into Paper at Fusing

S. S. Hwang#4

Wilson Center for Research & Technology, Xerox Corporation, Webster, New York, USA

In the most popular toner fusing process, toner melts are fused onto the paper under the influence of heat and pressure exerted
by the nip forming rollers. The degree of toner penetration influences the toners fuse level and depends on process conditions,
toner rheological and paper properties. This article establishes a three-dimensional (3D) model for studying toner penetration
onto the paper macroscopically. The model considers a toner melt layer sandwiched between a smooth fuser roll and a porous
paper surfaces under heat and pressure. Toner penetration and their thickness variation within the nip are computed under
various conditions of toner viscosity, paper permeability, applied pressure, dwell time, and toner layer thickness. Toner viscosity
is a strong function of temperature. Under normal fusing conditions and using Xerox 4024 plain paper, toner images just fill the
voids at the paper surface. Only the less viscous liquid, such as fuser oil, can easily penetrate into the paper. Modeling results
compare favorably with the actual toner images. The model can be applied to other penetration studies also.
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Introduction

The physics of toner fusing includes melting, sintering,
spreading, penetration, and vitrification of melted toner
onto the receiving substrate. Fusing or fixing of toned
images onto a substrate, such as paper, can be accom-
plished in many different ways, such as, vapor, cold pres-
sure, radiant, hot plate, belt, or roll fuser. The most
favored method is hot roll fusing under applied pres-
sure. The fuser roll is typically heated internally and
the outer layer is a low surface energy material that is
also coated with release agent to ensure toner release.
There is also a compliant rubber layer to form a fusing
nip under pressure to improve contact and dwell time.
The toner resin in the nip is softened or melted by the
heat while pressure is applied to overcome the yield
value of the toner. The toner particles are fused and
penetrated to a cohesive mass that bonds to the paper
after toner vitrification. The degree of toner penetra-
tion depends on process conditions (temperature, pres-
sure, and dwell time), rheological properties of toners
and paper properties. The penetrations of toner onto the
paper during the fusing process is strongly related to
the image fuse or fix level and can be solved microscopi-
cally or macroscopically. In microscopic study, the diffi-
culty is that the surface topography of the paper is not
uniform and not well defined. Poiseuille’s law is typi-
cally applied to the penetration phenomenon, as in the
case of Lucas—Washburn equation. It describes the depth
of penetration as a function of pore radius, time, pres-
sure and viscosity. For the paper, the radius of capil-
lary pore is not well defined. It is, therefore, not suitable
for its application microscopically. Macroscopically, pa-
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per properties are lumped into a single phenomenologi-
cal parameter called permeability. The permeability
takes into account the size, shape, spacing, and rough-
ness of the paper as well as the physical properties of
the fluid. Generally, the degree of image fuse level is
judged macroscopically not microscopically.

This article studies toner penetration onto the paper
surface macroscopically as a 3D case. A cross-sectional
view of actual images on the paper is also included for
qualitative comparison.

Analysis

As the toner images and the porous paper reach the
fusing station under the influence of heat and pres-
sure, the toner layer contacting the porous paper sur-
face may flow into the paper substrate or stay on the
surface.

The present study of toner penetration in fusing con-
siders the toner melt sandwiched between two surfaces
with one surface having a porous facing (i.e. paper) as
shown in Fig. 1. The nomenclatures for Fig. 1 are a =
width of the fusing nip, b = length of the fusing nip, # =
thickness of the toner layer and H = paper thickness. It
is assumed that the toner melt in the film region satis-
fies the modified Reynolds equation and the toner flow
in the porous paper region satisfies the 3D Laplace equa-
tion. Together with the associated boundary conditions,
the problem is solved analytically in series form.

Assumptions. The following assumptions are made in

the analysis:

a) The toner melt in the film region is laminar

b) The toner melt is incompressible

¢) The inertia effects for the toner melts are negligible

d) In the film region, the pressure is independent of the
z-coordinate

e) The toner melt flow in the porous paper follows the
modified Darcy’s law
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Figure 1. Sketch of a roll fuser and its fusing nip

f) The porous paper has uniform thickness and
permeability.

Basic Equations. It can be shown that for the quasi-
static case, the toner melt pressure in the film region
satisfies the modified Reynolds equation. (see Appen-
dix for derivation)
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where p = pressure, | = viscosity, 2 = toner layer thick-
ness, and ® = permeability. Equation 1 can be obtained
from integrating Navier—Stokes equations and satisfy-
ing the continuity equation. In the porous paper re-
gion, the pressure satisfies the Laplace equation (see
Appendix for derivation).
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At the edge or outside the roller, it is the ambient pres-
sure. The ambient pressure is typically assumed to be
equal to 0. For example, when two rollers are not en-
gaged, there is no pressure between them except the

ambient pressure. The boundary conditions are, there-
fore

p0,y) = pa,y) = p(x,0) = p(x,b) =0 (3)

P(0,y,2) = pla, y,2) = p(x,0,2) = p(x,b,2) =0 (4

Ip
{g) =0 (5)
h+H

Because the pressure must be continuous at the pa-
per—toner melt interface, we have an additional match-
ing condition

p(x, ) = plx,y,h) (6)

The problem is to solve Eqgs. 1 and 2, and satisfying
boundary conditions of Egs. 3 to 6.
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Solution. Equation 2 can be solved by separation of
variables,! which gives

;)(x,y, 2) = i y A, sin(a,,x)sin(§,y)
m=1n=1

(7
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where o,,= mn/a, B,= nn/b, and vy,,, = (m?+k?n?)"*n/a.

In solving Eq. 1, p(x,y) is expressed by an infinite se-
ries? consisting of a complete set of orthogonal functions,
each of which satisfies the boundary conditions given
in Eq. 3,

p(x,y)= ¥ 3 B,, sin(@,x)sin(B,y) (8)

m=1n=1

The constant B,,, can be determined from the match-
ing Eq. 6, and the result is

B,, = A, e’ 1+ e2mi) 9)

mn
The pressure p is a sinusoidal function of y. It is sym-

metric to y but not independent of y. Substituting Eqs.
7 and 8 into Eq. 1, and rearranging it, one obtains
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The constant A,,, can then be determined by using the
orthogonality of the eigenfunctions sin(co,,x) and sin(B,y).
Multiplying Eq. 10 with sin(o,,x)sin(B,y) and integrat-
ing from O to a for x and 0 to b for y, respectively, one
obtains
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Substituting Eq. 12 into Eq. 7, one has the 3D pres-
sure distribution in the porous paper region. Substitut-
ing Eqgs. 9 and 12 into Eq. 8, we have the pressure
distribution in the toner melt region.

The loading at the nip is the integration of the pres-
sure over the nip area

W =[] p(x, y)dxdy = p,,,ab

768uab(dh/dt) = = 1+e2'mH
= v m2:1n§1 E,70 (13)

Equation 13 can be used to estimate toner layer thick-
ness change rate dh/dt, and relationship between toner
layer thickness & and time ¢. The toner layer thickness
and time relation as it passes through the nip can be
obtained by integrating Eq. 13. If the initial toner layer
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10 um toner layer

Figure 2. Cross-sectional view of MICR toner images fused
on 4024 paper, 500X.

thickness entering the nip is A, at ¢ = 0, the time re-
quired for it to reach a new value % is
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where D,,,% = 12®a(e?y™H — 1)/n(m? + k2n?)05(e2y™H + 1).

Toner Penetration into the Paper. The velocity com-
ponent in the z-direction is

dz__dh_®0p

a dt 1% (15)

where dt = dx/U and U is the process speed. The pres-
sure gradient can be obtained from differentiating Eq.
7. The depth of toner penetration into the paper can be
obtained from the integration of Eq. 15. This is differ-
ent to the conventional penetration calculation by sim-
ply employing Darcy’s law for flow, i.e.

dz
ar (16)
Results of Toner Penetration. Figure 2 (courtesy of
John Berkes?) shows a cross-sectional view of fused toner
image on a 24# Xerox 4024 DP paper taken from a Xerox
4197 MICR printer. The micrograph has a magnifica-
tion of 500X. It shows that the toner has practically no
penetration into the paper but does fill the voids on the
paper surface.

We will estimate the penetration of this toner layer
into the paper at the roll-fusing nip. The permeability
of the 24# 4024 DP paper is estimated to be 1.09E-8
mm? (or 1.69E-11 in2?). The other input data are: pres-
sure = 1.02E6 pascal (or 148 psi), a = 3.048 mm, b =
370.84 mm, U = 50 mm/s, viscosity = 2.5 x 102 poises (at
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Figure 3. Toner penetration into 4024 plain paper p = 2.5E3
poises, p = 1.02E6 pascal, ® = 1.09E-8 mm?, 4,= 10 pm
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Figure 4. Toner penetration into 4024 plain paper with vari-
ous toner viscosities, p = 1.02E6 pascal, ® = 1.09E-8 mm?, A, =
10 pm.

a temperature of 130°C), and initial toner layer thick-
ness of 10 um. The dwell time in the fusing nip is 0.06 s.
Figure 3 shows modeling results of toner penetration
as a function of dwell time with these input data. The
toner penetration is in an order of 102 um only. The
penetration predicted by Darcy’s law, Eq. 16, is much
lower than the results estimated by this new theory, i.e.
Eq. 15. The fuser roll surface temperature is typically
about 200°C, but the toner temperature inside the nip
is between 120°C and 140°C only. The toner viscosity
inside the fusing nip, paper permeability and applied
pressure are the key parameters for toner penetration.

The toner viscosity is a strong function of tempera-
ture. It decreases exponentially as the temperature in-
creases. Figure 4 shows examples of toner penetration
as a function of dwell time with three toner viscosities
of 1 x 103, 2.5 x 103, and 5 x 103 poises, at temperatures
of about 140, 130 and 120°C, respectively. Toner with
lower viscosity, i.e. at higher temperature, has deeper
penetration.

The toner penetration also changes with paper per-
meability. Figure 5 shows examples of toner penetra-
tion as a function of dwell time at three different paper
permeabilities, i.e. ® = 1.09E-9, 1.09E-8, and 1.09E-7
mm? (or 1.69E-12, 1.69E-11 and 1.69E-10 in? respec-
tively). The toner penetration increases with dwell time
and permeability. When the paper permeability is less
than 1.09E-8 mm? (or 1.69E-11 in?), the toner penetra-
tion does not change further for this case. In fact, the
curves for the paper permeability at 1.69E-11 in? and
1.69E-12 in? are identical.

Hwang



1.E-01

1E-02 -

Penetration (microns)

1.E-03

0 0.02 0.04 0.06 0.08 0.1 0.12
Dwell Time (sec)

Figure 5. Toner penetration into paper with various paper
permeability, u = 2.5E3 poises, p = 1.02E6 pascal, 2, = 10 pm.

The toner penetration also increases with applied
pressure. Figure 6 shows examples of toner penetration
with applied pressure, p, at 0.51E6, 1.02E6 and 2.04E6
pascal (or 74, 148 and 296 psi, respectively).

As the original toner layer thickness changes, the
toner penetration is also expected to be different. Fig-
ure 7 shows toner penetration curves with three differ-
ent toner layer thickness.

Summary

A model using paper permeability as the macroscopic
parameter is introduced to compute the toner penetra-
tion into the paper and their thickness variation in the
fusing nip. The viscosity of toner, applied pressure, and
toner layer thickness dominate the toner penetration
into the paper. The toner melt viscosity varies inversely
with the exponent of temperature.

The penetration of the MICR toner into the Xerox 4024
DP paper is in an order of 102um. There is practically
no toner penetration into the paper. The toner images
just fill the voids at the top surface of the paper. The
thickness of the fuser oil in the dry powder fusing is
about 3 x 102 um. It doesn’t have significant amount of
oil for deep penetration. The filling of the voids at the
paper surface can be studied microscopically also if we
have the details of the paper surface topography. The
surface and structure of the paper is very non-uniform
which makes the microscopic study un-realistic.

The penetration of the toner into the paper increases
with lower toner viscosity, higher paper permeabil-
ity, higher applied pressure, longer dwell time and
thicker toner layer. Modeling results compare favor-
ably with cross-sectional view of actual images at least
qualitatively. /A

Acknowledgement. Thanks are due to John Berkes
for letting me using his photomicrograph (Fig. 2), to Sam
Ahuja for measuring toner viscoelastic properties, to
Diane Foley for providing data of paper porosity mea-
surements.

References

1. H. Wu, An Analysis of the Squeeze Film Between Porous Rectangu-
lar Plates, J. of Lubrication Technology, 94, 64 (1972).

2. L. Kantorovich and V. Krylov, Approximate Methods of Higher Analy-
sis, translated by C. Benster, Interscience, New York, 1958.

3. J. Berkes of Xerox Corporation, private communication.

4. R. E. Collins, Flow of Fluids Through Porous Materials, Reinhold, New
York, 1961, p. 58.

Toner Penetration into Paper at Fusing

0.100 ¢

microns)

-

0.010

Penetration

0.001 “* .
0 0.02 0.04 0.06 0.08 0.1 0.12
Dwell Time (sec)

Figure 6. Toner penetration into 4024 plain paper at various
pressure, viscosity=2.5E3 poises, ® = 1.09E-8 mm?, 2= 10 pm.
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Figure 7. Toner penetration into 4024 plain paper with vari-
ous toner layer thickness, u = 2.5E3 poises, p = 1.02E6 pascal,
@ = 1.09E-8 mm?

Appendix: Derivation of Eqs. 1 and 2

On the basis of the preceding assumptions, for the quasi-
static case, the Navier—Stikes equations become

Pu_1m R
0z uox (AD
o _1op

where u = velocity in the x-direction, v = velocity in the
y-direction, p = pressure and u = viscosity. Integrating
Eqgs. (A1) & (A2) twice with respect to z and applying
the non-slip boundary condition on both surfaces yields

1dp o
=— L -h)+U
o o (2" —hz) + (A3)
1dp,
=— =@ -h
e ay(z 2) (A4)

where U = paper surface velocity or process speed. The
continuity equation is
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where w = velocity in the z-direction. Substituting Eqs.
(A3) and (A4) into (A5) and integrating across the toner
layer thickness h, one obtains
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atz =h.
Because it is assumed that the flow in the porous
media follows Darcy’s law,? one has

u--292 (A7)
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Similar to Eq. (A5), the continuity equation in the po-
rous region is

ou av +@_ 0
o By 0z (A10)

Substituting Eqgs. (A7) through (A9) into Eq. (A10),
one obtains the Laplace equation for pressure in the
porous region

2— 2— 2—
dp  0p 9P _

n? By 02> (AID)

Because the velocity component in the z-direction
must be continuous at the paper-toner interface, we have

(A12)

Substituting Eq. (A12) into Eq. (A6), one obtains the
modified Reynolds equation for this type of squeeze film

2°p  9'p_12u|dh_@f0p
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