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bstract. In dry toner electrophotography, image fixing by roller
using technology is affected by the process parameters, and by
oner and paper properties. In this type of contact fusing, the fusing
nergy is applied in the form of pressure and conductive heat as a

unction of the dwell time determined by the process speed and
using nip width. The present study was designed to provide a
eeper understanding of the behavior of paper in a modified fusing
ip with controlled speed and temperature. The effects of moisture
ontent and coating color were examined as well, and some quality
actors of toner images were correlated to the thermal behavior and
ulk properties of the paper samples used in the experiment. In
elation to electrophotography, the objective was to explore the role
f paper in the fusing stage, and to show how different paper grades
ontribute to image quality at different fusing speeds and tempera-
ures, which were the main fusing parameters controlled in the ex-
erimental setting. The results show that the thermal behavior of
aper is strongly related to the paper mass expressed by gram-
age, and the thermal behavior is less sensitive to speed with in-

reased paper density. Gloss and toner adhesion are affected by the
hermal properties of paper. The experimental design, involving a
ide range of fusing variables, confirmed the need to understand on

he mechanism of toner fusing and the role of toner-paper thermal
nteractions more deeply. The thermally controlled fusing system
sed in this work was found to be useful in characterizing the influ-
nce of moisture content and coating color on the thermal behavior
f paper and the quality of image fixing. © 2008 Society for Imaging
cience and Technology.

DOI: 10.2352/J.ImagingSci.Technol.�2008�52:3�030507��

NTRODUCTION
n dry toner electrophotography, the paper is involved in the
ast two steps of the printing process: toner transfer, where
he electrical properties of paper are important for transfer
nd holding the toner image, and fusing, where the image is
xed permanently on the paper.1–3 There are several fusing

echniques capable of fixing the toner in electropho-
ography.4 Thermally, they are all based on the principles of
eat transfer: convection, radiation, and conduction. In the
lectrophotographic market, two types of fusing technology
re available: noncontact and contact fusing.5–7 In non-
ontact fusing, the effect of the paper grade on fixing quality
s reduced because of the absence of pressure and non-
ontact heat transferred by radiation, whereas in contact fus-
ng the paper and its thermal behavior play an essential role
or both printability and runnability.6,8 Noncontact fusing,
uch as radiant heat and near-infrared flashing, is usually

eceived Jul. 23, 2007; accepted for publication Mar. 8, 2008; published
nline May 19, 2008.
e062-3701/2008/52�3�/030507/10/$20.00.

. Imaging Sci. Technol. 030507-
sed in high-speed digital presses.6,7,9 In this technology, the
aper reflects the wavelengths in the visible and near-

nfrared range, so the fusing energy is absorbed mostly by
he toner image.7,10,11 Therefore, noncontact fusing is pos-
ible in a wide range of applications, regardless of the paper
rade or other media.

In any contact fusing technology, such as roller or belt
using, the fusing energy is transferred to the toner and pa-
er in the form of pressure and conductive heat. This occurs
s a function of dwell time determined by the printing
peed, nip width, and the geometry of the fusing unit. The
nteractions of these fusing process parameters with paper
roperties and their influence on image fixing quality have
een examined through different sets of experimental de-
igns at the Laboratory of Media Technology/Helsinki Uni-
ersity of Technology.1–3,10–15 In an early experiment, roller
using was modified for adjustable pressure and dwell time
o produce soft and hard nips,15 and then examined the
ffect of these variables on the fixing quality of images
rinted on different paper grades.2 The speed and roller

emperatures were kept constant. In the experiment de-
cribed in the present paper, the setting is based on another
ype of modified fusing unit described in the experimental
ection of this paper. The pressure and the nip width are
onstant, and speed and temperature are the main process
ariables to influence the interaction with paper.

In general, the thermal properties of paper determine
he time and energy required for the paper to reach equilib-
ium with its environmental condition.8 The following con-
epts and definitions can be used to describe the thermal
ehavior of paper in a contact fusing system.16

Heat is energy in transit from one system to another
ecause of a temperature difference. The quantity of heat Q
easured in joules (J) required to increase the temperature

f a mass m (kg) of a material from T1 to T2 is found to
e approximately proportional to the temperature change
�T=T2 −T1� measured in (°C) or Kelvin (K). It is also
roportional to the mass m of the substance, and depends
n the nature and type of the material expressed by the
pecific heat capacity c measured in J /Kg °C. All these con-
epts are combined in the following equation:

Q = mc�T . �1�

n Eq. (1), Q and �T can be either positive, as the heat

nters the body and its temperature increases, or negative,
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hen the heat leaves the body and its temperature decreases.
Thermal conductivity k is the intensive property of a

aterial that indicates its ability to conduct heat. It is de-
ned as the quantity of heat dQ transmitted in a time inter-
al dt (heat current dQ /dt) through a thickness L, in a
irection normal to a surface of area A, due to a temperature
ifference �T, under steady state conditions and when the
eat transfer is dependent only on the temperature gradient
�T /L�. Equation (2) gives expression to both; the thermal
onductivity k measured in watts per meter-Kelvin
W m−1 K−1�, and the heat current dQ /dt measured in watts
r �Js−1�:

k =
Q

t

L

A�T
or

dQ

dt
=

kA

L
T . �2�

he reciprocal of thermal conductivity is thermal resistivity,
easured in Kelvin-meters per watt �K m W−1�.

Thermal diffusivity � is the ratio of thermal conduc-
ivity to volumetric heat capacity, formulated as

� =
k

�cp

, �3�

here �cp is the volumetric heat capacity which is defined as
ensity � times specific heat capacity cp, measured in joules
er cubic meter-Kelvin �J m−3 K−1�, and the SI units for

hermal diffusivity are square meters per second �m2 s−1�.
According to the above mechanism, heat is transferred

rom the roller surface to the paper and toner under the
using nip. The arrangement is similar to temperature-
radient calendering of paper.17 A major part of the energy
s conducted to the paper, and a minor part transferred to
he toner as determined by the mass and specific heat capac-
ty of both paper and toner. Of course, a small part of the
nergy is lost to the atmosphere as heat radiation at a rate
hat is affected by the ambient conditions.

The main purpose of heating energy in electrophoto-
raphic applications is to fuse the toner image onto the pa-
er. High-quality fusing is achieved only when the energy
ransferred to the toner image is enough to cause the toner
o melt, sinter, spread, and penetrate into the paper. If there
s more energy available, it will strengthen the fixing and
mprove the glossiness of the image.2,6,7 These phases take
lace in a consecutive manner during the fusing process, and
ach of them requires a certain amount of the energy trans-
erred to the toner, so if this part of energy is not enough,
he fusing process will not be completed. This results in
old-set offset or poor image adhesion. The amount of heat
alculated by Eq. (1) is valid only to predict the rise in toner
emperature to pass through glass transition, reaching the
oftening range7 prior to fusion. To accomplish fusing, ad-
itional thermal energy h �Jg−1� for each of toner fusing
hases is required. Depending on the physical and rheologi-
al properties of a toner, a different energy rate for desired
xing quality is required.18 The heat required for complete

oner fixing of high image quality can be expressed by the

ollowing conceptual equation: l

. Imaging Sci. Technol. 030507-
Qtoner fixing = �mc�T�toner softening + �mh�toner fusing

+ �mh�toner adhesion + �mh�glossiness , �4�

here m is the mass of the toner.
The mechanisms of toner fusing have been studied by

xtensive experimental work at the Laboratory of Media
echnology.1–3,10,12–15

Unfortunately, a major part of the fusing energy is con-
ucted to the paper due to the high mass and contact surface
rea compared to the toner image. With full-coverage solid
rint, the toner weighs about 1 mg/cm2 or less,19 whereas
ormal 80 g/m2 copy paper weighs 8 mg/cm2 and receives

he heat from both sides. The heating energy transferred to
he paper is divided between the solids content (mostly fi-
ers and fillers), the air occupying the porous structure of
he paper, and the moisture content (m.c.%) in proportions
nd rates relevant to their mass, nature, phase (solid, gas, or
iquid), and thermal properties. Since the minimum tem-
erature of the experimental set-up of this study is always
bove boiling point (about 130°C), the energy transferred to
he paper causes a partial phase change in some of the mois-
ure, causing it to evaporate and raise the temperature of the
olids content, which subsequently will promote toner fus-
ng. The coating layer is an additional solid mass that in-
reases the thermal capacity of paper.

According to the heat and thermal definitions given in
qs. (1)–(3), the thermal properties of high-grammage pa-
ers are different from those of low-grammage papers be-
ause of the high mass, thickness, and/or density, in addition
o the capacity for holding a high moisture content. Equa-
ion (1) can only estimate the heat required to rise the tem-
erature of the paper to the boiling point of the moisture
about 100°C). After that level, Equation (1) continues to
overn only the heat transfer to the solid content of the
aper until the end of the fusing process. The heating energy
�Jg−1� consumed in the phase transition of the moisture

rom liquid to steam at 100°C is the well-known value of
256 Jg−1. The amount of moisture that evaporates is deter-
ined by additional energy that is absorbed at this state. At
fast fusing speed, the short dwell time may not allow all the
oisture to be evaporated, and in this case the image fixing

rocess takes the advantage of this part of the energy. The
otal heating energy consumed by paper in fixing can be
xpressed as:7

Qpaper = �m1c�T�paper + �m2h�boiling & evaporation , �5�

here m1 is the mass of the solid and moisture contents of
he paper, and m2 is the mass of the moisture, only. The
istribution of the energy among the sold and the moisture
arts of paper is governed by the fusing process parameters
nd paper properties especially the grammage and the mois-
ure content.

Accordingly, the heating energy transmitted to and con-
umed by a higher-grammage paper will be higher com-
ared to lower-grammage paper. This means that the energy
eft for toner fusing may not be enough to complete all
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using phases for a satisfactory fusing result. Clearly, the total
hermal energy necessary for image fixing is the sum of Eqs.
4) and (5). It was found to be about 1100 J per normal text
rinted page.7 Less than 1% of the energy is consumed by

he 0.05 g of toner on 75 g/m2 paper of A4 size. More than
9% of the heat energy is consumed by the paper weight of
bout 4.7 g to rise the temperature to the toner softening
ange ��125°C�. Experimentally, the moisture content of
his type of paper is about 3% �0.14 g�. This amount of

oisture requires 45 J to bring about a temperature rise
rom room condition of 23°C to the boiling level (100°C).
ypically, the moisture content dropped at least by about 1%
fter fusing, which requires about 110 J for the phase change
f evaporation. Thus, 155 J /1100 J�14% of the heat is
onsumed by the moisture before reaching the level of toner
oftening, which for hot fusing toners is higher than the
oiling point of water. The heat consumed by the moisture

s even higher when condensation and re-evaporation of the
oisture from both sides of paper is taken into consider-

tion. The pressure is another form of energy supplied by
he fusing nip for the same dwell time as the thermal energy.
t will assist fixing by deformation and penetration of the
oner into paper.2,5

The relationship between print quality and image fusing
s determined by fusing parameters, and toner and paper
roperties.1,3,7,18,20,21 Image fixing quality has been found

o be a function of two dimensionless groups of parame-
ers2,22,23 �Pt2 /MD� and �T /Ta�, where P is average nip pres-
ure, t is dwell time, M is developed mass of toner per unit
rea on the substrate, D is the average diameter of toner
article, T is fusing temperature, and Ta is the ambient tem-
erature. The relationship of fixing quality and the dimen-
ionless numbers is however, somewhat weak, because paper
roperties is not included. Neither is the chemical composi-
ion of the toner or the materials of the fusing rollers taken
nto consideration. If the ignored properties can be kept
onstant in some experimental approach, then the weakness
f the mentioned relationship will disappear and it will be
alid for comparison between image qualities when chang-
ng any of the fusing parameters included in the dimension-
ess numbers such as temperature, pressure, dwell time, and
onsequently the nip width.

The present paper examines the thermal behavior of
ifferent paper grades and their influences on image fixing
uality. The purpose is to find the limitations of fusing en-
rgy by controlling speed and temperature as the main vari-
bles of the roller fusing unit. Two types of toner but also of
ifferent colors (black and cyan) were used in the experi-
ents.

XPERIMENTAL
modified fusing unit was the main device used in the

xperiments. Many experimental approaches related to the
hermal properties of paper and fixing of toner images were
xamined with this device.3,13,14,24 It was constructed from a
oller fusing unit dismantled from a commercial color laser

rinter and installed together with a computer-controlled u

. Imaging Sci. Technol. 030507-
ystem for adjusting and controlling fusing speed and tem-
erature. The speed of the device can be adjusted between
0 and 720 mm/s. In terms of pages per minute, the speed
ange extends from 6 ppm to about 145 ppm. The fusing
nit was designed to be heated by both top and bottom
ollers, so that the temperature of both rollers can be set
ndependently at any temperature from 20 to 230°C. For
etter image fixing quality, most of the commercial fusing
nits are constructed using a top (fixing) roller coated by
ofter and flexible polymer layer compared to a relatively
ard and unyielding layer on the bottom (pressure)
oller,20,25 which is typically called a soft-on-hard roll pair.25

n this experiment the top and bottom rollers were exactly
he same in terms of material types and dimensions. The nip
idth is 5 mm for the pressure of 43.5 kPa. The speed and

oller temperatures were monitored during operation at a
requency relevant to the scales of the variables. In addition,
n online suitable moisture meter was installed to monitor
he moisture content of the paper before and after the fusing
ip. The fast, small, lightweight, and compacted infrared
oisture meter (IRAM-7 model D®) is commercially

vailable.26 The sampling frequency and signal updating
peed is 400 Hz. Figure 1 gives an idea about the experimen-
al arrangement and the diagram of the fusing device.

To set up an experiment, the top and bottom rollers
ere both heated to 175°C and kept at that temperature for

bout 8 min to stabilize the system. When the system was
hermally ready, it was run at the desired speed and the
eating switched off, allowing the temperature of both of the
ollers to drop freely. The rate of change is the same because
he rollers have exactly the same mechanical and thermal
esign and are in contact with one another while running at

he same speed, forming a single thermal equilibrium sys-
em. Recording the temperature data could be started at any
oint to cover the desired range of data. The experiments
ere made in humidity and temperature controlled room

Figure 1. Fusing unit and the experimental arrangement.
nder two different environmental conditions, allowing the

May-Jun. 20083
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elationships between different running speeds and cooling
ates to be examined.

Figure 2 illustrates the performance of the fusing system
t a constant speed of 30 mm/s under two different humid-
ty conditions. The average temperature of the rollers drops
aster and the cooling rate is higher at the low relative hu-

idity (RH) of about 20%. At the higher humidity of about
0%, the heat exchange rate between the unit and the humid
tmosphere is lower. The rest of the experiments were run in
onstant conditions with an ambient temperature of 23°C
nd a relative humidity of 50%, in accordance with the
APPI standard.

Figure 3 shows that the average temperature of the roll-
rs drops faster as the speed of the fusing unit is increased.
his is obvious, since both rolls transfers a certain amount
f heat to the atmosphere during each revolution, and at
igher speed there is a higher number of roller revolutions

or the same cooling time. Figure 3 illustrates the free cool-
ng rate at the five different speeds of 30, 50, 70, 90, and
10 mm/s used in the experiment.

Different paper grades were tested at each speed. At any
elected speed, when the heating was stopped and the aver-

Figure 2. Effect of RH% on free cooling rate.

Figure 3. Effect of speed on free cooling rate.
ge temperature of the rollers started dropping, a paper web s

. Imaging Sci. Technol. 030507-
ith a length of 1782 mm (length of six A4 sheets) and a
idth of 210 mm was fed into the fusing unit at the mo-
ent when the temperature of the rollers had dropped to

60°C. This temperature was always used as the starting
oint for feeding paper �T1 =160°C�. The temperature re-
orded when a paper web has passed the nip is denoted by

2. During the course of the temperature drop, paper is
eated by absorbing energy two-sidedly from the rollers.
his means that the cooling rate of the fusing system is
ffected by the paper grade. The performance of the modi-
ed fusing system was found to be very repeatable.

Figure 4 shows the cooling of the fusing system for two
aper grades, compared to the reference of free cooling
where no paper was involved), at the same running speed of
0 mm/s. Clearly, Fig. 4 provides meaningful information
or studying the thermal behavior of different paper grades
s relates to structure and other basic properties such as
rammage, density, thickness, etc.

A set of four uncoated copy papers, whose measured
roperties are listed in Table I, were used to evaluate thermal
ehavior in fusing. A toner image printed with either of two
olors, black and cyan was fused. The test image was de-

Table I. Measured properties of paper samples.

aper
ample

Grammagea

�g / m2�
Thickness

�µm�
Density

�kg/ m3�

160 168 959

85 102 812

80 103 766

70 65 1110

Grammage given at ±0.2 g / m2.

Figure 4. Two paper grades and free cooling.
igned to enable measurements of density, gloss and fixing
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ate percent (adhesion percent) as image quality attributes.
nother set of papers, consisting of base paper coated by a

ingle layer and by double layers, was tested to determine the
ffect of coating layers on the thermal behavior of paper.

ESULTS AND DISCUSSION
hermal Behavior of Paper
he first test involved two uncoated paper grades, A and C,
ith the properties listed in Table I. The fusing system and

he thermal setting were as described in the experimental
ection. Speed was 30 mm/s. In Fig. 4, the recorded tem-
erature drop data are plotted together with the free cooling
ata at the same speed. In free cooling, the temperature
ropped from T1 =160°C to T2f =148.6°C, causing a tem-
erature change �Tf =T2f −T1 =−11.4°C. The minus in �Tf

tands for cooling of the system rather than heating.
aper sample C of 80 g/m2 caused the average temperature
f the rollers to drop from T1 =160°C to T2C =139.6°C,
esulting in �TC =−20.4°C. Also shown in Fig. 4, paper A
f 160 g/m2 caused the temperature to drop from

1 =160°C to T2A =133.1°Cwith �TA =−26.9°C. The three
ases of temperature changes occurred over a time period of
bout 60 s that it took for the 1782-mm-long web to pass
he nip. It is important to note that the temperature data
ecorded include the energy transferred to the atmosphere in
ree cooling, and the energy used to heat the paper. When
he paper web has exited the nip, the temperature of the
ollers started to rise again. This means the paper has con-
ucted the heat from the polymer layer faster than the poly-
er conducted it from the metal layer (this is due to the

ower thermal conductivity of the polymer layer compared
o the metal core). This difference can cause a nonlinear
emperature gradient between the layers.

To ease the mathematical treatment, P1�x1 ,y1� was ex-
racted from its real value P1 (64 s, 160°C) in Fig. 4 to the x,

(0, 0) coordinates in Figure 5, and the rest of the points
ere moved from Fig. 4 to Fig. 5 accordingly. In both Figs. 4

nd 5, x-axis is the time scale denoted by �t� and y-axis is the

igure 5. Two paper grades and free cooling �same as in Fig. 4, but in
0,0� coordinates�.
emperature scale denoted by �T�. h

. Imaging Sci. Technol. 030507-
The area limited by the data points and the x-axis is a
easure of heat transmitted from the rollers. The best fit

quation for the data points of free cooling is a straight line.
he curves for cooling in the presence of paper are in the

orm of �y=ax2 +bx�. It is assumed that the heat transfer is
overned by heat current dQ /dt given by Equation (2)
dQ /dt=kA�T /L�, and that the heat current is mostly af-
ected by temperature change �T. This approximate as-
umption was suggested16 and supported25 for the similar
xperimental conditions; therefore, the following values are
btained.

The heat at free cooling Qf, expressed by the tempera-
ure change over a period of 60 s, is

Qfree = �
0

60

�− 0.2t�dt � − 360. �6�

he heat due to paper sample C is

QC = �
0

60

�0.0016t2 − 0.4t�dt � − 600. �7�

he heat due to paper sample A is

QA = �
0

60

�0.005t2 − 0.7t�dt � − 900. �8�

As was mentioned, the negative values of the heat
mounts refer to heat released by cooling of the fusing roll-
rs, from which the average temperature is recorded. The
eat is assumed to be conducted to paper, and from that
tandpoint the values are positive. The unit area in this cal-
ulation is temperature (°C) per time (s), which was as-
umed to be proportional to the temperature gradient
ver time or heat current represented by Eq. (2). The heat
urrent is equal to the heat amount per time �dQ /dt�, and
he three cases of temperature changes have occurred at the
imilar time of 60 s. This may allow considering the integra-
ion results as the heat amount, which is in this case a func-
ion of temperature change. The heat due to paper C is
00−360=240 unit area, and the heat due to paper A is
00−360=540 unit area. It turns out that the ratio of heat
alculated for samples A and C is nearly equal to or close to
he ratio of temperature changes of the same cases:

900

600
= 1.5 �

26.9

20.4
= 1.32.

his ratio remains approximately the same if it is correlated
o the net temperature changes caused by papers:

900

600
= 1.5 �

�26.9 − 11.4�

�20.4 − 11.4�
= 1.7.

his suggests that temperature change alone can be used as
measure for the thermal behavior of paper. This applies for

nstance to the influence of speed. Speed as a variable in the
xperiments provides a way to test the dynamic thermal be-

avior of paper.

May-Jun. 20085
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Figure 6 shows paper C fed into the fusing system at five
ifferent speeds. Free cooling data for each speed is available

or calculation of conducted heat current in dynamic condi-
ions, but the temperature differences may be enough to be
ounted and plotted against the speeds. The techniques used
n producing Fig. 6 were repeated for all the samples. The
elationships between speeds and temperature changes are
llustrated in Figure 7.

Based on Fig. 7, the temperature change increases as the
rocess speed is increased for all the samples. This is made
nderstandable by the fact that at the lowest speed of
0 mm/s the system conducts heat into the atmosphere for
bout 60 s, while the paper web is running and absorbs the
ajor part of the energy from the system. At the highest

peed of 110 mm/s, the paper web takes about 16 s to pass
he fusing nip. In this shorter time, less heat is radiated from
he system to the surrounding atmosphere, and instead the
aper absorbs more energy, as indicated by a greater tem-
erature change. This is also an indication that the heat is
onducted to the paper at a higher rate than the heat trans-
erred to the atmosphere—at least under these experimental
onditions. Also, according to Fig. 7, the temperature change
s an indicator of the effective thermal conductivity of paper
s strongly correlated with the paper grammage of all the
amples. There are also some interrelated effects of density,
hickness, moisture content, and paper structure,8 but gram-

age, as a direct function of paper mass, is the property
overning the thermal behavior of paper. It is known that
hermal conductivity is a weak function of paper density, but
t also has a noticeable effect on the thermal diffusivity of
aper, which is to some extent related to the filler content.24

herefore, based on the relatively small effect of paper den-
ity evident in Fig. 7 for different speeds and samples, den-
ity clearly acts by reducing the slope of the curves so that a
emperature change in a dense paper (such as samples A and

with the densities of 959 and 1110 kg/m3, respectively), is
ess affected by the running speed. This more stable thermal

Figure 6. Sample C fed to the fusing system run at five speeds.
ehavior is beneficial in real applications allowing the paper fl

. Imaging Sci. Technol. 030507-
o be used in a variety of electrophotographic machines run-
ing at different speeds.

ffect of Moisture Content
he results show that the higher the grammage, the more

he temperature will change, irrespective of the speed. As the
peed is increased, more heat is conducted into the paper
nstead of being transferred into the atmosphere. These re-
ults and explanations may give the impression that the

oisture loss from the paper in the fusing process is higher
hen the temperature change is higher at higher speed. This
ould be obvious, if the moisture (liquid-water) were simi-

ar in nature to paper (solid—mostly fibers and fillers), but it
s not. Experiments with more than 100 paper samples run
t five speeds (not reported in detail here) showed that the
oisture loss from paper due to a higher temperature

hange at higher speed is less than the moisture loss due to
lower temperature change at lower speed. With all the

amples, the trends of temperature changes and moisture
hanges were similar to the trends shown in Figure 8. Ther-
odynamic physics can provide explanations of the interac-

ions between heat fusing and moisture inside the paper. The
hange in temperature is not necessarily proportional to the
hange in moisture content. As paper and moisture are dif-
erent substances, the flow rate of the heat in the solids con-
ent of the paper is different from the heat flow rate into the

oisture. In addition, the moisture needs a certain amount
f energy and time to reach the boiling point and to be
vaporated by phase change, and further for recondensa-
ion.8,27,28 This is ultimately recognized and recorded by the

oisture meter, as moisture not vapor, at higher temperature
hange caused in reducing the temperature of the system.
herefore, the flow of heat energy and the phase change in

he moisture requires more time than the time required for
onducting the heat through the solids content of the paper.
hus, the difference between the thermal behavior of the

olid content of paper and its moisture content is in the heat
28

igure 7. Temperature changes of the roller surfaces due to paper
amples at five speeds.
ow rate.

May-Jun. 20086



t
t
d
h
h
t
w
p
f
r
m
a
i
n

p
3
f

o
�
d
w
a
�
c
t
a
t
a
p
t
T
f
p
a
t
r
r
a

E
T
m
t
c
a

t
o
m
T
i
p
t
t
o
c
i

F
p

F
t

F
t

AL-Rubaiey and Oittinen: Thermal behavior of paper in contact fusing technology

J

If the moisture content of paper is about 5% or less, all
he moisture can be described as bound water, referring to
he bonds between the moisture and the fibers, which is
ifferent from free water. It is known that dry fibers conduct
eat faster than bound water, and that bound water conducts
eat faster than free water, governed by the thermal conduc-
ivity and diffusivity of fibers, bound water, and free
ater.27–29 In addition, when applying heat at high speed, the
ressure in a semiclosed system under the nip is increased

ast, and there is not enough time for the water to be evapo-
ated from the paper, thus causing recondensation to

oisture.29 The moisture evaporation and recondensation in
dynamic of thermal system is an extremely complicated

ssue, which is simultaneously governed by several mecha-
isms.

Figures 8–10 refer to the same data for the same
aper sample. The moisture content of this paper was about
.7% after conditioning at 23°C and 50% RH and before

igure 8. Changes in moisture �m.c.%� and temperature �T �°C�� of pa-
er at five speeds.

igure 9. Change in moisture content �m.c.%� as a function of tempera-
ure change at five speeds.
eeding into the fusing system. After fusing at a lower speed s

. Imaging Sci. Technol. 030507-
f 30 mm/s, the average moisture level was 1.97%,
�m.c.% =3.7%−1.97% =1.73% �, and the temperature
ropped from 160°C to about 141°C, ��T=−19°C�
ithin 60 s. At the highest speed of 110 mm/s, the

verage moisture level was found to be 2.95%
�m.c.% =3.7%−2.95% =0.75% �, and the temperature
hange about ��T=−23°C�, within 16 s. Comparing these
wo cases, clearly the moisture change requires more time,
nd instead of consuming this energy, the solids content of
he paper has to conduct it from the rollers of the system
nd cool it for a temperature change of 23°C. Although the
aper has different temperature along the paper web, the

emperature is still above the boiling point of the moisture.
his explains the fact that the average moisture level was

ound to be fairly constant along the paper web. The tem-
erature range used in this experiment extends from 160°C
t the beginning of the paper web to a minimum of 137°C at
he end of the web for the highest speed. If the temperature
ange of the experiments shifted down for instance to the
ange of 110°C to 80°C, then the situation with moisture
long the web would certainly be different.

ffect of Coating
he coating color is another factor that influences the ther-
al behavior of paper. Figure 11 demonstrates the tempera-

ure changes of a base paper coated with a single low weight
oating color, and a base paper with double coating layers
nd a silk surface finish.

The first coating color has caused a drop in the slope of
he temperature change curve; i.e., the slope is less than that
f the base paper. This means that the paper behaves ther-
ally in a more stable manner at different fusing speeds.
he same result is evident in Fig. 7 when the paper density

ncreased. According to Fig. 11, the second coating layer re-
roduced the results shown in Fig. 7 when the levels of

emperature change were increased at all the speeds due to
he higher effective thermal conductivity gained by the mass
f coating layers. Regardless of the type of coating color,
oating is meant to improve the printability of paper by
mproving its grammage, thickness, density and surface

30

igure 10. The rates of the changes in both moisture content �m.c.%� and
emperature at five speeds.
moothness. The pressure of the experimental fusing unit
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as kept constant, but the compressibility of the paper was
ncreased by the additional thickness of the coating layers.
ecause of the smooth surface obtained by coating and silk
nishing, the effective contact area between the smooth pa-
er surface and hot rolls is larger than with rougher
aper,30,31 and good contact usually increases the thermal
onductivity.32 The coating method was also found to have
n influence on the thermal properties of paper.4,31,33 It is
ifficult to establish a relationship between fusing quality of

mage and physical paper properties, because some correla-
ion could be due to different surface energies produced by
ifferent paper chemistry, surface additives and coating color

ormulation.21 In this experiment, coated paper was merely
ested to get a general idea of the effect of coating.

mage Quality
able II provides some information about toner images
rinted on the four paper samples identified in Table I, using
lack and cyan. A sheet carrying the unfused toner image
as fed as the second sheet in the sequence of six A4 sheets

orming the paper web. The fusing unit was run at the speed
f 70 mm/s (equaling about 14 ppm). The experiment was
epeated for each of the samples A, B, C, and D. Basic image
uality factors such as density, gloss, and adhesion strength
ere measured from both black and cyan regions and shown

n Table II.
It is interesting to correlate the measured image quality

Table II. Measured image quality factors.

aper
ample

GSM
�g / m2�

Gloss
black

Gloss
cyan

Adhesion %
black

Adhesion %
cyan

160 0.20 2.00 16.50 28.50

85 0.30 4.25 87.00 93.50

80 0.35 5.00 90.00 96.50

70 0.75 19.50 97.50 98.50

Figure 11. Effect of coating on thermal behavior of paper.
ttributes to the thermal behavior and basic properties of the c

. Imaging Sci. Technol. 030507-
aper samples. Figure 12 shows that the gloss values of both
he black and cyan parts of the image decreased as the paper
rammage increased. According to Fig. 7, the temperature
hange and effective thermal conductivity of paper A are
rater than those of papers B, C, and D. Thus, the part of the
nergy conducted to the toner was less with paper A than
ith the other samples, and it was not enough to complete

he fusing to the desired quality. This conclusion is sup-
orted by the percent adhesion, illustrated in Figure 13 as
ercentage image fixing rate, measured as the ratio between

mage densities before and after a tape test. The fixing ratio
ndicates that also the temperature change was higher in
aper A, though it did not reach the toner to be fused and
enetrate into the paper, as in the case of paper C of
0 g/m2. Figure 14 shows the interrelationship between im-
ge gloss and adhesion as both were functions of paper
rammage in Figs. 12 and 13. The results of this figure ex-
lain that the extra thermal energy absorbed by the toner
ill contribute to the glossiness of the image after satisfac-

ory image fixing quality. Even though toner properties were
ot examined in this experiment, the results show that the

Figure 12. Gloss of the images obtained on the paper samples.

Figure 13. Image fixing rate as a function of paper grammage.
yan toner has a higher thermal conductivity than the black

May-Jun. 20088
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oner. In all the samples, the heat transferred to the toner
as picked up mostly by the cyan. This is one reason that

he cyan image produced better gloss and adhesion strength
ompared to the black toner. In sample D, the temperature
hange with 70 g/m2 paper left a lot of energy to produce a
igh-gloss cyan image. In this case, the fusing energy was
ufficient to achieve thermal equilibrium between toner and
aper through the toner-paper contact surface. Of course,

he toner manufacturer prefers the black toner image to be
ess glossy since it is meant for text, whereas the other toner
olors are designed for fine glossy images. The readability of
lack text should not be affected by the illumination and
etection angles, which are sensitive to gloss.

using Model
he results of this study suggest that a simple phenomeno-

ogical model can be drawn to depict the interactions be-
ween paper and toner in fusing nip. The data quoted origi-
ates from literature sources and previous studies done at
elsinki University of Technology. Figure 15 shows a time-

emperature plane sketch of the model.
Before the fusing nip, the toner and paper (solid and

oisture) are all in the room temperature of 23°C. They
nter the fusing nip at the same time to be treated by the
ame pressure and temperature for the duration of the nip
well time. The heat required for the moisture content of
aper to reach the boiling point is about 323 Jg−1, which is
alculated from Eq. (1) �Q=mc�T�, where c=4.2 J /g°C
nd �T= �100°C−23°C�. The amount of moisture depends
n the paper grade and relative humidity. At this point, the
oner has passed through the glass transition �Tg� region of
bout7 60°C and sintering34 of toner particles has started
rior to coalesce.35 The moisture needs about 2256 Jg−1 of
eat to reach the evaporation point at 100°C, and by that
ime the toner is already softened and starts to melt in the
o-called blocking region. After the evaporation point, the
team continues to consume about 2 J /g°C of heat as the
emperature continues to rise to reach the flow region of the
oner around7 125°C with relatively high viscosity. It was
ound that the toner consumed about 20% of its fixing en-

Figure 14. The relationship between image gloss and fixing rate.
rgy to reach the melting range where the viscosity is at its p

. Imaging Sci. Technol. 030507-
ighest of about 130 Pa s,36 and the rest 80% to cause the
iscosity to drop from 130 to less than 5 Pa s within a tem-
erature change from softening point Ts (around 125°C) to
xing temperature of about 185°C, and at this range (from
oftening to fixing), the toner melting energy �Jg−1� is an
xponential function of temperature. However, in the flow
egion of toner, the viscosity, starts to drop rapidly causing
he wetting and spreading of the toner on paper surface
hich has already reached the same level of temperature. At

ow viscosity, the melted toner flows to fill in the
rregularities35 of the paper surface and by the help of nip
ressure, the toner then penetrates into the porous
tructure35 and the fibers34 of the paper. The upper right
orner of Fig. 14 illustrates that at high fusing temperature, a
ide range of toners are compatible with a wider range of
apers for acceptable image fixing quality. Therefore, the de-
igned roll fusing temperature in real applications is always
ver the highest possible toner flow point (125–130°C) by at

east 40 to 50°C. Even such high temperatures do not cause
eat-set offset when the other parameters (pressure, speed,
nd nip width) are optimized.37

Figure 15 illustrates that the heat consumption rates of
oner, moisture and the solid content of paper are different
t each phase of fusing. The range of thermal paper proper-
ies marked by the light gray region indicates the wide se-
ection of paper grades which can be used in one given
rinter, compared to the dark gray region of the narrow

hermal properties of toner. This is obvious, since the toner
s the choice of the printer manufacturer, whereas the paper
s the choice of the end-user. The choice is made from a
ide recommended range of papers. The toner is designed

ccording to the printer specifications and it is considered as
n integral part of the printing process. The mass produc-
ion nature of papermaking and the uncontrollable proper-
ies of the paper so produced influenced the moisture con-
ent of the paper in different humidity conditions beyond

Figure 15. Phenomenological model of fusing.
recise customization to correspond to a certain set of print-
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ng process parameters.38 Ultimately the print application
nd desired quality are the main factors that influence the
ype of printing technology selected, and limit the flexibility
n paper choice.

ONCLUSIONS
complex set of phenomena interact in hot nip fusing.

ccording to the results of this study, the higher the gram-
age of paper, and the greater the heat energy conducted to

he paper, the less energy is left for toner fusing. Therefore,
ower-grammage papers produce better strength and optical
using quality, as indicated by adhesion percentage and gloss
alues. Higher density of paper was found to stabilize the
hermal behavior, regardless of printing speed.

In striving to gain a better understanding of the toner
using mechanism, the present experiments have provided
dditional information for examining the relationship be-
ween fusing energy, toner amount and print uniformity. If a
ufficient amount of toner is present and the gloss has
eached saturation level, extra thermal energy will contribute
o image uniformity. However, the energy should be limited
o avoid reaching the heat-set offset level.

To summarize, the experimental approach used in the
resent study is considered to be a practical tool for studying

he impact of coating and other surface treatments on the
evelopment of digital paper, with the aim to achieve opti-
al electrophotographic image quality.
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