JOURNAL OF IMAGING SCIENCE AND TECHNOLOGY® « Volume 47, Number 5, September/October 2003
Feature Article
Study of High Definition Full Color Imaging To Plain Paper by Thermal
Transfer Printing*
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We have analyzed the thermal transfer printing process and 600 dpi high definition thermal transfer ink ribbons. The results of our
analysis revealed that four factors would play an important role in high definition thermal transfer ink ribbons: (1) the rupture
strength of the ink under printing pressure and temperature, (2) the adhesive strength between the ink and paper, (3) thickness of the
ink layer and (4) the adhesive strength between the heated ink and the base film. We have used a quantitative model for the printing
process to design an improved ink ribbon, and we describe measurements of the viscoelastic characteristics which were used to
optimize the ink materials. The improved 600 dpi high definition full color thermal transfer ink ribbon has a base of 2.5 um polyeth-
ylene terephthalate (PET). The ink comprises two layers; a 1.3 um ethylene-vinyl acetate copolymer thermoplastic resin and a release
layer of 0.9 pm wax.
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spots leaving unprinted voids. In addition, the ink can
be absorbed into the paper. These characteristics de-
grade print quality. We have developed an ink based on
thermoplastic resin binders, and the right side of Fig. 3
shows that the transfer is improved.

Introduction

The origin of the thermal printer is relatively recent and
can be dated to an idea by Joice around 1967. Figure 1
shows the development of printer technology and in par-
ticular some of the key developments in thermal trans-
fer printer technology. Research in Japan began
approximately 20 years ago by Tokunaga at the then
Nippon Telegraph and Telephone Corporation. Our re-
search began around 17 years ago. During this time the
thermal printer was being utilized in over 85% of Japa-
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ribbon are tightly sandwiched between the thermal print
head and the platen. The application of heat by the ther-
mal print head melts the ink in accordance with the
print signal. The ink rapidly cools below the melting
temperature and the paper and ribbon are separated.
In regions were the ink was melted it adheres to the
paper and releases from the ink ribbon. In the standard
application the ink comprises pigment in a wax binder.
The left side of Fig. 3 shows how the wax-based ink
transfers to papers with matte or smooth surfaces. Thus,
with a rough surface the ink only transfers to the “high”
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Figure 1. Historical developments in printing technologies as
they relate to thermal transfer printing.

Heating element

( Thermal print head ] [ Ink ribbon |

] =

:_-‘H—R\L L/ Transferred
ink layer
Print paper L —

/"\
Platen ’\

Figure 2. The thermal transfer printing process.
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Figure 3. Ink transfer to a rough surface with the standard wax
ink and with the new thermoplastic resin-based ink described in
this paper.
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In this article we describe a model for thermal trans-
fer, we show how the application of the model has led to
the development of the new ink ribbon comprising a ther-
moplastic resin ink in a multilayer structure. We describe
and characterize our new ribbon and we demonstrate its
application in full color imaging on plain paper.

Thermal Ink Transfer Model

To study the process of thermal printing it was neces-
sary to construct an engineering model of the process
and to use this model to analyze the interplay of forces
in the transfer of ink to paper. Figure 4 depicts an en-
larged cross section of the ink transfer process. The heat-
ing element of the thermal print head contacts the back
of the ink ribbon such that the ink makes contact with
the paper. The diagram depicts the print paper and rib-
bon as being static and the thermal head as moving as
shown by the arrow. The ink ribbon is composed of ink
coated on a base film. The trailing edge of the thermal
head is designed to contact the back of the ribbon to fa-
cilitate the release of ink from the base film to the paper.
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As the thermal transfer process diagram depicts, four
processes are employed: pressure, heating, cooling, and
ink release. The ink transfer conditions are determined
by the relationships between the ribbon tension and
bonding and stress limits of the materials in the ink
release process.

Figures 5 and 6 illustrate the application of this model
to different configurations of the inking ribbon. In Fig.
5 the comparison is between transfer and non-transfer
using a standard ink (single layer) ribbon. The dynamic
model for ink transfer or non-transfer involves the re-
lationship between three forces of delamination. The
three forces of delamination are: F;, the bonding force
of delamination for ink release from the base film, F,,
the force of delamination for transfer of the ink to the
paper, and F';, the force of delamination for shearing the
ink from the film base. The subscript 4 is used to repre-
sent cases where heating has occurred. The left chart
shows the condition when the ink does not transfer. The
condition for non-transfer of ink is F'; > F, + F;. The
right chart shows the ink transfer condition when trans-
forming from a non-transferable state to a transferable
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ribbon.

state. The condition for transfer of ink is F,, > F',, + F.
The ink shearing force F; works in the opposite direc-
tion to ink transfer movement.

The upper side of Fig. 6 shows the conditions for ther-
moplastic resin ink transfer for the thermoplastic resin
base single layer ink and for the improved ink ribbon
which has a wax based release layer between the ink
and the base film. In order to transfer the ink without
being adversely effected by the surface roughness of the
paper, a thermoplastic resin ink transfer is required.
The diagram on the right shows the transfer conditions
and limitations for a thermoplastic resin ink with a re-
lease layer. The diagram on the left depicts the process
with for a single thermoplastic resin ink layer. In the
case of a single layer, the side of the layer in contact
with the paper is compressed more than the side where
the ink is in contact with the base film, thus F, > Fy,.
Therefore, the condition for transfer is not met because
F, < F,, + F,. On the other hand, with the addition of a
release layer between the ink and the base the base film
bonding limit is decreased, and the condition of Fy, >
F, + F,is met.

The lower side of Fig. 6 shows the transfer conditions
and limitations when a double ink layer is used in a
lamination transfer. The diagram on the left is the pre-
viously described double ink lamination transfer. In this
case, the bonding force at the delamination limit on the
base side of the laminated ink and the bonding force at

the delamination limit on the paper side are the same.
When F,, = F,, the ink release condition is not met.
However, with the addition of a release layer Fy, > F,
and ink transfer occurs. The diagram on the right shows
the method developed in our research to solve this prob-
lem. By reducing the bonding force at the delamination
limit of the ink and base film, F;, < F,, is achievable.
Therefore, the condition of Fy, > F,;, + F; is met. In this
way it is possible to print full color images by transfer-
ring ink from a ribbon composed of cyan, magenta and
yellow colors.

Figure 7 shows ink transferring dynamics model in a
minute area. The bonding stress level for each unit area
is shown as f; and f,, and the shear limit is shown as f;.
The ink block length is designated as a, and thickness
by ¢.

Fy,>F, +F, (1)
for - a?> f1, a?+ f3- 4at
fon - @*=fi, a*> f;- 4at (2)

(for, = fin) - a?>4tfsa

Therefore the condition for ink transfer is (fy, — fi,)a?
> 4tf,a.? The left side indicates the bonding stress limit
value and the right side indicates the shearing stress
limit value D in Fig. 8 we plot the stress limit values as
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Figure 8. Prediction of the minimum transferrable dot diameter from the ink transfer model.

a function of dot diameter. The left side of the inequal-
ity is proportional to the square of a. In order to make
comparison with a as shown in the graph, the minimum
value of a can be obtained to meet the inequality. The
minimum value of a represents the minimum dot diam-
eter obtained in this model. The area of negative criti-
cal stress in the diagram represents non-transfer
conditions. Figure 9 shows the previously derived rela-
tionship between the ink thickness and transferable
minimum dot diameter. The lower the ink thickness, the
smaller the lower limit of transferable dot diameter and
both figures approach zero. The minimum dot size is 25
um when the thickness of the ink layer is 2 um.

Structure of the New Multi-layer Thermoplastic
Resin Based Ink Ribbon

Figure 10 shows a cross section structure of the two
layer thermoplastic resin ribbon developed from this
research. It comprises a base film of 2.5 uym PET which
has a heat-resistant protective layer back coat of 0.2
pm. On the base film is an ink releasing wax layer of
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0.9 um thickness and an ethylene-vinyl acetate copoly-
mer thermoplastic resin ink layer of 1.3 um. Full color
images at 600 dpi have been printed with this ribbon.

Figure 11 shows the viscosity temperature character-
istic of the thermoplastic ink used in the ribbon which
we have developed. Since the thermoplastic resin is
amorphous this layer undergoes a glass transition which
is mirrored in the temperature dependence of viscosity
as shown. As described above there is a correlation be-
tween the bonding stress limit and the viscosity of the
ink such that low viscosity is desired for efficient ink
transfer. The results in Fig. 11 show that this is achieved
for all four colors at temperatures above approximately
85°C.

Thermal Analysis of Printing using the New Ink
Ribbon

Figure 12 shows an analysis of the temperature dis-
tribution of the ink area heated in one part of a moving
thermal head. The thickness of the ink is approximately
2 um. A temperature gradient occurs from where the
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thermal head touches the back of the film base to where
the ink contacts the paper, and there is a time delay
from when the thermal head contacts the film base to
when the paper reaches its maximum temperature. Fig-
ure 13 shows the time evolution of the ink surface tem-
perature as a function of position in two dimensions
relative to the thermal head. The plane at 85°C in the
diagram is the melting point of the crystalline wax-based
ink releasing layer for the ink ribbon (see Fig. 11). Above
the melting point the bonding stress limit of the ink and
the releasing layer material decreases greatly so the
previously stated transfer conditions are realized and
the possibility of transfer is achieved. The portions of
the graph above the 85°C plane indicate that under these
conditions the ink transfer region has a dimension about
50 um. This is very close to the actual ink transfer value.

Evaluation of the Mechanical Properties of the
New Ink Ribbon

The most important properties of thermal transfer ink
are ink shear strength, adhesive strength and thermal
characteristics. Many measurements have been con-
ducted for the viscoelasticity of thermal transfer ink it-
self, but there have been few such measurements on ink
ribbons comprising thin films of thermal transfer ink.
We have developed a method to carry out viscoelas-
ticity measurements on our ink ribbons using a pendu-
lum-type instrument. Such devices are generally used
to measure the viscoelasticity characteristics of paint
films. Pendulum-type viscoelastic instruments function
by measuring oscillation damping, as shown in Fig. 14.
The surface to be investigated is placed under the cylin-
drical fulerum of the pendulum as shown. The elasticity
and viscosity of the material influences the damping
oscillation of the pendulum. The pendulum movement
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Figure 14. Diagram of the components in measuring the vis-
coelastic properties of an ink ribbon using the pendulum-based
instrument.

is affected by the viscous damping force, which changes
in relation to the velocity of the measured object. If elas-
ticity is proportional to the displacement, the equation
of motion around the cylindrical fulcrum is given as fol-
lows (Eq. 3), where 0 is the angle of inclination from the
perpendicular:

2
mi2 204 0, 9 (mglsing + K,0)=0

dr (3)

When 6 is small, sin 6 can be replaced with 6, then,

+ Ca d9+(ﬁ+§)9=0

d’, Cq de
ml? dt mi? 1

dt? @)

Hibino



0.77 [ T bber + b 6l I 0.12
; rubber + base-film
e 0—¢ o0 Au— —\)_1 I:’;k%xii —
A%10
0.76
T ; rubber +base-film +ink / 0.08
o 0.75 g
3 006
= $ Q
3
0.74 A ; rubber +base-film+ ink )A 0.04
Y ety A A
> o - i et A .......... W | T FR B 0.02
0.73
A; rubber +base-film
i , , ‘ ‘ ‘ 0.00
50 60 70 80 90 100

Temperature (°C)
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bon.

Here, m is the mass of the pendulum, / the pendulum
length, g the acceleration of gravity, ¢ is time, K, is the
elastic constant, and C, is the viscous damping coefficient
of the material under investigation. Here, we define

9g=Ca ,2_Ki &

= = +_
mi? mi% 1 5
Then Eq. 4 becomes,
d—29+2eﬁ+n29—0 (6)
dt? dt

Then the logarithmic decrement is given as follows:

(% —?) %)

oo 2me

(n2 —82) (8)
tand = £
(% - ?) (9)
Then,
A

C;=2mi®=
d m T (10)
Ky = mlz(nz —%) (11)

Therefore , € and n are given by A and T. And where

K,=K; + K, (12)

C,=Cy +Cyy (13)

so that K, C,, are given by K, — K;; and C, — C,;, re-
spectively. Here, K,; and C,; represent the elastic con-
stant and viscous damping coefficient of (Rubber + base
film) respectively; K, C,, represent the elastic constant
and viscous damping coefficient of ink; and K,, C, are
the elastic constant and viscous damping coefficient of
(Rubber + base film + ink) respectively.

Measurements were made on our high definition ther-
mal transfer ink ribbon using a pendulum with a 5 mm
diameter brass shaft. The ribbon sample was placed on
a sample support board which was coated with 100 um
thick soft silicone rubber film. The temperature of the
sample was measured with a thermocouple placed on
the sample surface close to the fulcrum. Figure 15 shows
the logarithmic decrement-temperature property of the
ribbon. The logarithmic decrement of the soft silicone
rubber, a material with low adhesiveness, is constant
at around 0.03, over the temperature range. The loga-
rithmic decrement of PET-film was 0.02 over the tem-
perature range. PET film is harder than silicone rubber
and has no adhesive characteristics. The logarithmic
decrement of high definition thermal transfer ink rib-
bon exhibits the following characteristics: (rubber + base
film) has the logarithmic decrement-temperature prop-
erty of the base film; (rubber + base film + ink) has the
logarithmic decrement-temperature property of the high
definition thermal transfer ink ribbon. The logarithmic
decrement remained constant at about 0.02 at room tem-
perature to 60°C. From 60°C to 70°C, the logarithmic
decrement increased slightly. From 70°C to 90°C, the
value increased from 0.03 to 0.04. From 90°C to 100°C,
the value jumped from 0.04 to 0.1.

Figure 16 illustrates the viscous damping coefficient
and elastic constant-temperature property of the high
definition thermal transfer ink ribbon. Ink viscosity
data from Fig. 11 are also shown in this plot. These
findings suggest that changes in this property corre-
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Figure 17.Printed sample using the newly developed multilayer thermoplastic resin based ink ribbon at 600 dpi.
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spond to changes in the ink viscosity (see also Fig. 11).
From room temperature to 70°C, both the thermoplas-
tic resin ink layer and the wax-based ink releasing
layer are solid. From 70 to 90°C, the wax layer melts.
From 90 to 100°C, there is an interaction between the
wax layer and the ink layer since, although the viscos-
ity of ink decreases with the increasing temperature
rise, C, and K, are increasing.

These results of this experiment indicate that the loga-
rithmic decrement measured with a pendulum-type in-
strument does not reflect the viscoelastic characteristics
of the ink material but rather the strength of the con-
nection between the ink and the pendulum fulcrum.
Therefore, we can evaluate the cohesive strength of the
ink with this instrument. At some point of logarithmic
decrement the ink is considered to have the required
adhesive characteristics.

Figure 17 illustrates a printed sample made by high
definition 600 dpi thermal transfer printing. This
sample exhibits sharp, clear characters, high quality
pictorial imagery, and superior light resistance. To
achieve the printing density (OD value) of at least 1.5,
the current pigment dispersion technology requires an
ink thickness of greater than 1.3 to 1.5 um. To reduce
the thickness of the ink layer, we must increase the vis-
cosity, thus strengthening pigment bonding. By using a
thermoplastic resin as the main material for the ink
layer it may be possible to satisfy this requirement for
a thinner layer.

Conclusion

We inferred that the main cause of unsatisfactory print
quality in traditional thermal transfer printing was be-
cause of ink voids in recessed areas of the paper and/or
permeation of transferred ink into the print paper. To
overcome these deficiencies we have designed a new ink
ribbon which used a thermoplastic resin for the ink and
had a relatively low melting wax based release layer
between the ink and the substrate. In this article we
have described a model for ink transfer which enabled
the new design ink ribbon, as well as testing methods
and results which confirm the predicted requirements
for the ink ribbon characteristics. In the accomplish-
ment of this objective we have achieved the following:
1. Constructing an ink transfer process model enabling
quantitative analysis in transfer of melted ink.
2. Precise control of the thermal characteristics of the
thermoplastic resin and the ink releasing layer to

realize material transfer as minute dots without per-
meation of the paper.

3. Lowering the viscosity of the ink releasing layer which
enabled transfer of the two layer ink package.

4. Precise adjustment of the thermal print head with
respect to edge distance and gap to optimize transfer
performance.

5. Appropriate choice of ink materials to prevent voids
(lack of transfer in paper void areas) which led to
enhanced print quality.

6. Utilizing a pendulum-type viscoelastic measurement
to enable determination of the interactions between
the double layer ink and the pendulum fulcrum. /&
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