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Abstract. Upon driving the unimorph type piezoelectric actuator of
an ink jet in a high temperature high humidity environment
(38°C/80%), many failures occurred after approximately 1 billion
pulses. We hypothesized that the failures occurred due to hydrogen
that was generated from the electrolysis of water, causing the piezo-
electric element to deteriorate. Based on this hypothesis, we exam-
ined electrode materials to reduce the frequency of failures. We
found that failure rate can be improved if material with high standard
electrode potential is used as the electrode material on the high
potential side and material with low standard electrode potential is
used on the low potential side, and more specifically, if metal oxide
is used for the electrode on the low potential side. Based on these
findings, a combination of silver palladium for the electrode on the
high potential side and stannous oxide (Sn,O,) for the low potential
side was used as the combination of electrode materials that can be
formed at low cost. Upon implementing a running test with this com-
bination of electrode materials under a high temperature high hu-
midity environment, we confirmed that failures do not occur even at
a continuous drive of 30 billion pulses and that the long-term reliabil-
ity of the unimorph type piezoelectric actuator improved
significantly. © 2009 Society for Imaging Science and Technology.
[DOI: 10.2352/J.ImagingSci.Technol.2009.53.5.050305]

INTRODUCTION

The development of full-width-array (FWA) ink jet units,
which enables one-pass printing over the width of a paper,
has been implemented for the purpose of speeding up ink jet
printing." In recent years, the development of FWA ink jet
units has been advancing rapidly with the improvement of
manufacturing technology, which has achieved a steady in-
crease in the number of nozzles in one ink jet head
module’ However, with the speeding up of printing, prob-
lems have become apparent such as the decrease in image
quality due to smudges on the printed surface and blurring
of ink onto the paper, which result from the slow drying of
the ink. In order to solve these problems, the development of
various types of ink is ongoing, e.g., high viscosity ink,” ink
sets that use two liquid reactants,” and ink that is UV-
curable. Since these types of inks use special media and sol-
vents, there is a strong desire for the development of an ink
jet head with wide ink latitude. In particular, ink jet head
modules that use piezoelectric elements (Piezo ink jet head
modules: PIJ head modules), where pressure is mechanically
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applied to discharge ink, in principle, are suited for widening
the ink latitude. There are expectations for the utility of
these ink jet head modules in the use of discharging such
highly functional ink. Furthermore, recently, PI] head mod-
ules that use MEMS technology have been developed and
put into practical use.® This technology is utilized in the
structural integration of flow paths in order to widen the ink
latitude of PIJ head modules even further.

Up until now, the authors have been developing PIJ
head modules with nozzles arranged in a matrix layout for
the purpose of one-pass high-definition recording. The au-
thors have now developed an FWA ink jet unit that has 7680
nozzles based on this technology. This FWA ink jet unit is
configured with eight head modules that are connected to
each other. In addition, high density of the nozzle arrange-
ment has been realized by devising a configuration of the
head modules, where the head modules are lined up in a
single horizontal row in forming the FWA ink jet unit.

With the increase in the printing speed, demands for
long-term reliability have increased more than ever. In this
respect, we have conducted examinations on extending the
operational life of piezoelectric actuators, in parallel with the
development of the physical length-extension technology,
which serves as the key in procuring long-term reliability of
print heads. The piezoelectric actuator converts electric en-
ergy to mechanical energy and is the component that gener-
ates pressure for discharging ink. Since the piezoelectric ac-
tuator is subject to electrical, mechanical, and chemical
stresses due to contact with the ink, it is subject to a multiple
range of failure modes. For this reason, in order to improve
the long-term reliability of the piezoelectric actuator, it is
important to isolate each failure mode and to hypothesize
the failure mechanism. It is at such a point where the failure
modes were identified from the analysis of malfunctioned
piezoelectric actuators and from verification experiments
that the failure mechanism(s) could be hypothesized. In ad-
dition, improvement measures were established based on the
hypothesized failure mechanism and the positive effects of
such measures were confirmed.

STRUCTURES

Ejector

Figure 1 is a structural cross-section diagram of the ejector.
The flow path section is comprised of a reservoir, ink supply
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Figure 1. Cross section of an individual ejector.
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Figure 2. Oblique perspective diagram of stacking sfainless steel plafes.

path, pressure chamber, and a connection path (“de-
scender”) from the pressure chamber to the nozzle. This
ejector is structured with nine laminated and joined stainless
steel plates, which realize a highly ink-resistant flow path
section at low cost. The actuator was created by forming
electrodes, through sputtering, onto piezoelectric elements
that were processed with wrap to a thickness of 35 um,
separating these elements for each ejector and bonding them
onto a diaphragm (a “vibrating plate”) using an epoxy ad-
hesive. This method of manufacturing an actuator is widely
used as a method for forming highly efficient actuators at
low costs.”"’

Head Module

Figure 2 is a structural perspective diagram of the head unit
(unit). With regard to the layout of the nozzles inside the
unit, the ejector that was previously mentioned is arranged
in a matrix layout so that there appears to be 600 nozzles/in.
Figure 3 consists of a photo and computer-aided design im-
age of the unit. Each unit has 1024 nozzles and the outside is
structured as a schematic parallelogram. Each unit also has a
flexible cable and an ink port, making jetting characteristic
tests possible for each unit.

Full-width-array

Figure 4 is an external view of the long-length head unit that
was created. As indicated in the diagram, eight PIJ head
modules were arranged in a horizontal line and fixed to a
single base material. This manufacturing method was used
to create a long-length head unit with 7680 nozzles and a
printable area of 12.8 in.
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Figure 4. Oblique perspective diagram of fullwidth-array head.

The module was configured with a material for attach-
ment and removal (“spacer”) inserted between the module
and base material, so that the module could be easily re-
moved from the base material. This configuration enables
high accuracy when determining the position of the head
module as well as the easy removal of the module from the
base material. The positioning accuracy of the head module
that was created was better than +9 um (30) by actual
measurement.

The amount of thermal deformation is greater with a
long-length head unit as compared to a short-length head
unit, which poses a large problem. In a verification experi-
ment in which both ends of the base material were fixed, the
base material deformed greatly due to thermal change, re-
sulting in a large displacement of the ink jetting position.
This problem can be avoided by using material with a low
thermal expansion coefficient as the base material, but such
material is expensive. Consequently, a mechanism that ab-
sorbs thermal expansion and contraction was positioned on
one side of the base material, and this was found to prevent
deformation of the head unit.

KEY TO PERFORMANCE

Drop Formation

Figure 5 is an example of the state of jetting when the drive
wave form has been modified. This PIJ head module is con-
figured so that it is possible to select and apply drive wave
forms to the piezoelectric element from among three types
of drive wave forms per printing cycle. Accordingly, four-
level gradation recording is realized.
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Figure 6. Colordifference and drop displacement in typical fullwidth-
array at paper gap is 1.5 mm.
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Figure 7. Classification of PlJ heads failures.

Drop Uniformity

Figure 6 represents the measurement results for printing
density and accuracy of the ink discharge position for the
long-length head. In terms of uniformity of discharge, an
average color difference (AE) of 1.2 and a drop displacement
accuracy of approximately £15 um (30) (when the gap be-
tween the head and paper sheet is 1.5 mm) were verified.

HEAD RELIABILITY

The items that influence the long-term reliability of piezo
ink jet head modules are considered to be the three items
shown in Figure 7. In this article, we report the improve-
ment details with respect to the long-term reliability for pi-
ezoelectric actuators from among these items.

Failure Mode Classification

To identify the cause of piezoelectric actuator failure, the
authors classified the failure modes as shown in Figure 8.
First, the failure modes for the piezoelectric actuator were
generally divided into two categories. The first is a mechani-
cal mode that leads to failures resulting from physical
stresses, such as stress concentration, and the second is a
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Figure 10. Result of confinuous drive test under high temperature (38°C)
and high humidity (80%).

chemical mode that is based on corrosion caused by the ink
and electrochemical reactions. In addition, these two modes
were further divided into nine modes according to failure
location and failure contents.

Long-term Reliability Assessment Conditions

Figure 9 is a drive wave form that was used for assessing
long-term reliability. This drive wave form was repetitiously
applied at a frequency of 18 kHz in a high temperature
(38°C) and high humidity (80%) environment. The piezo-
electric element was polarized at a field intensity of
1 V/mm, and the field direction of the drive was the same
as that during polarization.

Failure Mode Conclusion

Figure 10 shows the results of a continuous drive test. Since
the change in the capacitance and the change in the displace-
ment amount during the test demonstrated the same ten-
dencies, only the change in the capacitance was indicated in
this graph. At an applied pulse number of approximately 1
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billion, the capacitance and displacement amount of the pi-
ezoelectric actuator decreased by 30% to 40%. Explanations
based on the examination of the mechanism for this failure,
the examination of improvement measures, and the results
of the continuous drive test for the experimental product are
presented below.

In order to improve failures, it is necessary to determine
the failure modes and occurrence mechanisms and to estab-
lish improvement measures. As a result, an estimation of the
failure modes based on the classifications for failure modes
as shown in Fig. 8 was conducted.

First, the divisions for category I were reviewed. When
damage to the piezoelectric element, damage to the dia-
phragm, or peeling of the interface occurs, the rigidity of the
overall piezoelectric actuator decreases. Consequently, it is
predicted that a decrease in the resonant frequency or a high
frequency oscillation due to undamped vibrations will occur.
Figure 11 shows the results of admittance measurement'’
before and after failure occurred. Based on the graph, it was

confirmed that the resonant frequency of the piezoelectric
actuator (approximately 520 kHz) does not change much
before and after the failure and that there were no vibrations
of high frequency.

Figure 12 shows the results of measuring the piezoelec-
tric actuator displacement amount before and after the fail-
ure at each point on the piezoelectric element’s upper sur-
face. The displacement amount after the failure at each point
decreased at nearly the same ratio as before failure, and there
are no occurrences of abnormal vibration following the fail-
ure. Based on these results, it is considered that category I
failures consisting of mechanical modes, such as the break-
age of the piezoelectric element, breakage of the diaphragm,
breakage of the electrode, and peeling of the adhesive mate-
rial, do not occur—but rather—chemical modes are
operative.

Next, category II items were isolated. Since the failure
occurred even when ink was filled, it is not a result of cor-
rosion of the diaphragm, based on the penetration of ink.
Also, since the failure occurs even when electrochemically
stable iridium (Ir) is used as the electrode material, the fail-
ure is not thought to be resulting from the migration of the
electrode, and category 1I failures must comprise failures in
the piezoelectric element section.

Last, category III was examined. Table I compares the
piezoelectric actuator electric property values before and af-
ter the failure. The insulation resistance changes significantly
before and after the failure and it can be confirmed that the
failure is not caused by the insulation damage. In addition,
since similar decreases in properties of IrO, electrodes,
which are highly resistant to lead loss, were observed, this
failure is not thought to result from the lead loss of the
piezoelectric element. Based on the above results, it was
judged that the failure is a chemical one resulting from hy-
drogen damage to the piezoelectric element section.

As mentioned above, a method of processing the piezo-
electric element in order to make the element thinner com-
bined with the adhesive bonding of the element onto a dia-
phragm is widely used and even commercialized. However,
to the knowledge of the authors, there have been no reports
of failures similar to what is described in this article. The
cause behind the occurrence of the failure in this head mod-
ule is thought to be the piezoarray structure. Specifically,
since the nozzles of this head module are arranged in a
matrix layout, the flexible cable leading to the piezoelectric

Table 1. Changes in piezoeleciric properties in a continuous drive test in a high temperature and high humidity environment.

S0, Ir
Before After Before After
Capacitance pF 700 550 700 550
Dielecric loss % 4 10 4 10
Resonance frequency kHz 520 530 520 530
Insulating resistance 6Q =100 =100 =100 =100
J. Imaging Sci. Technol. 050305-4 Sep.-Oct. 2009
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Table II. Results of the continuous drive test upon changing the ambient room
temperature.

Temperature
10°C 45°(
Humidity 15% 0% 0%
90% 1% 10%

element covers the entire surface of the piezoelectric ele-
ment. It is thought that as a result moisture, which is the
probable cause behind this failure, may become easily ad-
hered to the piezoelectric element, leading to the failure that
is unique to this head module.

Failure Mechanism Conclusion

As stated previously, to the knowledge of the authors, there
have not been any reports on failures resulting from hydro-
gen damage to the piezoelectric element in the field of ink
jet technology. However, many such incidents have been re-
ported during Fe-random access memory (RAM)
development.'*”>Among these, the generation of hydrogen
that causes failures had often taken place during the manu-
facturing process. However, for this ink jet head module,
there is no process where hydrogen is generated in the
manufacturing process. Therefore, the generation of hydro-
gen is presumed to have occurred after the completion of the
manufacturing process.

First, the process for the generation of hydrogen was
examined and will be explained below. The following two
characteristics were confirmed as conditions under which
the failure occurs. The first characteristic is that there is an
environmental dependence. Table I shows the results of the
failure occurrence rate that were confirmed upon changing
the ambient temperature and humidity. From the results, it
was confirmed that this failure occurs often in a high tem-
perature and high humidity environment and does not oc-
cur in a low temperature or low humidity environment. The
second characteristic is the point that the failure does not
occur with a nonoperating piezoelectric actuator, under any
environmental circumstance. Based on these characteristics,
we established a hypothesis where the generation of hydro-
gen occurs through moisture in the air adhering to a piezo-
electric element and thereafter undergoing electrolysis.

Incidentally, the deterioration progresses gradually with
conventional failures that result from fatigue. However, with
this failure, the decrease in capacitance is sudden, roughly at
a drive of 1 billion as indicated in Fig. 10. This phenomenon
has been reported in failures arising as an effect of oxygen
vacancy,”” and its mechanism has also been explained.'® Ac-
cordingly, in the failure described in this article, it is also
expected that capacitance suddenly decreased.

Experiment
Based on the hypothesis for the failure mechanism, two
measures for improving failures were examined as follows:

Measure 1: prevent adherence of moisture onto piezo-
electric elements;

Measure 2: prevent electrolysis of moisture.

Measure 1 consists of a method for preventing adher-
ence of moisture by either forming a low permeability coat-
ing on the piezoelectric element or by covering the piezo-
electric element with low permeability material. However,
higher costs are expected to be incurred with this measure.

As a result, an improvement measure based on measure
2 was examined. The authors considered that electrolysis of
water could be prevented through a combination of
piezoelectrode materials and reviewed combinations of elec-
trode materials. Specifically, using the standard electrode po-
tentials of the electrode materials as parameters, the authors
created a sample with a change in materials combinations
and reviewed electrode materials based on the results of a
continuous drive test. Table III indicates that when Au is
used for the electrode on the ground (GND) side, the oc-
currence of failures decreases, insofar as the standard elec-
trode potential of the electrode on the anode side is higher,
and that when IrO, is used for the electrode on the anode
side, the occurrence of failures decreases, insofar as the stan-
dard electrode potential of the electrode on the GND side is
lower.

Table III also shows that the failure occurrence rate im-
proves even when Sn,O, is used on the anode side and IrO,
is used on the GND side. As reported in documents related
to Fe-RAM, this is thought to be due to metal oxides pos-
sessing a function for repairing oxygen vacancy resulting
from hydrogen damage based on oxidation-reduction reac-
tions. The authors then conducted repeated drives by shift-
ing the orientation of the electric potential of the failed pi-
ezoelectric actuator to verify the effects of the repair based
on the oxide electrode. Figure 13 shows the combination of

Table 1l Failure ratio after running test under high-temp (38°C) and high-humid (80%). Standard electrode potential:

Au> Ir0, > Nb0, > $n,0,.

High potential
Av Ir0, NbO, Sn0,
Ground A 10% 7% 36% 5%
Ir0, 3% - 0%
Sn,0, 0% - 10%
J. Imaging Sci. Technol. 050305-5 Sep.-Oct. 2009
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Figure 15. New electrode material over piezoelectric element.

electrodes that were used in the experiment. Figure 14 indi-
cates that in many of the failed piezoelectric actuators, the
capacitance becomes closer to the initial value before the
failure. In other words, it is demonstrated that the piezoelec-
tric element that received hydrogen damage is repaired by
the Sn,O, electrode on the GND side.

Based on the above observations, it was inferred that by
taking the standard electrode potential of the electrode into
consideration, it becomes possible to control hydrogen dam-
age and to realize a longer operating life.

Results of Run Test

Based on the results from the previous section, the electrode
materials were selected as shown in Figure 15. Since the IrO,
that was used in the verification experiment was an expen-
sive material, silver palladium (AgPd), which is relatively in-
expensive and has a high standard electric potential, was
selected. For the GND side Sn,O,, which is a conductive
oxide with a low standard electrode potential, was selected.
With this electrode configuration, a continuous drive test
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Figure 16. Result of confinuous drive test under high temperature (38°C)
and high humidity (80%) used new electrode material.

was implemented in a high temperature (38°C) and high
humidity (80%) environment.

Figure 16 shows that there was a significant improve-
ment in failures; whereas failures occurred at a level of ap-
proximately 1 billion pulses with the previous electrode con-
figuration, failures did not occur even with a drive of 30
billion pulses, with the improved electrode configuration
that was selected as a result of this research.

In this research, it was not possible to observe directly
the state of deterioration of the piezoelectric element result-
ing from hydrogen damage. Although the authors were able
to establish measures for improving the failures, whether or
not hydrogen damage is really the cause is a matter for
speculation.

SUMMARY

(I) An FWA ink jet head unit with a print resolution
600 X 1200 dpi operating at printing speed of up to
90 pages per minute (ppm) that has 7680 nozzles
for each color was created. Variation in characteris-
tics inside the ink jet head unit was favorable, com-
prising only £15 um (30) for discharge position
accuracy, with an average color difference (AE) of
1.2

(2) Printing of 600 X 1200 dpi and 90 ppm was con-
firmed with the use of this ink jet head unit.

(3) By changing the electrode configuration of piezo-
electric element to AgPd//SnxOy, a longer operat-
ing life for piezoelectric actuators (no failures with
30 billion dots) in a high temperature and high
humidity environment was achieved.

In this article, a method was explained for improving
failures as a long-term reliable technology, but a separate
examination of a method for tolerating failures is ongoing."”
In the future, we anticipate that ink jet technology will be-
come widespread in the printing market through the devel-
opment of an ink jet system that combines these technolo-
gies, achieving further high reliability in maintaining image
quality.
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