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bstract

Triethanolamine (TEA) has been evaluated as an additive to a commercial electrolyte to enhance the properties of aluminum electrolytic
apacitors. The results showed 1–3 wt.% TEA additive can prevent the pH and conductivity of the electrolytes from decreasing for 5000 h at 60 ◦C.
he anodic restoration ability of an anode aluminum film in the electrolyte with TEA additive showed more efficient than the electrolyte without
EA additive. Low temperature electric characteristics of capacitors showed that TEA additive can prevent the electrolyte inside capacitors from
reezing and losing electric characteristics even at −40 ◦C. Load life test of capacitors impregnated with electrolytes with or without TEA additive
howed remarkable differences. The TEA additive promoted 105 ◦C load life time from 3019 h up to 5624 h and form 2144 h up to 3621 h for
25 ◦C load life time test.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Various applications of aluminum electrolytic capacitors
nclude home appliances, computer motherboards and peripher-
ls, power supplies, industrial electronics, communication prod-
cts and automobiles [1,2]. The capacitors are mainly used to
rovide filtering, bypassing, rectifying, coupling, blocking, flash
ight or transforming functions, which play an important role in
he electric and electronic products [3].

A typical aluminum electrolytic capacitor includes an anode
oil and a cathode foil processed by surface-enlargement and/or
ormation treatments. The surface-enlargement treatment is per-
ormed by etching a high purity aluminum foil to increase its
urface area so that a miniaturized electrolytic capacitor with

igh capacitance can be obtained. The anode aluminum foil is
hen subjected to form a dielectric surface film (Al2O3). The
hickness of a dielectric film is related to the working volt-
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ge of the aluminum electrolytic capacitor. After cutting to a
pecific size according to the design specification, a laminate
ade up of an anode foil, a cathode foil which is opposed

o the dielectric film of the anode foil and possesses etched
urfaces, and a separator interposed between the anode and
athode foils, is wound to provide an element. The wound
lement does not have any electrical characteristics of elec-
rolytic capacitor yet until completely dipped in an electrolyte
or driving and housed in a metallic sheathed package in cylin-
rical form with a closed-end equipping a releaser. Further-
ore, a sealing material made of elastic rubber is inserted

nto an open-end section of the sheathed package, and the
pen-end section of the sheathed package is sealed by draw-
ng, whereby an aluminum electrolytic capacitor is constituted
4].

In fact, the electrolytic capacitor utilizes the mobility of ions
n the electrolyte to obtain electric characteristics; therefore, the
onductivity of the electrolyte is an important factor for decid-

ng the performance of an electrolytic capacitor. Such that, it
s an important issue for how to promote the conductivity of
n electrolyte to maintain the electrolytic capacitor with high-
emperature stability between the electrolyte and the materials
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sed in the capacitors, especially the stability of the electrolyte
nd the aluminum foils [5].

The capacitor is always required to have a low equivalent
eries resistance (ESR) in applications in order to sufficiently
how the high performance. Recent studies [6–8] on electrolyte
ocus on high conductivity, higher stability under operation con-
itions, and higher reliability for capacitor using the electrolyte.
ne of the easy way to promote its conductivity is to increase

ts water-content in the EG/water solvent ratio. However, the
isadvantages of high water-content electrolyte are as follows:
1) it possesses lower boiling point and higher saturated vapor
ressure, which causes damage on the capacitor structure. (2)
ater may react with the aluminum oxide to form hydroxide

nd hydrogen at high temperature, so that the dielectric film
ay be destroyed and cause rapid decay on voltage endurance

nd ascent on leakage current. (3) The low temperature electric
haracteristics of the electrolyte may be not good due to the high
ater content [9].
The pH of the electrolyte in the aluminum electrolytic capac-

tor should be prevented from decreasing, in order to obtain an
luminum electrolytic capacitor with high reliability. Nakada et
l. [10] used a solid compound comprising a metal for keeping
he pH of the electrolyte constant. Szaraz et al. [11] proposed
hat the acid forms esters with ethylene glycol EG at low pH and
igh temperature. The high vapor pressure of esters and water
ncreases high internal pressure in the capacitor and results in
ailure of the capacitors [12,13]

One approach to solve the disadvantages of high water-
ontent electrolyte is to prevent the pH from decreasing during
sing by subjoining an additive with a high boiling point, stable
ith capacitor element, basic, and soluble in electrolyte.
The physical properties of triethanolamine are as follows:

olecular weight 149.2, melting point 21.6 ◦C, boiling point
35.4 ◦C, pH 10.5. It is soluble in EG/water based electrolyte
nd can promote the boiling point of the electrolyte. Therefore,
riethanolamine is a good candidate for being the additive. In
his paper, we subjoin triethanolamine in a commercial high
ater-content electrolyte to evaluate its performance.

. Experimental

.1. Electrolyte test

The origin electrolyte (A0) was supplied by Habor Electron-
cs Co. (Taiwan) containing mainly ethylene glycol EG, water,
mmonium adipate, citric acid, ammonium formate, ammo-
ium phosphate and a small amount of p-nitrobenzoic acid.
he water content of A0 is around 50 wt.%, triethanolamine

TEA, Mallinckrodt, 99 wt.% CAS:102-71-6) was added to the
rigin electrolyte with a weight percent of 1% (A1) and 3%
A3). TEA was well stirred in a beaker at 60 ◦C for 1 h and
as dissolved completely. The pHs and conductivities of the

olutions were measured at 25 ± 3 ◦C and also monitored at a

pecific period of time at 60 ◦C. The conductivities and pHs of
hese samples were measured with a conductivity meter (WTW
ond 330i/SET, Germany) and a pH meter (WTW pH 330i/SET,
ermany).

t
v
a
s

Fig. 1. Voltage–time curve measurement circuit.

The anodic formation of the aluminum oxide film (580 for-
ation voltage, Foiltec, Taiwan) was tested in these samples

sing an SUS 304 1000 mL beaker as the counter electrode at
5 ± 3 ◦C. The aluminum oxide film specimen was cut into a
pecimen as indicated in Fig. 1 and immersed 50 mm × 10 mm
rea beneath the electrolyte. A constant current density of
.2 mA cm−2 was applied and the voltage–time curve was
ecorded [14].

.2. Low temperature test of capacitor

Capacitors with 6.3 V, 1000 �F, 8 mm × 20 mm (diame-
er × height) were used as the examples in this study. The
lements were kindly provided by Habor electronics Co.,
aiwan. The capacitor element included: (1) the anode alu-
inum foil, model LA80A1, capacitance 65 �F cm−2, 11.5 AV,

19 mm × 14 mm (length × width), thickness 80 �m produced
y Liton company, Taiwan; (2) the cathode aluminum foil,
odel FT520, capacitance 200 �F cm−2, 134 mm × 14 mm

length × width), thickness 50 �m produced by Foiltec com-
any, Taiwan; (3) the separator, model RTZ30-40, thickness
0 �m, 288 mm × 16 mm (length × width) produced by NKK
ompany, Japan; (4) lead type 15120 (KLF Co., Taiwan).

The comparison of low temperature electrical characteristics
ere carried out by showing the ratio of capacitance (C), the

atio of dissipation factor (tan δ), and the ratio of impedance (Z)
t 120 Hz and 100 kHz at different temperatures.

The capacitance and tan δ, leakage current (LC) and ESR of
he capacitors were measured at 25 ± 3 ◦C by an LCR meter
Zentech 100 LCR meter, Taiwan) at a frequency of 120 Hz, a
eakage current tester (Zentech CLC 201, Taiwan) and a com-
onent analyzer (Zentech 3305 automatic component analyzer,
aiwan) at a frequency of 100 kHz [15].

.3. Capacitor load and shelf life test

According to Japanese industrial standard (JIS) method [15],
load life test was performed to measure the electrical char-

cteristics of the aluminum electrolytic capacitor at a specific

emperature, such as 105 and 125 ◦C, with applying a working
oltage from a dc power supplier (IDRC CHP Q500A, Taiwan)
nd measured the electrical characteristics at 25 ± 3 ◦C every
pecific time period.
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Table 1
Conductivities and pHs of electrolytes

Entry TEA (wt.%) pHa Conductivity (mS cm−1)a

A0 0 5.9 91.7
A1 1.0 6.0 90.5
A

3
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3 3.0 6.3 85.4

a pH and conductivities were measured at 25 ± 3 ◦C.

. Results and discussion

.1. Electrolyte test

The pHs and conductivities of the solution were measured at
5 ± 3 ◦C and listed in Table 1. As the TEA content increased
rom 0 to 3 wt.%, the conductivities slightly decreased from 91.7
o 85.7 mS cm−1 due to the much lower dissociation constant
1.73 × 10−8) comparing to other components (about 10−4) in
he electrolyte formula and higher viscosity of TEA. The basicity
f TEA made the pHs of the solution increasing from 5.9 to 6.3.

The anodic oxidation behavior of an anode aluminum
lm was tested by A0, A1, A3 electrolytes. Fig. 2 shows

he voltage–time curve with a constant current density of
.2 mA cm−2 applied. The voltage increased with time because
f the growth of an insulation oxidation layer on the cutting
urface of the anode foil film. While the oxidation layer and
he electrolyte cannot withstand the voltage rising in the elec-
ric field, sparking spots occurred on the film surface and broke
own voltage rising. From Fig. 2, we can find that electrolyte A3
estoration rate is more efficient than electrolyte A1 and A0. The
nal sparking voltage of these three electrolytes shows no obvi-
us differences. The results indicate that TEA is a constructive
ompound for restoration, but the real reason is not understood
et. The basicity of TEA avoids the pH decreasing, which retards
he formation of esters [11].
The pHs and conductivities of the electrolytes changing with
ime were performed at 60 ◦C to test the stability of the elec-
rolytes and are illustrated in Figs. 3 and 4. From Fig. 3, the
Hs with TEA additive changed from 6.00 to 6.10 for A1 and

ig. 2. Voltage–time curve in (a) electrolyte A0, (b) electrolyte A1, and (c)
lectrolyte A3.

3

a

Fig. 3. The pH changes with time of the electrolytes.

rom 6.30 to 6.31 for A3, respectively, while A0, without TEA
dditive, changed seriously from 5.90 to 5.21. The more TEA
ontent, the pH is higher and more stable. It indicates that
EA has the function to inhibit changing on pH. From Fig. 4,

he conductivities with TEA additive changed from 90.5 and
5.4 mS cm−1 to 84.3 and 83.2 mS cm−1 for A1 and A3, respec-
ively, while A0, without TEA additive, changed violently from
1.7 to 45.8 mS cm−1. The more TEA content, the decay of
onductivity is less. This result suggests that TEA is a good
ompound to keep conductivity from decreasing. However, the
igher TEA content has lower conductivity at the beginning.
zaraz et al. [11] have reported that esters formed and adsorbed
n the aluminum oxide surface at low pH and high temperature.
he conductivity of A0 decreased more rapidly than A1 and
3 because of the low ionizing ability of the esters. The results

howed that TEA additive can keep pH and conductivity almost
onstant for 5000 h.
.2. Low temperature test of capacitor

The results of low temperature test of the electrical char-
cteristics are summarized in Table 2. The capacitance ratios

Fig. 4. The conductivity changes with time of the electrolytes.
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Table 2
Low temperature properties of the capacitors impregnated with the electrolytes

Temperature (◦C) A0 A1 A3

−20/25

Z, 120 Hz 1.06 1.09 1.06
Z, 100 kHz 1.02 1.02 1.03
C, 120 Hz (%) 94.1 91.5 91.4
tan δ, 120 Hz 1.23 1.15 1.11

−30/25

Z, 120 Hz 1.16 1.18 1.10
Z, 100 kHz 3.37 3.14 2.73
C, 120 Hz (%) 82.4 81.9 86.6
tan δ, 120 Hz 7.76 4.66 2.79

−40/25

Z, 120 Hz 5.50 3.33 2.67
Z, 100 kHz 29.31 20.53 18.96
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Fig. 5. Load life test at 105 ◦C of capacitors: (a) ESR, (b) capacitance reduction,
(c) dissipation factor, tan δ, and (d) leakage current. The load life time for the
capacitors was 3019 h for A0 electrolyte, 5105 h for A1 electrolyte and 5624 h
f

1

2

f
(

C, 120 Hz (%) 6.7 15.7 21.6
tan δ, 120 Hz 61.74 30.48 28.60

relative to 25 ◦C) for capacitors impregnated with A0 measured
t −20, −30 and −40 ◦C were 94.1%, 82.4% and 6.7%, respec-
ively, while the capacitance ratios for capacitors impregnated
ith A1 and A3 were 91.5%, 91.4% at −20 ◦C, 81.9%, 86.6% at
30 ◦C, and 15.7%, 21.6% at −40 ◦C. Lower ratio of impedance
and tan δ, and higher ratio of capacitance at low temperature
ean a capacitor has better electrical characteristics. The elec-

rolyte containing higher TEA content had the lower impedance
atio and tan δ, and higher ratio of capacitance. The capacitors
mpregnated with electrolytes containing TEA exhibited better
lectrical characteristics. These results show that TEA additive
an effectively prevent the electrolytes inside the capacitors from
osing electrical characteristics at low temperature. It maybe
esults from the extra addition of TEA, which lower the freezing
oint of electrolyte.

.3. Capacitor load and shelf life test

The initial electrical characteristics of the capacitors
easured from 10 samples average using A0, A1, A3 as

mpregnated electrolytes were listed in Table 3. The initial
apacitance shows a positive TEA content dependence, but
issipation factor shows a negative TEA content dependence.
he results indicate that electrolytes containing TEA can alter
ore effective surface area on the aluminum foil. The initial
SR for the capacitors impregnated with A0, A1 and A3 are
.012, 0.013 and 0.013 � respectively due to the differences in

onductivities.

The failure modes of capacitors are defined in the following
wo conditions [16]:

able 3
he initial electrical characteristics of capacitors impregnated with the
lectrolytes

haracteristics A0 A1 A3

, 120 Hz (�F) 896.8 919.1 927.0
an δ, 120 Hz (%) 4.97 4.21 4.03
C (�A) 2.0 2.4 2.2
SR, 100 kHz (�) 0.012 0.013 0.013

ll values were measured at 25 ± 3 ◦C.
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or A3 electrolyte.

. Catastrophic failure. When a capacitor completely lost its
function due to a short or open circuit.

. Degradation failure. The gradual deterioration of electrical
characteristics of a capacitor.

The judging criteria for degradation failure are defined as
ollows: (1) capacitance drops 25% from its initial capacitance,
2) tan δ increases over 30%, (3) pressure relief vent operation.
n this study, if one of these three criteria happened, the capacitor
as treated as failure.
The high temperature life results are illustrated in

igs. 5 and 6. According to these criteria, the 105 ◦C load
ife was 3019 h for electrolyte A0, while it expands to 5170
nd 5624 h for electrolyte A1 and electrolyte A3, respectively.
oreover, the 125 ◦C load life enlarges to 3621 h for elec-

rolyte A3 from 2144 h for electrolyte A0. All failed capacitors
ere due to the catastrophic failure. The capacitors life time

ere related to the TEA contents of the electrolytes, which
ept the pHs and conductivities almost constant during the
apacitor’s serving life. This indicates the capacitors impreg-
ated with TEA additive electrolyte have longer serving life
erformance.
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Fig. 6. Load life test at 125 ◦C of capacitors: (a) ESR, (b) capacitance reduction,
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c) dissipation factor, tan δ, and (d) leakage current. The load life time for the
apacitors was 2144 h for A0 electrolyte, 3126 h for A1 electrolyte and 3621 h
or A3 electrolyte.

. Conclusion

A new electrolyte system adding TEA as an additive has been
roposed for aluminum electrolytic capacitors. Experimental

esults obtained in the present work are summarized as follows:

. The TEA additive in a commercial high water-content elec-
trolyte will raise the pH and lower the conductivity a bit. It can

[
[
[
[
[

er Sources 162 (2006) 1455–1459 1459

keep pHs and conductivities of capacitors from dramatically
decreasing with time.

. The capacitors impregnated with electrolytes containing
TEA will exhibit better low temperature electrical charac-
teristics. TEA can effectively prevent the electrolytes inside
the capacitors from freezing and losing electrical character-
istics.

. The TEA additive electrolyte makes the anodic restoration
ability behavior more efficient.

. The electrolyte containing TEA can maintain the pHs and
conductivities almost constant for long serving life.

. The 1–3% TEA additive to a commercial high water-content
electrolyte can enhance the service life without failure.
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