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(57) ABSTRACT 

Processes and systems for formation of high voltage, anodic 
oxide on a valve metal anode. The processes generally 
includes immersing a valve metal anode in an electrolyte 
forming bath comprised of a formation electrolyte, perform 
ing an anodiZation step; and maintaining or regulating the 
temperature of the formation electrolyte accurately at a 
temperature at or below 400 C. during the anodiZation step. 
The anodiZation ?rstly under constant current until a target 
potential is reached and secondly under constant potential at 
the target potential until the current falls beloW a predeter 
mined termination current level. The systems generally 
include a tank con?gured to receive one or more anodes in 
an electrolyte forming bath comprised of a formation elec 
trolyte; and a subsystem for cooling and maintaining the 
formation electrolyte at the desire processing temperature. 
The systems may further include electronic controls for 
monitoring and adjusting system or process parameters. 
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IMMERSING AN ANODE IN ELECTROLYTE 
FORMING BATH COMPRISING --IOL 
FORMATION ELECTROLYTE 

PERFORMING AN ANODIZATION STEP 

MAINTAINING TEMPERATURE OF . 

FORMATION ELECTROLYTE IN FORMING ‘ q , 
BATH ACGURATELY AT OR BELOW 40 I ‘ 
DEG-C DURING ANODIZATION STEP 
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FIG. 2 

IMMERSING AN ANODE IN ELECTROLYTE 
FORMING BATH COMPRISING 4, 1,02 
FORMATION ELECTROLYTE 

PERFORMING ANODIZATION STEP 
UNDER CONSTANT CURRENT UNTIL 
TARGET POTENTIAL IS REACHED AND F1 
THEN AT TARGET POTENTIAL UNTIL zu‘f 
THE URRENT FALLS BELOW A 
PRED ERMINED TERMINATION CURRENT 
LEVEL 

MAINTAINING TEMPERATURE OF 
FORMATION ELECTROLYTE IN FORMING o L 
BATH ACCURATELY AT OR BELOW 4O 4/ 2 
DEG G DURING ANODIZATION STEP 
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FIG. 3 300‘) 
IMMERSING AN ANODE IN ELECTROLYTE 
FORMING BATH COMPRISING L 

- FORMATION ELECTROLYTE 4/ 3 0 

PERFORMING ANODIZATION STEP 
UNDER CONSTANT CURRENT UNTIL 
TARGET POTENTIAL IS REAGHEO AND ‘,8 g of 
THEN AT TARGET POTENTIAL UNTIL 
THE URRENT FALLS BELOW A 
PRE ERMINED TERMINATION GURRENT 

LEVELI 

GIRGULATING A FLOW OF FORMATION 
ELECTROLYTE FROM THE FORMING 
BATH THROUGH A HEAT ExGHANGER 
TO PROVIDE A COOLED FLOW OF 4/ 30,6 
ELECTROLYTE 

MAINTAINING TEMPERATURE OF 
FORMATION ELECTROLYTE IN FORMING 9 
BATH ACCURATELY AT OR BELOW 40 ‘w 3 o 
DEG C DURING ANODIZATION STEP 
WITH INTRODUCTION OF COOLED FLOW 
INTO THE FORMING BATH 
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FIG. 4 ‘ 61602 
PROVIDING ELECTROLYTE FORMING TANK 
CONTAINING ELECTROLYTE FORMING BATH 4 , 
COMPRISING FORMATION ELECTROLYTE 

PROVIDING AN ELECTROLYTE A. \l 01 
CIRCULATION SUBSYSTEM 

IMMERSING ONE OR MORE ANODES IN 
FORMATION ELECTROLYTE 4/, 

CIRCULATINC FORMATION ELECTROLYTE 
FROM THE FORMINC BATH THROUCH 
THE CIRCULATION SUBSYSTEM TO ‘4/ 4 o g 
PROVIDE A COOLED FLOW OF 
FORMATION ELECTROLYTE. 

APPLYING AN ELECTRICAL POTENTIAL 
TO THE ONE OR MORE ANOD'E'S 

REGULATING FLOW RATE AND A’ TEMPERATURE OF THE COOLED FLOW 

OF ELECTROLYTE TO ACCURATELY 
MAINTAIN ELECTROLYTE TEMPERATURE 
IN FORMING BATH AT OR BELOW 4O 
DEG C 



Patent Application Publication May 4, 2006 Sheet 5 0f 8 US 2006/0091020 A1 

:z: \ 
zoET.v . WmQEME , .. \ , @5556 

GM: . 

M6 

. V25 0258 

(A 

I 

1K3 



Patent Application Publication May 4, 2006 Sheet 6 0f 8 US 2006/0091020 A1 

7 is 

N . 

A '26 

‘21 

- 24 

25W 20’ 



US 2006/0091020 A1 

‘.IIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-IIIIIIIIIIIIIIIIIII 
4/ E250 

4/ 5288 
N‘ .05 

Patent Application Publication May 4, 2006 Sheet 7 0f 8 



Patent Application Publication May 4, 2006 Sheet 8 0f 8 US 2006/0091020 A1 

_-----—1 
I 

‘.-_-......_ 

I 
I E250 

52.93. 
m .UE 



US 2006/0091020 A1 

PROCESSES AND SYSTEMS FOR FORMATION OF 
HIGH VOLTAGE, ANODIC OXIDE ON A VALVE 

METAL ANODE 

FIELD OF THE INVENTION 

[0001] This invention relates to processes and systems for 
forming high voltage, anodized valve metal anodes for use 
in Wet electrolytic capacitors. This type of anode is suitable 
for use in high voltage capacitors particularly for use in 
implantable medical devices (IMDs). 

BACKGROUND OF THE INVENTION 

[0002] The term “valve metal” stands for a group of 
metals including aluminum, tantalum, niobium, titanium, 
Zirconium, etc., all of Which form adherent, electrically 
insulating, metal-oxide ?lms upon anodic polariZation in 
electrically conductive solution, e. g., formation electrolytes. 

[0003] Wet electrolytic capacitors generally consist of an 
anode, a cathode, a barrier or separator layer for separating 
the anode and cathode and an electrolyte. In tubular elec 
trolytic capacitors, anodes are typically composed of Wound 
anodiZed aluminum foil in Which subsequent Windings are 
separated by at least one separator layer. The anodes in ?at 
electrolytic capacitors may consist of stacked sheets of 
anodiZed aluminum or of tantalum sintered structures sepa 
rated from the cathode by at least one separator layer as 
described further beloW. Such electrolytic capacitors ?nd 
Wide application in industry including in implantable medi 
cal devices (IMDs), such as external and implantable 
de?brillation apparatuses. 

[0004] As described in commonly assigned US. Pat. No. 
6,006,133, a Wide variety of IMDs are knoWn in the art. Of 
particular interest are implantable cardioverter-de?brillators 
(ICDs) that deliver relatively high-energy cardioversion 
and/or de?brillation therapy to a patient’s heart When a 
potentially lethal tachyarrhythmia (e.g., ventricular ?brilla 
tion, ventricular tachycardia, atrial tachycardia, atrial ?bril 
lation) is detected. Prior to delivering high voltage therapy 
one or more high voltage capacitors are rapidly charged to 
a high voltage depending on the type of desired therapy 
delivery (e.g., ventricular de?brillation, atrial cardioversion, 
etc.) and the type of device (e.g., external or internal). In 
practice, typically a relatively loW voltage battery opera 
tively couples to a step-up (e.g., a ?y-back type) transformer, 
and the capacitor(s) are discharged across a subject’s myo 
cardium. The therapy delivered can include customiZed 
Waveforms (e.g., bi-phasic polarity, sharp- or ramp-type 
leading edge, exponential decay, and the like) and is appro 
priately timed for a patient’s then-present heart rhythm. 
Current ICDs also typically possess single or dual chamber 
pacing capabilities for treating speci?ed chronic or episodic 
atrial and/or ventricular bradycardia and tachycardia and 
Were referred to previously as pacemaker/cardioverter/ 
de?brillators (PCDs). Earlier automatic implantable 
de?brillators (AIDs) did not have cardioversion or pacing 
capabilities. For purposes of the present invention, ICDs are 
understood to encompass all such IMDs as Well as external 
devices knoWn as automatic external de?brillators (AEDs) 
having at least high voltage cardioversion and/or de?brilla 
tion capabilities. 

[0005] Energy, volume, thickness and mass are critical 
features in the design of ICD implantable pulse generators 
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(IPGs) that are coupled to the ICD leads. Given the rising 
popularity, ef?cacy, declining prices and recent over-the 
counter status of certain AEDs, such devices are almost 
certainly becoming small and more portable. Both ICDs and 
AEDs have historically utiliZed relatively bulky and expen 
sive battery and high voltage capacitor units to provide the 
energy required for the therapies they provide. Presently, 
ICDs typically have a volume of about 40 to about 60 cc, a 
thickness of about 13 mm to about 16 mm and a mass of 

approximately 100 grams. 

[0006] It is bene?cial to patient comfort and minimizes 
complications due to erosion of tissue around the ICD to 
reduce the volume, thickness and mass of such capacitors 
and ICDs Without reducing deliverable energy. Reductions 
in siZe of the capacitors may also alloW for the balanced 
addition of volume to the battery, thereby increasing lon 
gevity of the ICD, or balanced addition of neW components, 
thereby adding functionality and additional features to the 
ICD. It is also desirable to provide such ICDs at loW cost 
While retaining the highest level of performance. At the same 
time, reliability of the high-voltage capacitors cannot be 
compromised. Aluminum and tantalum based electrolytic 
capacitors have usually been employed as high-voltage ICD 
capacitors. An aluminum electrolytic capacitor that is incor 
porated into an ICD is disclosed in commonly assigned, 
co-pending US. patent application Ser. No. 09/607,830 ?led 
Jun. 30, 2000, for IMPLANTABLE MEDICAL DEVICE 
HAVING FLAT ELECTROLYTIC CAPACITOR 
FORMED WITH PARTIALLY THROUGH-ETCHED 
AND THROUGH-HOLE PUNCTURED ANODE SHEETS 
?led in the names of Yan et al. 

[0007] The performance of electrolytic capacitors is 
dependent upon several factors, e.g., the effective surface 
area of the anodes and cathodes that can be contacted by 
electrolyte, the dielectric constant of the oxide formed on the 
metal surface, the thickness of the oxide layer on top of the 
metal surface, the conductivity of the electrolyte, etc. In all 
electrolytic capacitors, the thickness of the anodic oxide 
layer is approximately proportional to the potential applied 
to the anode during the formation of the anode, i.e., at the 
time When the anode is immersed into the formation elec 
trolyte. For aluminum, the oxide groWs approximately by 
1.2 nm per Volt; for tantalum this “rate” is someWhat higher, 
approximately 1.7 nm per Volt. 

[0008] Niobium and tantalum anodes are typically made in 
the form of a pressed poWder pellet or “slug” When used in 
an electrolytic capacitor. The density of the anode slugs is 
typically signi?cantly less than the density of the metals 
themselves, i.e., up to Z/3 of the volume of a given slug may 
be open or pore space. The ?nal density of the anode slug is 
largely determined at the time of pressing, When a knoWn 
amount of poWder is pressed into a knoWn volume. For the 
proper formation of the anode slug it is critical to achieve a 
fairly homogeneous distribution of pores throughout the 
anode slug since the forming electrolyte needs to Wet even 
the most “remote” cavities or interstices in the karst-like 
internal structure of the anode. This is speci?cally important 
for comparatively large anodes With volumes of the order 1 
cm3 or above. 

[0009] Furthermore, it is critical that electrolyte may ?oW 
fairly readily through the structure because a signi?cant 
amount of electrical poWer may be dissipated as heat during 
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the formation process. During formation of oxide layers on 
the surface and interstices of a valve metal anode, local 
potential differences of several hundred volts together With 
local current densities of several tens of milliamperes may 
be encountered (i.e., 20 to 30 Watts may be dissipated as 
heat). If not regulated in some Way, the dissipated heat can 
affect the quality and performance of the anodes, as is 
discussed further herein. 

[0010] Various methods are used to achieve a homoge 
neous distribution of pores throughout the anode, as is Well 
knoWn to those skilled in the art. Traditional methods of 
forming the oxide layers are described in the prior art, e.g., 
in US. Pat. Nos. 6,231,993, 5,837,121, 6,267,861 and in the 
patents and articles referenced therein. An example of an 
improved method for forming advance valve metal anodes 
that may be incorporated-into IMDs is disclosed in com 
monly assigned, co-pending US. patent application Ser. No. 
10/692,649 ?led Oct. 23, 2003, for ADVANCED VALVE 
METAL ANODE WITH COMPLEX INTERIOR AND 
SURFACE FEATURES AND METHODS FOR PROCESS 
ING SAME, the entire contents of Which is incorporated 
herein by reference. Typically, a poWer source capable of 
delivering a constant current and/or a constant potential is 
connected to the anode slug that is immersed in the elec 
trolyte. The potential is then ramped up to a desired ?nal 
potential While a constant current ?oWs through the anode 
electrolyte system. 

[0011] Regardless of the process by Which the valve metal 
poWder Was processed, pressed and sintered, valve metal 
poWder structures (e.g., tantalum, niobium, and the like) are 
typically anodiZed by the controlled application of formation 
potential and electrical current While the anode is immersed 
in a ?uidic formation electrolyte. A typical formation elec 
trolyte consists of ethylene glycol or polyethylene glycol, 
de-ioniZed Water and H3PO4 and has a conductivity any 
Where betWeen 50 uS/cm (read: micro-Siemens per cm) to 
about 20,000 uS/cm at 40° C. 

[0012] Conventional practice has been to form the anodi 
cally polariZed valve metal to a target formation potential 
With a constant electrical current ?oWing through the anode 
electrolyte system. Typically, stainless steel cathodes are 
used With the glycol-containing electrolytes. The magnitude 
of the current depends on the electrolyte, the valve metal 
poWder type and the siZe of the valve metal structure. Most 
of the electric current ?oWing through the anode-electrolyte 
system is used in the process of the anodic oxidation for the 
electrolysis of Water as outlined beloW: 

[0013] Therefore, the current setting directly in?uences 
the speed of the anodiZation reaction: using Faraday’s laWs, 
it can be readily shoWn that very loW formation currentsi 
for sintered Ta samples, loW currents Would mean currents 
of the order of 0.1 uA/uC or approximately 1 uA/cmziwill 
require long formation times Well in excess of 1 Week for 
anode siZes and target formation potentials relevant for ICD 
capacitors. Adjusting these parameters according to conven 
tional practice is Within the knowledge of those skilled in the 
art. An anode is said to be fully formed When the dielectric 
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layer (e.g., tantalum pentoxide covering a tantalum anode) 
has reached a certain thickness and structure Which enables 
the anode to hold the electrical charge at the desired oper 
ating potential for an appropriate time duration and Without 
an excessive amount of charge leaking out. The amount of 
charge leaking out per time unit is called the leakage current 
of the capacitor. A typical formation process may take 
anyWhere betWeen 1 and 250 h, depending upon such factors 
as the siZe and porosity of the anode structure and the 
electrolyte viscosity, temperature and conductivity. 

[0014] The above-referenced ’121 patent discloses use of 
particular electrolytes and applied potentials and currents 
that depart from the normal practice of applying a constant 
potential and current as described in the above-referenced 
’993 patent. The electrolyte in the ’121 patent comprises 
glycerine solutions of dibasic potassium phosphate Which 
have been heated to 180° C. for 1-2 hours, or to 150° C. 
overnight. It is reported that such thermally treated electro 
lytes behave far differently When employed as anodiZing 
electrolytes at 150° C. or above compared to electrolytes that 
are not thermally treated. It is alleged that the thermally 
treated electrolytic solutions provide anodic ?lms on tanta 
lum and other valve metals Which are not limited in thick 
ness according to the anodiZing voltage, but instead continue 
to groW thicker so long as anodiZing potential is applied. 

[0015] The ’121 patent asserts that relatively uniform 
thick ?lms can be produced Within the interstices and on the 
surface of sintered tantalum poWder capacitor anodes if the 
potential applied to the anode bodies is applied as pulsed 
direct current (DC). The positive bias pulse is continued for 
approximately 0.3 seconds or less With an unbiased or 
open-circuit period of at least 0.3 seconds betWeen pulses. It 
is also suggested that alternating current (AC), half-Wave 
AC, saW-tooth Waveforms, etc., can also be used in place of 
pulsed DC to obtain uniform anodic ?lms in these electro 
lytes. HoWever, no other details are provided. Clearly, the 
goal of applying pulsed potentials in the ’121 patent is to 
support the groWth of oxide the thickness of Which is not 
limited by the formation potential. 

[0016] The above-referenced ’993 patent reports that there 
are problems With conventional valve metal anodiZation 
processing due to heating of the electrolyte inside the 
interstitial pores of the porous tantalum pellet during the 
anodiZation process. The heating of the electrolyte is due to 
the thermal dissipation of electrical poWer Within the anode 
the structure. The dissipation of poWer may be non-isotro 
pic, that is, certain local regions or areas Within in the anode 
may become very hot While others remain comparatively 
cool. In the hot areas of the karst-like structure, Which may 
be likened to an assembly of steam vessels, the electrolyte 
may decompose and/or the sinter-structure may crack 
because of the increased internal pressure. As a conse 
quence, instabilities may be introduced into the system, 
Which adversely affect the performance of the capacitor. 
Such instabilities are, of course, unacceptable. Therefore, 
thermal management of the anode system during anodiZa 
tion becomes critical in order to anodiZe large sintered 
anodes of volumes 1 cm3 and above. 

[0017] The ’993 patent suggests periodically replacing 
heated electrolyte inside the anodiZed structure With fresh 
electrolyte from the anodiZation electrolyte bath by means of 
diffusion during periods of time When the applied formation 
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potential is turned off. In other Words, the formation poten 
tial is periodically dropped to Zero for a time long enough to 
alloW the electrolyte inside the pellet to cool and diffuse. 
Therefore, hot, condensed electrolyte, Which, upon pro 
longed heating Would likely be reduced to solid residuals, 
may be replaced by fresh electrolyte from the anodiZation 
bath during the time period in Which the formation potential 
is turned off. 

[0018] In addition, the current is reduced in a stepWise 
fashion in conjunction With raising the formation potential, 
according to the authors of patent ’993. In one of the 
examples listed in patent ’993, the current I1 is initially set 
in a range of about 80 mA for an eight gram anode. The 
current I 1 is maintained until a formation potential Vl=75 V 
is reached. Following this step, the formation potential is 
turned off for three hours to alloW for cooling and electrolyte 
replenishment inside the anode pellet. The potential is then 
raised in steps, the siZe of Which decreases With increasing 
potential While, at the same time, the current, that is alloWed 
to How through the system, is decreased. In the potential 
regime just beloW the target formation potential (e. g., about 
231 Volts), the current setting in the above referenced 
example is just 31 mA, or approximately 1/3 of the initial 
current setting. In another example, the rest intervals are on 
the order of one hour, and the formation potential steps are 
applied for one to three hours. This method clearly can 
become very time consuming, as can be readily estimated 
using Faraday’s laWs. In addition, the application of the 
method suggested in ’993 results in prolonged periods of 
anodiZation time during Which loW currents are used 
together With high potentials, speci?cally in the potential 
regime just beloW the target formation potential. 

[0019] According to models from L. L. Odynets (Soviet 
Electrochemistry 23(12) pp 1591-1594 (1987)), these con 
ditions are favorable for the occurrence of ?eld crystalliZa 
tion: during ?eld crystallization, crystalline tantalum pen 
toxide groWs at the metal-oxide interface, i.e., beneath the 
amorphous oxide that groWs preferably under high current 
formation conditions. In the long term, the groWth of crys 
talline oxide seeds beneath the previously groWn amorphous 
layer may lead to the destruction of the anode. In the short 
term, crystalline groWth may result in unfavorably high 
leakage currents. Therefore, high potential, loW current, 
formation conditions should be avoided or kept as short as 
possible. 

[0020] The authors of the ’993 patent do not mention 
another important component of the anodiZation process, 
namely the agitation of the electrolyte. Yet agitation can 
advantageously maintain an approximately isotropic tem 
perature pro?le throughout the anode during anodiZation. 
Typically, stirring impellers (e.g., rotating magnets) are 
placed Within the solution and rotated to agitate the electro 
lyte. 

[0021] In U.S. Pat. No. 6,235,181, Kinard et al. empha 
siZes the need for agitation of the electrolyte during the 
formation process and also suggest ultrasonic agitation of 
the electrolyte during the anodiZation process as an alterna 
tive to the use of stirring impellers. HoWever, the use of 
ultrasonic agitation in the ’181 patent is explicitly directed 
to the above mentioned process of non-thickness limited 
anodiZing of sintered Ta anodes, Where a very speci?c 
electrolyte (dibasic potassium phosphate dissociated in heat 
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treated glycerol) is prescribed. This electrolyte is to be used 
at temperatures at or above 1500 C., a temperature regime in 
Which local temperature ?uctuations are dif?cult to avoid. 
Ultrasonic agitation is expressly applied to avoid or “dras 
tically reduce” temperature ?uctuations Within the bulk of 
the electrolyte at these comparatively high electrolyte tem 
peratures. 

[0022] In summary, the prior art anodiZation processes for 
comparatively large, high voltage Wet electrolytic valve 
metal anodes tend to take a considerable amount of valuable 
production time and they tend to produce loW yields, either 
because deposits of electrolyte decomposition products may 
render the anode unusable or because ?eld crystallization 
has caused unacceptably high leakage currents. 

[0023] Accordingly, there is a need to de?ne neW and 
improved formation processes for high voltage, electrolytic 
valve metal anodes. Such processes must deliver a high yield 
of fully formed anodes, must be more economical than the 
processes reported in the patent literature so far, i.e., it must 
be shorter, and/or must alloW for the use of comparatively 
high current settings throughout the entire formation cycle. 

[0024] Many IMDs generally include a battery and at least 
one capacitor operatively coupled to microelectronics dis 
posed in a hermetic housing adapted to receive a proximal 
end of one or more medical electrical leads for therapy 
delivery. The components disposed Within the housing 
occupy approximately 1/3 of the IMD by volume. For a 
number of reasons, it is highly desirable to reduce the 
volume of at least one of these components, alloWing for 
increased capacity or volume of any one or both of the other 
tWo components or simply alloWing for a decrease in the 
overall siZe or volume of the IMD. Accordingly, there is a 
need to provide methods and apparatus for forming high 
voltage, valve metal anodes having reduced volume thus 
resulting in smaller high-energy capacitors for use in ICDs. 

[0025] Free How of liquid electrolyte during anode pro 
cessing (e.g., formation of surface oxide on the anode) and 
during subsequent operation as an electrochemical cell, 
traditionally has been used in an attempt to optimiZe capaci 
tor performance. One reason relates to the fact that the 
electrolyte used during anodiZation (Which is oftentimes 
referred to as a “formation electrolyte”) can become over 

heated Within the interstices of the anode. During formation, 
a poWer source capable of delivering a constant electrical 
current of about 100 mAper anode and a constant electrical 
potential of several hundred volts is connected to the anode 
slug that is immersed in the electrolyte. Electrical energy as 
high as 20 to 30 Watts per anode may be dissipated as heat 
and local differences in applied electrical potential may be 
encountered. This overheating adversely affects oxide for 
mation and may cause electrolyte residue (polymer-like 
deposits) to accumulate Within the pores or interstices. 
During operation of the electrochemical cell continued free 
circulation of the electrolyte, typically referred to as the 
“Working electrolyte,” is required for rapid charge access 
even in the ?ner crevices, i.e., ions Within the electrolyte 
must be alloWed to rapidly migrate to provide a balance for 
the charge on the metal electrode. Such charge migration 
occurs during charge and discharge cycling of the capacitor. 

[0026] Deposits of such electrolyte residue deleteriously 
take up void spaces, Which preferably should be occupied by 
either formation electrolyte or Working electrolyte, respec 
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tively, during anodiZation or during operation of a electro 
chemical cell in an IMD. The presence of such residue can 
negatively impact crystalline structure of oxides during 
formation or the migration of ions in the forming electrolyte 
during formation or in the Working electrolyte during opera 
tion. Further such residue can: decrease the energy density 
via a reduction of capacitance, compromising performance 
of completed electrochemical cells; can increase internal 
resistance of the capacitor (also knoWn as the equivalent 
series resistance or “ESR”) thereby impeding rapid dis 
charge and recharge of the capacitor. The residue can also 
result in loWer e?iciency of a capacitor measured as a ratio 
of energy out to energy in (BOUT/BIN) of the capacitor. For 
comparison, capacitors can have an e?iciency as high as 
85%. In the ?eld of IMDs, any increase in energy density 
represents a valuable improvement. Without being bound or 
limited by theory or experimental observation, the inventor 
has found that it is possible to realiZe an increase of at least 
up ?ve percent (5%) in energy density With one or more of 
the various embodiments of the processes and systems of the 
invention. 

[0027] Thus, the present invention discloses, describes, 
depicts and claims methods and apparatus for formation of 
high voltage, valve metal anodes that, by example and 
Without limitation, result in one or more of the folloWing 
bene?ts or advantages: reduced or eliminated formation of 
electrolyte residue deposits, improved oxide structure, loWer 
ESR, increased capacitance and, in turn, increased energy 
density, and decreased formation time. One or more of these 
bene?ts or advantages can be realiZed With one or more of 

the various embodiments of the processes and apparatus of 
the invention. 

SUMMARY OF THE INVENTION 

[0028] The present invention provides various embodi 
ments of processes and systems for formation of a high 
voltage, anodic oxide on a valve metal anode. The various 
embodiments of processes according to the teaching of the 
invention generally provide a process for forming a high 
voltage, anodic oxide on a valve metal anode, comprising: 
immersing a valve metal anode in an electrolyte forming 
bath comprising a formation electrolyte, performing an 
anodiZation step; and maintaining a relatively cool tempera 
ture of the formation electrolyte in the forming bath (e.g., at 
a temperature at or below 400 C.) during performance of the 
anodiZation step. In one form of the invention, the tempera 
ture of the formation electrolyte is maintained With an 
accuracy of about +/—2o C. The accuracy in maintaining the 
temperature of the formation electrolyte is generally pro 
vided by controlled cooling of the formation electrolyte. In 
some embodiments of the invention, the process the anod 
iZation step comprises application of electrical potential 
under a constant electrical current until a target electrical 
potential is reached and then applying the electrical potential 
at the target potential until the electrical current falls beloW 
a predetermined termination current level. In a variation of 
embodiments of processes according to the invention, the 
anodes may be removed from the formation electrolyte, 
heat-treated and the anodiZation step is repeated. 

[0029] In an embodiment of a process for formation of 
oxide layers according to the invention, a process for form 
ing a high-voltage, anodic oxide on a valve metal anode is 
provided, comprising: immersing a valve metal anode in 
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electrolyte forming bath, comprising a formation electrolyte; 
performing an anodiZation step under a constant current 
until a target potential is reached and then at the target 
potential until the current falls beloW a predetermined ter 
mination current level; circulating a ?oW of formation 
electrolyte from the forming bath through a heat exchanger 
to provide a cooled ?oW of formation electrolyte, and 
accurately maintaining a relatively cool temperature of the 
formation electrolyte in the forming bath (e.g., at a tempera 
ture at or below 400 C.) during anodiZation accompanied by 
a ?oW of relatively cool formation electrolyte in and about 
the forming bath. 

[0030] In another embodiment of a process according to 
the invention a process for forming a high-voltage, anodic 
oxide on a valve metal is provided, comprising: providing an 
electrolyte forming tank con?gured to receive one or more 
anodes, the tank containing an electrolyte forming bath, 
comprising a formation electrolyte; providing an electrolyte 
circulation subsystem for circulating and cooling the forma 
tion electrolyte; immersing one or more anodes in the 
formation electrolyte; circulating formation electrolyte from 
the forming bath through the circulation subsystem to pro 
vide a cooled ?oW of formation electrolyte; applying an 
electrical potential to the one or more anodes, the electrical 
potential being ramped up to a target voltage under constant 
current until a target potential is reached; continuing appli 
cation of the electrical potential to the one or more anodes 
at the target potential until the current falls beloW a prede 
termined termination current level; and regulating electro 
lyte ?oW rate and temperature so that the temperature of the 
formation electrolyte in the forming tank is accurately 
maintained at a temperature at or below 400 C. during 
application of the electrical potential. 

[0031] In an embodiment of a system according to the 
invention an electrolytic bath system is provided, compris 
ing: a tank con?gured to receive one or more anodes, the 
tank containing an electrolyte forming bath comprising a 
formation electrolyte. The tank may be con?gured With an 
?uid inlet and a ?uid outlet. An electrolyte circulation 
subsystem connected in ?oW-through communication With 
the tank is provided. The subsystem is con?gured to receive 
a ?oW of electrolyte from the outlet, to loWer the tempera 
ture of the ?oW of electrolyte, and to return the ?oW of 
electrolyte to the ?uid inlet. 

[0032] In a variation of this embodiment, instead of an 
electrolyte circulation subsystem, the Walls of the tank are in 
direct contact With a cooling ?uid or medium to accomplish 
heat transfer. 

[0033] In another embodiment of a system according to 
the invention an electrolytic bath system is provided, com 
prising: a tank having a loWer level and an upper level in 
?oW-through communication With the loWer level, the loWer 
level having an inlet con?gured to receive a ?oW of elec 
trolyte into the tank, the upper level having an outlet 
con?gured to discharge a ?oW of electrolyte from the tank, 
the upper level being con?gured With a plurality of anode 
formation slots, the slots being siZed to receive at least one 
anode, the slots each having an opening through Which 
electrolyte ?oWs from the loWer level into the upper level; 
and an electrolyte circulation subsystem, the subsystem 
being connected to the inlet and the outlet. 

[0034] In the foregoing and other embodiments of systems 
according to the invention, the electrolyte circulation sub 
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system comprises a heat exchanger coupled to a refrigera 
tion unit and at least one pump for circulating electrolyte 
betWeen the tank and the circulation subsystem. The circu 
lation subsystem can further comprise at least one pump or 
bloWer for circulating a cooling ?uid through the refrigera 
tion unit. In some embodiments of systems according to the 
invention, the tank may be an enclosed housing con?gured 
With a lid and the system may further comprise a vacuum 
unit in order to force forming electrolyte even into the 
smallest crevices of the karst-like sinter structure. 

[0035] In yet another embodiment of a system according 
to the invention The electrolytic bath system, comprising: a 
tank containing an electrolyte forming bath comprised of a 
formation electrolyte, the tank being con?gured to receive 
one or more anodes, the tank having interior and exterior 
Walls spaced to de?ne a plenum through Which a cooling 
?uid can be circulated, an inlet for receiving the cooling 
?uid into the plenum and an outlet from Which the cooling 
?uid exits the plenum; and a cooling ?uid circulation 
subsystem connected in ?oW-through communication With 
the inlet and the outlet. 

[0036] In order to maintain the temperature of the forma 
tion electrolyte or to regulate electrolyte ?oW rate and 
temperature in the various embodiments of the invention, 
the systems further comprise an electronic controller 
equipped and con?gured to regulate one or more of elec 
trolyte circulation rate, heat transfer rate, and cooling ?uid 
circulation rate. 

[0037] The invention is speci?cally useful for forming 
high voltage, high capacitance anodes as it alloWs for 
managing the thermal energy dissipation during the forma 
tion process and provides for a high yield of fully formed 
anodes With improved energy density and loW leakage 
currents at the operating voltage. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0038] These and other advantages and features of the 
present invention Will be appreciated as the same becomes 
better understood by reference to the folloWing detailed 
description of the preferred embodiment of the invention 
When considered in connection With the accompanying 
draWings, in Which like numbered reference numbers des 
ignate like parts throughout the ?gures thereof, and Wherein: 

[0039] FIG. 1 depicts a block diagram shoWing steps of an 
embodiment of a process according to the invention. 

[0040] FIG. 2 depicts a block diagram shoWing steps of an 
embodiment of a process according to the invention. 

[0041] FIG. 3 depicts a block diagram shoWing steps of an 
embodiment of a process according to the invention. 

[0042] FIG. 4 depicts a block diagram shoWing steps of an 
embodiment of a process according to the invention. 

[0043] FIG. 5 depicts a schematic vieW of an embodiment 
of a system according to the invention. 

[0044] FIG. 6 depicts a perspective vieW of a forming tank 
useful in the system FIG. 3. 

[0045] FIG. 7 depicts a graphical depiction of typical 
prior art formation traces Where the potential rises smoothly 
until the target potential is reached and is then held constant 
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at the target potential for a predetermined hold time during 
Which the current becomes smaller and smaller. 

[0046] FIG. 8 depicts a graphical depiction of formation 
traces obtained using a pulsed formation potential. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0047] The present invention provides novel processes 
and systems in forming and manufacturing compact, high 
voltage, high capacitance and high energy density AVM 
anodes. As further detailed herein, various embodiments and 
forms of the present invention provide distinct advantages 
over the prior art. Also, even though only a feW valve metals, 
Which are knoWn for use in conjunction With IMDs are 
described in detail herein, the invention is not so limited. For 
example, any valve metal may be used When practicing the 
present invention. By example and Without limitation, the 
folloWing materials may be used: tantalum, niobium, alu 
minum, Zinc, magnesium, Zirconium, titanium, hafnium, 
palladium, iridium, ruthenium, molybdenum including com 
binations and/or alloys thereof. The materials used can take 
the form of etched sheets or in the form of pellets pressed 
from poWdered material. In one aspect, each of the forego 
ing is susceptible of accurate, predictable control of oxide 
thickness during formation and resulting oxides that are 
dense, tightly adhering and electrically insulative (e.g., 
having high dielectric strength and a high dielectric con 
stant). Finally, While the present invention is described 
primarily With respect to liquid electrolyte, mixed and/or 
all-solid-electrolyte may be utiliZed in the ?nal capacitor 
component in accordance With the present invention. 

[0048] FIG. 1 to FIG. 4 depict block diagrams shoWing 
steps of certain aspects of embodiments according to the 
invention. In general, the processes of the embodiments 
depicted in these ?gures can be carried out in electrolytic 
bath systems according to the invention. 

[0049] Referring noW to FIG. 1, a method 100 is depicted 
in Which an anode is immersed in an electrolyte formation 
bath at 102, and then anodiZed at 104 While the temperature 
of the formation electrolyte is maintained at a relatively loW 
temperature 106 (e.g., at or beloW about 40 degrees Celsius). 

[0050] Referring to FIG. 2, a method 200 is depicted in 
Which an anode is immersed in an electrolyte formation bath 
at 202, and then anodiZed at 204 While under constant 
electrical current until a target electrical potential is reached. 
After the target electrical potential is reached the anodiZa 
tion continues until the electrical current falls beloW a 
predetermined termination current threshold. During anod 
iZation the temperature of the formation electrolyte is main 
tained at a relatively loW temperature 206 (e.g., at or beloW 
about 40 degrees Celsius). 

[0051] Referring to FIG. 3, a method 300 is depicted in 
Which an anode is immersed in an electrolyte formation bath 
at 302, and then anodiZed at 304 While under constant 
electrical current until a target electrical potential is reached. 
After the target electrical potential is reached the anodiZa 
tion continues until the electrical current falls beloW a 
predetermined termination current threshold. At step 306, 
the formation electrolyte is circulated betWeen the forming 
bath through a heat exchanger to provide the relatively cool 
electrolyte in and around the anode units. Thus, during 
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anodiZation the temperature of the formation electrolyte is 
maintained at a relatively loW temperature 308 (e.g., at or 
below about 40 degrees Celsius) in conjunction With the 
active cooling of circulating electrolyte. 

[0052] With reference to FIG. 4, a method 400 is depicted 
in Which an electrolyte forming tank is provided at step 402, 
said tank containing a volume of formation electrolyte. At 
step 406 one or more anodes are immersed in an electrolyte 
formation bath. At step 408 a formation electrolyte is 
circulated betWeen the forming bath (tank) through a ?uid 
circulation subsystem to thereby cool the formation electro 
lyte. At step 210 electrical potential is applied to the one or 
more anodes to groW oxide on the metallic surfaces thereof. 
During the foregoing steps, the ?oW rate and ?uid tempera 
ture of the formation electrolyte are controlled to control the 
temperature at a relatively cool temperature at step 412 (e.g., 
at or beloW about 40 degrees Celsius). 

[0053] An example of an electrolytic bath system Within 
the scope of the invention is depicted in FIG. 5 in schematic 
vieW. The system 10 includes an electrolyte forming tank 20 
and an electrolyte circulation subsystem 30 ?uidly coupled 
to tank 20. Tank 20 may be provided With a lid or cover 21 
as shoWn in FIG. 5 or Without as shoWn in FIG. 6. 
Regardless, tank 20 can be con?gured With a ?uid inlet 22 
and a ?uid outlet 24. The electrolyte ?oWing from a heat 
exchanger enters forming tank 20 through inlet 22 and exits 
forming tank 20 through outlet 24. Tank 20 is further 
con?gured to receive one or more anodes and contains an 
electrolyte forming bath comprised of a formation electro 
lyte such as discussed earlier hereinabove and knoWn gen 
erally to those skilled in the art. The system further includes 
a pump 36 for circulating electrolyte betWeen tank 20 and 
heat exchanger 32. 

[0054] Tank 20, heat exchanger 32 and pump 36 are 
connected With sections of pipe or hoses 38. In FIG. 5 pump 
36 is shoWn located doWn stream from tank 20 and betWeen 
tank 20 and heat exchanger 32; hoWever, location of pump 
36 is a matter of design choice. Pump 36 may for example 
be located doWn stream from heat exchanger 32 and 
betWeen heat exchanger 32 and tank 20. Further, more than 
one pump may be utiliZed. Further, no inlet or outlet may be 
utiliZed, if an impeller is intended for agitation and cooling 
is provided by contacting the outer Walls of the bath With a 
cooling liquid. Further still, the tank may be provided With 
a plurality of inlets 22 and outlets 24. Single sections of pipe 
38 are shoWn but there may be a plurality of sections of pipe 
38 so that each inlet 22 and outlet 24 is connected to a 
section of pipe 38 Which leads either to a plurality of pumps 
36 or to a common conduit feeding into a single pump 36. 
Similarly, section of pipe 38 betWeen pump 36 and heat 
exchanger 32 may be a single pipe section or may feed into 
a conduit that branches out into a plurality of sections of pipe 
38 passing through heat exchanger 32. Such a con?guration 
may provide for more rapid heat exchange if needed. 

[0055] Heat exchanger 32 is coupled to a refrigeration unit 
34. A cooling ?uid ?oWs through refrigeration unit 34 and 
heat transfers from the formation electrolyte ?oWing through 
heat exchanger 32 to the cooling ?uid ?oWing through 
refrigeration unit 34. The source of cooling ?uid may any of 
a variety of ?uids knoWn to those skilled in the art to be 
suitable for this purpose. For example, the cooling ?uid 
could be heat transfer gas or liquid, e.g., air, Water, liquid 
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coolant. Refrigeration unit 34 is connected to a source of 
cooling ?uid (not shoWn in FIG. 3 via sections of pipe 38 
and a pump (also not shoWn in FIG. 3). The source of 
cooling ?uid could be a dedicated source or it could be part 
of a larger facility cooling system, such as industrial Water 
system, industrial liquid or gas cooling or refrigeration 
systems, or building air cooling or conditioning systems. 

[0056] In operation, a ?oW of formation electrolyte (rep 
resented by directional arroWs 41) exits outlet 24, is pumped 
through pump 36 to heat exchanger 32 Where it is cooled and 
is then returned to inlet 22 of tank 20. The ?oW of formation 
electrolyte upon introduction into tank 20 mixes With the 
formation electrolyte Within the batch. The ?oW of electro 
lyte circulating Within the system should generally be suf 
?cient to ensure uniform temperature distribution Within the 
forming bath to avoid temperature ?uctuations. HoWever, 
uniform temperature distribution may be further enhanced or 
promoted by agitation during the formation cycle by means 
knoWn to those skilled in the art, such as With stirring 
impellers or With ultrasonic agitation. Dissipation of heat 
may be further aided by con?guring tank 20 With a plurality 
of ?ns or fans to transfer heat to the ambient air in the 
external processing environment. 

[0057] In embodiments of system 10 having a tank 20 With 
lid 21, system 10 may further comprise a vacuum unit. In 
such embodiments, tank 20 and lid 21 are formed of material 
of su?icient strength and con?gured to Withstand vacuum 
induced pressure differentials Within tank 20. Further, When 
closed lid 21 must be able to form a vacuum tight seal for 
this purpose. When system 10 includes a vacuum unit, lid 21 
and/or tank 20 are con?gured to form a vacuum seal When 
lid 21 is closed and a vacuum is induced. The vacuum 
induced must be su?icient to create a pressure differential 
capable of forcing formation electrolyte into the pores and 
interstices of the anodes immersed therein. This is accom 
plished by inducing a reduced pressure Within the tank. A 
pressure of about 20 mbar has been found generally suitable 
for this purpose. 

[0058] One non-limiting example is provided by the 
embodiment illustrated in FIG. 6. The tank of this embodi 
ment, has a loWer level With an inlet 22 con?gured to receive 
a ?oW of electrolyte into tank 20. It also has an upper level 
in ?oW through communication With the loWer level. The 
upper level has an outlet 24 through Which the ?oW of 
electrolyte is discharged from tank 20 to pump 36 or heat 
exchanger 32 much as is described relative to FIG. 5 above. 
The upper level is further con?gured With a plurality of 
anode formation slots 26 in Which anodes may be immersed. 
Slots 26 are siZed to receive at least one anode. Each slot 26 
has an opening through Which electrolyte rising from the 
loWer level ?oWs into the upper level. The ?oW of electrolyte 
41 enters into the loWer level through inlet 22 located in the 
loW part of tank 20. The loWer and upper levels are in 
?oW-through communication via the openings of slots 26. 
The electrolyte rising from the loWer level ?oWs through the 
openings. Tank 20 of FIG. 6 may have 2 or more slots 26. 
For some processing, the tank may be con?gured With one 
or more slots, tens of slots or upWards of one hundred slots 
or more. The number of slots is a matter of process engi 
neering choice and may practically be limited by the spaces 
in Which the system and its components are to be located or 
other process considerations. 
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[0059] In order to maintain temperature or regulate tem 
perature and electrolyte ?oW rate during processing, system 
10, in its various embodiments may include an electronic 
controller. The controller is equipped and con?gured to 
regulate electrolyte circulation rate, the circulation rate of a 
cooling ?uid, heat transfer rate or combinations thereof and 
may include one or more temperature sensors. The sensors 

may be located in the formation bath in tank 20, in heat 
exchanger 32, up stream and doWn stream of heat exchanger 
32, upstream and/or doWnstream of refrigeration unit 34, 
amongst other locations. The sensors provide temperature 
reading outputs to the controller, Which processes the data 
against preprogrammed control parameters. The controller 
then signals one or more subsystems or system components, 
such as pump 36, to increase or decrease the rate of 
electrolyte ?oW 41 or the rate of cooling ?uid ?oW 43. Types 
of controllers knoWn to those skilled in the art to be suitable 
for integrated control and variation of temperature and ?oW 
rates or for use With heat transfer subsystems can be utiliZed 
to vary, monitor and/or adjust process or operating param 
eters in system 10. 

[0060] The process of forming a high voltage, anodic 
oxide on a valve metal can be carried out in embodiments of 
the systems of the invention described herein above or 
systems of different con?guration. The process may be 
understood With reference to FIG. 1 to FIG. 4 and embodi 
ments of the invention derived therefrom, as Well as from the 
folloWing description. 

[0061] Heat generated during anodiZation in an electrolyte 
forming bath may negatively impact the quality of the 
anodic oxide deposited on a valve metal anode. The prob 
lems of conventional anodiZation processing have been 
noted above in the Background of the Invention. Prior art 
anodiZation has typically been carried out at temperatures 
ranging betWeen 40° C.-80° C. More recently, in commonly 
assigned, co-pending U.S. application Ser. No. 10/058,437, 
one of the Applicants carried out anodiZation at a tempera 
ture of 40° With application of potential in a pulsed fashion 
to achieve thermal management. 

[0062] Applicants have found that improved anodic oxide 
deposition can be achieved With processes according to the 
invention. More speci?cally, Applicants have found that 
With the processes of the invention, heat generated during 
anodiZation can be managed through controlled transfer of 
heat from the formation electrolyte in the forming bath, 
resulting in improved oxide formation. This can be accom 
plished by circulating a ?oW of electrolyte from the forming 
bath to be cooled in a electrolyte circulation subsystem 30 or 
a heat exchanger 32. This may also be accomplished by 
circulating a cooling ?uid from a cooling ?uid circulation 
subsystem through a plenum of a tank 20 con?gured With 
interior and exterior Walls de?ning said plenum or through 
contacting the exterior Walls of tank 20 With a cooling ?uid 
or a cooled environment. In the latter case, cooling may be 
enhanced if tank 20 is con?gured With a plurality of ?ns or 
fans for dissipating heat into the environment. This envi 
ronment may simply be the room or space in Which tank 20 
is housed or a cooling ?uid circulated betWeen the exterior 
Walls of tank 20 and another tank or vessel in Which tank 20 
may reside. 

[0063] With controlled cooling achieved With the embodi 
ments of processes and systems of the invention, Applicants 
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are able to accurately maintain the temperature of the 
formation electrolyte at a temperature at or beloW 40° C. 
With an accuracy of about +/—2° C. Further, Applicants have 
found that improved anodic oxide properties are achieved 
With the temperature control provided. Applicants have 
achieved these improved properties With anodic oxides 
deposited at temperatures at or beloW 40° C., at or beloW 30° 
C., at or beloW 20° C.; and at or beloW 10° C. Applicants 
believe that the process according to various embodiments 
of the invention can be carried out at temperatures as loW as 
0° C. and further that processing beloW that temperature is 
possible. The limitations upon loW temperature processing 
reside in the properties of the electrolyte. At loWer tempera 
tures, some electrolytes may become too viscous to 
adequately Wet the surfaces of anodes, particularly the 
surfaces Within pores or interstices of anodes. Vacuum 
initiation of processing, can in part compensate for reduced 
Wetting capability of more viscous electrolytes by forcing 
the electrolyte into the pores. With attention to the properties 
of electrolytes and development of loW temperature electro 
lytes that provide good surface Wetting at loW temperatures, 
the processes of the present application may be carried out 
at increasingly loWer temperatures 

[0064] In an embodiment of the process of the invention 
depicted in FIG. 1, an anode is immersed in an electrolyte 
forming bath comprised of formation electrolyte. An anod 
iZation step is performed as in later discussed herein. During 
the anodiZation step, the temperature of the formation elec 
trolyte is accurately maintained at a temperature at or beloW 
40° C. 

[0065] In another embodiment of a process of the inven 
tion depicted in FIG. 2, an anode is immersed in an 
electrolyte forming bath comprised of formation electrolyte 
and an anodiZation step is performed under constant current 
until the target potential is reached. Once reached the 
anodiZation step proceeds at the target potential or at con 
stant potential until the current falls beloW a predetermined 
level. During the anodiZation step, the temperature of the 
formation electrolyte is accurately maintained at a tempera 
ture at or beloW 40° C. 

[0066] In another embodiment of a process according to 
the invention, temperature management is accomplished 
With circulation of a ?oW of formation electrolyte that is 
cooled to provide a cooled ?oW of formation electrolyte. 
This cooled ?oW is returned or recirculated and introduced 
back into the forming bath. With reference to FIG. 3, in this 
embodiment a valve metal anode is immersed in an elec 
trolyte forming bath comprising a formation electrolyte. An 
anodiZation step is performed to form the anodic oxide on 
the surface of the anodes. The anodiZation step is performed 
under constant current until a target potential is reached and 
continues or proceeds at the target potential until a prede 
termined termination current level or is reached. During 
performance of the anodiZation step, the formation electro 
lyte Will heat up due to the thermal dissipation of electrical 
poWer Within the anode. In order to thermally manage the 
temperature of formation bath, applicants circulate a ?oW 41 
of formation electrolyte from the forming bath in tank 2, as 
shoWn in FIG. 5. The cooled ?oW 41 is returned to the 
forming bath. With the cooling and recirculation of ?oW 41 
of formation electrolyte, the temperature of the forming bath 
is accurately maintained at a temperature at or beloW 40° C. 
during performance of an anodiZation step. 
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[0067] If desired, the anodic oxide may be modi?ed some 
What by removing the anode from forming tank 20, Washing 
out the forming electrolyte and heat treating or annealing the 
anode to a temperature of about 3500 C. in an oxygen 
containing atmosphere folloWed by another anodiZation step 
or a re-anodiZation step, as described by D. M. Smyth et al. 
(J. Electrochem. Soc., Vol. 110(12), pp 1264-1270 (1963). 
One purpose of the heat treatment and a subsequent re 
anodiZation is to improve the dielectric properties of the 
anode. An other purpose of the heat treatment is to Widen 
?ssures and cracks in the oxide so that they can be healed up 
in a one or more subsequent re-anodiZation steps. For the 
re-anodiZation, the anode is again immersed into the forma 
tion electrolyte and an other anodiZation step is performed, 
this time at constant potential until a termination current 
level is reached. Preferably, the re-anodiZation is performed 
at a temperature slightly higher than the projected device 
operating temperature. For devices that Will operated at 
body temperature, the electrolyte bath temperature for the 
re-anodiZation may preferably be around 400 C. Though 
preferable, the re-anodiZation can be carried out at non 
operating temperatures, both loWer or higher. Several such 
annealing and re-anodiZation steps may be applied. Prefer 
ably, one such step is applied after the target potential has 
been reached and the formation current has fallen beloW a 
threshold of about 0.05-0.5 mA per gram of anode Weight. 

[0068] With reference again to FIG. 4, another embodi 
ment of a process according to the invention for forming 
high voltage anodic oxides on a valve metal anode is 
depicted as a block diagram. In the method of this embodi 
ment, an electrolyte forming tank 20 is provided. Tank 20 is 
con?gured to receive one or more anodes and contains an 
electrolyte forming bath comprising a formation electrolyte. 
An electrolyte circulation subsystem is also provided for 
circulating and cooling the formation electrolyte. One or 
more anodes, valve metal anodes, are immersed in the 
formation electrolyte. Formation electrolyte is circulated 
from the forming bath through the circulation subsystems to 
provide a cooled How of formation electrolyte. An electrical 
potential is applied to the one or more anodes and is ramped 
up to a target voltage under constant current until a target 
potential is reached. Once the target potential is reached, the 
anodiZation step proceeds or continues at the target potential 
until the formation current falls beloW a predetermined 
termination current level. The How rate and temperature of 
the cooled How of formation electrolyte is regulated so that 
the temperature of the formation electrolyte in the forming 
tank is accurately maintained at a temperature at or below 
400 C., during the application of the electrical potential. In 
this and other embodiments of processes of the invention, 
accurate temperature control can be accomplished by any of 
the various techniques disclosed herein. This Would include 
recirculation of a cooled How 41, circulation of a cooling 
?uid through the plenum of an appropriately con?gured 
tank, or through heat transfer to or in a temperature con 
trolled environment or medium. 

[0069] As previously discussed, one or more heat treat 
ment or annealing steps With a subsequent re-anodiZation 
step may be performed for the one or more anodes. Prefer 
ably, one such annealing and re-anodiZation step is per 
formed after both the target potential of the one or more 
anodes has been reached and the formation current has fallen 
beloW a level of, for example, about 0.05 to 0.5 mAper gram 
of anode Weight. 
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[0070] The above embodiments of processes of the inven 
tion are provided by Way of non-limiting example. The 
recitation of these steps here or in the claims does not mean 
that the steps are presented in the only permissible sequence 
as the sequence of certain steps may be changed and still be 
Within the intended scope of the invention as claimed. 

[0071] As noted in the above discussion of the process, the 
anodiZation step is carried out by applying electrical poten 
tial to one or more anodes by ramping up to a target voltage 
under constant current until a target potential is reached. 
Once the target potential is reached, the anodiZation step 
continues at the target potential until a predetermined ter 
mination current level is reached. This can be accomplished 
by traditional prior art techniques such as illustrated in FIG. 
7 or the improved pulse technique of Us. Application Ser. 
No. U.S. application Ser. No. 10/058,437, as illustrated in 
FIG. 8, Which also aids in thermal managements. The 
bene?ts and advantages of the present invention can be 
realiZed With either technique. It should be understood With 
reference to the discussion herein and in the claims that the 
phrase “constant current” is used herein to refer to either 
continuous current (as illustrated in FIG. 7) or pulsed 
current of constant pulse height (as illustrated in FIG. 8). 
The process of the invention may be carried out With 
application of either form of current. Also “termination 
current level” is used herein to refer to a level or point of 
current drop at the end of the formation. By Way of non 
limiting example, a desirable predetermined level may be 
about 1/10 or about 1/100 of the applied constant current for 
some applications. The predetermined level may be different 
for other applications. These levels are readily determined 
by those skilled in the art. 

[0072] FIG. 7 represents typical formation traces obtained 
With traditional formation protocols. The current is set to a 
constant level, and the voltage rises sloWly until the target 
formation potential (V f) is reached. The current falls rapidly 
once the formation potential is reached. Minor modi?cations 
to this protocol are described in the above-referenced ’993 
patent, Where it is prescribed that the voltage is to be turned 
off approximately every three hours in order to alloW for 
electrolyte cooling and diffusion 

[0073] FIG. 8 schematically represents current and poten 
tial traces resulting from the application of a pulsed forma 
tion potential. The formation Waveform is de?ned by the 
Waveform period t, Which may be constant or variable 
throughout the formation and a duty cycled, Which also may 
be constant or variable throughout the formation. The ratio 
of the time Width of the applied current or potential pulse to 
the time of the Waveform period t, expressed in percent, is 
the duty cycle d. Preferably, the duty cycle d Would be high 
during the initial phase of the formation, Where the potential 
and current pulse Widths Would be long. The duty cycle d 
and correspondingly the applied potential and current pulse 
Widths Would decrease as the formation potential increases 
toWard and reaches the target formation potential. The 
height of the constant current pulses can be seen to drop off 
as Vf is reached 

[0074] The formation method of the present invention in 
conjunction With the formation potential and current traces 
illustrated in either FIG. 7 or FIG. 8 accomplishes a 
comprehensive and accurate thermal management of the 
sintered valve metal anode as it is anodiZed, Whereby 
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anodiZation failures due to build-up of electrolyte residue 
and ?eld crystallization are largely avoided and Whereby the 
dielectric properties of the anodes, namely their capacitance, 
are signi?cantly improved. The forming process is simply 
de?ned by a limited set of parameters that are readily 
adjusted to various anode siZes and to their internal prop 
erties. 

[0075] In accordance With the present invention, the for 
mation protocol for high voltage anodes using pulsing 
technique is characteriZed by the folloWing parameters and 
is generally illustrated in FIG. 8: 

[0076] 
[0077] 2.) A formation current If 

[0078] 3.) A formation frequency vf=l/t de?ning the 
Waveform period of the pulsed application of the formation 
potential. 

1.) A target formation potential Vf 

[0079] 4.) A duty cycle d of the rectangular formation 
potential Waveform de?ning the fraction of the formation 
potential Waveform period during Which the potential is 
applied to the anode and during Which the formation current 
If is ?oWing through the anode-electrolyte system. 

[0080] 5.) A formation bath temperature Tf, accurately 
maintained at 40.degree. C. or loWer for large high voltage 
electrodes. 

EXAMPLE 1 

[0081] A set of 8 capacitors Were formed With the pulsed 
formation technique depicted in FIG. 8 and discussed earlier 
herein. Anodes 1 through 4 Were processed in a system 
Without active temperature control, Which alloWed the bath 
temperature to ?uctuate or climb up to 400 C. at the time of 
maximum poWer dissipation, a traditional method. Anodes 5 
through 8 Were processed in a system With accurate tem 
perature control of the formation bath, keeping the tempera 
ture constant at 180 C., a method according to the invention. 
Processing conditions Were otherWise the same for all 8 
electrodes, With the exception of the use of active tempera 
ture control according to the invention in the processing of 
Anodes 5-8 to accurately maintain the temperature of the 
formation electrolyte at 180 C. The target potential Was 260 
V, initial formation current Was 275 mA for four anodes. 
Formation frequency Was about 0.2 mHZ With a duty cycle 
betWeen 95% and 75% depending on the poWer dissipation. 
Table 1 illustrates the improvement in capacitance observed 
on anodes formed in accordance With the present invention: 

TABLE 1 

Capacitance 
Anode Number Method (micro-Farad) 

1 Traditional at about 400 C. 408 
2 Traditional at about 400 C. 410 
3 Traditional at about 400 C. 420 
4 Traditional at about 400 C. 412 
5 According to Invention at 18° C. 434 
6 According to Invention at 18° C. 431 
7 According to Invention at 18° C. 430 
8 According to Invention at 18° C. 432 

[0082] As indicated by the data of Table l, capacitance 
improvements Were obtained With forming anodes accord 
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ing to the present invention over anodes formed according to 
traditional method of prior art Without thermal management. 
The improvement in capacitance is solely due to the process 
improvement involving actively cooling the formation elec 
trolyte bath and maintaining its temperature accurately at 
180 C. The capacitance of the anodes formed at 180 C. is 
improved by 2-5% over those formed under conditions in 
Which the temperature Was alloWed to climb up to 400 C. at 
the time of maximum poWer dissipation. This capacitance 
improvement is obtained by comparison of the difference 
betWeen the capacitance of Anode 3 With that of Anode 7 
and that of Anode 1 With that of Anode 5. 

[0083] AnodiZation processing of valve metal anodes 
according to the principles set forth herein has been dem 
onstrated to deliver improved capacitance over anodes pro 
cessed according to prior art traditional methods. The 
improved capacitance translates directly into an improved 
energy density of the capacitor, Which, in turn, alloWs for the 
design of a smaller overall device. Smaller devices ease the 
side effects associated With implanting the device and pro 
vides for improved patient comfort. 

[0084] All patents and printed publications disclosed 
herein are hereby incorporated by reference herein into the 
speci?cation hereof, each in its respective entirety. 

[0085] The preceding speci?c embodiments and examples 
are illustrative of an anode formation process for anodes 
usable in capacitors, particularly capacitors incorporated 
into an IMD, in accordance With the present invention. It is 
to be understood, therefore, that other expedients knoWn to 
those skilled in the art or disclosed herein, and existing prior 
to the ?ling date of this application or coming into existence 
at a later time may be employed Without departing from the 
invention or the scope of the appended claims. 

1. A process for forming a high voltage, anodic oxide on 
a valve metal anode, comprising: 

immersing a valve metal anode in an electrolyte forming 
bath comprising a formation electrolyte, 

performing an anodiZation step; and 

maintaining the temperature of the formation electrolyte 
in the forming bath accurately at a temperature at or 
below 400 C. during performance of the anodiZation 
step. 

2. A process for forming a high voltage, anodic oxide on 
a valve metal anode, comprising: 

immersing a valve metal anode in an electrolyte forming 
bath comprising a formation electrolyte, 

performing an anodiZation step under a constant current 
until a target potential is reached and then at the target 
potential until the current falls beloW a predetermined 
termination current level; and 

maintaining the temperature of the formation electrolyte 
in the forming bath accurately at a temperature at or 
below 400 C. during performance of the anodiZation 
step. 

3. A process for forming a high voltage, anodic oxide on 
a valve metal anode, comprising: 

immersing a valve metal anode in an electrolyte forming 
bath comprising a formation electrolyte, 



US 2006/0091020 A1 

performing an anodiZation step under a constant current 
until a target potential is reached and then at the target 
potential until the current falls beloW a predetermined 
termination current level; 

circulating a How of formation electrolyte from the form 
ing bath through heat exchanger to provide a cooled 
How of formation electrolyte; and 

maintaining the temperature of the formation electrolyte 
in the forming bath accurately at a temperature at or 
below 400 C. during performance of the anodiZation 
step With the introduction of the cooled How of forma 
tion electrolyte into the forming bath. 

4. A process for forming a high voltage, anodic oxide on 
a valve metal anode, comprising: 

providing an electrolyte forming tank con?gured to 
receive one or more anodes, the tank containing an 
electrolyte forming bath comprising a formation elec 
trolyte; 

providing an electrolyte circulation subsystem for circu 
lating and cooling the formation electrolyte; 

immersing one or more anodes in the formation electro 
lyte; 

circulating formation electrolyte from the forming bath 
through the circulation subsystem to provide a cooled 
How of formation electrolyte; 

applying an electrical potential to the one or more anodes, 
the electrical potential being ramped up to a target 
voltage under constant current until a target potential is 
reached; 

continuing application of the electrical potential to the one 
or more anodes at the target potential until the current 
falls beloW a predetermined termination current level; 

regulating the How rate and temperature of the cooled 
How of formation electrolyte so that the temperature of 
the formation electrolyte in the forming tank is accu 
rately, maintained at a temperature at or below 400 C. 
during application of the electrical potential. 

5. A process according to claim 4, Wherein the tank is 
further con?gured With a plurality of anode formation slots 
and Wherein at least one anode is immersed in at least one 
of the plurality of anode formation slots. 

6. A process according to claim 1, Wherein the tempera 
ture of the formation electrolyte is maintained accurately at 
or beloW 30° C. 

7. A process according to claim 1, Wherein the tempera 
ture of the formation electrolyte is maintained accurately at 
or beloW 20° C. 

8. A process according to claim 1, Wherein the tempera 
ture of the formation electrolyte is maintained accurately at 
a temperature at or beloW 10° C. 

9. A process according to claim 1, Wherein the tempera 
ture of the formation electrolyte is maintained at a tempera 
ture betWeen or beloW 10°-40o C. 

10. A process according to claim 1, Wherein the tempera 
ture of the formation electrolyte is maintained at a tempera 
ture betWeen 0°-40o C. 

11. A process according to claim 1, further comprising: 

removing the anode from the electrolyte forming bath; 

heat treating the anode; 
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re-immersing the anode in the formation electrolyte; and 

performing a second anodiZation step While maintaining 
the temperature of the formation electrolyte in the 
forming bath accurately at a temperature at or below 
400 C. during performance of the second anodiZation 
step. 

12. A process according to claim 4, further comprising: 

removing the one or more anodes from the electrolyte 
forming bath; 

heat treating the one or more anodes; 

re-immersing the one or more anodes in the formation 
electrolyte; 

circulating formation electrolyte from the forming bath 
through the circulation subsystem to provide a cooled 
How of formation electrolyte; 

applying an electrical potential to the one or more anodes, 
the electrical potential being ramped up to a target 
voltage under constant current until a target potential; 

continuing application of the electrical potential at the 
target potential until the current falls beloW a predeter 
mined termination current level; and 

regulating the How rate and temperature of the cooled 
How of formation electrolyte so that the temperature of 
the formation electrolyte in the forming tank is accu 
rately maintained at a temperature at or below 400 C. 
during the application of electrical potential. 

13. A process according to claim 1, Wherein the anode is 
a tantalum anode. 

14. A tantalum anode formed by a process according to 
any one of claims 1, 2, 3 or 4. 

15. An electrolytic bath system comprising; 

a tank con?gured to receive one or more anodes, the tank 
containing an electrolyte forming bath comprising a 
formation electrolyte, the tank being con?gured With an 
inlet and an outlet; 

an electrolyte circulation subsystem connected in How 
through communication With the tank, the subsystem 
being con?gured to receive a How of electrolyte from 
the outlet, to loWer the temperature of the How of 
electrolyte, and to return the How of electrolyte to the 
inlet. 

16. A electrolytic bath system, comprising 

a tank having a loWer level and an upper level in How 
through communication With the loWer level, the loWer 
level having an inlet con?gured to receive a How of 
electrolyte into the tank, the upper level having an 
outlet con?gured to discharge a How of electrolyte from 
the tank, the upper level being con?gured With a 
plurality of anode formation slots, the slots being siZed 
to receive at least one anode, the slots each having an 
opening through Which electrolyte ?oWs from the loWer 
level into the upper level; 

an electrolyte circulation subsystem, the subsystem being 
connected to the inlet and the outlet. 

17. A bath system according to claim 15, Wherein the 
electrolyte circulation subsystem comprises a heat 
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exchanger coupled to a refrigeration unit and at least one 
pump for circulating electrolyte betWeen the tank and the 
circulation subsystem. 

18. A bath system according to claim 15, Wherein the 
electrolyte circulation subsystem comprises: a heat 
exchanger; a refrigeration unit coupled to the heat 
exchanger; at least one pump for circulating electrolyte 
betWeen the tank and the circulation subsystem; and at least 
one pump or bloWer for circulating a cooling ?uid through 
the refrigeration unit. 

19. Abath system according to claim 15, Wherein the tank 
is an enclosed housing con?gured With a lid and the system 
further comprises a vacuum unit for inducing reduced pres 
sure Within the tank. 

20. A bath system according to claim 15, Wherein the 
system further comprises a vacuum unit con?gured to create 
a vacuum Within the tank. 

21. A bath system according to claim 15, Wherein the 
system further comprises a vacuum unit con?gured to create 
a pressure differential capable of forcing electrolyte into 
pore or interstices of anodes. 

22. Abath system according to claim 15, Wherein the tank 
further comprises a plurality of ?ns or a plurality of fan for 
dissipating heat. 

23. A bath system according to claim 15, Wherein the 
system further comprises a electronic controller. 
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24. A bath system according to claim 15, Wherein the 
system further comprises a electronic controller, the con 
troller being equipped and con?gured to regulate either 
electrolyte circulation rate or heat transfer rate or both. 

25. A bath system according to claim 15, Wherein the 
system further comprises a electronic controller, the con 
troller being equipped and con?gured to regulate electrolyte 
circulation rate, heat transfer, and cooling ?uid circulation 
rate. 

26. The electrolytic bath system, comprising: 

a tank containing an electrolyte forming bath comprised 
of a formation electrolyte, the tank being con?gured to 
receive one or more anodes, the tank having interior 
and exterior Walls spaced to de?ne a plenum through 
Which a cooling ?uid can be circulated, an inlet for 
receiving the cooling ?uid into the plenum and an 
outlet from Which the cooling ?uid exits the plenum; 
and a cooling ?uid circulation subsystem connected in 
?oW-through communication With the inlet and the 
outlet. 

27. A bath system according to claim 18, Wherein the heat 
exchanger comprises a ?uid-?lled Wall portion of the tank 
containing the forming electrolyte. 

* * * * * 


