Is it necessary to re-form
electrolytic capacitors that
have been stored for years?
Why do tantalum capacitors
fail short circuit?

Do electrolytic capacitors
have an extremely high
dielectric constani?

Cyril Bateman knows.

Understanding o

capacifors

Aluminium and tantalum options

luminium and tantafum electrolytic capacitors

uniquely balance CV product against physical size.

‘While {ilm or ceramic capacitors are readily avail-
able up to 10pF, higher capacitance values are physically
large and very expensive. Very large value electrolytic
capacitors are available at low cost, and in physically smail
packages.-

The possibility of forming an insulating film on the surface
of aluminium was first observed by Wheatstone in 1854. In
1908 a rolled type aluminium capacitor was produced in
USA and a viscous electrolyte of ammonium tetraborate and
glycerine was developed in Germany.! These two essential
discoveries resuliing ultimately in the modem electrolytic
capacitor.

Regardiess of construction or dielectric used, every capac-

itor is composed essentially of two conducting surfaces,
" lled electrodes, separated by an insulator.? Insulation mate-

tials produce differing capacitance values for the same area
and thickmess, according to their dielectric constant, or ‘K’
value.

The permittivity of free space is used as the base unit since
all other materials — inchuding air — exhibit increased capac-
itance. These X values, which range from 1.00059 for air to
greater than 12000 for high-K ceramics, significantly influ-
ence the capacitance achieved.

Electrolytic capacitors are manufactired using so-called
valve metals, the most common being aluminium and tan-
talum. Valve metals have the ability to form an insulating,
semi-conducting and protective surface oxide film.
Aluminium oxide has a K value of 8, while that for tantalum
pentoxide is 27.6, approximately.

Aluminium oxide and tantalum pentoxide films grown on
the highest purity metals provide very high-quality, low-loss
insulators. Alumininm oxide has a dielectric strength
approaching the theoretical strength® as predicted by the
ionic theory of crystals.

Capacitance value depends on the produet of the electrode
area and the X value of the insulating dielectric. It is inverse-
. 'y proporticnal to the distance separating the electrodes. For
"..__any chosen dielectric, the capacitance attained depends total-
ly on the insulators thickness and surface area.

When a flexible electrode system that conforms precisely
with the insulator’s surface is used, The effective or apparent
area can then be increased by roughening or abrading,
increasing capacitance without increase of physical size. This
effect is cailed surface gain.

Frequently, electrolytic capacitors have been described as
having an extremely high dielectric constant. This is wrong,
the K values of 8 and 27.6 are correct,® so how can such
high capacitance values be attained?

Compared to metallised-plastic film capacitors, which use
dielectric film thickness of a micron and above, electrolytic
capacitor dielectric films are some fifty times thinner.

This extremely thin dielectric results in electrolytics heing
the most highly voltage stressed of al capacitors. However
this combination of a very thin dielectric having a K value of
8, or even 27.6, still does not explain how such large capac-
itance values can be attained.

Surface gain - aluminium :
I mentioned roughening or abrading the insulators surface to
increase its apparent area. You can see an example of this by
closely examining a piece of aluminium kitchen foil.
Usually, one side is smooth and shiny, the other mate. Under
a times-ten magnifying glass, this matt surface is visibly
embossed, providing some surface gain.

The earliest electrolytic capacitors attained usable surface
gains by spraying molten alumininm onto a carrier. Known
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Fig. 1. Edge on
view, much
enlarged, of a
100 micron thick
etched and
formed foil
showing large
tunnels
connecting both
foil faces. Taken
using an electron
microscope. This
foil has become
porous te liquids.
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Dielfectric (Al,Oy)

+ve

Ancde foil

Electrolyte and paper

Fig. 2. Simplified
sketch of an
aluminium
electrolytic
capacitor,
showing anode
and cathode
aluminium oxide
dielectric films in
contact with
highly conductive
electrolyte.

Anode tabs

Cathode foil

as ‘fabricated plate’, this technique was popular for high
voltage capacitors. It was quickly superseded for low volt-
age capacitors though by chemical etching methods.

Today, the surface gain of aluminium electrolytic capaci-
tor foils is attained by electro-chemical etching in a bath of
electrolyte. Reduced to basics, an electrolyte is simply a lig-
uid that conducts electricity, having a low resistance or high
conductivity, Fig, 1.

Common examples of electrolytes are car battery acid and
sea water. The aluminium to be etched is placed in a bath of
electrolyte and current is passed. There’s more about this in
the panel entitled ‘Alominivm etching.’

Surface gain - bead tantalum

The modern bead tantalum capacitor is fabricated from fine
particles of tantalum powder surrounding a small tantalum
wire, These particles are compressed into peilets or slugs.
Compression pressure is controlled to restrict the peilet’s
density.” The object is to produce a porous body having a
very large internal surface area, ’

To increase the cohesion of these tantalum particles and
ensure electrical conductivity, the compressed shigs are sin-
tered at very high temperatures in vacuum furnaces. This
provides a mechanically rugged, porous structure.

The high sintering temperature performed in vacuum has a
pusifying effect. Tantalum is a refractory metal and needs a sin-
tering tempetature approaching 2000°C. At such temperature,
most impurities evaporate, and are removed by the vacuum
pumping systern.

Having attained a large surface area, both aluminium and
tantalom oxide dielectrics are grown in situ onto all-metal
surfaces. This involves an electro-chemical process called
“Horming’, The “formed’ oxide fully covers and insulates all
visible metal surfaces and all invisible cavities within the
metal. -

Forming aluminium oxide

Placed in a bath of suitable electrolyte and with a positive
voltage applied to the foil, aluminium oxide, Al 20, grows
on the foil’s surfaces. -

Depending on the electrolyte used, two main forms of this

oxide can be grown, A hard non-porous oxide layer is
deliberately grown when the aluminium foil is to be used as
a capacitor dielectric or other insulator. When the aluminium
is to be “anodised’ to provide a coloured decorative finish, a
porous oxide is grown.
An aggressive electrolyte simultanecusly re-dissolves some
existing oxide, resulting in a porous oxide layer. This process
is commonly cailed anodising. In other applications, the
pores in the oxide are be filled with coloured dyes, resulting
in the popular decorative finish.

Fig. 3. This view of a
partially wound element,
shows a large multiple
tabbed radial leaded
capacitor. An alternative
arrangement using a single
anode and cathode tab is
more common. Also
shown is an extended
cathode foil, which
improves heat dissipation.
With its turns swaged to
connect each other, this
extended cathode foil can
substantially reduce
capacitor equivalent series
resistance.

Anode foil

Cathode foil

Using a non-aggressive electrolyte, a slowly growing,
impervious and continuons oxide fiim is obtained. This non-
porous, hard oxide film grown on super-pure aluminium is
an excellent insulator that can be formed o withstand at least
600 volts,

I'mentioned earlier that the dielectric oxide formed is very
thin. Its thickness is self limiting. Oxide growth at any one
voltage slows and almost ceases with time, ultimately attain-
ing some 14A thickness? for each volt applied.

Foil used in commercial capacitors is formed at a voltage
at least 120% of the capacitor’s rated voltage. This ensures
low leakage current and provides the overvoltage capability
nceded for the “surge voltage’ claimed.A commerciat 10V
aluminium electrolytic capacitor will have a dielectric thick-
ness of some 0.02 microns. There’s more on this topic in the
panel entitled ‘ Alominium forming’.

Forming oxide for tantalum devices

Being less reactive than aluminium oxide, tantalum pentox-
ide is generally grown in an acidic bath. Since the current
paths into the centre of a slug can be quite tenuous, a strong,
highly conductive electrolyte is used.

Tantalum pentoxide is an excellent insulator, growing to a
thickness of 17A per formation volt applied to the slug.3 This
oxide makes a highly amorphous film, but if subjected to a
high field strength at a fault site, it can become crystailine,
resulting in a short circuited capacitor.® To reduce the risk of
this happening, tantalum capaciiors are usually formed at
much higher voltages than are aluminium capacitors, for the
same rated voltage,

Putting it together

Mainstream aluminium electrolytic capacitors are wound
then impregnated with liguid electrolyte, while most tanta-
lum capacitors are porous slugs impregnated with a dry elec-
trolyte, However many permutations on these fechniques are
possible,

Dry or solid aluminium electrolytic capacitors offer an
intermediate approach between these two extremes, and
wound foil tantalum also wet electrolyte slug tantalum
capacitors are also produced.

Wet tantalum capacitors are usually fully hermetically
sealed using glass metal seals, for good reason. While pro-
tecting the capacitor from moisture, the glass seals also pro-
tect the outside world from the electrolyte. For example,
sulphuric acid or lithium chloride based electrolytes have
been used.®

Many wet tantalum capacitors use similar strong elec-
trolytes, so casual dismantling is not advised.

For brevity I only derail the mainstream products here, i.e.
those that are commonly available from distributors.
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' aluminium — winding methods

Aluminium is nen-rusting because, on exposure fo air, it
forms a protective visually transparent oxide film on its
surface. If this namrally occurring oxide film is mechanically
removed, aluminium has a characteristic smell, which
disappears as the oxide film regrows.

As a resuit, all aluminium electrolytic capacitor foils and
connecting tabs, whether deliberately formed or not, are
covered in oxide. Obviously thickness of the oxide coating
differs. Naturally occurring oxide is extremely thin, equiv-
alent perhaps to some 1.5 electrical volts of formation. The
lowest voltage foil is formed to 8-10 voits, and is thus 5 or
6 times thicker.

Similar in construction to the foil and paper capacitors
described in a previous article,” aluminium electrolytic
capacitors comprise two aluminium electrode foils, inter-
wound with separating papers and using tab connections.
The whole winding is then vacuum impregnated.

Here all similarity ends. Being an extremely good insula-
tor, the impregnant used in paper capacitors is the true
dielectric. Aluminium capacitor electrolyte on the other hand
i= an extremely good conductor, the aluminium oxide layers

m the dielectric, Fig. 2.

When the lowest possible equivalent series resistance is
needed, multiple connecting tabs, dispersed along the foils,
are common — especially for large windings. Smaller low est
windings can be wound using single tabs, connected 1o the
centre of each foil.

The cathode foil only of low voltage radial capacitors can
also be wound extended beyond the papers along one edge.
Each cathode turn can then be short circuited to all other
cathode turns by passing over the rim of a high speed rotat-
ing aluminivm ‘swaging’ wheel, Fig. 3.

I used this intermediate approach many years ago to design
some very low profile 4000uF, 63V capacitors. These were
custom designed for the first mass-produced 100W per chan-
nel, hi-f stereo amplifier. They probably represented the first
production capacitors to combine a central tabbed anode
with an extended and swaged cathoede foil. The construction
ensured extremely low esr and inductance, in a case 45mm
diameter and only 50mm tall.

Most small aluminium elecirolytic capacitors however are |

wound using a buried-foil winding. External connections are
made using two formed aluminium connecting tabs, fre-
“ently placed towards the outer end of the winding.

> One exception to this is some very small diameter axial

capacitor elements that are wound onto an aluminium spin-
dle or riser. The anode foil is atached to this riser, which
remains as part of the finished capacitor, Fig. 4.

The cathode connection for this style of axial capacitor can
be made using short tabs connected to the outer end of the
cathode foil. Pressure contact with the capacitor case is made
by trapping the tabs between the case and its rubber end-seal.
Alternatively an extended cathode tab is welded to the bot-
tom of the case, before inserting the wound element. These
constructions exhibit from 20 to 85nH of self inductance,
according to case size.

Inductance myth
Since these capacitors are wound, many writers erroneously
ascribe very high self-inductance as being inevitable in alu-
minium efectrolytic capacitors. The largest inductance value
found browsing several catalogues, was less than 100nH.
This is equivalent to some 10-12cm of connecting wire or
printed circuit track.
Radial-mounting electrolytic capacitors use multiple dis-
tributed tab connections, or single tab connections made
pse to the mid-turn of each winding. These exhibit an

: ‘extremely small winding inductance — less than 20nH and
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Cathode

A g
node tabs

feil

Fig. 4. One common consiruction used for the smalflest axial
wound capacifors. Disadvantages are ifs pressure contact
between cathode tabs and case and increased self
inductance due to foil connections being af extreme
opposite winding ends. But with small windings, self
inductance remains acceptable.

Anode

Cathode
Plkoesssacerrantn

Fig. 5. Sectional view of typical small radial capacitor
showing centre foil tab connections, minimising self
inductance, which is typically much less than 20nH.
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350H respectively.? The major contribution to this is from Fig, 6. Sectional
the connecting tabs and the capacitors leadout wires, Fig. 5. view of a typical
Axial-leaded capacitors exhibit more inductance. While axial capacitor
larger sizes may be centre tabbed, connecting the cathode construction used
foil to the case, requires a longer tab. Surplus tab is folded for medium and

when inserting the capacitor winding into the case. larger sizes. While
Inevitably, an axial capacitor exhibits higher self induc- having centre foil

tance compared with the same sized radial leaded altemnative, tab connections,

as illustrated in Fig, 6. self inductance is

To demonstrate the effects constructional differences of increased due to
smail alumininm electrolytic capacifors have in practice, 1 the excess cathode
used the application test circuit and phase meter,’ described tah length needed
in ‘Fazed by Phase’ to make comparison measurements. to permif assembly.

I measured four capacitor from 10pF to 100uF. These val-

ues are frequently used in audio amplifier coupling circuits.
When possible, I selected 50V rated bi-polar radial, polar
radial and polar axial aluminium electrolytic capacitor con-
siractions. Since 10pF 35V tantalum bead capacitors were
available, they too were measured.

"The un-sanitised measured plots, Figs 7-10, show depar-
ture from ideal or theoretical behaviour starting at well
below 1kHz. The esr curves are almost constant with fre-
quency, resulting in capacitor phase angles approaching 45°
at the critical mid-audio frequencies. The bi-polar capacitor
clearly out-performs the other aluminium types.

Regardless of these differences in construction, to ensure
a long service life, the electrolyle used must provide the oxy-
gen needed o regrow any damaged oxide film. It must also
be chemically inert to both aluminium and its oxides. Due to
electro-chemical potential effects, no other metal can be
permitied o contact the electrolyte. Being in contact with
electrolyte, the capacitor case must be made of aluminium or
a non-metal.

Any two pieces of aluminium in contact with electrolyte
and subjected to a voltage differential will grow aluminium
oxide. So pressure contacts, as used in foil and paper capac-
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Fig. 7. As measured, plots of impedance and esr for bi-polar radial,
polar radial, polar axial and bead fantalum 10pF capacitors. Shows
the Panasonic bi-palar performs best of aluminium variants, buf all
types have near 45° phase by 10kHz and deteriorating performance
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Fig. 8. As for Fig. 7 aluminium types but 22uF values. Where
possible, 50V ratings or nearest possible were used for these
comparisons. At this value the bi-polar capacitor is the best choice.
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Fig. 9. As for Fig. 8 but this iime using 47pF values. Due to the larger
size and foil area, the Panasonic bi-polar style easily outperforms the

smaller alternatives.
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itors, cannot be used to connect the inserted tabs to the elec-
trode foils.

Two common methods to ensure low resistance connec-
tions between the electrode foils and connecting tabs are
used. Small or low cost capacitors may use a “stitched’ con-
nection, Here, a shaped needle point is burst or punched
through the connecting tab and electrode foil. Small “ears’ of
tab materiai are forced out, then turned over and well flat-
tened down. This effectively rivets the two parts fogether,
While simple and crude looking, a good long-life connection
results, Fig. 11.

A much better technique, called ‘cold pressure welding’ is
used in larger or more professional capacitors, Here, a specially
profiled, small press tool is used. It is given enough pressure
and time to allow the metats from the electrode and tab foils o
interchange, forming & molecular bond. As with a conventional
hot weld, the two joined metals cannot be separated.

This excellent joint results from the tool pattern used. By
compressing and displacing metal, the pattern removes the
oxide layers, allowing direct metal to metal bonds. Cold
welds are easily identified by the press tool’s outline and

Fig, 10. With 100yF values the Panasonic bi-polar remains a notably
better performing capacitor for these tests.

inoer patterns. No bursting through as for a stitched con-
nection can be seen, Fig. T1.

Welding, nsing either cold pressure or laser, is the pre-
ferred method for all aluminium electrolytic capacitor inter-
nal connections. However a rivetted connection between
connecting tabs and the external solder tags, can be a satis-
factory alternative - especially for smaller capacitors.

Aluminium-dielectric systems

The anode electrode foil of an aluminium electrolytic also
provides the diclectric oxide which is in intimate contact
with the elecirolyte — the true second electrode.

Electrical conmection to this electrolyte is provided by a
second foil, or cathode electrode, which is also covered with
dielectric oxide. In other words two foils comprise two dis-
tinctly separate capacitances in series, inter connecied by the
conductive electrolyte.

A polarised aluminium elecirolytic possesses two capaci-
tors, the desired one in series with a much larger ‘cathode’
capacitance. This cathede capacitance has a lower voltage
withstand, typically 1.5V and is of oppesing polarity to the
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Aluminium ’formmg

“Placed in a bath of suitable electrolyte Caind with a pos:tlve e
voltage applied to the foil, aluminium oxide, Al;Os, grows on
«thefoil surfacesitoa th:ckness 14 Angstroms for.each volt.o

As mentionad in the main text, two. forms of aluminium oxlde o

elevated temperatures, uniess this oxide filmhas fir
hydrated by boiling in water,

these exposed

_:;:ieakage\cu IF

In general foils ai‘e etched and. formed from wide rolls of
d widths for capacitor,

aluminium, then slit to.the desire

anode capacitor, Fig. 2.

A non-polarised, or bi-polar capacitor is usnally made
using two identical anode foils. This. provides two equal
value and equal voltage capacitors in series, each double the
required capacitance and again of opposing polarity.

Being a semi-conductor, aluminium oxide withstands its
formed voltage in one direction only, passing a small ‘leak-
age’ current. As for a semi-conductor diode, with reversed
polarity it conducts at a low veltage, typically 0.4 to 0.5V
while passing a high cutrent.

“Regardiess of level, this current disassociates some water

" i the electrolyte, depositing oxygen at the positive electrode,

hydrogen at the negative electrode. The oxygen is consumed
to generate aluminium oxide.

Many electrolytes contain a hydrogen absorber, to absorb
the hydrogen released by normal leakage currents. Even so,
with reversed pofarity, much of the hydrogen must be
allowed to escape.

With the above information, it is now possrble to develop
an equivalent circuit model of an aluminium electrolytic
capacitor, Fig, 12,

Reverse bias effects

In a polarised capacitor the ‘cathode’ foil capacitance, being
in series with that of the anode foil, reduces the net or mea-
sured capacitance. It also contributes two advantages not
present with the tantalum slug styles.

The withstand voltage of the cathode foil’s dielectric oxide
aHows the capacitor to accept simall reverse voltages for a sig-
nificant time, both in service and in approval testing.

This cathode foil’s C/V product, if equal or greater than that
of the anode foil, enables charge displacerment from anode foil
+a cathode foil. The cathode foil in a capacitor subjected to

~ormal charge and discharge currents, does not then become
“reverse biased with respect to the electrolyte. Such capacitors

ris chemlcaliy inhibited

’ P ¥
current passes through ws:ble and exposed 5urfaces Wlth
it rfages:
reduces, sfowing local growth and diverting current to less™
accessible areas: Currenr flow and oxide growth almost cease

hydrates the oxide sealing this porosity, res ltmg in. very iow

manufacture. Each width has thin exposed raw aluminium
- edges. These edges, together with any mechanical handling
“damage, will have the oxide film renewed after capacitor

winding, as part of the ageing process.

nnect:both, anode;

.Jayers aﬂowmg direct metal to metal bands

Formed Vr
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:..Toaveid consuming excess.electrolyte, following. - Loleine
:mpregnat:on and before final assembly, high voltage capacntors
may be ‘wet aged” while immersed in baths of electrolyte.

antled and partially vinwoun

capa tor shows a good example of the stitched technique used to
cathode foils.to their. respectl tah foils.—:
entral tabbed in this example. Also the cold pressure welded jomts i
_connecting anode and cathode tabs to the external tag rivets are
“clearly visibile: This-excellent joint results from the tool patter
which, by compressing and displacing metal, removes the oxide

1.5V Vr

<

Anode foil Electralyte

Y

g
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+VEOo

Self-inductance
ESR Cap Cap
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Leakage resistance

Fig. 12. Equivalent circuit of a polarised aluminium electrolytic capacitor. Since
leakage current can be significant, it is shown as a shunt resistance rather than
converling to ifs series equivalent, as more usual for other capacitor types. Simple
Spice analysis shows how easily the electrofyte of a polarised capacitor, used to
couple irregular or pulse waveforms, can become internally reverse biased to the

cathode foil, resulting in early failure.

are described as being charge-discharge proof, Fig. 12.

Many quality aluminium electrolytic capacitors are sub-
jected to a million charge-discharge cycles with rise and fafl
times of 100ms as part of their approvals testing. For TEC
3844 charge-discharge approval, capacitance change in this
test must be less than 10%.

Note, though, that capacitors that are repeatedly ‘crash’
charged and discharged, as in photoftash or strobe equip-
ment, require special construction. Commercial capacitors
used for these duties — regardless of their voltage rating —
have quickly and very dramatically failed.

The current that flows when polarity is reversed can gen-
erate sufficient gas to drive electrolyte out of the winding.
Pressure builds up in the capacitor case, resulting ultimately
in a capacitor failure.

Direct-current polarity reversal at the capacitor terminals is
of course easily measured and aveided.

A less obvious problem occurs when the capacitor is used
to couple irregular or pulse waveforms. A repetiiive charge
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Fig. 13. Plot
showing how
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frequency
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temperature, for a
typical 100uF 63V
capacitor.

attack pure aluminium: - :
One-old. buit still usable eiectrolyte is.a mixture oframmoma )

1y electmlytrcs havmg & reputa on\fot.-ieakage,cu_rren

deterioration in storage. They ‘needed re-forming before use.
' For the past 30 years, this water attack could easily be y
PEY d by a chemicaladditivesin the electrolyts: frrmuch
_ the same way that steel is passivated to prevent rust, using
:phosphoric acid.. Thls, and the.use of super purity aluminium
“Hoils, has effectively eliminated & ?

As an-experiment, | recently measured the leakage current

. ‘of three unused-prototype. 16 and 25V capacitors, made .-

almost 30 years ago and stored since then in a box in my

‘garage. All three easily passed their catalogued leakage claims

transfer from anode to cathode of a polar capacitor can result
in the electrolyte becoming teverse biased relative to the
cathode. As a resnlt, a non-pola.rised or bi-polar capacitor
should be used here.

Should this reverse bias exceed penmtted levels, oxide
growth at the cathode reduces its capacitance. In turn, this
further increases the reverse bias voltage. Gas pressure devel-
oped drives out electrolyte, resulting in capacitor failure.

Bead or slug tantalum
To produce a capacitor, the formed and sintered tantalum
slug only needs impregnating with electrolyte and providing
with its connecting cathode electrode.

In most cases the ‘dry’ electrolyte used is manganese diox-
ide, while the cathode is a graphite er carbon coating,
Electrical connection to this coatingis provided by layers of

need to re-form capacitors.”

by normal'leakage cirrent,is prowded in many modern
: electrofy‘(es :

and even muFtlp e tissues —
While most aluminium capacitor electrolytes are innocuous,
is as well to check the makers literatute before dismantling
a. capacitor to mvesttgate its construction. In any case, you arg
_well advised to wear suitable-rubber or plastic gloves, and use -
“gye protection against électrolyte splashes. ' '
. Formic acid for example stings the eyes and any broken
skif: it may.alsa trigger an allergic.reaction in hay fever
sufferers, as | can well testify from past experience,

silver loaded ink or epoxy.

As the manganese dioxide is a solid, it is not possible to
directly impregnate it. It has to be converted from a suitable
lignid medium that can be vacuum impregnated into all
voids inside the sintered slug — no matter how small.

Resulting from these voids and passageways, the tantalom
shug exhibits a level of self inductance. The device becomes
self resonant typically between 500kHz and 5MHz,!?
according to bead size and capacitance,

In many cases, the medium used is liquid manganese
nifrate. Easily impregnated into the slug and converted into
manganese dioxide by pyrolysis, or thermal decomposition,
at 400°C. Many repeated impregnations and pyrolysis cycles
are needed to ensure sufficient manganese dioxide.

Contact to this manganese dioxide electrolyte generally
uses successive layers of colloidal graphite with silver load-
ed paints or conductive epoxy resins. This is frequently, fin-
ished by dipping in molten solder. The external cathode con-
nection is easily attached either by soldering to the solder
coating or with conductive epoxy to the silver loaded
paint/epoxy coating.’

Since the manganese dioxide electrolyte is directly con-
nected to the capacitor’s negative lead, only one polarised
dielectric is present. Conseguently, reverse voltage should
not be applied. The Siemens Matsushita data book for exam-
ple restricts any reverse voltage application to five applica-
tions of a minute maximum each hour. |

Two dry tantalum beads can be connected back to back to
simulate a bi-polar capacitor. To prevent damage to the
reversed polarity capacitor, protection dicdes must be placed
in parallel with each capacitor. These are detailed in the
Siemens Matsushita data book.

Bead tantalums made with liquid electrolytes must not be
subject to any reverse voltages. Excess gassing resulting
from reversed polarity builds up internal pressure, destroy-
ing the capacitor. Silver from the cathode electrode can also
transfer to the anode, leading to a short circuit.

Surge currents for all bead tantalums, should be restricted
by series impedances of typically an ohm minimum per
applied volt. 1

voltage capacntors such electrolytes cannot be used at hlgh
Inthis.context onewmust view the separatlng paper °.
tissties-used as eing part o the eléctrolyte system. Thick,
iow-dens:ty rag t:ssue paper can be used at low voltages,

ki-higher-density thin: tfssue paper e
may be neaded.
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“yishing processes

“vollowing final mechanical assembly, both capacitor types

are subjected to temperature and voltage ageing or bum in.
This allows minor dielectric fault areas to be removed, and
leakage current reduction to catalogue specifications.

In aleminium electrolytic capacitors leakage current is
reduced by deliberately growing new oxide, replacing any
mechanically damaged during the assembly processes, This
regrowth consumes some of the oxygen available from the
liquid electrolyte.

A level of regrowth continues throughout the capacitor’s
service life, stabilising and reducing leakage current.
Ultimately at the end of service, the capacitor fails usually as
a high impedance or open circuit when the available oxygen
in the electrolyte has been consumed.

Tantalum and aluminium solid electrolyte capacitors
behave quite differently. Fault repair and leakage cuirent
reduction does not occur by oxide regrowth, but rather in a
similar fashion to metallised film capacitor self healing, by
isolating the faulty area.’

The increased current due to a minor fault locally heais the
manganese dioxide, which spontaneously degenerates to

Jewer oxides. These exhibit much increased resistivity com-

‘ed to manganese dioxide, effectively isolating this faulty

area.

Should a major fault occur in a bead tantalum capacitor
used in a low source impedance circuit, excess heat is gen-
erated. This excess may be sufficient to locally crystallise the
surrounding arca of tantalum pentoxide. Energy available
from the circuit may then be sufficient to promote an

' Alummlum efchmg

: ytic capacntor foils'is attaine
!_ec_tro,chemxcai etching in a.bath o
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avalanche failure condition,” the capacitor failing short cir-
cuit. Given sufficient externally supplied power, the capaci-
tor can burn,

In the early days of bead tantalums in order to prevent this
avalanche faifure mode, a common recommendation was that
they should only be used on power rails via a current limiting
source impedance of at least 3Q/V.

Improvements in materials and manufacture of bead tan-
talums have much reduced this problem -- but they have not
eliminated it. While not well publicised, many makers offer
low-impedance burnt in and even fuse protected tantalum
capacitors. However the advice in MIL-STD-198 is best
heeded.!® It says you should ensure a 10/V source
impedance minimum together with substantial capacitor volt-
age de-rating for high reliability, '

One hybrid capacitor combining the best aspects of the two
aleminium-foil construction with the long shelf and service
life characteristics of the solid tantalum is the solid alumini-
um wound foil capacitor.!! These characteristics provide reli-
able service in automotive applications, surviving vibration,
temperature exiremes and voltage surges. Unfortunately this
excellent capacitor style is not usually stocked by mainstream
distributors.

Temperature effects
Some capacitance variation with temperature is exhibited
both by aluminium oxide and tantalum pentoxide. Their leak-
age currents will follow the Arrenhuis law, roughly doubling
or halving for each 10°C change of temperature.

By far the most notable effect of temperature is the way the

June 1998 ELECTRONICS WORLD

501




COMPONENTS

impedance of wet aluminivm electrolytic capacitors changes ver-
sus frequency with change of temperature.

The wet electrolyte and separating papers used in aluminiom
electrolytic capacitors, combined with the minute and tortous
paths into the inner recesses of the anode foils, contributes much
of the capacitors series resistance. At 85°C, resistivity of the elec-
trplyte-paper combination is typically half its room temperature
value,

At lower temperatures — and especially with higher voitage
capacitors — electrolyte viscosity increases more rapidly. By 0°C,
resistivity of the electrolyte/paper combination is typically dou-
ble its room temperature value.

At the lowest temperatures the normal impedance frequency
carve becomes a nearly constant resistance plot. This low tem-
perature behaviour fortunately is of no importance for most
decoupling applications, which only require the capacitor {o be
a low impedance path. Fig. 13.

The conductivity of solid electrolytes is also temperature
dependent. But at very low temperatures, increase of impedance
is modest, compared to that of the wet aluminium electrolytic
capacifor.

Ripple ratings

These temperature and frequency effects on capacitor esr reflect
directly into the capacitors ripple ratings above room tempera-
fure. At lower temperatures, any ripple current generated heat
serves to warm up the capacitor.

Every capacitor has an internal hot-spot maximum temperature
that should not be exceeded. Frequently this cannot be measured,
except by manufacturing special test capacitors. A more practi-
cal method with aluminium electrolytics is to measure the sur-
face ternperature at the aluminium case end, underneath any plas-
tic insulation, using a 0.2mm wire, naked-bead thermocouple
with PTFE insulaticn.

Especially with wet-aluminium e}ectrolync capagitors, hot-spot
temperature directly influences the rate at which electrolyte evap-
orates through the end seals and thus capacitor life. End-seal
materials are chosen to minimise electrolyte losses while allow-
ing excess hydrogen to diffuse out, avoiding undesirable pressure
build up.

Makers’ ripple carrent ratings are usually determined in prac-
tice by using 100Hz sinnsoidal waveforms. Consequently, other
frequencies and non-sinusoidal voltage and current waveform
neqmrements must be related to these 100Hz catalogue ratings,
using appropriate methods,

Freqirently this reguires the current for each harmonic com-
ponent be determined using Fourier transforms.® Each harmon-
ic’s power is determined from the capacitor’s actual esr at that
frequency and ambient temperature.12 The total capacitor power
1s.calculated as the rms sum of all these powers.

" Designers interested in a step by step description of this pro-
cess for calculating capacitor power dissipation for any repetitive
waveform will find details in my April 1995 capacitor article.!?

Alternatively, having calculated the rms current for each fre-

quency, some makers specify suitable frequency correction mui-
tiplying factors.'* The rms sum of these corrected currents is then
related to the 100Hz catalogue claims.
_ In many instances, the waveform may not be sufficiently repet-
itive, so these methods may not be possible, In that case, a con-
servative and long-standing rule of thumb is to assume any case
temperature rise of less than 5°C should be acceptable. This is
subject to the proviso that the case operating temperature at the
maximum expected equipment ambient does not exceed the
maximum service temperature of the capacitor.

Readers interested in this simplistic approach are referred to the
TEC 384.4 or CECC 30.300 specifications. These provide tables
of permissible case temperature rises for differing ambient tern-
peratures.!2

Ripple-voltage peaks superimposed on any applied dc level
must not exceed the capacitor’s rated voltage. The resulting cur-

rent must not exceed the permitted ripple current at that fre-
quency and with polar capacitors, no polarity reversal is
allowed.®

‘While capacitors generally have a small permitted surge volt-
age level, this is intended to cover equipment switch on condi-
tions. It should not be used when calculating permitted ripple
voltages.

Should it become necessary to bank capacitors in series or par-
allel to provide the needed ratings, voltage and current sharing
amangements are essential to avoid early and dramatic failures. 1

Whenever possible capacitors should be used de-rated from the
permitted catalogue levels. This extendsB service life. All capac-
itors — and especially electrolytics — provide a much prolonged
service life when operated at a reduced operating voltage, and
exhibit no adverse side effects.?

Washing

Aluminirm electrolytic capacitor end seals need to be taken into
account when choosing a flux removal fluid so check the capac-
itor maker’s literature. In principle, any seal designed to allow
hydrogen to escape might also permit ingress of chlorinated
hydrocarbon solvents. Once inside the case, these could supply
free chlorides, causing internal capacitor corrosions and leading
to failure.

Chlorinated hydrocarbon solvents, used to clean Hght metals
like copper and aluminium quickly become acidified unless fre-
quently replenished. Acidified solvents cause considerable dam-
age to many components, so-must be avoided.

Capacitor mounting

It is common practice to conveniently mount large aluminium
electrolytic capacitors, terminals down. In many constructions
the hydrogen venting seal will then be mounted as the lowest
point of the capacitor.

H the capacitor is used well within its voltage and ripple cur-
rent ratings, having the vent at the bottom should not present a
problem. If the device is used incomectly though, excess gassing
can force electrolyte to exude — probably forcibly — from this
venting seal. This usually results in corrosion damage to sur-
rounding areas,

Capacitors designed to mount terminals down usually have a
vent at the opposite end of the case from the terminals. For sat-
isfactory service life, again the capacitor maker’s mounting
instructions, voltage and ripple ratings should be observed. ®m
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Fig. 3. Stacked film
production technology. Large
rings of metallised film, of
width equal to the final
capacitor body length, are
wound on ‘core’ wheels.
These rings are metal end
sprayed, then sliced to make
individval capacitors.

“ Many apologies. These diagrams did not reproduce property in Cyril's |ast
article. 1 sincerely hope that they appear in full this time round, but WYSIWYG
doesn't seem te have filtered through to the printing world vet. Ed.

Fuail electrodes

Fig. 2. Metallised film capacitor cross
section, illustrating self-healing
action. Before and after views show
how electrodes and dielectric film
Meltallised electrodes are both involved when ‘clearing” a
Endspray ] fault.

° le or double-metallised ﬁlm

Extended foi welded

Weak spot Diglectric

Metallised film

Fig. 1. Having no discrete electrodes, the
metallised film capacitor maximises
capacitance and voltage for a given size, but
(s limited current handling. Use of foil
electrodes maximises current handling but
reduces capacitance. Double metallised filnm

Fig. 4. Winding on a larger diameter mandrel allows
the roll to be fattened to form the capacitor element.
Both metallised and extended-foil electrode capacitors
can take advantage of sprayed-metal end connections.
Foil electrodes that extend beyond the dielectric roll

electrades, described in a German Patent, L | Atter allow resistance welded, directly attached lead wires.
offer intermediate capacitance and current : In the centre is the wound capacitor before
handling. compression.
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