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How do | install the heater?

Eledricd conredionsto Boraedric ™ Heders are criticd. The comparatively high power density and
the high operating temperature of Boraledric™ Heders make the connedion more important than for
conventional heders.
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Contadsto Boraledric™ Hedaers are either on an expaosed PG pad on the face or on the threads of apost. For
conredion to pads, ACC recommends the user purchase one of our Heaer Kits, in M2, M3 or M4 size. These
are complete with Tarod, Mo nuts and PG washers. The relatively high thermal expansion of PG helpsinsure
goodeledricd contad during thermal cycling of materials with dissmilar thermal expansion. A few pointsto
keegp in mind:
1. Make conredions finger tight, then +80to 90
a Lessthan 8¢ may have poar eedricd contad.
b. Greaer than abou 100 may strip the threads.
2. Do na scratch the faceof the PG pad. The PG is~50 micronsthick. Use aPG washer on the exposed
pad to proted the condtctive element surface
3. Do na torque the joint between the post and the heaer. Thisisacriticd eledricd conredion. Hold the
paost by hand, or wrap the post with a cloth and hdd lightly with pliers. Do na hold the heaer body for
leverage to make the post eledricd joint.
4. Post conredionsrequire at least 10 threals of engagement for strength and eledricd contad. The end of
the post is coated for protedion.
5. Chedk the heder resistance before and after conredion. The conredions shoud add no more than 1 ohm
of resistance but note 1.b; take care to na strip threads.

Boraledric™ Heaers have inherent thermal uniformity due to the anisotropy of the CVD materials used in their
construction. The best install ation of a plate heaer can be with the pattern on the bottom, the side oppasite the
product, with one or more thermal shields, to take full advantage of the hed leveling anisotropy.
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Can multiple zones be used to improve thermal uniformity?

Yes. Thelosses from aheder are greaer at the edges. There are two pradicd methods to mitigate edge
losses. First, the heaer can be made somewhat oversize. Losses vary gredly from install ation to install ation, but
for freeradiation from a Boraledric™ plate hedaer, most of the edge effed occursin the outer 210mm to 20mm.
If the heder is made oversize by this amourt, the central portionisuniform.

But making a heder oversize can use extra power, and certainly costs valuable spacein the system. A
seaondmethodto combat edge effedsisto increase flux where there are increased losss. Boraledric™ heaers
can be made with multi ple zones. An outer zone can be designed with a greder power density than the central
zone. ACC has supgied heaerswith upto 4,independently controll ed, concentric hea zones; having atotal of 8
eledricd contads. Thisisusually “over kill”, and two zones are shown to be very effedive for most
install ations.

Multi ple zones can be made in series, in which there is one set of contads, or made with independent
control using contads for eat zone. For series zones, the path resistanceis greaer where increased flux is
nealed, aroundthe periphery of the heaer. Serieszones assume agiven thermal relationship between the zones,
the relative path resistance and therefore the relative power between the zones is fixed by the design.

Multi ple zones are often most eff edive when separate contad, power supgy, and control is used for eah
zone. Transients and system effeds can be tuned in situ. The inherent limitations of thermal modeling have less
impad onthe final performance

Can contacts beisolated from the heater on posts?

Boraedric™ Heaers are often used in environments where the dedricd contads need protedion from
the environment. This can be ather athermal or chemicd need. Heaers can run very hat and melt contads, or
the environment may be oxidative and attack the mntads. In these kinds of applicaions, ACC offers a patented
contad design that isolates the cnredion from the hot areg contads are waler and less sisceptible to thermal
and chemicd attadk. Heaerswith these mntad designs are cdled “Post Heders”.

Two contad options are shown. In agraphite base heder, the medanica conredionisinterna to the

Graphite base
heder.

Graphite base heaer posts
are @83 x 25, M2, or

293 x 35, M3, or

2123 x 50, M4.

Mx isthe metric thread.

PBN base heder posts
are@7.5x 25, M3, or
@ 115 x 35, M4, or

g 19x 50, M6.

Mx isthe metric thread.

heder core, and the hat surfaceisflat. I1naPBN base heder, the mechanicd conredion requiresanomina 3 mm
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extension above the heaer surface A standard thread isin the cold end of the post for the eledricd conredion.

The post is fully encgpsulated with pyrolytic BN, except for the battom face so the only exposed graphiteis at
the cold end.

Can contacts be outside of the hot area, on tabs?

The two paost designs shown above show the paosts fastened to tabs outside of the hot area Thisimproves
the thermal uniformity of the heaer element. The eledricd conredion can often be athermal hea sink. By
moving the hea sink effed of the contad away from the hat zone, thermal uniformity isimproved.

How isthe pattern determined?
Pattern shape.

The only technicd limitation to the pattern is madining capability, but diff erent geometries can impad
thermal uniformity. In any heaer pattern, the current tends to channel at the inside of any tight corner. So, for
adjacent webs in a series circuit, the current turns a sharp corner and can crede ahat spot. Thelocd hot spot
may be some few mm diameter, and upto about 50 °C hoatter.

For cylindricd and tube elements, the patterns are usually adjacent axial webs conneded in series, with
the current turning the corner at dternate ends. For the best uniformity, the turns shoud be outside the areaof
concern.

For flat, plate heaers, there are two typicd heaer patterns; doulde spiral paths and straight, adjacent
series paths. The doulde spiral hasrelatively gentle turns, with only atight corner at the center where the two
spirasconred. Thisisthe most common pattern.

Straight, adjacent series webs have no turns in the central areaof the heaer, al turns are nea the
periphery. But all turns are relatively tight. If thereis sufficient space where the turns are outside the criticd
area this can be the most thermally uniform eledricd pattern, but it may take up extra surfacespacefor the turns.

Eledrical resistancecalculations.

The room temperature eledricd resistance, R, of any pattern can be estimated from R=(0.21) x (path
length) / (path width). The path width is the number of passes divided into the areathey pass lessthe gap. The
length of the path is estimated as (heder areg divided by (path+gap) width. The gap isusually about .75 mm.
Soif the doute spiral, below, is 850mm; the areais 1962mn¥; the width is (8507 passs) — (.75gap) = 6.4mm;
the length is (areaof 1962mnv) / (width of 6.4+ .75gap) = 274mm. So R is estimated as (.18) x (274) / (6.4) =
7.7 Q.

Adjacent axial webs Doule spira websfor disk | Adjacent series webs for
for cylindricd heaers. heders. disk heders.
& @
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Doesthe dedrical resistance dange with temperature?

PG Resistivity
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The resistivity of the PG condtctive film in aBoraledric™ heder deaeases with temperature, reading a
low paint of about 40% of the room temperature value at around 1200C. This allows for a “soft start”
cgpability, and requires lessvoltage as the temperature increases. Sinceresistance drops as the temperature
increases, current also increases.

This must be taken into aceurt in seledion of the power supdy. For constant voltage, current will start
out low and increase as temperature increases. In transients, before stealy state, it is possbleto blow fusesif no
thermocoupeis used, or if the coude does not seetemperature quickly and acarately.

What about environmental compatibility?

Oxidation Resistance
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Data from "New Pyrolytic Boron Nitride," M. Basche, D. Schiff; Materials in Design Engineering, Feb., 1964.
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Oxygen.
At most heaer use temperatures, the oxidation resistance of pyrolytic boron nitride proteds Boraledric™
heaers, but the expaosed graphite contads may nead protedion. Thisisavery common failure of Boraledric™
Heders.
Datafrom the cited reference were generated at 18.4cd/min of air at 1 atmosphere. If oxidationisaconcern,
ACC recommends ether of two solutions. A patented, PBN encapsulated contad post can be added. Pictures of
“post heaers’ can be seen on www.AdvCeramics.com, and in the sedion, “ Can contads be isolated from the heaer
onposts?” With the paost, the exposed graphite can be below the oxidation threshold temperature. Or, success

has been seen with an e-beam coating of platinum around 200025004 thick. For Pt coating, ACC refers you to
Thin Films, Inc. at 978692-9530.

Ammonia.

There may be readions with ammonia. Gibb'sfree eergy cdculations show afavorable reation d carbonwith
NH; (ammonia) at about 1250°K, 975°C. Carbonis exposed at the mntads of Boraledric™ heaers. Any
temperature above 975°C iscertainly arisk. Sincemany pradicd install ations monitor a reference temperature,
the heder temperature may be higher than the reference. Any install ation shoud insure the heaer contads are
below abou 750°C. Readion rates progressrapidly with increasing temperature and are severe & 1500°C.

Fluorine.

Boron ntride will read with fluorine plasma. ACCisdeveloping an AIN coating, which will resist fluorine
plasma. Please contad ACC for additional information.

What about voltage breakdown and arcing o the mntacts and leads?

The PBN (pyrolytic boron nitride) cgpoping layer on Boraledric™ Heders has a strength of 200,000
volts/mm, so arcing within the heaer is not a problem for any normal operation.

Breakdown Voltage for Air
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For the power leads and contads, separation distance may be aconcern. The graphisaplot of Paschen's
Law as presented by Bazelyan, E.M. and Raizer, Y u. P. (Spark Discharge, CRC Press BocaRaton, 1998. The
bregk down voltage, Ve, fOr any gasisafunction of gap distance, D, and gas presaure, P.
Viek =B* (P* D)/ (C+In(P* D)
Where:
P = Presaure, Torr
D = gap distance cm
C=In(A/In(1+ 1G))
And, for air:
A =15cm™*Torr
B =365Vcm Torr™
G = .01,asemndary ionization coefficient
SoC=1.18
This gives aminimum of abou 300voltsat P*D of 0.8 Torr-cm. For example, al mm (0.1cm) gap a 8 Torr
will have aserious spark concern operating at 300volts. These cdculations are mostly empirica and also depend
on geometry, temperature and gas. Staying below 220voltsis generally shown to be safe.

What Power Supply is Required?

Recommeded Maximum Power Voltage
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For atypicd maximum power of 50 watts/cm? (300watts/in?), to achieve atemperature of 1000°C:

To give At least this DC | Above this is
For a heater of this area: |max. of 50 voltage is not needed (but
w/cm”2 needed: is usually OK):
. . I high I low
Diameter (if Round) Area] Max. Power V low (+20% ) Vhigh  (+20%)
[mm] [in] [cm”2] [watts]
25 1 5 200 14 17 34 7
50 2 20 1000 31 39 153 8
100 4 80 4000 61 78 220 22
200 8 310 15500 121 154 220 85
300 12 710 35500 183 233 220 194
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Boraedric™ Heaers can be made utili zing awide range of power supgies, but any header must be
matched to the supdy. The higher the voltage, the more uniform the flux will be for any given power. Thisis
because, for a higher voltage, alonger path, higher resistance pattern can be designed. The longer path will use a
lower current, but will be more evenly distributed. If inany doult, use ahigher rated supdy! Below Vg, the
heaer may not attain full power. Above Vign, there may be some excesspower available. The datagiven are
cdculated on naminal, hat values, with a20% margin. If the user knows the power supgy avail able, they shoud
provide this informationto ACC for optimum design of the heaer pattern. If the power supdy will be matched
to the heaer after design of the heaer, ACC can recommend appropriate power supgy ratings.

Does AC versus DC matter?

Boraedric™ Heaers are passve resistors and are compatible with both AC and DC power supgies.
Values given in the tables above are cdculated for DC supgies, or for single-phase AC supdiesusing RMS (root
mean squared) values. The RMS, single-phase AC value iswhat most “house supdy” israted at. For example,
if theuser hasa “110v” wall outlet, thisisunderstoodto be 110V, RMS.

What if my supply isover rated?

Thisisnot aproblem, but may need some extra precaitions. The concern would be, can the heaer be hit
with the extrapower? To prevent this, options are often avail able:

1. Set acurrent or voltage limit i n the power suppy so V x A islessthan about 50 watts/'cm?®. If aheder is
designed torunat 50V and 8amps (V x A = 400watts), but isput ona 100V supgdy, then acurrent limit at
4 amps could be set.

2. Insurethefeed bad in the control loopis closed relative to the heder. This means, the thermocougde (TC)
that senses temperature must have very littl e off set and very littl e transient from the heaer temperature. The
oppasite (bad) caseisaTC remote from the heaer and buried in alarge block. In this case, the TC would
cdl for increasing power, even though the heaer is arealy quite hat, likely well above the TC sensed
temperature.

3. Do na rely smply ononly current or voltage feedbadk. A closed loopwith temperature is much more
desirable.

What about a 3-phase power supply?

Can thisbeused? Yes, probably. This question may come up onmulti ple zone heders, obviously most likely
ona3-zone heder. These can be operated using a 3-phase suppy, probably easiest inaY configuration. The
ressonto use amultiple zone heder is to independently control power to ead zone. The very purpose of a 3-
zonre heder, independent control of ead zone, means the load onead leg will li kely not be balanced. The user
shoud chedk with their in-house engineaing group, kecaise they may recommend against thisimbalance If the
heaer isasmall portion d the overall demand onthe locd power, this may not even be noticed. But thisisan
issue that shoud be looked at for eat user.

What are the voltage, current, and power in each leg? Calculationsfor this are only approximate, making the
asumptionthat eat zone is balanced, and thereis no eledricd phase angle between the aurrent and the voltage.
The power supdy must be sufficiently over-rated to acourt for any errorsintroduced. The cdculations for
unbalanced legs are beyondthe scope of this. If:

E. =Voltage, E, Line L = Current, I, Line P = Power, total

E; = Voltage, E, eat zone |z =Current, |, eadr Zone P, = Power, ead Zone

Then, for aY circuit:

Ez:EL/1.73, |z:||_,

P,=(Ex)x(Iz)=(E) x (1) /1.73, P=3xP,= (E)x(I)x173
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How hot isa Boraledric™ Heater?

Temperature vs. Flux
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Boraedric™ heaers can reah 1506 °C in steady st|_Steav State Conditions g gtion. Freestanding
parts can reach 1006 °C in steady state.

In atest chamber, with no shielding, “Vaaum” and “ Atmosphere” datais colleded, plotted above. The
“Atm” atmosphere lineisfor nitrogen. The “Shielded” line is based on aneadotal information from customers.
The “Calculated” linein the chart is from the Stefan-Boltzmann radiation equation for hea flux, Q=c&(Tho -
Tead) , detail s are under the Stefan Boltzmann sedion. Any adual situation could deviate significantly from
these data. Chamber insides may be water-cooled with alower Ty q Or may allowed to hed for ahigher Teog . A
wafer over the heaer may insulate the surfaceand increase the temperature and shielding under the heaer is
common, increasing temperature. Losses to power leads and medhanicd suppat comporents can be 20 or 30
watts eadh. In principal, 1 watt with enough insulation will get to 1000°C, yet 1000watts with high losses will
be @ad.

For design, find your temperature, go aaossto the “shielded”, “vaauum” or “am” line, and read down to
the flux necessary. The most conservative approach isto use amaximum flux of abou 50 watts/em?. Thisis
more than adequate for most situations. Boraledric™ Heaers have been made with over 100watts/cm?®. Use
this vaue for the sedion’ “What power supfy isrequired?’
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How are Boraledric™ Heaters constr ucted?

Graphite
base

First, sizeis determined. For heaers over abou g100nm, a macdined
graphite substrate isused. The substrate istypicdly 5-8 mm thick..
For parts under ~g100mm, aPBN plate is used, abou 1 mm thick.

Sewmnd,if agraphite substrate is used, it is Chemicd Vapor
Depasition (CVD) coated with Pyrolytic Boron Nitride (PBN). The
coating isaround 0.5mm thick. Thisgiveslarge, structurally sound,
UHYV tight parts, that can be used like aPBN plate.

Next, onthe PBN plate or PBN coated graphite substrate, athin
conductive film of Pyrolytic Graphite (PG) is deposited by CVD and
an eledricd pattern is machined.

Finally, aCVD capping dieledric layer of PBN added. For eledricd
conredions, contad paints to the PG film are exposed. Contad posts
for eledricd connedion away from the surfaceare an option

PEHN hase




