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25 Field of the Invention
The present invention relates to materials potentially suitable for use as the expansive

element in thermoelastic design and to methods for ranking the potential relative
suitabilities of those materials.
The invention as developed originally as a means of identifying and ranking a range

30 of materials that potentially may exhibit superior properties for use in the manufacture of



to macroscopi c design even though the overall design considerations are
vastly different 5 and certainly |ess conplex. Background of the Invention
It is inmoovasasoe o clarify that thernoel astic actuation i BCTAdDPHEEY | zed
using force, deflection and tenperature as opposed to switching, which is
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y use er e use
A relatively diverse range of output force and deflection values can be obtained by

20 altering actuator geometry. However, the fundamental operation of actuation is directly
related to the mechanical and thermal properties of the component materials. Correct
material selection in association with effective design can result in either a smaller or a more
efficient actuator. Such an actuator increases wafer yield and is thus more commercially
viable. A more efficient actuator may be battery powered increasing operation simplicity

25  and negating the requirement for expensive voltage transformers. An increase in thermal
efficiency improves the operational firing frequency, and decreases the possibility of
thermal crosstalk. This is especially relevant for arrays of thermal actuators in a micro-cilia
device.

However, material selection for MEMS application is not straightforward. Firstly,

30  published thin film properties can vary greatly due to different fabrication methods and

difficulties associated with experimentally quantifying material properties on the



applications were polysilicon, single crystal silicon. However, the
applicant just previously nade the surprising discovery that titanium
nitride awvalor/s28emi um bori de/ di bori de exhi bited excell entP@T/apet/oidss
relevant to this application. 10 Realising the breakthrough this surprising
di scovery signified, the applicant sought to try and identify possible
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Summary of the Invention

It is therefore an ultimate object of one aspect of this invention to identify a range of

alternative materials that will potentially exhibit superior properties for use in thermoelastic
20 design and of another aspect to provide a means of ranking the potential suitability of a
given range of materials for this same use.

According to a first aspect of the invention there is provided a method of selecting a
material for use as the expansive element in a thermoelastic design by deriving an indicator
of the material’s potential effectiveness for that use, said method including the step of

25 calculating a dimensionless constant €y for that material in accordance with the formula:
Ey’T
= pre

gy

wherein E is the Young’s modulus of the material; y is the coefficient of thermal expansion;
T is the maximum operating temperature, p is the density and C is the specific heat

capacity.



In accordance with a third aspect of the invention there is provided an
expansive elenent in a thernoelastic design that is nade from any

functi onav0y2/328b¢ abl e materi al or conbi nati ons of materi BCHASel/@s82d from
a group including: silicides and carbides of titanium 15 In accordance
with a fourth aspect of the invention there is provided an expansive
element in a thernoel astic design that-4s made fromany functionally
suitable material or conbinations of naterials selected froma group
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air; 30 (pcb fdm ca Fly inert in the chosen ink; and (d) depositable by CVD,
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shows a schematic representation of a thernoelastic actuator; Figure 2
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element in a thermoelastic design that is made from any functionally suitable material or
combinations of materials selected from a group including:

borides, silicides, carbides and nitrides of tantalum, molybdenum, niobium,
chromium, tungsten, vanadium, and zirconium.

20 In accordance with a fifth aspect of the invention there is provided an expansive
element in a thermoelastic design that is made from any functionally suitable alloy material
or combinations of alloy materials selected from the group including:

borides, silicides, carbides and nitrides of titanium, tantalum, molybdenum, niobium,
chromium, tungsten, vanadium, and zirconium.

25 Preferably the expansive element in a thermoelastic design in accordance with the
third, fourth or fifth aspect of the invention also includes one or more of the following
properties:

(a) a resistivity between 0.1pu€2m and 10.0uQm;
(b) chemically inert in air;
30 ©) chemically inert in the chosen ink; and

(d) depositable by CVD, sputtering or other thin film deposition technique.



A non-di nensionalized material actuation efficiency is presented that
assesses the 15 potential application of a material to thernoel astic
design. Weoxeshod i s based on the material thermal and PeTAani/e@b2
properties and assists in a structured approach of material selection for
effective design. The Material Actuation Efficiency Actuators are
characterized by a conbination of defl€ttion, force and operation 20
tenperature in contrast to switches that are characterized by operation

t enper at gﬁeﬁnésdﬂﬁjti@ﬁfdfqneqbpéwlng gndanment al thernoel astic design is
characteri zed by the differenti al ongi t udi nal expanmén of two bonded
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15 potential application of a material to thermoelastic design. The method is based on the
material thermal and mechanical properties and assists in a structured approach of material
selection for effective design.

The Material Actuation Efficiency
Actuators are characterized by a combination of deflection, force and operation

20 temperature in contrast to switches that are characterized by operation temperature and
deflection alone. Fundamental thermoelastic design is characterized by the differential
longitudinal expansion of two bonded layers. Thus, the expansion of isolated unbonded
layers directly relates to global behaviour. A single material beam is used here to illustrate
the material actuation efficiency. The approach is straightforward and relates to general

25 thermoelastic design. The derivation assumes that material properties are constant across the
thermal range.

Equations 1 to 3 are fundamental thermomechanical equations describing the
behaviour of simple single material beam subjected to a quantity of heat, Q as illustrated in
Figure 1. Equation 1 describes the extension, 8L, of a free/free beam and equation 2

30 describes the reaction force, F, of a clamped/clamped beam.



equations 3 and 4. The efficiency is independent of geonetry and is a
primary indication of a material's potential application to thernoelastic
desi gn. Wweot/sasear rel ati onship between 20 the actuati on RPET/ATIENG2 and
material tenperature for the sinple beamis shown in Figure 3. The graph
i ndi cates that high tenperature operation is desirable for maxi num
efficiency. The plot is limted by th&-applicable operation tenperature
and therefore, different nmaterial plots are of different |engths. The
assunption ugggy{grthis text is that the operation tenperaturgads)the
material nelting point because it is indicative of the operable thermal 25
range. T tshe 1 u tL b L
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mat eri al (teﬁb@faﬁﬂr@ﬁ@)ojndtmc@a‘ffm@mtemwermurM%ahﬁmaofmﬂﬁtant ~and is
defined in equation 6. The conbination of F, and m fully characterize a
mat eri al s actuation characteristics non graphically. WO 02/ 32806
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mat er i al Mddoblsudi ng materials with extrene properties (PTFE - high g,

D amond - high E) and conpounds fromall the major CVD groups including
borides, 10 gidvprdes, nitrides and carbides is shown in Tabl eE)3)The
efficiency values are scaled according to silicon efficiency values
because Wﬁzré:rgl-%éht@%efgfy ingl ed WalHE s &faﬁiﬂd Y derityRhdfc espddesd goar equat i ons
described in the followng text. The scaling or conparlson of a material
wi t h r espaetity of eamef erence material is an integral step in the materia
selection process. In addition, scaling also results in a nore readable

i ndex, as ill strated W n con | sen as
the r B or encbSrREUF e AR it ApGaTRARARCE et F S idRe
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not e t hathethset inpttemidaiugput hethdnaoak woildfen thecainpke rbortolidhit bearn mgshe&Enwnl | out put
dlfferen} amounts of work for any constant geonetry 20 (see Conparison 1
bel ow, di'e¥ér'ént anounts of heat energy are also required). Three

i nportant design parameters are defined here as heat input, work output and
volunme. A deg Lg@ pmatrix can be constructed by varying each p ter and
can then be used to select suitable materials. The foll ow ng conparisons
ar e usedWleras¥entbehahtval deki gn matri x. WO 02/ 32806 PCT/ AU01/ 01332

Equation 5 describes the non-dimensional thermoelastic actuation efficiency and is
formulated as the quotient of the mechanical work and heat energy as described by
equations 3 and 4. The efficiency is independent of geometry and is a primary indication of
a material's potential application to thermoelastic design. The linear relationship between

20 the actuation efficiency and material temperature for the simple beam is shown in Figure 3.
The graph indicates that high temperature operation is desirable for maximum efficiency.
The plot is limited by the applicable operation temperature and therefore, different material
plots are of different lengths. The assumption used in this text is that the operation
temperature is the material melting point because it is indicative of the operable thermal

25 range. Thus, the material actuation efficiency, €, is defined as the actuation efficiency at the
maximum operable temperature, T, of that material. The slope of the efficiency curve is a
constant, me and is defined in equation 6. The combination of € and m, fully characterize a

materials actuation characteristics non graphically.



8 TABLE 2. Material Properties. Material g Er Cme/mm,e OT MP. MN W 1

KXX R C GPa kg/nB JJkgCCCCOT. MP. /mK mAn Al um num 23.1 68.9 2700
897 17. 13v@%7328008 231 0.027 Boron Carbide 4.5 454 2520 PEHAGIBW32A50 7. 49
35 5e4 ChromumdiBoride 11.1 540 5600 690 19.42 1000 2150 13.78 29.62 32
0.18 Chromumdi Silicide 5.9 5600 1150 1560 0.8 Chrom um Carbide 9.9 385
6680 530 12.02 1100 1895 9.38 16.16 19-0-75 Chrom um Oxide 9.0 102 5210

730 2.45 1000 2603 1.74 4.52 30 13 Copper 16. 5 110 8940 386 9.79 1085 7.53

398 0.017 ld 14.2 80 193?0 129 31 12064 5,57 5 0.023 Haf ni um Car bi de
6.3 410 ;zﬁégtpl‘fl% changps! g 3040 & MM 0.6 Haf ni um ghBor i de
7.6 11200 300Hz&0Bna32h0mt 0.1 poHa rQLgJ/rmbl(Sml/lkg?@ 8030 1100 17 fni um
Monocar bi de 6.5 424 11940 3890 8 0.5 Hafnium N tride 6.5 13,940 500 3300
17 32 Mol ybdenum 4.8 343 10200 251 3.48 2623 6.48 138 Mol ybdenum Boride 5
685 7480 530 4.87 1000 2140 3.46 _7.40 27 0.18 Mol ybdenum Car bi de 6.7 530
9120 315 9. 34d500E2500N3»Z11/26256| 22 0.57 Mol ybdenum di Sili ci deég é 450
6240 550 1@ 4—I7'\P— 050, 35 PR €D, 17 49 0.7 Nickel 13.4 200 890 4% 10. 25
1455 10.58 90 m di Boride 8.6 650 7210 420 17.91 850 3000 10. 80
38.10 0.12 17 N obiumdiSilicide 8.5 5690 900 2050 0.5 N obi um Car bi de
7.4 450 Mi2Rrz?QeikérigP 650 3500 5.65 30.42 14 0.19 PTFE 220 1.3 2130 1024
32.54 200 4.62 140 10e22 Silicon 3.0 162 2330 705 1.00 1410 1410 1 1 149
2300 Sili coPiffareni then #1n7 nBetiaBia0lu6mg Bat@alP FHD edtrS&oe pooportes (HEFE ahign
Car bide 6. 7.510 14500.190,9. 37 650.390Q, 4. 32 25 Tant al um

di Bor i de $HaDewl 1BghE) subenperngafonyhhs ey @ﬂral@songadmgr FEdASum

di Si lijgi dgiRde, 1%9‘%& %@@cﬁgﬁleg@739091n41§Taﬂ_bt23Thé‘@Pf1%59§/ (8uds e §87q#920 480
12.08 700 3160 6.00 27.08 17.2 1. Titani um di Boride 8.2 575 4450 632

15. 51 1400c3db6® tQSﬂlAOn SHicikacyp Galnei)belzause'fh& mnlusion aif Svdlctd;vajeesjgbeaﬂyZ?O 4100
480 17.72.130 40 16. 4 1 Ti tanl ride 9.4 600 5450 636
1725 5061DB8EFERIEn Sgian3geseed bﬁ@iwﬁn@w BeseinBsE cT3RUBRE 33, 70
1000 2363n#efd v@tlegs&%t { al@ference material is an integral step in the material selection
process. In addition, scaling also results in a more readable index as illustrated by the
15 following comparisons. Silicon is chosen as the reference material because of its
predominance in lithographic fabrication.
Preliminary candidates for thermoelastic actuation can be selected according to
efficiencies and slopes, however, it is important to note that two materials that have
identical € but differing m, will output different amounts of work for any constant geometry
20 (see Comparison 1 below, different amounts of heat energy are also required). Three
important design parameters are defined here as heat input, work output and volume. A
design matrix can be constructed by varying each parameter and can then be used to select

suitable materials. The following comparisons are used to assemble the design matrix.
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Nickel 13.4 | 200 | 8900 | 444 |10.25 1455 10.58 | 90.7
Niobium diBoride 8.6 | 650 7210 | 420 [17.91| 850 | 3000 | 10.80|38.10| 0.12 17
Niobium diSilicide 8.5 5690 900 | 2050 0.5
Niobium Carbide 7.4 | 450 | 7820 | 290 |12.26} 650 | 3500 | 5.65 }3042| 14 0.19
PTFE 220 1.3 12130 | 1024 | 32.54 200 4.62 | 140 [10e22
Silicon 3.0 162 | 2330 | 705 | 1.00 | 1410 | 1410 1 | 149 | 2300
Silicon Carbide 47 | 304 | 3440 | 669 | 3.29 2700 630 | 90 0.5
Tantalum Carbide 6.7 | 510 |14500( 190 | 9.37 | 650 | 3900 | 4.32 |2593| 23 0.35
Tantalum diBoride 8.5 250 {12600] 250 | 6.47 | 850 {3090 | 390 [14.17| 16 | 0.14
Tantalum diSilicide 9.5 9080 | 360 800 | 2670 0.46
Titanium Carbide 7.4 | 462 | 4920 | 480 |12.08 | 700 | 3160 | 6.00 |27.08} 17.2 | 1.55
Titanium diBoride 82 | 575 | 4450 | 632 |15.51| 1400 | 3253 | 15.40| 35.78 | 26.4 | 0.13
Titanium diSilicide 10.7 | 270 14100 | 480 |17.72| 1300 ] 1540 | 16.34 [ 19.35] 46 |0.145
Titanium Nitride 9.4 | 600 | 5450 | 636 |17.25] 500 {2950 6.12 |36.10| 30 1.35
Tungsten Boride 5.0 | 790 |13100| 460 [ 3.70 | 1000 | 2365 | 2.62 | 620 | 52 0.19
Tungsten Carbide 5.2 | 690 |15800] 200 | 6.66 | 500 | 2780 | 2.36 | 13.13| 29 0.2
Tungsten diSilicide 7.0 | 300 | 9750 330 | 5.15 | 1200 | 2165 | 4.39 | 791 48 |33el0
Vanadium diBoride 7.6 | 260 [ 5100 670 | 496 | 600 | 2430 [ 2.11 | 854 | 42 0.13
Vanadium Carbide 6.7 | 420 | 5480 | 530 | 7.32 { 600 | 2730 | 3.12 | 14.18{ 10 | 0.59
Vanadium diSilicide 11.2 5100 1000 | 1700 25 0.66
Vanadium Nitride 8.1 460 | 6080 | 630 | 8.89 | 450 {2170 | 2.84 [ 13.68| 52 | 0.85
Zirconium Carbide 6.3 | 410 | 6560 | 250 [11.19] 600 [ 3440 | 4.76 [2731| 22 0.42
Zirconium diBoride 5.9 | 340 [ 6170 1300 | 3245 58 | 0.15
Zirconium diSilicide 8.7 | 270 | 4900 1150 | 1600 15 0.76
Zirconium Nitride 5.9 | 500 | 7350 | 400 | 6.68 | 500 | 2950 | 2.37 |13.97 10 [0.2-0.3
Where:

y = Coefficient of thermal expansion.
E = Young's Modulus,
5 p=density,
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Figure 3). The new operation tenperature and o
15 point and Table 4 is formulated using oxidation temperature). Titanium nitride can output
159.3 times more the amount of mechanical work than silicon with only 4.41 times the
amount of heat input. The factor in equation 8 and the scaled material efficiency ratio (as
included in Table 2) repeatedly occur in the following comparisons illustrating the
versatility of the method.
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(EQT)

The 1 subscript denotes the reference material which is silicon in this case. The ¢

subscript denotes the compared material.

%:(___ﬂrCrTrJ (EQ9)
25 Qr p,CT,

Comparison 2
Different materials increase in temperature by different amounts when subjected to the
same quantity of heat energy for a constant volume. The material volume is scaled relative
to the silicon volume according to the constraints that the same amount of silicon heat
30 energy is input to both actuators and the compared material attains its operational

temperature. Thus, the actuation efficiency value remains unchanged because it is not a
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Comparison 3

(EQ10)

The output mechanical work resulting from silicon heat energy for constant volume

beams is compared. The operation temperature and efficiency value for the compared

20 material changes. However, the new efficiency is easily calculated using a multiplicative
ratio of the new and old operation temperatures because of the linear relationship between
temperature and efficiency (as shown in Figure 3). The new operation temperature and
work are given by equations 11 and 12. This comparison represents the design case where
heat is a critical parameter.

25 PTFE will melt when subjected to the input silicon heat value. Titanium disilicide

outperforms titanium nitride mainly because of the higher computed operating temperature

(Table 3).
C
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30 Comparison 4

Wieon _ Eieon@r _ Ticonés _[pCT, &
W(r,Qr) 81‘Qr Trgr prCrTr Er

(EQ 12)



both PTFE and silicon dioxide will nelt. The CVD ceram cs are again shown
to have the best performance 25 W =VrErYTr2 =W =VeEeYTr ~T(r,W) = Yr

Er (EQL5)WO ¥2/3286€xr , W) = ErTe - rTrYr (EQLE) Qr, WOT/BUN1/Q33IN

6¢T(r, Q) ErTryr rt V\002/32806 PCT/ AU01/ 01332 Ov 00 v- Nr- cc ¢ NOMOO
adl NMd &G d d I0l~d 'd d M. ... MOOOOOOOOOOOOO
O4Hc33~,aac.M-M.tea Oml-O- O 4 WO000 ~OONON, -~ NN

'-~000 ~y NNNM~t t ~t MMNN kr) MON- N- NdL\oWVl) \O -~
CONMOO d toMcoco O NmMON- -4 0- O0O0O d?OOOOOO
O bA~~baacCLMMOQ ,-r NNc NMNC NOOTFr 00'$ O

O0O0O0
r 00 iDhe kintarial viNuMe @ scdled-with @s@c@COh@SﬂICOJl @IomMe acc@d®Ep the cogst@im O O O
OOOO OO0 \OOOCCCCNO a\ NOc.00 N Cli
- 4 M @aé] thg (.‘G)@’lpiaWdN’lEﬁFIilq, Iopgraﬂon 6em~perature a.nﬁ sg}con E’OB( &5 %HBTC%%% llt/l oo m

r
\O d
M C Oa)O 0 6hezdtnll{i!>&61§v&|k valu%% ES%{th (‘g;he. C?d;%n%g Wé)gi( @en ﬂheO\Q)IUIﬂe Q sMaTéH d@wﬁo 01 V) ON

5  Otherwise the volume is increased as is the case for PTFE or amorphous SlllCOl’l D10x1de
The material actuation efficiency reoccurs in the calculations as an inverse as shown in
equation 14

Titanium nitride can output the same amount of work as silicon but with a volume that
is less than two orders of magnitude smaller with an input heat energy that is less than an

10 order smaller.

V - E 2T2
W" =VrEr}/r2Tr2 :Wc = VrEc}/pzTcz P (eWr) _ ’}/"2 "2
V EC}/CTC

r

(EQ 13)

Lewo _EW, _&, (EQ14)
Q(r,Vr) {;'W €,

C

15
Comparison 5
The input heat energy required to output silicon mechanical work for constant volume
beams is compared. The operation temperature and thus efficiency value for the compared
material changes. The new efficiency can be calculated in an identical fashion to that
20 described in comparison 3. The operational temperature and heat input values are calculated
using equations 15 and 16.
The table shows that titanium disilicide slightly outperforms titanium nitride whereas
both PTFE and silicon dioxide will melt. The CVD ceramics are again shown to have the

best performance.
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A Thermoelastic Actuator

A hot arm/cold arm actuator is presented in Figure 1 to illustrate the results contained
in Table 3. Only the steady state solution for a quantity of heat input to the heater is
analyzed. The device comprises two identical material layers separated by air and connected

5  to each other at the ends by a thermally non-conductive block. The force/deflection
characteristics of the output mechanical power can be tuned by altering the separation
between the two layers. A greater separation increases the transverse force but decreases
deflection.

Two actuators constructed from titanium and silicon are compared using graphed

10 energy results in Figure 4. Five design comparisons for Titanium are plotted according to
the results contained in Table 3. The relationship between volumes, mechanical work and
heat energy are identical to those included in Table 3. Titanium volumes are scaled using
length for Comparisons 2 and 4.

Discussion

15 The combination of five separate material properties is important in assessing a
material's potential for thermoelastic design and materials with one predominant property
have been shown to not necessarily be the best candidate. This is evident in both Table 3 for
PTEE (high g) and diamond (high E). Both gold and copper have high g values but are
hindered as good candidates by low E and high r values. Silicon is very inefficient compared

20  to certain other materials, however, amorphous silicon dioxide is possibly the most
inefficient material of all.

Output mechanical work, input heat energy and actuator volume are three essential
characterizing parameters for thermoelastic design. The design method described
incorporates these parameters using only material properties and provides a structured

25  approach for material selection. The method is versatile because the approach assesses the
potential of a material using easily calculated comparison ratios. It is important to note that
the approach is a measure of a materials potential and must be used as a tool in conjunction
with other appropriate design criteria. For example, criteria such as force/deflection
characteristics of the output work, material resistivity, environmental ruggedness and

30  material availability may be important. The operable temperature range is assumed to be

from O degrees to the melting point on the Centigrade scale because it is indicative of the
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maxi mum oper abl e tenperature could be different due to oxidation of the
mat eri al Vo0 ows2ses t hernal design constraints. Titani um ni PET/HENASIT| 0se to
t he hi ghest actuation efficiency value when nelting point is used as a
criteria. However, Titaniumdi Silicide is potentially a better candi date
for use when oxidation tenperature is-®Bused. Titaniumnitride is a
practical candi date because it is well established as a CMOS barrier
material. The oxidation tenperature of TiN can be raised from500 Cto 900
C by allyAeswith alum num The alloyed material has a synbol (Ti,Al)N.
The actuation efficiency of a sinple thernoelastic titaniumbeamis |ow
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and nDdi?ggéaﬁgﬁgﬂaﬁ?%ﬁng%ﬁﬁepart fromthe spirit and scope of the broad
inventive concept. WO 02/32806 PCT/AUOLA@4832 -18- CLAIMS: 1. A method of
selecting a material for use as the€gx rve elenment in a thernoelastic
design by deriving an indicator of the erial's potential effectiveness

for that uyse, sai net hod i ncludjng the step of calculating,a .

di rensi onTEEk Ehle Fitney es ey ehine delsrran it fe 2eefEIBERELCHRA Rpmgion
formil a: TEI}{?n-g mg){r?luﬁ%% é’t‘é}ﬁ{#g[bﬁl Ealufe, € théQeREHSaldW tHs sptcifidigarrat erial ; y
is the coefficient of ther el gxpan5|on; T is the maxi num operating

t enpapat vagcitp 1S the density and Cis the specific heat 10 capacity. 2.

The nethod of Claim1 further including the step of normalising the
di rensionl ess constant relative to that of silicon to a value ¢ which is

achi eved by gL L@ JfGaiah 'ﬁgnl}ﬁf gr}cg.lﬂi:l]ngg[ {38 sBf hbRhalfing tAE BfnRSbioflesd Ne

rel evant “tenperature value an this by 15 the value of c¢ obtained
for silicon abnstdndtelsavsotteRE kiditon ®.a Rhluclhehivhtihachiofed Gy alerivihg ther tater
including the step of elimnating certain materials by o ]

gy for the material of interest at the relevant temperature valué and dividing this by

15 the value of € obtained for silicon at that same temperature.

3. The method of Claim 1 further including the step of eliminating certain materials by

requiring a pre-determined resistivity range.

20 4. The method of Claim 3 further wherein the resistivity range is between 0.1uQm and
10.0pQm.

5.  An expansive element in a thermoelastic design that is made from any functionally
suitable material or combinations of materials selected from a group including:

25 silicides and carbides of titanium.

6.  An expansive element according to Claim 5 further including one or more of the
following properties:
(e) a resistivity between 0.1pQm and 10.0u2m;

30 (F) chemically inert in air;



requiring a pre-determned resistivity range. 20 4. The nethod of Claim3
further wherein the resistivity range is between 0.152m and 10.052m 5. An
expansi vavebzsasne in a thernoel astic design that is nmade PeDAUANY1332
functionally suitable material or comnbinations of materials selected from
a group including: 25 silicides and carbides of titanium 6. An expansive
el ement according to Caim5 further +ib€luding one or nore of the

foll ow ng properties: (e) a resistivity between 0.152m and 10.052m 30 (f)
chemcally ipgrt i ghe%&a“}ypeggﬁ 32806scRGI¥AQL/ 01332 -19 (g) chemcally
inert in the thosen ink; and (h) depositable by CVD, sputtering or other
thin filmdefiositi dcpdsetalbinbwﬁé/D Bpu%@nrg)m@ﬁmrwfenéilmrrprSIilw tachrheyenoel asti c
design that is made fromany functionally 5 suitable material or

conbi nations of materials selected froma group including: borides,
silicideg, C?&B@xﬁ%n@@erﬁéﬁtﬁh Q%rﬂgelﬁﬁﬁt(ﬁgﬂgﬁ%m %QS’@HHIWan?'ﬁQQhHHﬁHy

chrom um tungsten, vanadium and zirconium 8. An expansive el enent

accor di nguitabl e%atieﬁal?orfcurrtblrr&alnonmﬂ aalengs seiected frnmraegrof.lp iredndindd f ol | owi ng
properties: go) areS|st|V|t vve n O.1i mand j) chemcally

inert in air Wﬁ}s Y He e SRibides ﬁ% {“mq?stoﬁEanﬁaﬁ‘&fg‘e‘ﬁlo}yﬁae“%d“‘(bl‘iéldepos| tabl e
by CVD, gputheh! t’ﬁg Qkn, ﬁg&lu&lh r{azfulcl)ﬁqgg@pom tion technique. 15 9. An

expansi ve el enent Pn g erm)e astic design that is nmade from any
functionally suitable alloy material or conbinations of alloy nmaterials

sel ected from t he group incl udi silicides, carbides and
nitri des Sof ﬁﬂt%ﬂ?ﬁmeﬁﬁﬁ?ﬁlaﬁ?ﬁrglﬁﬁlt?g&éﬁ nﬁmh?ro‘BF]ﬁ‘mng&’i‘Pé’Frfrl?Fﬁ fth?‘ugsten,

vanadj,umg fo‘bQerE'm 20 10. An expansive el enment according to Claim?9
further inc g one or nore of the follow ng properties: (m a
resistivity b@et ween résisthambaticbed 0. IQQ2m and 10.0pQeieni cal |y inert in air; 25
(o) chem call¥ inert in the chosen ink; and (p) depositable by CVD,
sputtering ofi) ot heehemically inefiBasosi ti on techni que.

(k) chemically inert in the chosen ink; and
M depositable by CVD, sputtering or other thin film deposition technique.
15
9.  Anexpansive element in a thermoelastic design that is made from any functionally
suitable alloy material or combinations of alloy materials selected from the group including:
borides, silicides, carbides and nitrides of titanium, tantalum, molybdenum, niobium,

chromium, tungsten, vanadium, and zirconium.

20
10. An expansive element according to Claim 9 further including one or more of the
following properties:
(m) a resistivity between 0.1uQm and 10.0p€2m;
(n) chemically inert in air;
25 (0) chemically inert in the chosen ink; and

(p) depositable by CVD, sputtering or other thin film deposition technique.



