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THERMOCOUPLES

CROSS-REFERENCE TO RELATED APPLICATION
This application claims priority to ULS. Provisional Application Serial No.
60/788.220, fled on March 31, 2006, which is herein incorporated by reference in its

entiretly.

BACKGROUND OF THE INVENTION
i Technical Field
The present mvention relates 1o electronic devices, and more particularly to a

thermocouple and methods of fabncating thermocouples.

2. Discugsion of Related Art

Thenmocouples measure temperature. Thermocouples include two dissimilar metals,

joined together at one end, whuch prodoce a small onigue voltage for a given lemperature.

This voltage 1s measured and interpreted by a thermocouple thermometer.

There are various problems that reduce component survival, service hfetime and
accwracy for embedded thermocouples in harsh thenmal environments in the presence of
oxidizng or other reactive pases. These problems include fatlure of the thermal barnier
coating including cracking and spalling, oxidation of the thermocouple, and temperature
measurement errors caused by the use of non-standard thermocouple alloy compositions.

Referning to FIG. 1, thin film thernmocouples are constructed by overlapping alloy
tavers 101 and 102 over another o form a junction 103 disposed on a substrgte 104, This can

he done with a set of masks, one for each leg or by direct write processes. In etther case, the
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Junchion region has twice the thickness o of the film i the individual leg conduciors 101 and
102, The added thickness has several possible detrimental effects. If the thermocouple s
buried under a thermal barrier coating the thicker junction region can act as a mechanical
ripping pownd particularty under thermal ovcling or other thermo-mechanieal stress. Higher
stresses build ap in thicker coatings so the junction tends lo be the point al which
delamination of the punction from the substrate initiates. Forthermore, the region where the
{op coaling passes over the edge of the bottom laver s a high stress region prone to cracking
or other failure modes. Tn the manufacture of thermal Bux sensors, several thermocouples are
embedded 1n a thermial insolator at different depths. With the ovedapping junction design the
tunctions must be offset from each other m the hovizontal plane because the thickness build
up 18 too great i two of more junctions are located one above the other. The heat flux can be
more accurately measured with the low profile thenmocouples of this mvention because they
can be located at the same point so they are not allecled by lateral temperature gradients.
Therefore, & need exists for a system and method of fabricating thermocouples having

durable construction and accurate operation.

SUMMARY OF THE INVENTION
According to an embodiment of the presert disclosure, a thermocouple disposed on a
substrate comprises a first leg of thermoelectiic matenial, a second leg of thermoelectric
material, and a thermocouple junction electrically connecting the first leg and the second leg,
wherein a height of the thermocouple junction is substantially a height of the lirst or second
legs.
According to an embodiment of the present disclosure, a thermocouple having a

thermocouple function is formed by comtinuousty varying a composition ol a line overa

I
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portion of the line, fornung a graded junction with substantially a height of a conducting hine
slectrically coupled at the thermocouple junction.
According {o an embodiment of the present disclosure, a thermocouple comprises at

us each having an allov composttion, and a plurality of

5
pad

teast first and second thermocouple le
isothermal contact pads for electrically coupling the at least first and second thermocouple

tegs to collect a sigual.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the present invention will be desenbed below mn more
detat, with reference 1o the accompanying drawings:

FIG. 1 is a dingram ol a thermocouple;

FI1G. 2 15 a Gaussian graph of line shapes with side-by-side overlap sccording to an
embodiment of the present disclosure:

FI1G. 3 15 a diagram of a low profile thermocouple according to an embodiment of the
present disclosure;

FIG. 4A is a diagram of a gradient junction low profile thermocouple according to an
embodiment of the present disclosure;

FIG. 4B 15 a diagram of the gradient junction low profile thermocouple of F1G. 3A
along line 11-H7;

F1G. 8 15 a diagram of a three terminal thermocouple according to an embodiment of
the present disclosure; and

FIG. 6 15 a graph of a voltage-temperature plot according to an embodiment of the

Lk
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DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

According to an embodiment of the present disclosure. a thermocouple device has
desirable durabilitv and accuracy. The thermocouple device may be implemented as alow
profile thermocouple, a graded junction low profile thermocouple, a three lerminal
thermocouple, or direct write thermal spray type thermocouple, among others.

The thermocouples can be embedded in a thermal barrier coating (TBC) used to
protect a substrate from the high temperature combustion gases. These embedded
thermocouples need Lo have a long service life and may be used 1o monitor the condition of
the substrate, e g., components of machinery operating in harsh environments.

The TBC compnises several lavers that work in concert to protect the substrate metal,
such as a superalioy. Ao upper laver of the TBC vay be vitra stabilized 2ivconia (YSZ)
deposited on a bond coat of an allov containing alummum, for example. NiCrAlY. The YSZ
forms an interface laver of AL Os by thermal exidation of the bond coat during mitial
operation of the component, for example, a turbine blade or vane. The alununom oxide
formed al the terface slows further oxidation and promotes bonding of the YSZ to the bond
coat. The thermocouple has substantially no impact on the thermal and stractural integnity of
the TBC coating svstem.

According to an embodiment of the presemt disclosure, a low profile thermocouple

junction improves the mechanical stability of the TBC and s mimumally tmpacted by the

thermocouple. This can be accomplished with & direct write deposiiion system by making a
side-by~side junction taking advantage of the Gaussian line profile of the deposited line. If
the line centers are properdy positioned with respect 1o each other, a reliable junction 1s

formed where the height of the highest point in the junction is substantially the same as the

height of an imdividual line.
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By asing a direct wride system whare the composition of the alloy can be changed
durmng deposition, it 1s possible to make a graded junction where the composition changes
from composition A o composition B over a [inite distance. In direct wrile thermal spray,
thiz can be accomplished with, for example, a deposition system with two poveder feedears and

3 two powder injection nozzles. As the deposition device traverses the part, the flow of powder
A is tumed off while the flow of powder B s tumed on. Thus, a graded junction 15 formed
where the alloy composition changes form A to B over a finite distance. The graded junction
cant be used when the thermocouple is deposited in a trench so that the height of the junction
is substantially the same as the depth of the trench.

i According to an embodiment of the present disclosure, low profile thermocouples
mclode a junction region having a thickness approximately equal to the thickness of a single
faver (see FIGRK. 3 and 4A-B). These thermocouples can be used under or in thevmal barrier
coatings and will not sebstantially compromise the mechanical integrity of the coating. The

fow profile thermocouple may use a Gaussian profile lines to create a side-by~-side junction

15 {see for example. FIGS, 2-3). A lirst Jeg of thermoelectric material 304 of the thermocouple
1s deposited with a Gaussian line profile 201 The junction 30315 formed by deposited a short
hine segment of a second leg of thermwoelectric material 302, also with a Gauvgsian line profile
202, parallel to the first leg 301 with a separation of the center lines equal to a full width at
hall maximum (FWHM) of the line. The height profilte through the junction region can be

20 modeled by mathematically adding Gaussian functions. An example of two Gaussians added
together with the separation equal to the FWHM is shown in FIG, 2 ag 263. Note that the
maxinwm deposited hine height 15 only a few percent greater than the height of the individual
fegs 301 and 302, In & conventional overlap junction the maximum height in the junction is
fwige the maximum height of the individual hines {see for example, FIG. 1). An example ol a

25 side-by-side thermocouple junction s shown in FIG, 3.
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Another approach to the formation of alow profile thermocouple 18 to use a NiCrAlY
bond coat as one leg of the thermocouple. There are a number of allov compositions used as
bond coats for thermal barsier coatings wchiding Co32N21Cr8AINSY (Praxair CO-211),
N1Z2CHI0ANY, and Ni31Cr11 A0 TY. The thermocouple is formed using & No(CrAlY
composition such as NS ICr FAKLTY as one leg with Ni20Cr as the other leg. The NiCrAlY
taver under the TBC is used to form the junction. A window 1s opened in the TBC down to
the NiCrAlY bond coat and the junction 1 formed between the Ni20Cr line and the NiCrAlY
faver. The NICrANY laver is exposed in another location i a cold zone so that thermocouple
fead wires can be welded to 1t The lead or connecting wire should match the NiCrAlY
composition closely so as to substantially prevent the generation of thermal EMF at the lead
wire junclion. Yet another approach is to vary the alloy composition, for example by using
NiCrY and NiAlY matenals, which are well suited for lmgh~lemperature operation and
coating compatibility.

Referting Lo graded junction low profile thermocouples, a low profile direct write
thermocouple includes a junction region having a thickvess approximately equat to the
thickness of the single laver. In the graded junction low profile thenmocouple the composition
of the direct written hine is continuousity varied in the junction region. To form g junclion in a
tvpe K thermocouple (tvpe K and type N as used herein are defined by the Instrument Society
of America) with on leg of NiCr and the other lag of N1Al the composttion in the junction
repion 1s continuously vanied from NiCr to NiAl In the direct write thermal spray {DWTS)
process the composition is varied by using two powder feeders and separate powder injection
tubes for each gllov. The powder feed rate of the NiCr 15 decreased and the feed rate of the
NiAl is increased at the same time as a direct wiite head traverses through the junction

regioN.

H
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The length of the graded junction region should be as small, 2 g., not more than about
1 mum, because a lemperature gradient across the junction will introduce a small
thermocouple EMF that will cause an error in the measurement of temperature difference
belween hot and cold junction. I the graded junction is 1sothermal, there will be no EMF,

3 and this ervor will be zero.

The thermocouple can also be fabricated into a groove o mantain a level profile at
the sarface of the component. where the depth of the groove 1s substantially the thickness of
the as~-deposited positive and negative thermocouple alloy matenals 401 and 402 (see FIGS.
4A-B). e.g., within about 23% of the maximuom height of the legs 401 and 402, The positive

i and pegative thermocoaple alloy materials 401 and 402 are deposited having a gradient 403
therebetween. The groove depth  1in a substrate material 400 is substantially equal to the line
thickness, Addiional lavers mav be formed ov the substrate material 400 and positive and
negative thermocouple alloy matenals 401 and 402,

Referring now to a three-terminal thermocouple ag shown in FIG. §, a divect write

15 thermocouple uses alloy compositions to form thermocouple lines that cannoet be drawn into
wires, The allov can be feed into the plasnma torch in the form of powder and spraved oo the
surface of the turbine blade. The allov composition can be adjusted for desirable oxidation
resistance, compatibility with the thermal barrier coating or for its thermoelectnic properties
without the need for sullicient ductility to draw the matenal ito wire.

20 The direct wnte thermocouple 18 connected (o a measurement svstent with comnecting
wires and it 1s desirable to use connecting wires such as tvpe K (Chromel and Alumet) for
this purpose, for example. By using these connecting wires the temperature compensation for
the room temperature contacts 1o the measuring instrument or data acquisition system can be
done with a wide vanety ol conunerciglly available products. The wire connection 1o the

25 direct write thermocouple is typically done by welding the commercial type K connecting
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wires {0 contact pads at the oot of the substrate, e.g. turbine blade. In order to compensaie
for the thermal EMF generaled by the connecting wires, an independent measurement of the
{emperature is neaded at the contact pads located at the root of the blade.
The temperature of the Up of the substrate, e.g., turbine blade, can be determined
3 using the three terminal thermocouple system shown i the FIG. 8. In this example, a first
feg 301 of the thermocouple is Ni20Cr (Nichrome) and a second leg 502 i3 NiSAL The
conpacting wires mayv be commercial tvpe K thermocouple allovs Clromel and Alamel. In
this example a first Chromel connecting wire 383 is connected 1o a contact pad 504 of the
first feg 801 and an Aluwel connecting wire S08 is connected (o a contact pad $06 of the
i second leg 862, A second Chromel connecting wire 307 1s conpected to the contact pad 506
or a second pad 309 of the second leg 562 This can be done by welding the second Chromel
connecling wire 307 directly to the NiSAl comact pad 806 or by divect writing a Ni20Cr hine
S08 to the NiSAl leg 802 using the second pad 8509 of the second leg 502 in close proximity
to the comtact pad 506 the second leg 802 as shown in FIG. 8 Referning to the Ni20Cr fine
15 S08, so long as the line 508 15 the isothermal region 514, any conductor can be ased for that
fine segment, it need not be restricted to NiAl or NiCr. This 1s also true of the contact pads,
so for example, all the contact pads mav be made of NiCr because it 1 easier to weld the
conngeting wires 1o it. All the contact pads are arranged close together on the root of a blade
811 so that they are in an isothermal region 510 ndicated by the dashed box in the figure).
20 The end of the Chromel and Alumel connecting wires are conntecied to sutable compensated
termunals at the measuring nstroment.
For example, the temperature of a turbme blade tip 811 is determined by measuring
the voltages V1 and V2. The voltages are related to the temperatures by the following
equalions:

23 V=8, (T, ~ T+ ST, ~T) Egnl
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V23=8,(T, Ty Ego 2

Where Sk, is the Seebeck coefficient of the DW thermocouple and Sy is the Seebeck
coefficient of the tvpe K thermocouple.

If the reference contacts are compensated, the equation become:

V128 (T, =T+ 8, () Eqn 3

V2=8.(T, ) Eqnd

Subtracting Egqn 4 from Egn 3 gives:

VI-V2s8 (T, ~ T,
(T =T, = (V1= V)8, Eqn '3

Solving Egn 4 for Tew gives:

sunt

K Egn o

Substitating Eqn 6 into Egn 5 gives:

(T = F2/8, )= (M1-F2S,,

T, = (V1= VIS, + V28, Eqn 7

Equation 7 15 used to determine the t1p temperature. The assumptions in this analysis
are that the Seebeck coefficients are constant over the temperature range of interest. {f this is
not the case, the integral form of the equations must be used.

Referring to a direct write thenmal sprav tvpe N thermocouple, utilizing thermal sprav
and direct write thermal spray (DWTS) technologies, tyvpe N thermocoupies have been
fabricated and tested for operation as well as characterized for Seebeck coefficient. The
benefit of tvpe N thermocouples over traditional type K thermocouples have been
documented in detail glsewhera In brief, the tvpe N thermocouple has vary good
thermocouple stability, superior to other base metal thermocouples and has excellent
resistance to high temperature oxidation. They alse do not suffer from order-disorder

transitions, which can result in different sffective Seabeck coefficients within the

9
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thermocouple leading o errors and calibration diifl. The Nicrosil-Nisil thermocouple is suited
for accurate measurements in air up to about 1200°C, In vacuum or controlled atmospherg, it
can withstand {femperatures 1 excess of about 1200°C. Its sensttivity of 39 microvolis C at
9O0°C 15 shightlv lower than type K (41 mucrovolls™Ch DWTS type N sensors are under

3 development for high lemperature oxidizing service environments, where tvpe K sensors
have shown lionted hietimes. The deposited type N thermocouples were comprised of the
following allovs given in Table 1. The composition of the conventional allovs used i
conventional wire fabricated thermocouples is sefected for switable concentration can be used
becanse (here 1s less concern with the enbrittiement caused by Stin a thin film thermocouple

i than in a wire thermocouple. The higher Sy concentration imparts improved bigh temperature
oxidation resistance. Additional alloys of varving compositions similar o conventional
compostiions are ander investigation.

Table |

“Thermoelement | Conventional Alloy | MST Utilized Composition
Composition
Posilive (NP} Ni14Cr1 481 NiI®Cri0Si
Negative (NN) | Ni4Si018Mg I NiksSisB
is The type N Seebeck coefficients have been repovted as 39 uV/AC at 600°C and 26.2

gV C at °C. The datain FIG. 6 shows that the Sesbeck coefficient of the DWTS
thermocouple is in that range.

Having described embodiments for fabricating thermocouples, it is noted that
modifications and vanations can be made by persons skilied in the art in Hght of the above

2 teachings. 1L is therefore {o be understood that changes may be made in the particular

10
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embodiments of the invention disclosed which are within the scope and spinl of the

disclonure.
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WHAT IS CEAIMED IS

i A thermocouple disposed on a substrate comprising:
a first leg of thermoelecttic material;
3 a second {eg of thermwelectric malernial; and
a thermocouple junclion electnically conmecting the first leg and the second leg,
wherein a height of the thermocouple junction is substantially a height of the first or second

tegs.

i 2. The thermocouple of Claxm 1. wherein the thermocouple 1s embedded m an

fsulating laver,

3. The thermocouple of Claim 1, wherein the thermocouple is embedded in a

thermal barvier coating,

4, The thermocouple of Claym 1. wheren the thexmocouple junclion region is
comprised of segments the first and second legs arvanged to be substantially parallel and
overtapping for electrical contact,

20 3. The thermocouple of Claim 4. wherein the segments of the first and second

feps are separated by a distance egual to a full width at half maximum of the segments.

6. The thermocouple of Claim 1, wherein the thermocouple junction is graded

between the first and second legs.
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7. The thermocouple of Claim 1, whergin at least one of the irst and second legs

is formed of & meiallic bond coat.

& A thermocouple wherein a thermocouple junction i3 formed by continuously
3 varving a composition of a fine over a portion of the line, formung a graded punction with

substantially a height of a conducting hne electrically coupled at the thermocouple junclion.

9. The thermocoupte of Clanm 8. wherein the thermocouple is deposited into a

groove such that a top surface of the thermocouple junction and the conducting line are

i substantially level with a surface of a substrate,
10, A thermocouple comprising

at least first and second thermocouple legs each having an alloy compoesition; and

a plurality of isothermal contact pads for electrically coupling the al least first and

15 second thermocoaple legs to collect a signal.
11, The thermocoupie of Claim 10, further comprising a plurality of connecting

wires electncally coupled to the plurality of 1sothermad contact pads. respectively.

20 12, The thermocouple of Claim 11, wheren the plurality of connecting wires are
electrically coupled to the respective 1sothermal contact pads to form a thermocouple junction

at the isothermal contact pads,

13, The thermocouple of Claim 11, wherein the first and second thermocouple
25 fegs are formed of alloy compositions of Ni20Cr and NiSAL respectively, the thermocouple
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farther comprising a plurality of type K connecting lines formed of one of Chromel and
Alumel, such that a first Chromel connecting hine is glectrically coupled to the isothermal
contact pad of the first thermocouple legs and an Alamel connecting lineg and a second
Chromel connecting hine are glectnically coupled to the isotharmal contact pad of the second

thermocouple leg.

14, The thermocouple of Claim 11, wherem the first and second thermocouple
tegs are formed of allov composition of Ni20Cr and NiSAl, respectively, the thermocouple
farther comyprising a plurality of tvpe K connecting lines formed of one of Chromel and
Alumel, such that a first Alumel connecting hine and a8 Chromel connecting line are
electrically coupled to the isothermal conlact pad of the [ivst thermocouple leg and 8 second
Alumel connecting hine is electncally coupled to the 1sothermal contact pad of the second
thermocouple leg.

1S, The thermocouple of Claim 10, wherein the allov compositions are one of

NiCrY and NiAlY,
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Direct-Write N-type Thermocouple:
Voltage vs. Temperature
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