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The first generation construction and test of three cryogeflic-

cooled combustion pressure transducers capable of transducing steady
state as well as high frequency pressure pulses have been successfully
accomplished. These are embodied in Electro-Optical Systems pressure
transducers PT15C-2, Serial Nos. 2, 3, and 4, as outlined in Print B
500160-2 Revision 3 of subject contract. Figure 1 is a photograph of
the finished transducer.

Optimization of electrical output, leading to improved performance
specifications, and reassessment of installation details, reflecting in
increased handling strength and field reliability, will result in accu-
rate, rugged, and reliable instrumentation capable of surviving combined
environment extremes, with increased output.

The efficiency of film cooling the PT15C-2 transducer with liquid
hydrogen is yet to be proven under combustion pressure and temperature
conditions. Static tests performed to date indicate that bridge-type
solid state pressure transducers are capable of creditable performance
to at least LH2 temperatures with controllable output (sensitivity) and

zero shift. Size adaptability, low weight, good output strength, an

electrical simplicity are salient features of this type ‘of pressur

instrumentation.

1. INTRODUCTION

This document constitutes the final report on NAS3-2754 contract.
It covers the specific span of time from March 15, 1964 through the week
ending April 25, 1964, as well as documents and summarizes the results
of the entire contract work. It includes recommendations and con-
clusions based upon the experience and results obtained.

To Messrs. S. Kaye of the Semiconductor Department and Wm.
McLellan of the Mechanical Engineering Department is due much appreci-
ation for the expediency in developing the highly-doped four-active
arm silicon strain gage configuration and tests thereon, within
their respective laboratories at Electro~Qptical Systems, Inc. Mr.

J. Frassrand of the Electro-Optical Systems, Inc. transducer laboratory

exhibited unusual skill in fabrication and assembly techniques.
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FIG. 1 PT15C-2 PRESSURE TRANSDUCER
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2. TECHNICAL DISCUSSION
2.1 Prototype program for BOOOK to 20°K operational pressure trans-
ducer capable of being cooled by liquid hydrogen.

Phase I: From basic technologies previously pursued at
Electro-Optical Systems and its subsidiary, Micro Systems, Inc., the
diffused four-active element solid state piezoresistive gage beam had
been successfully proven and transducer* tested.

However, to épan the temperatures required of this project
an exhaustive literature search had to be instituted by the Semicon-
ductor Department under Mr. S. Kaye, and many intensive trail and error
tests accomplished within a relatively short time to produce acceptable
silicon strain gage elements with the proper mechanical configuration,
electrical resistance, temperature coefficient of resistance, and gage
factor. Handling characteristics for contacting an ultimate bonding
had to be reduced to the level of the skill of average assembly
technicians.

A best compromise condition, resulted in relatively high P
dopant level diffusion into the bulk silicon, a lowered gage factor
of about 50, at room temperature, and a relatively low temperature
coefficient of resistance for the four individual resistances. Mr.

Kaye has prepared a section on fabrication of single chip beams in
silicon, having four active strain gage arms. See Appendix II in
which four significant references are cited.

Final chip configuration is illustrated in Fig. 2; an actual
photograph of the four-active element gage is to be seen in Fig. 3.

Phase II: Testing the silicon element from the transducer
viewpoint of end use:

This involved the mechanical, thermal, and electrical
integration of the silicon chip with a suitable pressure summing device.
The'latter, an integrally machined clamped diaphragm, was already defined,
size~-wise, not to exceed 0.115 inch diameter, because of previous con-
straints imposed by the available entry geometry to the rocket combustion

chamber .

*Electro;Optical Systems Patent application pending.
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FIG. 2 LAYOUT OF DIFFUSED FOUR-ACTIVE ARM SILICON
STRAIN GAGE BEAM CHIP
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FIG. 3

SILICON CHIP WITH FULL BRIDGE
DIFFUSED INTO SURFACE.

SIZE 0.040 IN. X 0.060 IN.




Integrity of the silicon chip was assured by shock testing to
LH2 and intermediate temperatures, repeatedly, and recording the changes
in its four resistances, in the unbonded and bonded condition. This was
accomplished both at EOS's transducer laboratory and at the Norco facil-
ity of Wyle Laboratories. Typical data accumulated from these tests is
shown in Table 1 of Appendix III.

Figure 4 shows the 304 SS test setup.

Figure 5 depicts the chip mounted on Invar constant stress
beam.

Knowing that the silicon element responds either more or less
linearly with its original "clamping' stress (a function of the adhesive
used, the cure temperature, and the difference in thermal contraction
between silicon and the diaphragm metal), we decided to bracket thermal
expansion coefficient of the silicon chip by mounting it on a 300 series
stainless steel diaphragm and comparing the results with that of an
Invar steel diaphragm.

The following set of conditions was investigated:

Silicon chip bonded to.304 SS: flat bar; diaphragm

Silicon chip bonded to Invar: constant stress beam; diaphragm

Silicon chip bonded to NiSpan C: diaphragm

Tests were conducted at LO2 - LNZ’ CO2 and LH2 temperatures,
repeatedly. Typical data is tabulated in Tables 2 and 3, Appendix III.

That the silicon chip geometry did not require altering and
its electrical characteristics and performance with a variety of metals
behaved according to prediction attests to the fundamental integrity of
the semiconductor element, the contacting and bonding methods employed.
(TCB-aluminum contacting leads were used to join to the silicon element
in all the above tests.) v

Phase ITI was the actual buildup of a small group of complete
pressure transducers, testing and electrically compensating for operation

between LH2 and room temperature.
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FIG. 4 FOUR-ACTIVE ARM SILICON CHIPS ON 304 SS,
SOME SILICON CHIPS BONDED, SOME SUSPENDED
OFF THE METAL BAR

FIG. 5 MULTIPLE ELEMENT SILICON CHIP MOUNTED ON
INVAR CONSTANT STRESS BEAM




Figure 6, Drawing D-427021, shows the top assembly construc-

tion of the EOS PT15C-2 combustion pressure transducer.* Installation
and calibration information is included in Figs. 7, 8, and 9. Actual
calibration test details for Serial Nos. 2, 3, and 4 are included in

Appendix III, Table 4. Appendix IV tabulates a complete parts list.

2.2 Work accomplished between March 15 and April 25:

The buildup and final calibration runs of four transducers
were partially accomplished during this period. Three of the four
survived intact calibration through liquid nitrogen temperatures at
EOS. They were PT15C-2 Serial Nos. 2, 3, and 4.

For field calibration runs to LH2, we elected to -partially
pot the compensation network with a coating of RTV silastic resin to
protect the final cable interconnect wires, balance, zero shift, and
sensitivity compensating resistors, from humidity changes and vibration
fatigue effects. However, upon testing the units at LH2 for the first
time at the Norco facility of Wyle Laboratory, all these units developed
minor difficulties which were not correctable in the field.

Unit No. 2: bridge intact; compensation network open

Unit No. 3: Dbridge intact; compensation network intact;
gold seal leak

Unit No. 4: bridge intact; compensation network open
Upon returning to EOS, all three were made operational and

checked again at LN All closely repeated their original drift,

5"
sensitivity, and linearity characteristics from RT to LN2, and return

to room temperature. This time no potting was used to protect the
compensation network other than brush coating with a heat-cured furane
thermoset adhesive. Placement of the fixed bridge compensation resistors
so that they would be protected against gross shock mishandling was

emphasized.

* Note that the original 0.170-inch front diameter was further reduced
to 0.150 inch. This change would aid in the installation entry machining
problems by presenting a transducer dimension less than the minor diam-
eter of the threaded 10-32 boss (0.156 inch) and still reduce the area

of direct heat impingement in the combustion zone.

4270-Final 8




V- ) .!._ EX) _ 50421 P—— NOLIVOI WY TVHIDINO
Py 2 [ Wmgreiegiongroatvg

NEEEAR N e T W T
3 2-0611d 300N i —
E Y30NASNVYL 3¥NSS3ud poy ISt 2-0ST1d THAOW YADNASNVYI FIASSTYd - ATIWASSY dOL 9 914
T e owhabnt vehue e iﬂi..ﬁ” | T s

ASSY 38nI ISY'H
ASSY ONMISNOH 1SN
'ASSY 318VD
i ONIS-0
155 [#/1 x 952 | OH XIHHIVWUIS
155 |2A X 952 | THX3HHIVWYIS

Clojwirivin|eim|n]|~|E
= =f=jmiei-[-{-|-|§

HOLSISIY
HOLSIS3Y m
H01SIS3Y
Y3dd0D 10 010 EC uv
2N
%5 Bv Ys6us ¥3I0S 1| av

||||||||||||||||||||||||||||||||||||||||||

NN

d¥d 1SNa 2y 117/.///1W1 ‘ 2 // ACOANDANMEAADAA
Py I Jm r ﬁ\\\.\r/ﬂt/ﬂﬂ

dvd 1SNA ¥l I 5 ]- ‘c! |||||||||||||||||||||||||||||||||||||||||||||||||||||||
ONIAIITS Si| uv r /////- \& //////
T N
NN 352 575 &/
(22
3215 VN1V
HOONIA A3 0317ddNS
‘ANDI MO S¥- 8- 400Ld)
NONNYD, HOLJINNOD MV
_ﬂ YT
TJIIVW3HIS Lo
g
&, kN —\s
e 11 inawE RIS LYY
2 1 AndNi— v 1! SN3S
e T IndIno- 3LHM [
Y oTiRamneE T a3 D — uF= © -
[}
@\ 5
0
o
™~
[9\)
~




-0GS11d ‘7 °ON ‘*¥dS

NOILVIIITVO ANV NOILVIIVLSNI [/ ‘914

3J1AH3S JIN3O0AHD HOJ HIONASNVYHL 3HNSS3IHd
NOILSNBWOD 2-06GI 1d 13AO0W INITLNO IVNOISNIWIQ

GNV NOILVHS8ITVD

i

12 ar oLzt )

1 40 | i33ms S s ABNMG | on 13V i0n Q3SOTONI YOLOINNOD ONILLYW
ONV Q3773S SONIN3dO 3801 ‘'03.110d ‘AHA*NVY3ITD LINN

€ 2-09100s 961 "YaV¥ +2 L4IHS 3ONVIVE 390148 ON- 9ISd 0002 OL G31S3L AN
A3y w3gwnn | 3215 NOILVDIJISSY i) A 4140235 s v - 260°=-10GAN 728 = TN LIV ALIALLISNIS 'S3

ViIN3S z v - 82¢-00AN g/ =(4LSPFN 01 14180 0N3Z
z# (S - 412~ 20AN
<

‘NNY 3NO ANV
ANRING LNVLSNOD 38 GINOHS IYNLYHIINIL AlddNS LNVI00D ‘9
‘MOT3 LNVI00D OH3Z 4O SNOILIONOD HIANN ¥3INASNYHL

‘ONE ‘SIILSAS TVIILLO0-0MLDITI

JHLOL J9VWVA LNINVNN3IJ NI LINSIY GINOD NNY ¥ Y3 L4y

3008€ ONIHOVIY FUNLVHIIWIL ONISYI ¥ ‘ALINGILYIdIY

WNNILDO Y04 (WON) 4,061 01 S30NG3Y JUNLVHIIWIL ONISYD
AN3IBAV TLNN NNY ¥31 4V Q3INIVINIVW 38 LSNW MOT4 LINVTI00D 'S

bNISNL o€ QTWINNY °S

n?uzawu

el

HIONITV'31 "Q30TIINS ONY @
QILVINSNI NOTV231 - ¥OLINANOD - ¥
378V0 Q3ddVEM IVHIdS NOIJ3L

1Sd 00Z 40 NNNININ Vv A8 3MNSSIYd NOILSNEWOD
NVHL H3HOH 38 SAYMTY QINOHS IHNSSIYd NILSAS INVI00D b
91Sd 00t LV (WON) Wd9 2/1

¥O
91Sd 000! LV (WON) Wd9 |

‘HIONAUSNVYL 3HL OL H3NIVHLS 3HL IV 3AIAOYd '€

$30403 ¥OOHS 8 NOILYNEIA LSNIVOY 3JA08V (1] LHOddNS AWIdO¥d ‘2

ONIBNL LNVI00D 'S'S VIO ,8/1 NO HM3NIVMLS HSIW 00 ¥ 31vI0T |

< k S\b\.\ 5257-*30AN 07 =(4.,02b-12H7 01 14180 OH3Z

SLN3INIYINDIY LNVI00D JINIOOAND 8

{TOULNOD NOILVIIVLSNI ¥3ANN)
\ SAIV4HUNS ONINVIS 3UNSSIN
SVYO NOILSNAWOD 40 SINVYd

{08ANOD '$°0'3
‘ANOLOVS ¥IANN) $30VIUNS
ONITVAS LNVI00D

. ]
211 40 INVd !
’_ 'I/L. u“

9¢ = SHT LY ALIALLISNGS 'S3

'Sd% s >=3NITLHOIVELS Lid 1S30
¥BH-T
2AAN TZ,= 3INVIVE ON3Z
J0ANSZ = ALIAILISNIS 'S4
3Tv2S 1Nd 91Sd 006! Ly
XV O0A O£ 1V SWHO93N 00I< ISV 0L " g
T 9¢S 1ndino
T  9Zry 1ndNI 3ONVLSISIH 390188
AANE IHL QL N -I-YN O 1V y
SNOILYDI4123dS D

1ndNI (+) @
1NdNI (=) O
indino (-) 8

ANdLNO {+) v Nid
SLNIWIYINDIY TWIIHII3N3 v

£00-

osee

Alnd3 Mo

oNd d¥-8- uwo._.nz
1Nd3 Yo

..Euouz mv-».uootx

ANIVELS3Y ONINdGS

73348

‘87-NI O 3NDYOL 'XVN 'WILSAS
OIINVHAAH ONIHOVLILY 340338 VIS ©

N3ILHOIL "TVM

¥3dd0J Ol LINN ONITV3IS ¥O4 SiVd
- 062" SSOMIV HONIHM ON3 N34O 3sn

‘via,.08"

SSATNIVLS 00% ‘'O X¥YN

ONISYD OL LINSVYD

/’mo<th.— 4NN 2€-01

dVv0 NOVUHHJIVIO
31vid 8010371430
NOY¥Jd SLNVNINVLNOD
1V 4330 ©
3SNAV ONITANVH
TVIISAHd QIOAV

V3NV SIHL NI

000«

. 200~
via 000+ ost’

ViQ XYW 08I

10

4270-Final




3DIAHIS JIN3O0AHD ¥Od HIONASNVNL IHNSSIUd
NOILSNBNOD 2-06I Ld T3AOW 3ININLNO TYNOISNINIQ

GNV NOILVHEIVYD

ERPIES

‘NNY 3NO ANV

ONIENG LNVLSNOD 38 0INOHS JYNLVUIINIL AlddNS LNVI00D '9
‘MO14 AINVI00D OH3Z 40 SNOILIONOD HIONN HIONASNYHL
3HL 0L I9VAVC LNINVWYHIA NI 1INS3H GIN0D NNY ¥ ¥3L 4V

‘ONI ‘SINIALSAS TVIILE0-0NLDRE

4408€ ONIHIVIY JUNLYYIJANIAL ONISYI ¥ 'ALINIBILY IdIN
WNWILJO HO3 (WON) 44061 OL S30NAIY FUNLVHIIWIL ONISVD
ANJEAY TLINN NNY BILIY QINIVINIVA 38 LS MO13 LNYI00D 'S

SNBOLL $08 QTIVINNY '$'S

-,
‘SS 022.%.
v W

1Sd 002 40 WNNININ v A8 IUNSSI¥d NOILSNBWOD

NVHL H3HOIH 38 SAYMTY GINOHS IUNSSING NILSAS INVIO0D ‘¥
91Sd 00t .—.<h.%02- Wd9 e/
91Sd 000! LV (WON) Wd® |

‘4IONASNVYEL 3HL OL H3NIVHLS 3HL IV 3QIAONHd € 1NdNI(+)
$30HOJ ¥OOHS B NOILVHOIA LSNIVOY IA0BY [1] LHOddNS ATMIdO¥d ‘2 10dNI (=) O
ONIANL INVI00D S'S VIQ  8/1 NO HINIVHLS HSIW O0r Vv 31v20T 1 iNdino (~) 8

T-0STId ‘€ °ON "¥IS - NOILVYEITVD ANV NOIIVITVISNI 8 °9Id
. 12 ar 0li2b
bao 1 a3ms 1S ‘A8 NMO | on N30 3009 0350719N3 HOLIINNOD ONLLVA
; OGNV 037v3S SONINIHO 38n1'03110d ‘AHO NV LINN
€ Z-09100S 961 "HaV +2 141HS 3ONVIVE 39QI¥A ON- DISd 0002 Ol 31531 LMNN
A3y wIgwN | 3008 NOLLYIJISSY 12 4 Li8nd35 SV: . . SBTYFIOAAN 'S aYNT IV ALIAILISNIS S3
T IvINas 2P . W HE - OAARG . »(dLREPENT 0L L41NO O¥3Z
5] Sz « . Z277-'20AN €59 = BH1 IV ALIAILISNIS 'S4

Y A,00/04% LLV-DQANT7/2(4,026-1H1 OL L4140 O¥IZ
'Sd4% ¢ >=3INNIHOIVYLS 1141538
48 H-
O30AN SZe=  IONVIVE ON3Z
90AN P4 ALIALLISNIS 'S4
31vIS 1INd 9ISd 00GI LV
‘XY 30A OF 1V SWHOSIN 00i< 3SVD OL " "
T o025 1ndino
U .SG¢ L1NdNi IDNVLSIS3Y 390188
P0G 3HL QL A1V O/ LV
SNOILYD13193dS O

SLNINIUINDIY LNVIOO0D JINIOOAND €

(T0HLNOD NOLLYTTVLSN! W3ANN)
$30V4HUNS ONIMV3IS IUNSSINd
SYO NOILENAWOD 40 SINV

‘AMOLOVS ¥IANN) §3OV4uNS
ONITV3S LNVI00D )

2 40 uz<._¢l/-+
4y
"

(TONLNOD '8°03 _

1Ndino (+) v Nid
SININIYINDIY TWIILIITI VvV

i

e . | s00'- . —
Ot et _ 000+ 052 dv0 WOVHHJVIO —

AQ -nl oog: I ~ 31V1d 401231430

HIONITVI "030T1IINE ONV A | NOH4 SLNUNINVLNOD

Q3LVINSNI NOT43L - HOLINANOD - ¥ fe—— 000" 1Y 4334 ©

378YD Q3ddVEM VYIS NO143L | 3SNAY ONINONVH

r WISAHd CIOAY

v EIH
. “ ) T J— LED LN
L v R
‘wig 290~ 0G|’ -
\ wig 208, 061
AINOR MO . .
. AL vIQ XYW 06!
143034 §¥-9-4001dM SOvIMIL 01
ANIVHLS3Y ONINdS
3318 SSIINIVLS 00 ‘0'0 'XVYN

. ‘@71-NI 01 INDHOL XVN'WILEAS -
OFINVMOAK ONIHOVLLY 3HO0438 VaS © m
NILHOIL “TIYM BNISYD OL LINSVO e
Y¥3dd0d OL LINN ONITV3S ¥O4 S1Vd =
- 062’ SSOHOY HONIYM ON3 N3JO 3sn 0.
™~
o~
~




T-0STId ‘% "ON "¥dS - NOILVEGITVO ANV NOIIVIIVISNI 6 °OId

12 ‘att
| 40 | 133ms 2195 :A zzc_ on m.wmﬂoou 03S0TONI HOLOINNOD ONILYW
; OGNV Q37v3S SONINIO 3811031104 ‘ANA*NVY3TD LIND
¢ 2-09100S§ 961 MY b2 L4IHS 3ONVIVE 390188 ON- 91Sd 0002 OL A31S31 LNIN
A3d wagwnn | 3as NOILWILAIESY i) » 11938 mw W“ N FAT A wwm_»u hm«ﬁkanuvmuu_ ..wm. w.u__o_m_wuww ‘s4
. 19! 115 (44025
T F& 1VI¥3S $9=z ~ «  2g4/-'00AN  /'# = EH1 LV ALIALLISN3S S3

NOILSNBWOD 2-06GI Ld 13Q0W 3NITLNO TVNOISNINIQ

3D1AH3S JINIO0AHD HOJ HIDNQSNYHL IHNSSIHd ‘NN 3NO ANV

ONINNG LNVLSNOD 38 GINOHS IUNLYYIDAIL AddNS LNVI00D '9
‘MOT4 LNVI00D OH3Z 40 SNOLLIONOD ¥3IQNN ¥3IONASNVYL
3HL 01 39YAVQ LN3NVINYIC NI 1TINS3H 0IN0J NNY v ¥3Ldv

ANV NOLLYN8ITVD
IS

‘ONI ‘SWILSAS TVILdO0-0NLINTS

408€ ONIHIVIY JUNLYUIIWIAL ONISYO ¥V 'ALINBILYIHIY
WNWILJO HO4 (WON) 34061 OL $30NA3Y JUNIVUIINIL ONISYD

AN3IBWY 1LANN NNY ¥31 4V O3NIVINIVIN 38 1SN MO1d LNVI00D 'S
1Sd 002 40 NNWINIK ¥ AB 3UNSS3¥d NOILSNBWOD

‘143034 m'lmaluoo._.ax

NVHL ¥3HOM 38 SAVMTV 0INOHS 3UNSSIUd NILSAS LNVI00D ¥
91Sd 00t LV (WON) Nd9 2/1

HO
91Sd 000! LV (WON) NdO |
M3ONASNVYEL 3HL OL HINIVHLS 3HL IV 30IA0Nd '€
$30404 HOOHS 8 NOLLVYEIA LSNIVOV 3A08YV [1] LHOddNS AN3dOoNd 2
ONIBNL INVI00D 'S'S 'VIQ ,8/1 NO H3NIVHLS HSIWO0OY ¥ 31vI01 1

2V 24, 90/% ga+ 00AN §9,5(4,02-)2H1 OL 14180 0832

‘$d% / >=3INIMLIHOIVHLS Lid1S38
49 H-T
OQAN 9/+= 3ONVIVE ON3Z

J0AN pa = ALIAILISNIS 'Sd

3vIs 1N4 9Isd 006! LV
XYN J0A O LV SWHOO3N 00i< 3SVO 0L " »
T ods 1indlno
T $925 iNdNI IDNYLSISIY 390148
45139 KL QL NI VW 2/ LV
SNOILVIISIOIdS

1NdNI (+) @
1ndNI (<) 3
1indino (-) @

1Nd1N0 (+) ¥ Nid

SLN3N3NHIND3Y LNVI00D JINISORND 8

SNENL YOE QI WIANNY 'S'S
‘AMOLOVA ¥IANN) SIOVIUNS

(TOULNOD "§°0'3 _
ONITV3S LINVI002 )

ge- M vz- 91/5 2
IS b C..\\ HY 40 wz<41|/i "
=Y NV, 8/) i

SAN3WIYINO3Y TVII¥LI3T3

(JOYLNOD NOILVITIVISNI ¥3ANN)
) ) $32v4UNS ONINVYIS IYNSE3¥d
SY9 NOILSNBWOD 40 SINVId

£00-

osz'2 dVO NOVMHJIVIQ

) oog
HLONI T4 '03QTIIHS NV

o000+ 31vid 801531430

NOY4 SLNUNINVLNOD
1V 433X €

QILYINSNI NOT431 -~ HOLINANOD - ¥
376V) G3ddVHM TVHIdS NOTYI3L

Ind3a o

ANIVHLSIY ONINdS
73318 SSIINVLS

‘@71-NI Of 3NDHOL XV 'WILSAS
JINMNVEOAH ONIHOVLLY 3404308 VIS 8
NILHOIL "T1VM ONISYD OL L3INSVO
¥3dd0J OL LINN ONITV3IS ¥04 SLV1d
062° SSOUIV HONIYM GN3 N3JO 3Sn

3SN8Y ONINGNVH
TVIISAHd QIOAVY

VYV SIHL NI

.

I \ I
1

-wig 200~ gg
via 299~ og1

'VIQ XVN 061"
SQVIYHL 4NN 2€-01

12

4270-Final




On the second series of tests at Norco on April 22, all three

units were successfully calibrated at LH_ temperatures without mishap.

2
High pressure helium gas was the pressurizing medium and was simul-
taneously introduced into the dead weight testing lines and into the
LH2 submerged transducer coolant tube, then through the transducer into
a fixed stainless steel trapped volume which was threaded on the 10-32
threads, and pressure sealed against the 0.400-inch- diameter flange area
(see Fig. 10).

Final checkout at EOS disclosed no internal moisture condensa-
tion problem and complete return to normal room temperature calibration
condition. All three transducers were thoroughly cleaned, vacuum dried,

open tube endings capped and made ready for shipment to the contractor.

2.3 Review of Statement of Work:

In the design, fabrication and test of three cryogenic film
cooled pressure transducers, the following statements are made in a
numerical sequence to coincide with the specific Work Statement, item
for item:

1. The only construction materials in contact with liquid hydro-
gen are stainless steels (300 series), nickel steel (NiSpanC),
copper, and copper brazing alloys.

2. Sensing element is the piezoresistive type strain gage con-
structed upon high purity elemental silicon.

3. All the transducers will withstand pressure to 2,000 psig
without recalibration and without causing permanent change
in transducer characteristics.

4. Active working diameter of the flush-mounted transducers is
65 mils exposed to the rocket chamber enviromment.

5. Mounting: as described in B-500160 drawing (Fig. 6)

6. Pressure range: 0 to 1500 psig.

7. Frequency response: flat from dc to 10 ke¢; undamped natural

frequency by calculation is > 100 kc.
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8. Combined accuracy: L-H and R = < 1 percent F.S. (at steady
state temperature condition).
9. Full scale output: » 60 mvdc, unamplified.

10. Excitation voltage: < 10 vdc See individual calibration

Constant current: < 15 Ma sheet, Figs. 7, 8, and 9 and

Bridge impedance: < 1000 ohms Table 4, Appendix III.

11. Liquid H, has heat of vaporization = 194.22 Btu/lb, at one

2
atmosphere pressure; and

12. By forcing liquid H, through the unit at greater than com-

2
bustion pressures and at a rate of 1 to 2 gallons a minute,
the four-active arm silicon sensor should survive and not
heat up under large heat fluxes. Liquid coolant must be
passed through the transducer at least 30 to 60 seconds
before combustion is initiated to stabilize the active
bridge and fixed compensating network. Coolant must con-
tinue to flow after combustion cutoff until motor casing
cools below BOOOF._ _

13. Bridge zero-drift and bridge sensitivity drift have been
examined at LN2 and LHZ. Whereas it is possible to achieve
+ 1 percent full scale per 1OOOF at one cryogenic temperature
(LHZ); it seems more practical to open this specification

slightly until testing at LH, becomes more commonplace. See

2
individual calibration sheets, Figs. 7, 8, and 9, and further

remarks under Section D, Recommendations.

In summation, three pressure transducers have been designed,

built, and tested for operation at LH, conditions to a specific entry-

2
mounting geometry and have successfully fulfilled all the basic require-

ments of the contract Work Statement.
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3. RECOMMENDATIONS
3.1 Mechanical Features of EQS' PT15C-2 Design

3.1.1 Although it can be demonstrated that a geometry em-
ploying 10-32 threads in the mounting area is not unreasonable to
achieve, it is more realistic to admit that it is also too easy to
damage these threads by inadvertent overtorquing. The LH2 cooled com-
bustion pressure seal must be metal, and the natural tendency is to
overtighten, We recommend that where possible a motor chamber internal
threaded boss of 7/16~20 size be used and threaded to a controlled
depth, thence to a small through bore into the combustion chamber,

This would have the result of distinct improvement in field handling

and reliability of the transducer installation.

3.1.2 The internal cryogenic coolant seal and the external
combustion gas seal areas should be upgraded to handle high pressure
and thermal shock loading beyond the present scope of the contract.
Present design is capable of withstanding cryogenic thermal shock and
full scale static test pressures. Combustion thermal conditions, as
they would affect the mounting boss area, have not yet been considered,
Multiple chevron (metal, teflon, metal) or K-seals are recommended for

testing. Special sizes are required.

3.1.3 Diaphragm burnout conditions should be considered,
and escape of combustion gases should be restricted. Multiple internal
pressure baffling and possible threaded cable cap construction should

be reviewed.

4270-Final 16




3.2 Four-active-element Silicon Chip Beam

3.2.1 Change in electrical resistance of the individual
elements of the silicon chip beam with from zerxro to full scale distri-
buted pressure on the diaphragm indicates that the compression gages
(position 2 and 4) (see Table 2, Appendix III) are contributing only
a small amount in the way of output. It should be possible, without
overdriving the diaphragm,to redesign the silicon chip to increase the
full scale output to at least 100 mv. Increased output would: (1)
decrease the L-H and R error band and (2) decrease thermal effects
(sensitivity change and zero drift). Also further geometrical changes
in the gage layout should be investigated to enhance the output and

reduce the normal bridge electrical imbalance.
3.3 Thermal Environment: Transient and Steady State

3.3.1 By submerging the transducer completely in cryogenic
fluid to a depth beyond the cable cap (see Fig. 6), thermal equilibrium
is quickly achieved, both in the diaphragm area as well as in the
electrical bridge compensation area. If both areas are not at identi-
cal temperatures nor achieve it simultaneously, transient thermal out-
put could be large and the electrical compensation for thermal effects
either slow to stabilize or never quite achieved. To achieve fast
stability, submersion technique was employed. In terms of field (or
flight) tests, this latter procedure is probably unrealistic. Relo-
cation of the passive compensation elements to the liquid cooled

region of the transducer is desirable.

3.3.2 To achieve a realistic thermal environment error band
of AS and AZ for the PT15C-2, testing over the entire cryogenic tem-
perature range is believed necessary. Tests were conducted at LN2
and LHZ; however, ambiguities in the results (see calibration sheets)
indicate a need for further investigation in this area. The problem
here is probably related to the passive compensating components used
in the three subject transducers. Further component testing should

correct this situation.

4270~Final 17




4, CONCLUSION

Modification to Electro-Optical Systems' novel combustion pressure
transducer*, commerically available in two sizes, the PT15C-3 for a
minimal access geometry problem, and PT15B-2 (Figs. 11, 12, and 13)
for insertion in an AND 10050-4 boss geometry, such that it could be
cooled by LHZ’ has resulted in a useful first generation device.

The results prove the feasibility of the use of a solid state
silicon four-active-arm piezoresistive element, arranged as a Wheatstone
bridge, over a large temperature span, 20%K to > BOOOK, with good out-
put for direct recording and within a transducer geometry utilizing
the sensor’s inherent small size, fast thermal response, and linear
characteristics, These transducers, identified as model PT15C-2, can
provide the electromechanical means for measuring static (0 to 1500 psig)
and dynamic (flat dc to 10 kc) préssurés under combustion environment,

flush within a liquid rocket cryogenic-cooled motor.

Patent pending
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FIG. 11

4270-Final

EOS DEVELOPED PT15B COMBUSTION PRESSURE TRANSDUCER WITH COOLANT FLOW
IN OPERATION JUST PRIOR TO FLAME IMPINGEMENT
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FIG. 12 OXY-HYDROGEN FLAME IMPINGEMENT DIRECTLY ON DIAPHRAGM
OF PT15B COMBUSTION PRESSURE TRANSDUCER
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APPENDIX 1
List of Abbreviations
T'N = tension gage
C'N = compression gage
TCB = thermo-~-compression bonded
F.S. = full scale
S = sensitivity (output over the full scale pressure range)
RT = room temperature
SRI = ‘sensitivity at room temperature
AS = change in full scale output over temperature range
Z = zero balance of the transducer electrical bridge
6Z = change of zero balance over temperature range
R = resistance
AR = change of resistance
V = voltage (dc)
T = temperature AR _
G.F. = gage factor = -?—
¢ = strain, inches per inch
4 = micro, one millionth
Q = ohms
UP = increasing pressure steps (as during a calibration run)
DN = decreasing pressure steps (as during a calibration run)
EO = vyoltage output
EIN = voltage input
I = K = constant current
= K = constant voltage
L-H % R = combined accuracy; linearity, hysteresis, and repeatability
SS = stainless steel
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4270-Final

APPENDIX II
FABRICATION OF SINGLE CHIP BEAMS IN SILICON,
HAVING FOUR-ACTIVE STRAIN GAGE ARMS

Author: Stephen Kaye



FABRICATION OF SINGLE CHIP BEAMS IN SILICON,
HAVING FOUR-ACTIVE STRAIN GAGE ARMS

S. Kaye

1. Design

The design of the silicon diaphragm for use in pressure
measurements, where the silicon is intended to be bonded to a
clamped metal diaphragm of 60 mils diameter, was undertaken.

It was decided to use a diffused construction where the
gages were p-type diffused into an n-type 20 ohm cm silicon
substrate. The substrate material selected had a [110] orien-
tation and gages, each of which has an active area of 10 x 1
mils, were oriented with their long dimensions parallel to the
{110] direction lying in the plane of the slice. 1In this way
the strain transverse to the gage was in a [100] direction
where the piezoresistive coefficient is negligible (Ref. 1).

0. N. Tufte and E. L. Stelzer (Ref. 2) have shown that the
piezoresistive properties of a diffused layer are characterized
by the surface concentration, once a particular distribution of
impurities is assumed. Their data, which assures complementary
error function distribution of impurities, was used in estimat-
ing the gage factor.

Since the gages are designed to work down to 20°K, it was
necessary to select a surface concentration sufficiently large
that the gage resistance would not vary significantly over the
temperature range of interest.

From Morin and Maita's data (Ref. 3), it appears that Y—type
material, having boron concentrations in excess of 1.5 x 10 9
atoms/C.C. has a resistivity almost independent of temperature

in the range of 159-300°K. It was decided, therefore, to aim

for a surface concentration of 1020 atoms/cC.C.

Ref. 1 - 0. N. Tufte, et al., "Silicon Diffused Element Piezore-
sistive Diaphragms"; J.A.P. Vol. 33, p. 3322, November
1962

Ref. 2 - 0. N. Tufte and E. L. Stelzer, 'Piezoresistive Properties
of Diffused Silicon Layers,'" J.A.P. Vol. 34, p. 313,
February 1963

Ref. 3 - F. J. Morin and J. P. Maita, Phys. Rev., Vol. 96, p. 28,
October 1, 1962

4270-Final I11-1




Under the diffusion conditions used, it was expected that a
gaussian distribution of impurities would result. It was decided
to use a I junction depth. Using Irvin's data (Ref. 4), it was
found that this would give a sheet resistance of 40 ohms/square,
and hence a gage resistance of 400 ohms per element.

Using the curves in Ref. 1, a gage factor of 65 was predicted.
Values were also calculated for a surface concentration of 5 x 10
This gave a gage resistance of 800 ohms/square, and a gage factor
of 75.

The stress distribution expected in a clamped diaphragm is
such that it is desirable to place two gages close to the center
of the diaphragm where they will be in tension, and two close to
the edge where they will be in compression. It was decided to
make each element 10 mils x 1 mil, and the configuration shown in
Fig. 2 of the main text of this report was used. In order to avoid
unwanted stiffening of the diaphragm by soldered contacts, it was
decided to use 1 micron of aluminum evaporated and alloyed to form
ohmic contacts to the active elements, and then attach external
leads by bonding or welding to contact pads placed on approximately
the neutral axis of the diaphragm.

2. Fabrication Techniques

Table I lists the major process steps in the fabrication of
the silicon chips.

Steps 1-27 are carried out on complete slices each having
approximately 60 units. Steps 28 and 29 are on individual units.

Ref. 4 - J. C. Irvin, "Resistivity of Bulk Silicon and of Diffused
Layers in Silicon,'" B.S.J.T., Vol. XLI, p. 387, March 1962
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TABIE I

1. Procure silicon - 20 ohm cm n-type L110] orientation with
(100) face marked by a flat ground on one edge. Slices 1"
+1/8 diameter, .010" thick.

2. Polish etch - remove approximately 2 mils.

3. Oxidize - 1200°C 2 hours, wet oxygen.

4, Coat with photoresist and align mesa pattern with (100) edge.

5. Expose, develop, and bake resist.
6. Etch mesas - approximately 1 mil deep.
7. Remove photoresist, clean, slice, and remove oxide.

8. Reoxidize - 1200°C 1 hour, wet oxygen.

9. Coat with photoresist and register gage pattern.
10. Expose, develop, and bake resist.

11. Etch oxide.

12. Remove resist and clean slice.

13.  Predeposit boron - 1050°C 20 minutes
BZO3 source

14. Drive in - 1050°C 30 minutes.
15. Coat with photoresist and register contact pattern.
16. Expose, develop, and bake resist.

17. Etch oxide.

18. Remove resist and clean slice.

19. Check gage resistance.

20. Evaporate aluminum - 1y thick.

21. Coat with photoresist and register inverted contact pattern.
4270-Final II-3



22. Expose, develop, and bake resist.
23. Etch aluminum.

24, Alloy aluminum,

25. Check gage resistance.

26. Mount for etching face down.

27. Etch back of slicé to separate and reduce gage thickness to
.0005".

28. Demount, clean, and visual inspect.

29. Bond leads.
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APPENDIX III
TABLES |
1 R versus T
2 304 Data
Invar Data
NiSpan C Diaphragms

4 Calibration Data
(Series 2, 3 and 4)
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Table 1

Unbonded Bonded to 304 SS
T S-G 4B Gage S-G 4B Gage
Ok Compression Gage Tension Gage Compression Gage Tension Gage
296 498. 80 460.10 (E?S) 488.3Q 390.00
LN, 77 390.3 356.5 | 343.7 256.5
L0, 90 348.7 259.8
coé 195 443.4 407.7 411.4 312.0
296 499.2 460.6 . 489.3 391.0
77 390.3 356.6 343.7 256.5
90 348.7 299.8
co, 195 443.0 407.4 411.3 311.9
296 499.2 461.2 (Egs) 488.3 389.9
300 500.7 462.4  (Wyle Lab) 491.0 392.3
LH, 20 372.7 340.2 t 329.7 247.4
300 499.1 462.8 492.4 393.7
20 372.7 341.1 329.9 247 .4
300 500.6 465. 2 492.9 394.2
20 372.9 342.3 330.0 247.5
300 502.4 466. 8 495.1 396.3
20 372.8 342.5 330.1 247.6
300 501.9 466.8 4947 396.6
20 373.0 342,7 330.1 247.5
300 503.6 468.8 <w¥1e Lab) 495.7 396.8
297 500.0 465.3 (EOS) 491.4 - 392.6
:Zél 370 (E0S) 552.1 454.0
297 (E0S) 491.4 392.7

Typical resistance readings of individual elements of a silicon beam chip

4270-Final

vs. temperature as read by the wheatstone bridge method; 1-1/2 VDC power.
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Table 2

Typical bonded silicon chip, individual element resistance changes with
temperature:

I 304 S.S. Diaphragm

T, oK R, Q R, Q R, Q R, Q
297 415.7 533.0 430,0 486.7

77 270.6 374.0 279.2 337.5
297 414.7 531.9 429.1 485.7

77 270.7 374.1 279.2 337.3
297 416.0 533.0 - 430.1 486.4
297 414.2 531.8 _ 428.8 485.4

II Invar Steel Diaphragms

Typical bonded resistance change with temperature:

T, K R, Q R, O R, Q R, Q R, Q R, O
297 471.1 597.4 474.,1 503.8 468.4 559.8
77 359.3 464.3 362.2 387.0 359.5 440.2
297 469.5 595.6

195 416.5 531.7

All the above resistance elements were pressure cycled while at the
indicated temperature.

III Typical resistance changes with temperature before and after bonding
to Invar constant stress beam and when strained to 1000 microinches.

Data S=K=Beam

Gage #25 S.G. 6C - Aluminum thermal compression bonded leads

T, °K Step 250 p Strain Gage Element Position
in. strain é
297 419.9 537.5 429,8 476.9 Unbonded
g7 . _ . 827.3 __ 419.0 333.1 371.8_ _ __ _;_”__‘_
297 0 405.8 516.0 ~ 415.7 ~  465.8 ' Bonded to
1 410.8 519.0 420,8 469.1 . Invar constrant
2 415, 8 522.0 425,7 472.3 l stress beam
3 420.9 525.1 430.9 475.8
4 426.1 528.1 436.1 479.1
77 0 282.3 377.5 287.4 337.3 0 microstrain "/"
1 286.7 381.0 291.9 340.9 250 "
2 291.2 384.5 296.5 344.7 500 "
3 296.3 388.3 301.7 348.8 750 "
4 302.0 392.4 307.4 353.3 1000 "
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Table 3

Unbonded and bonded resistance of actual 4~element silicon beam chips on
NiSpan C diaphragms used in PT15C-2 transducers:

-
, i Tt
i . ST p 4-element silicon chi
NG R T040" % .060%
- e
Gage No.: @ @ @ @ Method
Unit #2
Unbonded @ RT 463.5n. 515.90.  467.4n 564.94: Wheatstone bridge,
' 1.5v excitation
Bonded* 0 PSIG 457.0Q 495,00 458.00 541.00; 0il dead weight
at R.T. 1200 PSIG 476.0 492.0 477.0 537.0 tester and Wheat-
AR + 19.0 - 3.0 + 19.0 - 2.3 stone bridge
network 5 VDC excit.
Element #12
Unit #3
Unbonded at RT 485.0 0 604.1 a 484.1 o 553.9 Wheatstone bridge,
1.5V excitation
Bonded* 0 PSIG =~ 480.0Q 583.02 495.0Q 523,00 0il dead weight
at R.T. 1500 PSIG 497.0 583.0 514.0 520.0 tester and Wheat-
S5 R + 17.0 0 19.0 - 3.0 stone bridge net~-
work 5 VDC excit.
Element #5
Unit #4

Unbonded* @ R,T, 438,350 524.3 449 .91 564.5 Wheatstone bridge,
L.5v excitation

Bonded®* 0 PSIG 426.00Q 519.0Q 437.00Q 533.0Q 0il dead weight
at R,T. 1500 PSIG 443.0 517.0 453.0 529.0 tester and Wheat-
AR + 17.0 - 2,0 + 16.0 - 4,0 stone bridge network

5 VDC excitation
Element 9

*To NiSpan C material diaphragm.
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Table 4

CALIBRATION TEST DATA

PT15C-2 Serial #3 PT15C-2 Serial #2 PT15C-2 Serial #4
T Pressure Eo Eq E, E, E, E
PSIG Up Dn. Up Dn. Up Dn.
RT 0 +25.2 mv 25,0 mv 24.6 mv 23.2 mv +16.1 mv 14.6 mv
75°F 250 36,5 34.0 38.0 36.0 27.4 26.0
500 47.9 45.4 51.4 49,5 38.8 37.4
(EOS) 750 59.4 56.8 65.1 63.9 50.4 49,2
1000 71.0 68.9 78.5 77.3 62.3 61.5
1250 82,6 81.2 92.8 91.8 74.4 73.6
1500 94.6 107.1 86.5
‘SRT=69.4mv at I=K=10 MA SprT=82.5 at I=K=10 MA SpRT=70.4 at I=K=12 MA
LN, 0 +13.3 14,3 +10.6 10.2 + 4,6 + 4.6
250 24,7 25.3 23.0 23.0 14.7 14.4
500 35.7 36.8 36.2 36.1 23.7 23.7
(EOS) 750 47.9 48.3 49.5 49.4 34.9 34.8
1000 60.0 60.5 63.5 63.4 46,2 46.0
1250 73.0 73.0 77.5 77.5 58.0 57.7
1500 86.5 92.8 70.1
SLN=73.2mv at I=K=10 MA SLN2= 82.2 at 10 MA SLN,= 65.5 at 12 MA
RT 0 psig 23.6 mvDC RT 0 +30.5 RT O +12.7
1500 psig 97.6 mvDC 1500 116.4 1500 83.2
(Norco) 0 psig 23.6 mvDC 0 30.5 0 11.7
0 + 6.0 6.0 (23.4) 23.7 29.0 29.0
250 15.6 15.6 35.4 35.6 39.1 39.3
500 27.7 25.7 47.5 47.3 49.5 47.2
LH, 750 36.1 36.1 60.0 60.1 59.8 57.8
(Norco) 1000 47.0 47.0 73.3 72,6 70.5 70.6
1250 58.5 58.5 86.8 86.3 81.8 80.6
1500 70.3 100.3 93.1
SpH)=64.3 mv at I=K=10 MA *SLH2=76.6 mv at 10 MA SLH2=64.1 mv at 12 MA
(EOS) 0 psig 22.6 mvDC 0 psig 30.8 mvDC 0 psig 11.4 mvDC
RT 1500 psig 96.6 mvDC 1500 psig 112.3 mvDC 1500 psig 82.0 mvDC
O psig 22.2 mvDC 0 psig 30.8 mvDC 0O psig 10.5 mvDC
RT to LNy RT to LH, RT to LN» RT to LH. RT to LNy RT to LH»
r. Zero Shift - 4.34 - 4,77 - 4,28 - 1.535 - 4,13 + 4.63
% FS/100°F
x8Sensitivity Change:+1.385 - 2.62 - .0922 - 2,17 - 1,76 - 1,82
% FS/100°F
Effect of Mass Coolant Flow
on Zero Balance, H20 at 650 psi=,2mv . 2mv «3mv
I=K=10 MA I=K=10 MA I=K=12 MA
Weight = 85 gms. 85 gms. 85 gms.
Final Bridge Resistances:
Output  A-B 5600 5400 570Q
Input D-C 435 420 365
D-A 360 350 380
D-B 420 400 440
I11-4

*Several runs made.
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ABSTRACT

A film cooled pressure transducer, designed for flush mounting
within a rocket combustion chamber has an all silicon piezoresistive
bridge network. It senses steady state pressures and has a high flat
frequency response, It is capable of being cooled with liquid hydrogen,
and will operate at LH, temperature with small change in sensitivity

2
and bridge balance. Exposed frontal area is only 0.018 square inch.
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