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WATERPROOFING STRAIN GAGES
FOR LOW AMBIENT TEMPERATURES

Donald t Gartield and Bryan G Mol an

INTRODUCTION

Steam gage based tansducers have been successtully
wsed cold environments tor a number of years Re
centhy, however, CRRE L has expernenced a number of
tadures when load cells, which were supposedly water
prooted, were subyected to repeated mmersion i
water with ambient temperatures below freesing In
one case atoad cell that had been used in the Bield was
found 1o be fanlny when ot was calibrated just poon to
the tollowimy ftield test season. Since this foad cell was
stored i acoldroom which was temperature oy cled
E‘ over the summer months, and the Toad cell was not
calibrated immediately atter the Previous teshscason,
it uncertun whether damage occurred during the
winter testing pertod o duning the summer storage
peniod. Thus data obtamed durning one entire season
are subject to question

This expenience has pomted up the need to tind a
SEEN ke Waterproofimg syatem which can withstand
low ambient temperatuies and repeated water immet
sion Published Biterature reveals many eftorts todis
covet aowaterprooting system which would withstand
long term water immernsion. Most of these investiga
pons oveurred i the 19505 Dean (195 Yreported
4 onasuccesstul combimation of wax, rubber, and stain
less steel shim stock, which was the torerunner ot a
commetcialhy available waterprooting system, M Coat
E,otrom Micro Measurements. Other mvestigatons (eon
Newton et al 1959 and Wells T958) used combinations
OoF wanes, greases, foils, rubber, o epony - None of the
reported tests included water immersion with freezing
ambient temperatures. This indicated that a test pro
wram should be imtiated to evaluate the effects of fow
ambient temperatures and Water immersion on varous
SUEAN e Walerprooting systems

Laboratorny tests, which duphicated tield conditions

as cosely as possible, were designed to evaluate water

prooting systems  Cantdever beam specimens of com
monly used steel, alumimum, and stanless steel

were imstrumented with steon gages  The stoun sages
were covered with ditferent waterprooting systems
selected trom commercial soutces A test apparatus
was constructed toallow testing several specimens
simultancousiy - Tests were performed by subjedting
the cantilever beam speaimens to varous temperatung
envitonments and water immersion,in addiion 1o
st oy hing when enviconmental conditions permitied
After tests were completed i each envitonment, ele
thcal measurements of gage integnity were made to
deternune it the waterproofing remained intact

PROBLEM DEHINITION

In order 1o design the laboratory tests several ques
tions needed 1o be answered
1. What types of tield envitonments cause
strain-gaged foad cell fadures’
2. What are some possible means by which
Water can get info the stram gage as
sembly *
3. How s strain gage petformance attected
by the water !
4. What non-destruc tive tests can be pet
tormed to determine the presence of
montue’
These questions will be answered in the tollowing
paragraphs
AL least two possibilities exist to exphan how wates
mtrades o stea gaged area and damages Joad cells
One explanation is the presence of pin holes i the lead
wite tsulatton, wheh allow water to leak either imside
the load cell '\\\\I\II\_\: ot diecthy o the fead wire solder
tab A second possble explanation s that water leaks
mside the Toad cell housing through the seals i the




houvng daelt By exposimg the indbally Woarm trans
ducer tolow ambient temperatures, and then immerns
g the transducer i rebatively Warm water s con
cenable that ditferentiai thermal oxpansion in the load
cell components creates alarge enough gap for water o
enter 10y not known whether the gages tail abruptly
o whether falure occurs over a period of time, how
ever the latter issuspedted

SNt gages are atfected by direct contact with
water oc by atmosphenc water vapor - Both the gage
cartier and the adhesive absorb water, which can at
tect gane performance moseveral wavs Fist, the mon
ture decreases the gage to giound resistance, etfectively
placing aoshunt resntor across the sane termmads. Seq
ondiythe water decreases the strength and pigidity of
the adhesive bond, which reduces the stoun transmis
ston from the specimen (o the gage fillament Thardly,
since plastios expand when maousture isoabworbed, ind
cated sty may be pProdu od which aire not the e
sult of mechamcal stean i the specimen baally | the
water present i the gage adhesive will cause electioly
siv due to curent feakage erading the gage fitament
which sigmificanthy changes gage resistinee

1 should be pomted oot that electncal current leak
ARO CAn ocet at amy pamt i the coeaantinduding the
lead wires o connectons, as well avin the gage tisel!
These teakage cutrents will also produce the fiest effect
doescnbed above  Lead wire leaks may also cause
Swickmg T of the water into the gage assembiv itself,
producimg all four eftects desarnibed above

Tests for the presence of mostate can be made
measuiing Jero shiftin the gage cricuf or by measuring
clectical tesistance between the gage and wound
spectmen)  The former test s not as speaitic as the
Latter since a cero shaft could also be caused by poat
adhesive bonding, gage crecp, o vielding in the istiu
mented specimen The Latter test should be performed
using 4 low voltage tester since an imsulation break
down at high voltage could destioy 4 good gage

The tollowmg analy s shows that the effects on
wane mtegnty due 1o a change in gake o ground resis
tance can be predicted using Basic clecttic circuti con
cepts (Palermao 1956)  Consider that only one gage
(N mea Wheatstone Brdge has a finite measutabie
resistance to wround  Thicappears av ashunt resintance

Chanee across the gage termnals (g 1)
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poverning cquation (Murray and Stemn 19030
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Figure 2. Gages in Wheatstone
bridge.

In terms of cquivalent strains we have

gl ot a0 Ay,

4\R, R, Ry R,
'—%—(c,-qte,-e‘). \7)

Note from this equation that, if initial conditions
(i.c. gage resistance and gage to-ground resistance) weie
the same for gages 1 and 2 and both gages decrcased by
the same amount in their gage-to-ground resistance,
these changes would offset each other and no zero
shift would occur. However, since resistances R, and
R have effectively been shunted, a change in sensi-
tivity and hence calibration would occur. Thus some
caution must be used in interpreting the cause of a
zero shift in a bridge circuit,

Assuming an initial gage-to-ground resistance of
20,000 MSQ in a full bridge circuit, we c.on calculate the
zero offset that would result if the resistance to ground
in one gage decreased, for example, to 100 M2, Sivce
the gage factor for our gages was 2,05 and initial gage
resistance was 350 ohms, the resulting equation is

8. (20,000-100)x 10° _ ¢ 995
R 20,000 10

G
and from eq S:
" 1 350
T e c——— 0.995 ————————
2.05x 20,000 10° ( )I (1-0.995)
€=-17x10"
or - 1.7 pin./in, \

This is the equivalent strain output from a full bridge
circuit due to the change in gage-to-ground resistance
indicated above.

Since this is about the limit of readability of our
strain indicator and cxceeds even the 0.1% accuracy re-
quired of precision transducers (assuming 2000 uin./in.
full scale indicated strain), the 100 MSQ limijt was sel-
ected as the failure point in our gage-to-ground resis-
tance measurements.

TEST MATERIALS AND EQUIPMENT

The materials selected for testing were all commer
cially available and, except for the waterproofing sys-
tems, were generally used in our laboratory.

Beam materials

Cantilever beams were chosen as the test specimens
since four individual gages could be installed on them
and could be wired into a Wheatstone bridge circuit to
monitor possible zero shifts, The beam materials sel-
ected were those commonly used in our laboratory as
transducer clements and structural elements. Theee
materials were selected: M1020 low carbon merchant
quality steel, 6061-T6 aluminum, and 17-4 PH stainless
steel. Beam cross-sectional dimensions of 1.0-in. width
and 0.25-in. thickness were selected to reduce possible
stiffening effects from the waterproofing systems. The
17-4 PH stainless steel heams were hardened to condi-
tion H102S, which is accomplished by heating the an-
nealed beams to 1025°F, then cooling in air. Typical
handbook values for these materials are yield strengths
of 35,000 I1bf/in.? for mild stecl (Joseph T. Ryerson &
Sons 1976) and aluminum (Aluminum Company of
Amecrica 1958) and 145,000 1bf/in.? for stainless steel
(Armco Steel Corp. 1966). Young's moduli for these
materials are 30x 10* Ibf/in.? for mild steel, 10x 10® Ibt/
in.? for aluminum and 28.5x 10* 1bf/in.? for stainless
steel.

Strain gages
Micro-Measurements Series WK strain gages with in-

tegral printed circuit terminals were used for the tests.
These foil gages are fully encapsulated in a glass tiber
reinforced epoxy-phenolic resin. The “K" alloy foil
(nickelchromium alloy) was selected because of its
high endurance limit over wide temperature ranges
(Freynik and Dittbenner 1976), good stability, and the
self-temperature compensation availability. Gages with
thermal expansion coefficients of 6x 10°*/°F were
used on the mild steel and stainless steel beams, and
13x 10°%/°F on the aluminum beams. Afthough self-
temperature compensation is not always necessary in
full bridge circuits because of the inherent electrical
compensation, it is desirable it one gage in the circuit
fails and an external bridge completion resistor is used.
A gage length of 0.25 in, and gage resistance of 350
ohms were specitied. The nominal gage factor was 2.1,
All gages to be mounted on cach beam material were
specificd to have the same lot number to further ensure
that all gages would respond alike to environmental
changes.

Adhesives
Four adhesives were selected which would be com-
patible with the cpoxy-phenolic encapsulated gages and




provide tor evaluation of vacous toom and elevated
caning temperatures on adhesive performance. BLH
Llectromes EPY 150, EPY 350, and PLD 700, as
well as Micto-Measurements M-Bond 610, adhesives
were welected

EPY IS0 00 a two part epony base adhesive com
patitle with atl stran gages and may be used at temp
cratures trom <300°F 0 #1507 1t s recommended
foe fong term test apphications. Hs cuning temperature
i trom ¢ 70%E 1o 1501, with a wuning time of trom
110 72 hours, depending upon the temperature, This
adhesive achieves tull cure in 72 hours at 787F, but s
sutticiently stable tor some apphications atter a 12-how
cure ot 787E o a one hour cure at 15071 Gage
damping pressures of S o 15 1btin Y wie required
Pot Lite 1n 30 to 60 munutes and shelt Lite s 6 months
at 78"

EPY 350 g very thick paste Like single compaonent
cpony with a heatactivated hardener, recommended
tor operating tempreratures 1o cryogenic 1o =007
A unitormly thick layer of Q008 10 0012 in s apphed
to the gage bonding surtace. Clamping pressures of S
W 18 Ib i are requited. Full cure requites heating
1o 3507 1or two hours The epony has a 4-month
shelt hite.

PLD 700 v a4 singlecomponent untilled poly imide
adhesive used at operating temperatures from cryogenic
to over #7507 Cuning procedures tor this eposy are
maore complen than other eponies, however, tull cure
is achieved 1 2 hours at SOOTE - Clamping pressures
required are 38 o 45 bt i Shelt lite of this adhesive
4 months at 7SYE or 12 monthy at 458°1

M Bond 010 s a two component, solvent thinned
epony phenobic adhesive used tor hagh pertormance
apphications at temperatures from CIYORUNIC T vt
TO0TE Clamping pressures of 30 1o 40 bt /in ¥ are
requited . Cure s accomplished i 1V hours at 340°1
and 1 post care of one to two hours at SO above the
highest anticipated operatng temperature is sugrested
Pot hite iv 2 to 6 weeks at “STE and shelt lite is up to
1.2 months at "8t

Waterproofing

Waterproofing systems were selected from commet
cially avadable stocks and chosen mainly on the basis
of withstanding low temperature operation and long
term water immersion. Some of the coatings were
very simple to apply, which is Quite important in field
apphications. Other coatings required curing at ele-
vated temperatures, of other complex application pro
cedures, which somewhat restricted their utility. The
following BLH Electromcs protective coatings were
selected tor evaluation  Barner A\, Barmer ¢, Barnier
0, Bacrier t, Batrer WO, and Barcier WD Micro

Measurements coatmgs M Coat boand M Coat GL wete
abo selected A general description of each coating and
detatled apphcation procedures are discussed in a later

secthion

Bt AM LOADING APPARATUS

The beam loading apparatus, shown in Figure 3, al
lowed testing of 12 cantilever beams (4 beams of each
matenal) at one time, The beams were dettected with
Anautomatically reciprocating arr ¢y hinder acting
through a pivot arm. The Allenanr Model AZ VOR-AL 3
oy hinder with adjustable sttoke Kit KR VOR A allowed
adjustment in stroke frequency and beam detled tion
The hinkage was designed 1o provide approvimately
1250 Ibt on the beams with 100001 /in # au pressute,
which exceeded the torce required tor the desired de
flection of 1.2 beams (see App ,\’

Cantifever beam specimens were used because a refa
tvely siimple loading mechanism could be bunlt, and by
placing tour gages on cach beam, four waterprooting
systems could be evaluated with only one bridge circunt
Manimum beam detlections were arbitrandy himited 1o
O 375 i It was desirable to obtain the mavimum pos
sible stresses in each matenal without exceeding the
vield point, Since the size ot the beams (0258100
had already been selected and the manimum detlection
set, the anly vanable lett to achieve the desired stress
level was beam length From the analy sis given in Ap
pendin A, beam lengths selected were 1125 in for
muld steel, 8,75 i tor aluminum, and 7,50 tor 174
PH staimnless steel

The size of the strain gages and the requirement that
the waterprooting matenal extend some distance (pre
ferably atleast 'aany) beyond the edges of the gage ca
ner dictated that gages coutd not be placed side by side
across the ans width of the beam, Instead, gages were
placed as shown in bigure 4. Details of specimen prep
aration, gage mounting procedures, and lead wire test
g are discussed in Appendices B, C, and D, respec
tively . The strain gages were all wired using identeal
lengths ot viny Finsulated lead wire. All gages were
wited into a Wheatstone brdge circuit as shown in
Figure S0 Stram measurements were taken in the bridge
contiguration, while gage-to-ground resistances were
measured on each gage individually

tn order o predict the outpat trom the Wheatstone
brdge circuit with the gages placed as in Figure §, one
needs to calculate the strains at distances trom the
tined end of 2000, and 3.5 in, when the ends of the
cantilever Beams are detlected 0275 00 The strains
at the top surface of the beam are considered positive

1.




a. Loading apparatus with test beams clamped in position.

b. Complete loading apparatus in operation.

Figure 3. Beam loading apparatus.




!

Fgure 4. Strain gage location on beams.,

(1o in tension), while those on the bottom are nega-
tive (In u\mpu‘\\mn). Strain m._gnlludc\ atl posittions
1and 2 are equal, and stram magnitudes at positions
3and 4 are also equal. From Appendin A, eq Al the
strain magnitudes at positions 1 and 2 are 7.054x 10 -
non, 1102107 Y inin, and 1333510 Y anan. tor
the muld steel, alumimum, and stainless steel beams,
respectively . Likewise the stram magnitudes at post
tions 3and 4 are 91360 10°Y in/in, 1 417x 107
inc i and 1833 107 Y in/in. tor the same respective
beams

The governing equation for stramn gages in a Wheat

stone bridge (Gartield 1975) s

€ [
= Ale,-€te-¢y4) (8)
\ 4 1 P 3 4

Figure 5. Wiring diagram tor Wheat-
stone bridge circuit.

where e - bridge output voltage
V- bndge input voltage
A gage factor of strain gages.

Using a gage factor ot 2,05 for the series WK strain
gages, bridge outputs at full beam detlections are
17205107 V/V, 2,582x 107 V/V, and 3.245x 10
V/V tor the mild steel, aluminum, and stainless steel

1

beams, respectively. These voltage ratios correspond
to indicated strains of 3358 uin./in., SO38 uin.in, and
6332 gin/in. for the same respective beams

TEST INSTRUMENTATION

A specitic nondestructive test tor the presence of
water i a strain gage assembly s a measurement ot
insulation resistance between the gage and ground

Figure 6. Test instrumentation.




(specimen)  Any leakage path occurring between the
strain gage or the lead wires to ground atfects the ac-
curacy of the strain measurements, and 1t was shown
carlier that a resistance change trom 20,000 M2 to
100 ML 10 one gage results in a 1.7-pin /in. error, The
\ishay Instruments Model 1300 gage instalfation tester
was used tor gage-to ground measurements and also
provided 4 means for accurately medsuring gage resistance

t or the Wheatstone bridge hookups, two BLH Elec-
tromes type S28 switching and balancing units were
used to initially balance each circuit betore each test.
A Vishay Instruments Model P-3S0A digital strain in-
dicator was used to monitor the indicated strain in
each bridge circunt (sce Fig. 6).

WATERPROOF ING INSTALLATION

In all cases, the beam specimens must be properly
prepared for gage installation, the strain gages installed,
the lead wires tested and soldered to the gages, and the
complete instatlation again cleaned to remove all grease
and o1l before apphication of the waterproofing system.
All these preliminary procedures were performed Tol-
lowing the manufacturers’ instructions, and are dis-
cussed in detail m Appendices B, C, and D, The tol-
lowing paragraphs provide detailed descriptions foi
applying cach of the coatings. Figures 7 through 14
show completed installations of all waterproofing sys-
tems used.

Barricr A is a BLH Electronics product consisting
of a fiberglass-Teflon pressure-sensitive silicone adhesive
tape and a silicone sealer. Although the system ap-
peared to be very simple to install, we experienced
many problems with initial attempts at installation.
The specimen surface was cleaned with methyl ethyl
ketone (MEK). A piece of tape large enough to ex-
tend Uiin. beyond the gage edges and Y2 in. up the
lead wires was cut and pressed firmly over the gage as-
sembly . A heavy coating of silicone rubber was ap-
plied, overlapping the specimen and the tape about Y%
in. About ': hour after the sealer was applied, the tape
edges began to curl up. Several applications were at-
tempted with only partial success. Finally the Kit was
returned to BLH Electronics, and their tests in-
dicated a defect in the tape. A new kit was sent and
no problems were experienced with this, More than
one application of sealer was applied to the lead exit
area, since the leads “wicked-up” some of the sealer.
The sealer did not appear viscous enough to allow ap-
plication of this system on vertical surfaces. The sealer
cures in one hour at room temperature; however, it re-
mains “tackyv" indefinitely.

Barrier C, trom BLH Llectronics, s a single compo
nent, acid-tree, translucent sificone rubber that s room
temperature vulcanizing (RTV) Barrier C s also avail
able from other distributors under other names and s
simply a tube of Dow Corning 3140 RTV coating This
is also available in larger quantities to governmenta
agencies through GSA and is the same as Federal Stock
Number 5970-791-3716 msulating compound. We
modified the recommended application procedure by
first applying 4 coating of Micro-Measurements M-Coat
D. This was allowed to cure for two hours, Then g coat
ing of Micto-Measurements M-Coat B was applied over
the M-Coat D and extended up the gage leads 1o act as
an insulation primer coat. Atter another two hour cure
the Barrier C was spread over the entire area. The RTA
coating requires approximately 24 hours cure time tor
cach 0.02-in. coating thickness at room emperatur
and SO% relative hunudity .

Barrier D, available trom BLH Electronics, i o two
part epoxy resin which comes in premedsurca pacsanes
with a separator between the resin and the har fencr
The epoxy is mixed by removing the separator and
kneading the bag for about tive minutes. The epoxy o
applied with 4 spatula. A coating of less thar Ya-in
thickness ts recommended to avoid reinforcing the
specimen. For fong term water immersion, two ¢oats
of less than '/x-in. thickness each are ri¢- mmended.
Because our specimens were only '/g in. thick, we ap
plied only one coating to avoid possible suftenine o
the test beam. The coating was extended 'y in. beyond
three edges ot the gages and 'y in. up the lead wires
The coating was cured for '/3 to one hour under a heat
lamp with specimen temperatures of 1507 to 200°t

Barrier b, another BLH Electronics product, 1s a soft
Buty! rubber with a patch of unfabricated Neoprene
rubber for mechanical protection. The patch was cut
to size, allowing a '/4-in. border around the gage and 'h
in. beyond the terminals at the lead end. The patch was
then applied to the specimen and pressed tirmiy with
the fingers. The Neaprene was pulled back slightiy at
the lead exit end and the Buty! rubber kncaded around
and under the lead wires. Then the Neopiene jacket
was replaced and pressed firmly to exclude all air bub-
bles. This was by far the casiest waterprooting coating
to apply and required no curing.

Barrier WC, distributed by BLH Electronics, is a hard
microcrystalline wax. The wax was heated to appioNi-
mately 170°F to melt and then brushed on the speci
men, which had been preheated to appronimately
110°F. The wax was applied in layers to about s in.
thick and finally smoothed over with a heated metal
spatula. On the lead exit side of the gages the coating
extended as far as practical, without interfering with




Figure 7. Barrier A installatjon.
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Figure 8. Barrier C installation.




Fugure 9. Barrier D jnstallation.

Figure 10. Barrier b installation.
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the beam clamps, and Soine beyond the remarming gage
edges  This coating cannot be apphied to vertical sur-
taces; however, it is quite easy 1o apply to warm hon
rontal surtaces

Barrier WD, also distributed by BLH Electronics,
i 4 sott paste-hike wax which can be applied to a cold
syrtace with a spatula,  The wax remains soft after
apphication and provides no mechanical protection,
The “buttering”’ method of application was used,
stnce heating the wax has a tendency to degrade its
adhesive charactenstics. b xtra care was taken to coat
beneath the lead wires, Atter application, the lead
wites were secuted to prevent any movement which
could torm channels for water intrusion,  Although
the manutacturer recommends heating the specimen
trom 1207 to 1507 it possible, we did not do this be-
cause the pomary use tor this coatipg would probably
be in ticld installations where heating may not be
possib'e

M-Coat t, trom Micro-Measurements, consists ol an
assartment of materials including a soft and pliable
Butyl rubber sealant, Neoprene rubber sheets, alumi:
num toil tape, and M-Coat BT which is 4 solvent
thinned mitnile rubber. We used a sample Kit of M-Coat
f, which did not contain the aluminum tape; instead
a Buty! rubber tape with a heavy afuminum 1ol back
ing (3M Scoteh Tape No. §)-8050X) was substituted.
The lead wires were tirst coated near the gage area
with M-Coat B1. When this primer dried, a Butyl rub-
ber pad was cut to extend approximately Yy in. beyond
the three edges of the strain gages and about 1 in, up
the lead wires. The Butyl rubber was placed over the
gage area and carefully formed around the lead wires
to eliminate possible leakage paths. Since we used
aluminum toil tape over the complete assembly, the
Neoprene patch was cut about ‘g in. smatler than the
Butyl rubber, which provided a smooth contour for
the aluminem tape. After the Neoprene was placed
in position, the aluminum tape was installed and the
edges and corners sealed with M-Coat BT. We experi-
enced some problems with the M-Coat F systom. On
the tirst installation attempt a heavy layer of M-Coat
BT was applicd to the lead wires with the idea that
this would help till in the gaps between the lead wires,
The remainder of the installation was performed ac-
cordipg 1o the manufacturer's instructions, When all
completed installations were checked, the gages wore
ossentially shorted to ground. Apparently the layer ot
M-Coat BT was too thick, preventing release of some
of the solvent after cure was assumed to be complete.
We assumed all applications of this system were a
tailure and removed them, On the second installation
attempt, instead of alfowing the M-Coat BT to dry for

anly two hours as recommended, we monnored the
gage-to-ground resstance and when this value excecded
10,000 M2, we considered the coating properly cured
We tound curing times of up to three days at toom
temperature were requited betore subsequent bayers
could be applied. Partcular care should be taken to
prevent movement of the lead wites duning the coning
of M-Coat BT, since the vinyl insulation becomes vern
sott and is susceptible to damage. The viny | again be
comes relatively tough atter this coating has cured
properly.

M-Coat GL is distributed by Micto-Measarements and
15 a two-part, 100% sohds, polysultide modified epoxy
in a pourable torm. b or long-term water immersion,
the manufac turer recommends that a precoat of M Coat
D, which is a solvent thinned acryhic, be brushed on an

". i beyond the gaee

atea extending approximatety
edges. This coating is very thin, precluding application
on vertical surfaces. Betore applying M-Coat G, the
lead wires were coated with M-Coat Bl and cured prop
erly as previously described. The Mtoat G was
mined and pourcd over the gage assembly , and 1t was
smoothed with a glass tod, taking care to avoud tap
ping i bubbles in the coating. The viny b wire insula
tion caused some Uwichig' of the coating, which re
Quired a recoat in the lead wire area This coating
should be applied o a well ventilated area Cure was
complete 1in 24 hours, and the coating acquired 4 tough,
rubbery consistency

TEST PROCEDURE

An ideal test would exactly duplicate all anticipated
operating conditions, however, this is often impossible
in the laboratory. In order to duphicate tield conditions
as closely as possible the tollowing tests were proposed
load cycling the test beams at room temperature in it
and under water, and the turther testing ot the beams
inair at 32°1 and under water at 3270 o additan,
frecze-thaw cycle tests were run without load ovehing
(since it was impossible to tlex the iceshrouded beams)
at temperatures from -387 1o +90°}

The tirst part of the test program involved testing
12 beams, which inciuded four each of the matd steel,
aluminum, and stamnless steel specimens, The tistset
tested included cach ot the tour gage adhesives (EPY
150, £ PY 350, PLD 700 and M-610) and tour water
prooting systems: Barner WC, Barrier WO, M Coat GL,
and M-Coat b Intial measurements were taken of
gage-to-ground resistanee, gage resistance, and indicated
strains with the beams undetlected and tully detlected.
The beams were then load eycled 100,000 times in
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each of the environments described above. After each
test, measurements were again taken on each gage and
each bridge to determine if failures had occurred and
possible causes of the failures. The bridge circuits
were then rezeroed before load cycling in a new
environment,

The second set of 12 beams tested also included the
same beam materials and adhesives as the previous set;
however the waterproofing systems were Barrier A,
Barrier C, Barrier D, and Barrier E. The beams were
subjected to the same environments and load cy¢les
as before, and identical measurements were taken to
dctermine the gage asscmbly integrity.

The test apparatus was constructed to load the
beams in only one direction, and so two gages on cach
beam were loaded in tension for each set of tests, and
the other two were loaded in compression. It was
originally intended to turn the becams over after the
completion of one test series so tha: each gage assem-
bly would experience both tensile nd compressive
strains. One set of beams was load cycled in air at
70°F and 32°F and in water at 32°F, then turned
over and the tests repeated. No additional failures
were recorded after the beams were turned over. The
other set of 12 beams was tested under identical con-
ditions and the beams turned over as before. The
loading apparatus failed before completion of the fast
test series. We decided not to repair the loading appar-
atus and complete this test series since, as stated te-
fore, no additional failures had occurred in the other
sct of beams after turning them over.

Both sets of beams were then placed in containers
of water and put through a more rigorous freeze-thaw
cycle without loading the beams. Initial readings were
taken at room temperature in air and in water, Four
frecze-thaw cycles were performed at temperatures of
+22°F and +75°F respectively and six more cycles per-

formed at frecze-thaw temperatures of -30° and +75°F

respectively. The gages were tested for leakage follow-
ing cach individual cycle and then finally monitored
for two days while drying in air at +75°F. This gave
an indication of which assemblics contained trapped
moisture that could not be easily dried. The fact that
the direction of load cycling was not reversed on the
one set of beams was of no concern since the majority
of failures occurred during the more rigorous freeze-
thaw cycles.

At the completion of all assembly testing, the lead
wires were removed from all gage assemblies that were
determined to be faulty, Resistance-to-ground mcas-
urements were again performed on the wires only to
determine if Icakage occurred through the lead wire
insulation.
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TEST RESULTS

The test results are summarized in Tables | through
1. Table | shows that Barrier D was the only water-
proofing system that passed all tests without any fail
ures. As noted earlier, only one coat of this cpoxy was
applied instead of the two coats recommended. Three
systems, M-Coat GL., M-Coat F, and Barrier E, cach had
one failure out of 12 installations; while Barrier A only
had two failures out of 12 installations.

Failures of the M-Coat GL, M-Coat F, and Barrier £
systems occurred at the very start of the tests, indicat-
ing that these installations may have been initially faulty.

Tables Il and 111 show the correlation between ad-
hesive type or specimen material and waterproofing
failure. Although more failures occurred on mild steel

Table I. Gage assembly failures related to waterproof-
ing type.

lotal Failures
Waterproofing assemblies Failures (%)
Barrier WC 12 12 100
M-Coat GL 12 1 8 v
Barrier WD 12 6 50
M-Coat F 12 1 8
Barrier O 12 (] 0
Barrier A 12 2 17
Barrier E 12 1 8
Barrier C 12 3 25

Table 1. Gage assembly failures related to specimen
material.

lotal Fuilures
__Moteriol asscmblies 1 ditures (%)
Mild steel 32 n 34
Stainless steel 32 9 28
Aluminum 32 7 22

Table 111, Gage assembly failures related to adhesive.

lotal 1 ailures
Adhesive assemblies Foilures (%)
EPY-150 24 8 23
EPY-350 24 6 25
PLD-700 24 6 28
M-Bond 610 24 6 2S




specimens than on the other two, it is difficult to draw
any conclusions about the possible cause of this. Also,
more failures occurred on the strain gages cemented
with EPY-150 adhesive; however, again it is impos-
sible to draw any conclusions from these test results.

When the test beams were oven-dried for 24 hours
at 122°F at the complction of the testing program,
five Barrier WD installations and one M-Coat F instal-
lation failed to regain resistance-to-ground values of
100 MR2. This indicates that the moisture was trapped
in the gage assembly or that deterioration within the
gage assembly had begun.

All 174 PH stainless steel beams broke before load
cycling tests were completed. The reason for these
failures is uncertain, since the beams were hardened
to condition H1025 with a minimum yicld strength
of 145,00C Ibf/in.? and an impact strength of 40 ft-Ib
at -40°F (Armco Steel Corp. 1966). The fatigue
strength of condition H1025 material is 88,000 Ibf/in.?
at 10 million cycles and 74,000 Ibf/in.? at 100 million
cycles; therefore, since the maximum theoretical stress
induced in these beams was 75,000 Ibf/in.2, they
should have endured almost 100 million cycles in-
stead of the 150,000 to 400,000 cycles which they
experienced.

Only two gage instaliations were found to have
faulty lead wires at the conclusion of the tests. One
of the wires was mechanically demaged, and indica-
tions were that failure occurred after all temperature
and strain cycling was completed, leading to the con-
clusion that the insulation was probably damaged
when removing the beam from thc test apparatus.

The other lead wire was faulty throughout its entire
length, and sincc the gage assembly tested poorly dur-,
ing the first watcr immersion test, the conclusion is
that a faulty length of Icad wire was accidentally in-
stalled.

SUMMARY AND CONCLUSIONS

The Barrier D waterproofing is highly recommended
for waterproofing strain gages subjected to low temp-
eratures and water immersion, since all 12 installa-
tions survived all tests. Barrier E, with which 92% of
the installations survived all tests, appears suitable for
many field applications because it is so easy to apply.
M-Coat F and M-Coat GL also had a survival rate of
92%, making both of them possibilities as low temp-
erature waterproofing materials. Each of these sys-
tems possesses peculiar characteristics that should be
considered before selection is made.

Barricr D is a hard epoxy coating which could re-
inforce thin spccimens or low modulus specimens.
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The epoxy is viscous enough to apply on vertical sur-
faces. Although two thin coats are rccommended for
water immersion, one coat performed well in our tests.
The system requires clevated temperature curing, which
may limit its application.

Barrier E is simple to apply since it consists of only
a rubber patch. Extra care must be taken to knead the
soft rubber around the lead wires, which may be diffi-
cult in confined arcas. The rubber patch remains pli-
able at low temperatures and will not cause significant
localized reinforcement in the specimen.

M-Coat F provides more mechanical protection and
a longer path length against water intrusion than Barricr
E because of the aluminum foil. Although application
is more complex than for either Barrier D or Barrier E,
there may be ccrtain applications where this extra cf-
fort is justified.

M-Coat GL is not to be used on open-faced gages
or where it will come into contact with strong acids or
solvents. It does not cause as much localized reinforce-
ment as Barrier D, which makes it a more useful epoxy
coating for thin or low modulus specimens.

Although our tests indicated one waterproofing sys-
tem to be superior to all others, it should be :mpha-
sized that installation technique is very critical for all
systems. v
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APPENDIX A: CANTILEVER BEAM DESIGN

A treebody diagram of a typical beam is shown in
Figure Al. The basic differential equation for a loaded
beam is

sy .M (A1)

where M = bending moment
& = modulus of elasticity
| = moment of inertia.

For the loading shown in Figure Al

2
ay = ftx) (A2)
dx? El

and the boundary conditions are at x = 0, dy/dx = 0,
y=0, and at x = Q¥ = ¥max- Integrating eq A2 and
applyirg the first boundary condition, we obtain

2
dy . *‘(m-ﬂ_)_ (A3)
dx £l P

Integrating again and applying the sccond boundary
condition gives

l)

g (3ex%-x?). (A4)

y

The stress due to bending in a beam is given by

s=L= (AS)

where s is the fiber stress and ¢ the distance from
neutral axis to point of interest.

Substituting the applicable bending moment for
this cantilever beam we obtain

s= ﬂL;")f_. (A6)

Combining eq A4 and A6 and using the third boundary
condition for the beam, the following equation for
stress results:

Figure Al. Free body diagram of
cantilever beam, where P is applied
force, R reaction force, and M the
reaction moment.

3Ec(Q-
o X Dimay (A7)

3

The maximum stress due to bending must be less than
the yield strength of the beam matetial. This maximum
stress occurs at x = 0in eq A7, which gives

S o e (A8)

[\

Syp

where s, is the yield strength of bcam material.
Solving eq A8 for length gives:
3EC Y max

e (A9)
A

yp
For minimum yicld strengths of 35,000 Ibf/in.? for
mild stecl, 35,000 Ibt/in.? for aluminum, and 145,000
Ibf/in.2 for stainless steel, minimum respective
lengths of 10.98 in., 6.34 in., and 5.36 in. were cal-
culated from eq A9.

Since it was desirable to test as many beams as
possible at one time, it was decided that 12 beams be
tested, which would allow the test apparatus to be of
a reasonable size for handling. Beam lengths chosen
were 11.25 in, for mild steel, 8.75 in. for aluminum,
and 7.50 in, for 17-4 PH stainless steel. Substituting
these values for € in eq A7 and evaluating the stress
at x=0, we obtain the tollowing maximum bending
stresses: 33,333 Ibf/in.?, 18,367 Ibf/in.?, and 74,000
Ibf/in.? in the mild steel, aluminum, and stainless
stecl beams, respectively.,

From eq A4 and the third boundary condition tor
the beam, we obtain the following expression for the
load required to deflect the beam:

‘0




P2 man (A10)

Q3

When deflected 0.375 in., the forces required to
deflect the beams are approximately 31 Ibf for the
mild steel, 22 Ibf for the aluminum, and 103 1bf for
the stainless steel. Total force required to simultan-
cously deflect four beams of each material is 624 |bf.

The strains at any point on the beam can be cal-
culated by dividing A7 by the modulus of elasticity
E:

¢ = XXl max (A11)
A3

where € = strain.
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APPENDIX B: SPECIMEN PREPARATION

Twenty-tour cantilever beam specimens - eight
e ch of mild steel, aluminum, and stainfess steel — were
prepared. Four strain gages were applied to each,
which required caretul cleaning and degreasing of each
of these locations. Twenty-four gage sites, on two
beams of each of the three materials, were prepared at
one time, since one adhesive would be used on these
24 gages.

The areas where the gages were to be located were
initially degreased, then sandblasted to remove rust,
oxides and wcale, and subsequently smoothed using a
small hand grinder. The areas were then sanded by
hand using progressively tiner sand paper, finally end-
ing with 300-grit paper. At this stage the gage area
must be free from pits or scratches, which may cause
erroncous strain indications,

Chlorothene NU degreaser, a chlorninated hydro-
carbon, was used to clean the entire beam, The beam
was then placed on a clean glass surtace and the gage
sites and immediate surrounding areas were more
thoroughly degreased. After both sides of each beam
were degreased, the gage sites were etched using 300-
grit emery paper wetted with M-Prep Conditioner A,
which is a weak phosphoric acid compound. Gage
ahignment marks were then laid out using a degreased
ruler and a ball point pen.

The abgnment marks were made with only enough
pressure to leave visible marks atter the ink was
washed oft. Cotton swabs soaked in the acid were
then used to repeatedly scrub the gage arcas. The sur-
face was considered sufficiently clean when a clean
cotton tip did not discolor during scrubbing. Sutficient
acid was used to maintain a wet metal surtace during
the scrubbing process. When the surtace was judged to
be sufficiently clean, a cotton swab soaked in the acid
was passed over the cleaned area in one direction,

This was repeated 4-S times using a clean swab atter
cach pass and always wiping in the same direction,
Then a clean gauze pad was used to dry the area by
making a single slow stroke through the cleaned area.
This stroke began inside the cleaned area to prevent
dragging contaminants into the cleaned arca. Then
another clean gauze pad was used and, beginning in the
cleaned area again, a single stroke was made in the
same direction, This conditioning process was re-
peated for both gage sites on one side of each beam.,

The beams were then turned over, being caretul not to
contaminate the cleaned areas, and the same procedure
followed on the other side.

To bring the surface condition back to an alkalinity
of between 7.0 and 7.5 pH for optimum strain gage
adhesion, a neutralizer was required. Like the acid,
neutralizer was applied with a cotton swab making 4-5
passes always in the same direction and always starting
within the cleaned area. The surface was dried as be-
fore, using two clean gauze pads and wiping in two
single strokes in the same direction. The surface was
then ready tor gage installation,

tach individual step was completed on both sides
of the beams before proceeding to the next step.
Otherwise, tar example, if one side of the beam had
been neutralized before the opposite side was conditioned
with the acid solution, some of the acid may have acci-
dentally been in contact with the neutralized surfaces,
resulting in a poor adhesive bond between the gage and
the specimen, Therefore, the beam was placed on a
clean tissue paper during the gage preparation proce-
dure; this tissue paper was changed after each indivi-
dual step to avoid recontamination,

Gage installation immediately followed specimen
preparation (i.c. the gage was mounted on the beam
immediately atter the neutralizing step); otherwise
oxidation would have occurred on the prepared sur-
face. Care was taken not 1o touch the cleaned area
because natural skin oils would also contaminate the
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APPENDIX C: GAGE INSTALLATION

Gages were bonded with two general types of
adhesive -~ room temperature curing and elevated
temperature curing. The only major difference in
mounting procedure between the two types was that
the clevated temperature cure required use of Teflon
tape, while ordinary cellophane tape could be used to
position the gages that were bonded with room tem-
perature curing adhesive.

Gages were removed from the packages using a
clean degreased pair of tweezers and placed, bonding
side up, on a chemically clean glass sheet. The bond-
ing surface of each gage was cleaned using M-Prep
neutra’izer. After the neutralizer had dried, the gage
was turned over using clean tweezers. Pieces of tape
tong enough to extend beyond the edges of the gages
and to permit folds at one end were applied to the
gages. The tape-gage assemblies were then lifted very
carefully off the glass surface and lowered over the
gage alignment marks on the specimens. The tape over
the properly aligned gages was smoothed to eliminate
any air bubbles. After all four gages were aligned on

cach specimen, the tapes and gages were carefully pecled

back from one end taking care to leave one end of the

tape adhered to the specimen to aid in gage realignment.

A uniformiy thin coating of adhesive was then applicd
to each gage bonding surface and to the specimen, with
the exception that EPY 150 and EPY 350 werc applicd
to the gage bonding surface only.

The tape was then rolled back to its original position
with the gage still accuratcly aligned. A picce of clean
gauzc was wiped firmly over the gage assembly, which
picked up any excess adhesive squeczed from the edges
of the tape and feft a thin uniform layer of adhcsive
between the gage and the specimen. A thin sheet of
Teflon was placed over the gage area to prever.l the ad-
hesion of the rubber pad, which was next installed to
distribute clamping pressure evenly over the gage.
Finally, an aluminum pad was placed over the rubber
pad and the entire assembly taped down prior to clamp-
ing. The assembly was clamped to provide recom-
mended clamping pressures for the particular installa-
tion. Spring clamps were used in this application be-
cause of their convenience. The adhesive was then
cured according to the manufacturers’ recommendations,
which are summarized in Table Cl. A typical com-
pleted gage installation on one side of a beam is shown
in Figure C1.

Table Cl. Curing schedule.

Clamping pressure Cure temperature Cure time
Adhesive (1bffin.? ) (°F) (hr)
EPY 150 5-15 +70-+150 1-72*
EPY 350 5-15 350 2
PLD 700 3545 500 2%
M-Bond 610 30-40 340 1%

* Depending upon temperature.
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Figure C1. Completed gage installation before waterproofing application.

‘f

20

.i A T R ST A ———— o . - iy DS — . ‘
S v .




