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High-Temperature Static Strain Measurement
This standard is issued under the fixed designation E 1319; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.
1. Scope 2. Referenced Documents

1.1 This guide covers the selection and application of strain 2.1 ASTM Standards:
gages for the measurement of static strain up to and including E 6 Terminology Relating to Methods of Mechanical Test-
the temperature range from 425 to 650°C (800 to 1200°F). This  ing®
guide reflects some current state-of-the-art techniques in high i
temperature strain measurement, and will be expanded anti T€rminology
updated as new technology develops. 3.1 Definitions:
1.2 This practice assumes that the user is familiar with the 3.1.1 Refer to Terminology E 6 for definitions of terms
use of bonded strain gages and associated signal conditionimglating to stress and strain.
and instrumentation as discussed in Réf9. and (2).2 The 3.2 Definitions of Terms Specific to This Standard:
strain measuring systems described are those that have prover8.2.1 Terms pertinent to this guide are described as follows:
effective in the temperature range of interest and were available 3.2.2 capacitive strain gage-a strain gage whose response
at the time of issue of this practice. It is not the intent of thisto strain is a change in electrical capacitance which is predict-
practice to limit the user to one of the gage types described nably related to that strain.
is it the intent to specify the type of system to be used for a 3.2.3 conditioning circuit—a circuit or instrument sub-
specific application. However, in using any strain measuringystem that applies excitation to a strain gage, detects an
system including those described, the proposer must be able ébectrical change in the strain gage, and provides a means for
demonstrate the capability of the proposed system to meet th®nverting this change to an output that is related to strain in
selection criteria provided in Section 5 and the needs of théhe test article. The conditioning circuit may include one or
specific application. more of the following: bridge completion circuit, signal am-
1.3 The devices and techniques described in this practicglification, zero adjustment, excitation adjustment, calibration,
may be applicable at temperatures above and below the rang&d gain (span) adjustment.
noted, and for making dynamic strain measurements at high 3.2.4 compensating gagea gage element that is subject to
temperatures with proper precautions. The gage manufacturére same environment as the active gage element, and which is
should be consulted for recommendations and details of sugblaced in the adjacent leg of a Wheatstone bridge to provide

applications. thermal, pressure, or other compensation in the strain gage
1.4 The references are a part of this practice to the exterstystem.
specified in the text. 3.2.5 electrical simulatior—a method of calibration

1.5 The values stated in metric (Sl) units are to be regardedhereby a known voltage is generated at the input of an
as the standard. The values given in parentheses are famplifier, equivalent to the voltage produced by a specific
information purposes only. amount of strain.

1.6 This standard does not purport to address all of the 3.2.6 free filament gage-a resistive strain gage made from
safety concerns, if any, associated with its use. It is thea continuous wire or foil filament which is fixed to the test
responsibility of the user of this standard to establish appro-article along the entire length of the gage, and which is
priate safety and health practices and determine the applicasupplied without a permanent matrix.
bility of regulatory limitations prior to use. 3.2.7 gage factor—the ratio between the unit change of

strain gage resistance due to strain and the measurement. The

1 This practice is under the jurisdiction of ASTM Committee E-28 on Mechanical 9ag€ factor is dimensionless and is expressed as follows:

Testing and is the direct responsibility of Subcommittee E28.14 on Strain Gages.
Current edition approved May 10, 1998. Published March 1999. Originally
published as E 1319 - 89. Last previous edition E 1319 - 89 (£896)
2 The boldface numbers in parentheses refer to the list of references attheendof ————————
this practice. 3 Annual Book of ASTM Standardgol 03.01.
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3.2.8 integral lead wire—a lead wire or portion of a lead FIG. 1 Relationship Between Static and Dynamic Strain
wire that is furnished by a gage manufacturer as part of the

gage assembly. or compensating gage. The counteraction may be integral to

1329 linearity—the valu_e measured as t_he maximum dev"?"the gage system or may be accomplished by data processing
tion between an actual instrument reading and the read'nﬂwethods or both

predicted by a straight line drawn between upper and lower

calibration points, usually expressed as a percent of the fupure induced indicated strain of a strain gage installed on an

scale of the sensor range. unrestrained test specimen when exposed to a change in
3.2.10 lead wire—a conductor used to connect a sensor totemperature.

Its instrumentation. _ _ 3.2.20 thermal output-unmountedthe reversible part of
3.2.11 matrix—an electrically nonconductive layer of ma- the temperature induced indicated strain of an unmounted

terial used to support a strain gage grid. The two mainirain gage when exposed to a change in temperature.
functions of a matrix are to act as an aid for bonding the strain

gage to a structure and as an electrically insulating layer i@, Significance and Use

cases where the structure is electrically conductive. 4.1 The use of this guide is voluntary and is intended for use
3.2.12resistive strain gage-a strain gage whose response 5 5 procedures guide for selection and application of specific
to strain is a change in electrical resistance that is predlctablt,glpes of strain gages for high-temperature installations. No
related to that strain. - attempt is made to restrict the type of strain gage types or
3.2.13 shunt calibratior—a method of calibration whereby concepts to be chosen by the user. The provisions of this guide
a resistor or capacitor of known value is placed electrically inmay be invoked in specifications and procedures by specifying
parallel with another resistor or capacitor in a circuit, causingnose which shall be considered mandatory for the purpose of
a calculable change in the total resistance or capacitance thatijse specific application. When so invoked, the user shall
predictably related to a specific amount of strain. include in the work statement a notation that provisions of this
3.2.14 strain, linear—the unit elongation induced in a guide shown as recommendation shall be considered manda-
specimen either by a stress field (mechanical strain) or by gry for the purposes of the specification or procedure con-
temperature change (thermal expansion). cerned, and shall include a statement of any exceptions to or
3.2.15 strain gage systemthe sum total of all components modifications of the affected provisions of this guide.
used to obtain a strain measurement. May include a strain gage;
a means of attaching the strain gage to the test articles; ledd Gage Selection Criteria

wires; splices; lead-wire attachments; signal-conditioning and 5.1 The factors listed in this section must be considered
read-out instrumentation; data-logging system; calibration ang/hen selecting a strain gage system for use in the temperature
control system; environmental protection; or any combinationange specified in 1.1. It is recognized that no gage may have
of these and other elements required for the tests. all of the desired capabilities to meet all requirements of a
3.2.16 static strain—a strain that is measured relative to a particular test. The risk of compromising certain test objectives
constant reference value, as opposed to dynamic strain, whighust be evaluated, and some test objectives may have to be
is the peak-to-peak value of a cyclic phenomenon, withoumodified to match the capabilities of the available gage

3.2.19 thermal output-the reversible part of the tempera-

reference to a constant zero or reference value (Fig. 1).  selected. Guidelines for this evaluation are provided in Section
3.2.17 test article—an item to which a strain gage system is 9.
installed for the purpose of measuring strain in that item. 5.2 Operating Temperature

3.2.18 thermal compensatienthe process by which the  5.2.1 Isothermal Tests-Stability of the reference value with
thermal output of a gage system is counteracted through the usespect to time is essential when tests are to be made at
of one or more supplementary devices, such as a thermocouptenstant temperature. The stability of the candidate gage
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system at the specified temperature must be such that any shiftust be capable of withstanding the environment in which it
that occurs in the reference value is tolerable for the duratiomwill operate. Such limitations must be carefully considered
of the test. when selecting the gage system to be used. Factors such as
5.2.2 Thermal Compensation and Transieat§he ad- pressure, vibration, radiation, magnetic fields, humidity, etc.,
equacy of the thermal compensation must be considered whenust be considered. The ambient and test environments of the
the measurement of strain during a thermal transient is reslements of the strain gage system must be considered in the
quired. Thermal output is a function of temperature, thus itsselection of lead wires, connectors, instrumentation, and seals
value at a temperature depends not only on temperature, but gwhen required).
the temperature history followed in reaching that temperature. 5.6 Strain Range
If significant hysteresis in the thermal response is present, large 5.6.1 Total Strain Range-The maximum strain ranges of
errors or uncertainties can result. This is especially true whethe candidate gage types must be defined and must be adequate
the calibration procedure used to characterize the thermdr the test. Mechanical strain attenuators, when permissible,
output does not accurately reflect the temperature sequencentay be added to extend the strain range of a given strain gage
which the gages will be exposed during testing. If the responsgystem, subject to the limitation of 5.6.2.
time of the compensation is exceeded, the resulting uncertainty 5.6.2 Resolutior-The ability of the candidate gage to
must be considered. The ability of the gage system to withstaneheasure small increments of strain within the total strain range
the transient without a detrimental shift of the reference valushould be compared with the incremental strain measurement
must be verified. This is true whether or not strain is measuretequirements of the test. When mechanical strain attenuators
during the transient. Any gage factor change as a function ofire used, the resulting loss of resolution must be considered.
temperature change must also be considered. 5.7 Strain Gradien+—The gage length of the candidate gage
5.2.3 Precalibration establishes the length over which the unit strain is averaged.

5.2.3.1 Thermal output calibration on the structure is usuJhis factor must be considered. _ _
ally not possible and precalibration of gages on a similar 5-8 Uncertainty Factor—Uncertainty information that is
material is necessary. However, variations of up to 0.5 ppm/°@vailable from the manufacturer must be considered, in con-
are possible within a material. Often, rolling direction will junction with conditions which are unique to the test, in order
influence thermal expansion coefficient. to estimate the total uncertainty. .

5.2.3.2 Precalibration of resistive or capacitive strain gages 2-9 Space Requirementsf space on or adjacent to the test
is performed using a calibration fixture made from materia/@'ticle is limited, the space requirements for the complete strain
similar to the test article. The calibration fixture must be maded@d€ System may be a critical consideration in determining the
to precisely fit the gage, especially if curvature is involved.Suitability of a particular gage system. Working space for
Experience has shown mating parts must be lapped together'beta”at'on of the system may also be limited and must also be

provide uniform clamping pressure around the periphery of th&onsidered. Space adjacent to the installed strain gage should
gage weld area. be provided for installation of room-temperature strain gages

5.2.3.3 The calibration test should be repeated to ensurrgqUirEOI for making in-place calibrations.

precise duplication of the calibration. Zero return should also 5.10 Effects of the Strain Gage on the Test Arkelm most
repeat exactly. If calibration data does not repeat; either thgases the reinforcing effect of the strain gage on the test article

calibration set-up or the gages are faulty IS negligible, particularly in the case of capacitance gages
5.2 4 Post Test Calibration ' where the spring rate is extremely low. If a weldable gage is to

be used on thin sections, an evaluation of the reinforcing effect

5'.2'4'1 A more precise thermal output calibration can b hould be made. Technical data concerning this effect can be
achieved after the test by removing the test gage (cut it out o btained from a strain gage manufacturer

the structure) and running a precision test on the test gage still
attached to the test article material. The test coupon is relievegl Characteristics of Available Gages
of all induced stresses (thermal, mecahniacl, residual) and is g 1 The two basic types of strain gages used for high
free to expand freely with temperature. The integral gage leagbmperature static strain measurements are resistive strain
wire should be exposed to thermal gradients similar to thos@ages and capacitive strain gages.
that occurred during the test program. 6.1.1 Resistive gages are usually small, low profile units
5.3 Duration of Test-The ability of all parts of the gage superbly suited for dynamic strain measurements and relatively
system to function for the specified duration of test should b&hort-term static measurements. Because high temperatures
demonstrated; if multiple tests are required on the same teghuse metallurgical instability, oxidation, relaxation, and phase
article, the capability and effect of gage replacement must alsehange of the strain sensing materials, all of which affect
be established. resistance change, resistive gages are generally not used for
5.4 Strain Rate—The time response of the candidate gagelong-term measurements.
system must be adequate to meet test requirements if rapid6.1.2 Capacitive strain gages are devices that measure
changes of load are anticipated. It may be necessary to desighanges in geometry and are unaffected by temperature or
the loading rate of the test to accommodate limitations of theemperature changes, oxidation, relaxation, creep, grain
strain measurement system selected. growth, or phase change. They are best suited for measuring
5.5 Environmert—Some gages are limited to specific oper- creep strains, or for very long-term tests on applications where
ating environments and therefore, the gage system selectedrelatively large gage can be used, and when the gage will not
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be subjected to high vibration, gravity, or acceleration forcesusually well within =200 um/m between 20 and 500°C. The
shock loading, or an electrically conductive atmosphere. shape of the thermal output curve is influenced by the thermal
6.1.3 When selecting a specific strain gage for a giverexpansion characteristics of the test material. Fig. 3 shows the
application, the strain gage system must be qualified for theompletion circuit for the dual element half bridge gage. There
specific conditions under which it will be required to operateare two methods of compensation, (1) NASA metli@d) and
and for the characteristics it must exhibit under serviceg(2) the wire method?21).
conditions. This section describes some of the capability of 6.2.4 With the NASA method, the gage is manufactured to
currently available strain gages, suitable for use in the specifiefit a specific tyoe of material with the platinum thermometer
temperature range, to meet the selection criteria of Section ®lement resistance value selected to provide an almost per-
6.1.4 Wire and foil free-filament strain gages may be usabldectly balanced bridge. This permits a three wire cable to be
to approximately 400°C (750°F) under static conditions, and taused without sacrificing inherent lead wire compensation. The
approximately 1250°C (2280°F) for certain dynamic applica-five wire system employs a thermometer element sufficiently
tions. However, the bonding methods used (ceramic cemenlijgh in resistence to compensate on virtually any material. This
flame spray) are cumbersome and difficult to employ on largeanakes for universal compensation on any material. The draw-
structures, particularly under field conditions. Ceramic cementback of this universal system is that five wires are required. A
require heat-curing and are generally unsuitable for largehunt resistor Rplaced across the thermometer element only
structures such as nuclear or fossil-fuel power-generatinghunts the output of the compensator. If the shunt resistor were
equipment. Flame spray is also difficult to use in the field.placed across the thermometer and lead wire, inherent lead
Free-filament gages, although useful for strain measurement @ompensation would be sacrificed.
small items under laboratory conditions, are, therefore, not 6.2.5 The user may precalibrate the gage and cable system
included in this practice. This does not preclude the use o&nd determine the bridge completion resistor values using a set
these strain gages for specific tests based on the selectioh equations provided with the gage, or the gage may be
criteria of Section 5. precalibrated at the factorf22) and supplied precalibrated
6.1.5 The gages described in this section have been usedwith the bridge completion resistors included in a network
high temperature for sufficient time and with sufficient successattached to the cool end of the cable. The user needs only to
to warrant consideration in this guide. Each type has uniqué@ook up the gage as a full bridge transducer and insert the
features, advantages, and limitations which must be carefullgalibration curve into his data acquisition system.
evaluated relative to the selection factors of Section 5. 6.3 Hermatic Weldable Resistance Strain Gagehis gage,
6.2 Bonded Weldable Resistance Strain which is shown several times the actual size in Fig. 4, is
6.2.1 This gage, shown in Fig. 2, consists of a free filamenhermetically sealed and furnished with integral lead wires, and
strain gage ceramic bonded to a shim. While it is not usuallynay be used in a variety of severe environments at high
sealed or intended for underwater use, some hemetically sealésmperature. The strain tube is welded to a thin mounting
gages are bonded to the shim with ceramic cements or flanfeange, which is welded to the surface of the test article, thus
sprayed ceramics. The following alloys are available: (1) selproviding transfer of strain from the test article to the gage.
temperature compensated nickel chrome alloy sensors usealfiéhough Fig. 4 shows stainless steel strain tube, mounting
to 340°C in quarter bridge (single element) configuration, (2)lange, and cladding of the integral lead wire, other materials
platinum tungsten and palladium chrome alloy sensors (duare available to meet the requirements of specific applications;
element) compensated with platinum elements in half bridgeonsult the manufacturer for available materials. Within limits,
configuration, and (3) iron chrome aluminum alloys havingthe thermal output of the gage due to temperature can be
low temperature coefficient are available in half or full bridge adjusted to produce a zero output at any two selected tempera-
configuration for applications where active-dummy combina-tures by inserting a temperature compensation resis{oinR
tions (slow temperature changes) are useable. Fig. 5 in series with either the active or compensating gage
6.2.2 Except for long-term stability, the bonded strain gageelement; the proper resistor is furnished by the manufacturer.
has excellent performance with minimal hysteresis, small zer8ecause of the added resistance in series with one of the gage
shift, long fatigue life, and accurate gage factor among itelements, the bridge-completion resistors must also be adjusted
salient features. An integral weldable terminal and integrafor balance by adding a balancing resistg(in Fig. 5) in the
high temperature cable are usually supplied with these unitgpposite half of the bridge. This resistor is also furnished by the
especially when the gages are supplied precalibrated for
apparent strain. Viu

6.2.3 The thermal output of the dual element gages can be * *
adjusted to produce a zero output at any two selected tempera- '
tures. The thermal output of the platinum tungsten gage is !
c 1 —1 120
R t
G 51 1 . Vour
R ! Rs ]
< X 120
‘ Re
1
HOT ZONE<~ SIGNAL CONDITIONING
FIG. 2 Bonded Weldable Resistance Strain Gage FIG. 3 Five Wire Circuit
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FIG. 5 Bridge Completion Network and Power Supply
gage manufacturer. The value gf [Rs based on the use of 120 PJ—5<
Q) bridge-completion resistors to produce a balanced bridge N : ) .
. ote 1—All dimensions are in inches.
when the gage_ is connected. . FIG. 7 Dimensions of Hermatic Weldable Resistance Strain Gage

6.3.1 Operating Temperature and Thermal Stability

6.3.1.1 The platinum tungsten element is essentially stable
for short-term testing to 500°C (days) with shorter excirsions 6.3.5 Balance Contre-Means shall be provided for bal-
up to 580°C (hours) without damage to the gage. Longer test@ncing the bridge with & balance resistor network across the
(weeks) can be run to up to 425°C. Beyond these limits is theompletion half of the bridge. This is not required in the event
domain of the capacitive strain gage. that the data acquisition equipment automatically compensates

6.3.2 Thermal Compensation and Transient§hermal out-  for initial bridge unbalance.
put characteristics must be considered for operation at varying 6.3.6 Shunt Calibratior—Shunt calibration capability
temperatures. This information is furnished by the manufacshould be provided on the completion half of the bridge.
turer for use of the gage on the material specified by the useShunting of the active or compensating legs of the bridge is not
For precise evaluation, a calibration is necessary, with thermakcommended because of changes in the resistances of the lead
output determined at the temperatures of interest. Temperaturesres with temperature. Multiple shunt calibration is recom-
should be measured by a thermocouple(s) mounted immedimended.
ately adjacent to the gage. Thermal output and hysteresis of a6.3.7 Circuit—The signal conditioner must be capable of
test are usually repeatable under identical test conditiondjandling a half bridge circuit with precision completion
however, even the slightest change in test conditions may resuksistors, configured to permit the addition of series balance
in a change of thermal output, hysteresis, or both. To qualifyresistors to either leg. It is recommended that the signal
the gage for thermal shock, laboratory tests should be made tmnditioner be able to accommodate a half bridge, five wire
determine the stability characteristics and the limits of thermahookup, with two additional leads, for remote sensing of the
compensation. excitation voltage.

6.3.3 Electrical Requirements-Bridge completion, as 6.3.8 Means must be provided for continuous monitoring of
shown in Fig. 5, is required. While there are several standartiridge excitations and bridge output. An amplifier may or may
strain measuring systems with bridge completion capabilitynot be required, depending on the input capability of the
available, it is recommended that, for static strain measuremembeasuring system used. Amplifier requirements are not cov-
in the temperature range of this practice, an individual signaéred in this guide; however, a good quality, stable amplifier
conditioning circuit having the following features be provided with true differential input, and input impedance of not less
for each gage. than 10 MQ and shunted by 750 pF when DC-coupled, is

6.3.4 Excitation Power Supph+A power supply for pro- recommended.
viding constant DCvoltage, continuously variable from 1 Vto 6.4 Differential Capacitance Strain GageFig. 8 identifies
15V across a 120 external load, is required. Constant currentmajor elements of the gage and shows principal dimensions.
excitation cannot be used with some of the compensatiofig. 9 shows an isometric view. The compensating (bdis
techniques generally used with this gage. If more than onesually made of the same material as the test article (specified
bridge circuit is excited by the same power supply, theby user). The cylindrical excitation platg®) are mounted
electrical configuration must provide electrical isolation of coaxially on, but are electrically insulated from the compen-
each circuit tp protect it in the event of a direct short of thesating rod. The sensing rin@) is mounted coaxially with the
excitation of any of the adjacent circuits. excitation plates but is separated from them by an air gap. The
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® ALIGNMENT FLEXURES 12 000 h duration have been reported. Cyclic fatigue data are
‘-——-o.sse em (0.35 in.) —-~1 ; not available(6).
() EXCITATION PLATES ) — 6.4.5 Strain Rate-The gage is rated for less than 2 %
@ SENSING AING ——N nonlinearity to 30 000 ¢is at 21°C (70°F)4).

6.4.6 Environmental Factors Other Than Temperature
The gage has usually been used in air at atmospheric pressure,
but has performed satisfactorily in helium, hydrogen, nitrogen,
and an air-argon mixture of unknown composition. The experi-
menter should consult the manufacturer before attempting to
use the system in gases other than those noted.

6.4.6.1 Nuclear Radiation ResistaneeThe gage contains

(@ COMPENSATING

0

[—-—0.889 em (0.35 in.) —po

L@MTACHM%M?S? )__/.__ no organic or other materials that will deteriorate under nuclear
poet—————————A—2.54 ¢m (1.00 in. oY
A— 3.175 cm(1.25n.) radiation.

6.4.6.2 Magnetic Properties-See Ref(4).

6.4.7 Strain Range-The total rated strain range is 40 000
pe for the 25.4 mm gage length Model, and 160 000 pm/m for
éhe 6.35 mm Model.

FIG. 8 Differential Capacitance Strain Gage

attachment ribbong4), (see the isometric view in Fig. 9)

provide means for welding the gage to the test article. Th o )
alignment flexures(5) (see the isometric view in Fig. 9), 6.4.8 Gage Length-Strain is averaged over the active gage

maintain the coaxial alignment of the sensing ring relative td€"gths of 25.4mm (1in.) and 6.35 mm (0.25in.), respectively.

the excitation plates and compensating rod. Leads from the 6-4.9 Space RequiremertsMajor dimensions of the gage
three capacitor plates are brought to a term{@aihich is also ~ are shown in Fig. 8. and Fig. 9. The user must [nstall a sheet
attached to the test article by spot welding. The complete straiff€tal housing (furnished by the user) over the installed gage
measuring system consists of a half bridge differential capaciSyStem.

tance strain gage, a capacitive signal conditioner, and the 6.4.10 Electrical RequirementsThe electronics required
interconnecting leads. for conversion of the gage differential capacitance output to an

6.4.1 With this type of gage, strain in the test article causegnalog voltage was developed specifically for use with this
linear movement of the excitation plates relative to the colineagage. The system provides both an excitation to, and a
sensing ring. Changes in capacitance result when more or legglibrated output from the strain gage. Each module provides
area of the sensing ring overlaps the respective excitatioflual excitation signals at a carrier chosen to eliminate interfer-
plates; the linear gap between the excitation plates and thence from line-frequency harmonics. The return signal from
annular gap between the excitation rings and the sensing ring8e gage is amplified at a calibrated set point and then is
remain constant. Temperature compensation is achieved by usenverted to a DC signal that is directly proportional to the
of a compensating rod made from a material having thermaflisplacement applied to the gage (that is, the strain). The use of
expansion characteristics similar to those of the test article2 charge amplifier input eliminates the effect of signal lead
Both the gage and the test article are instrumented withvire-to-shield capacitance, minimizing sensitivity of the gage
thermocouples to obtain data for computing the correction$0 lead wire length. This system has a full scale output of 5 V.
required if there is a temperature difference between thdhe minimum strain in the gage to produce the full scale output
compensating rod and the surface of the test article. Thes®f 5 V is 2500 pm/m.
thermocouple$9) are shown in Fig. 9 and are connected to the 6.5 Variable Capacitance Strain GageFig. 10 shows a
thermocouple terminal), which are spot welded to the test cross section and major dimensions of this gage. It is a single
article. Factors affecting gage selection are discussed in thgapacitor, variable capacitance device that works on the prin-
following paragraphs. ciple that changes in gage length (the distance between the

6.4.2 Operating Temperature and Thermal Stab#itfhe  welds in Fig. 10) are mechanically amplified to produce a
gage operates effectively over the entire 425°C to 650°Qnagnified movement of the electrodes relative to one another,
(800°F to 1200°F) range covered by this guide. Average drifnormal to the plane of the electrodes, which causes a change in
rates for long term tests (2000 to 12 000 h) are typically fromthe air gap between the electrodes and thus the capacitance.
0.01 to 0.05 pm/m/h at approximately 640°C (1180°F). ShoriThe electrode plates are mounted on arches of different radii.
term drift rates can be up to 1 pm/m/h during the first 100 h ofCapacitance of this type of gage is typically between 0.4 and
operation. 1.5 pF over a working range of 10 000 pm/m.

6.4.3 Thermal Compensation and TransiertShe gage has 6.5.1 The capacitive output of this gage is nonlinear with
been used successfully at thermal transients of up to 17°Gtrain as shown in Fig. 11, which illustrates the typical
seconds (30°F/seconds). For varying temperature conditionsglationship obtained by calibrating the gage at room tempera-
thermal output should be generated in situ utilizing an integrature. The gage is attached to the surface of the test article by
surface thermocouple. Thermal output and hysteresis of a tesingle spot welds at each end (Fig. 10), and is made from a
are usually, within limits repeatable under identical test condihighly stable alloy with temperature coefficient matching
tions. Even the slightest change in test conditions, howevecglosely either that of the stainless steels or ferritic steels used
may result in a change of apparent strain, hysteresis, or botfat elevated temperatures. However, there may be some thermal

6.4.4 Life Expectancy-Successful tests of more than mismatch when the welded gage and the test item are heated,
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Note 1—Overall gage dimensions are 3.175 cm (1.25 in.) by 1.524 cm (0.60 in.)
FIG. 9 Isometric View, Differential Capacitance Strain Gage

ELECTRODE MOVEMENT systematic drift rates for long-term tests (2000 to 12 000 h) are
N y ELECTRODES typically from 0.01 to 0.04 ¢/h at approximately 600°C
- L ' (1110°F). Short term drift rates can be as much as 0.5 um/m

m | 4 mm (0.16 in.) during the first 100 h.
R *

T 6.5.3 Thermal Compensation and TransiesiBor varying
. —— temperatures, thermal output data should be generated in situ,
I TRANSDUCER MOVEMENT l

utilizing a supplementary thermocouple on the surface of the

i 24.1 mm (0.95 in.) | test article adjacent to the gage. The gage can be used to
FIG. 10 Variable Capacitance Strain Gage Showing Major measure strains during thermal transients as fast as 0.5°C/
Dimensions seconds (0.9°F/seconds) with thermal correction. Thermal

output and hysteresis of a test are usually, within limits,
- repeatable under identical test conditions. Even the slightest
£LECTRODE MOVEMENT N change in test conditions, however, may result in a change of

B thermal output, hysteresis, or both.

A | 6.5.4 Life Expectancy-Long life can be expected from the

m CERL-planer gage; tests have been successfully run for more
than 40 000 h. Both types of gages have withstood in excess of
50 temperature cycles, each consisting of heating from 20°C to
600°C (68°F to 1112°F) ovel h and cooling to approximately
25°C (78°F) over 16 h. Typical drift under these conditions is
5 to 10p m/m per cycle.

6.5.5 Environmental Factors Other Than Temperatgre

The gage has generally been used in clean air at atmospheric

STRAIN

0.8 [~

CAPACITANCE (pF)
T

06—

04—

pressure.
raa] 6.5.5.1 Nuclear Radiation ResistaneeThe gage contains
FIG. 11 Variable Capacitance Strain Gage—Typical Response no organic or other materials which will deteriorate under
Curve nuclear radiation.

6.5.5.2 Magnetic Properties-See Ref(5).

resulting in a thermal output that must be either thermally 6.5.6 Strain Range-The rated strain range is5000u m/m.
compensated or accounted for by calculation. The gage inFhe gage may be adjusted to provide the full 10 000 pm/m in
tended for use on ferritic steels has an expansion coefficient gine direction when installing it on the test article.
approximately 10.8u° T(6 p°F?Y). The gage used with  6.5.7 Gage Length-Strain is averaged over the active gage
stainless steels has an expansion coefficient of approximatelgngth of 19 mm (0.75 in.).
16.2 p°C*(9 p°F1). Characteristics of the variable capaci- 6.5.8 Space RequiremertsMajor dimensions of the gage
tance gage, relative to gage qualification and selection, arerofile are shown in Fig. 7. The gage is approximately 4 mm
discussed in the following paragraphs. (0.16 in.) wide. Space must be allowed for the lead wires and

6.5.2 Operating Temperature and Thermal Stab#litfhe  for a protective sheet metal cover furnished by the manufac-
gage operates effectively over the entire range of 425°C tturer.
650°C (800°F to 1200°F) range covered by this guide. Average 6.5.9 Electrical Requirements-A special transformer
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bridge was develope(b) for use with this gage. The applied pated gage input with a standard resistive or capacitive circuit
voltage is approximately 50 V, depending on the manner irbe established to become familiar with instrument operation,
which it is connected. This instrumentation is available as andependent of gage behavior.
single unit with switching units, or in scanning or multiplexing  8.3.4 System CheckoutA prototype system, including a
configurations. The differential capacitance instrumentatioryage mounted on a beam or other calibration device, represen-
described in 6.4.10 can also be adapted for use with thetive lead wires, and instrumentation should be assembled for
variable capacitance strain gaffs. establishing basic room-temperature behavior of the system
. and for qualifying installation procedures and personnel. This
7. Gage Installation step should not be omitted unless prior experience with the
7.1 Capacitance-discharge welding is the preferred methogystem has established a qualified procedure and personnel.
of attaching all gages covered by this guide. While the use of g 3.5 Simulated Service Testf practicable, a checkout of
capacitive-discharge welding normally creates no problems, ihe prototype system (8.3.4) should be made under simulated
might create local discontinuities on the surface of the tesihermal and mechanical conditions of the test. This has been
article that could, under some circumstances, lead to prematutgund to be highly desirable and, in some cases, essential to
failure of the test article. The potential for this must beestablish system competence and to eliminate costly errors in
investigated as part of the test design. Consult gage manufagng| installation and testing.
turers for detailed installation procedures. 8.3.6 Procedures—Procedures for installing, calibrating,
and operating system components are available from the
L ._manufacturers. Additional written procedures, specific to the
8.1 Because of the many checks and calibrations requ'r.eg]articular strain gage system installation, should be developed
for successful high temperature strain measurement during, oach step of installation, checkout, and operation. This is
every phase of a test, it is important that procedures b@o.oqqary to ensure consistent successful gage installation,
|dent|f|epl and _specmcally included in the test plan. As d'_s'qualification of personnel, and for proper evaluation of the test
cussed in Section 5 relative to gage capabilities and selectlognd evaluation of performance. Inspection, installation, and

calibration requirements may sometimes conflict with t€St.;;ipation data sheets and check lists are recommended.
requirements. To aid in effective planning and to avoid com- 8.4 In-place Checks and CalibrationsAfter the sensors

prO”.“S‘”Q either test requiremer_ns or calibra’gion needs,' thiﬁ ve been installed and the lead wires connected, systematic
section discusses checks and calibrations required to obtain anﬁecks and calibrations both before the start of é\nd during

: . C
evaluate valid strain measurements. : . .
8.2 Pre-installation Consideratior-Basic behavioral char testing are essential. These should be covered by detailed

acteristics and properties of the test article should be avaiIabI@Z%igur;easyﬁgglgézl{[ﬂidf (I)rl]l ;cv?nt;St schedule. Such systematic

when planning the test program. As a minimum, room tem- . . .
perature values and predicted variations within the test tem- 8.4.1 Resistance GageGage-rgsstgnce and resistance-to-
perature range are needed for elastic modulus, Poisson’s rat%r,Ound measur.ements, shunt calibrations. )
and coefficient of thermal expansion. This information is ©6-4-2 Capacitance  gagesTotal-capacitance  and
required for proper calibration of the strain gages and fof€Sistance-to-ground measurements; shunt calibrations.
interpretations and evaluation of strain data obtained from the 8-4.3 Channel Identificatior-After the completion of in-
test. stallation checks, a final channel identification check should be
8.2.1 If the elastic limit is expected to be exceeded, som&ade by mechanically or thermally loading each individual
indication of the monotonic elastic-plastic stress-strain rela9a9€.
tionship of the material at the test temperature is needed. It is 8.4.4 Thermal Output-Characterization of thermal output
desirable to have some knowledge of the first-cycle thermdp necessary unless purely isothermal tests are planned. These
behavior and thermal history of the material if thermal cyclingdeterminations are recommended to establish repeatability and
is not permitted on the test article prior to test. The potential foreference zero stability. In situ characterization is preferred. If
capacitive-discharge welding to adversely affect the surface dhis is not possible, precalibration of the gage is essential.
the test article must also be investigated (see Section 6). 8.4.4.1 The test article should be thermally cycled, very
8.3 Strain Gage Checks and CharacteristicEach gage slowly, to achieve uniform heating, and thermal output re-
should be carefully examined when received, as follows.  corded. The process should be repeated until satisfactory
8.3.1 Visual Inspection-All gage components should be repeatability is achieved; at least three cycles are usually
checked for damage or other structural irregularities. Specifinecessary. Thermal output is a function of temperature. Its
cally, for the capacitance gages, attention should be given te¢alue at a temperature depends not only on temperature, but on
the internal wiring and alignment of the capacitive elements.the temperature history followed in reaching that temperature.
8.3.2 Electrical Inspectior—Electrical continuity and insu-  If significant hysteresis in the thermal response is present, large
lation resistance of all conductors, to ground and to each othegrrors or uncertainties can result. This is especially true when
should be checked for compliance with specification requirethe calibration procedure used to characterize the thermal
ments; this data should be recorded for later comparison. output does not accurately reflect the temperature sequence to
8.3.3 Instrumentation CheckoutEach conditioning circuit  which the gages will be exposed during testing.
and its components should be checked for proper operation. It 8.4.4.2 Only the thermal output, as described in 3.2.19, can
is recommended that a procedure for simulation of the anticibe compensated. Deformation due to magnetostriction, phase

8. Test Program Design
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change, nuclear irradiation, chemical change, etc., cannot be9.1.2 Variation of gage sensitivity, expressed and evaluated
compensated for by the techniques of this practice. as a percent of reading.

8.4.5 Sensitivity Calibratior-The user must recognize that  9.1.3 Repeatability, or the variation in strain measurements
gage factors and sensitivity data furnished by the manufactureaken under repeated thermal or mechanical loads, expressed as
were measured under different conditions than may be encoug- percent of maximum strain.
tered during test application and must be considered as only 9.1.4 Combined hysteresis and linearity (repeatable), ex-
approximate. To minimize errors due to bending, torsion, leagyressed as a percent of maximum strain.
wire, and biaxial effects, an in-place calibration in the elastic ¢ 1 5 Thermal output and heated lead wire effects, ex-

range is recommended. Precision foil strain gages should b&ressed in terms ofgu as percent of full scale of the gage.
installed adjacent to, and with the same orientation as the test9 1.6 Reference zero shift due to mechanical loading (a

_gage(;). A mech.anlcal loading (pressure or force) of kr‘c’\""hwaterial effect particularly present on the first cycle) expressed
intensity is applied and the outputs of the two gages ar terms ofi® r percent of maximum strain

compare_d. The s_ensmwty of the test gage(s) is adjusted o 9.1.7 Reference zero shift due to thermal cycling (gage or
agree with the foil gage. Test gage outputs grossly different . . ! .
aterial) expressed in terms dfnpercent of maximum strain.

than the foil gage outputs are a problem to be investigatecf.n . . ;
When agreement between test-gage and foil-gage outputs is9-1.8 Consideration of these effects on overall uncertainty

repeatable, reference calibration values from electrical simula/2"€s, depending on the time and purpose of the evaluation.
tion (for example, shunt calibration) should be recorded for 9-2 Evaluation Prior to Gage SelectierManufacturer's
periodic checks of the instrumentation beyond the gage termf@ta and published user data (reports, technical papers, etc.)
nals. The foil gages must be removed before the start of highust be used to make a preliminary estimate of the total
temperature testing. Foil gages exposed to high temperatur€¥Pected uncertainty associated with a strain measurement.
will decompose and produce impurities which are detrimenta_ITh'S estimate can be improved upon with in situ callt_)ranons. It
to capacitance gages. For the most accurate data, the mechdsinecessary only to select the most applicable strain gage and
cal loading procedure should be repeated at test temperatufdce a lower bound on the probability of successfully meeting
using the data obtained at room temperature (adjusted for tH€St requirements. As mentioned in Section 5, the most appli-
change in elastic modulus with temperature) to obtain £ableé gage may not meet all test requirements; if these
prediction of strain response. (This in—place calibration is only€quirements cannot be modified to the gage capabilities, the
possible for structural tests on materials that are well characimulated service test described in 8.3.4 becomes increasingly
terized as to the elastic modulus as a function of temperatureljlPortant in evaluating the uncertainties associated with ex-
For long term tests, in-place calibrations and electrical simuc€eding the gage capabilities.
lation checks should be repeated at periodic intervals if the test 9-3 Evaluation of Uncertainty After Prototype and Simu-
conditions permit. lated Service TestsA more refined evaluation of overall
8.4.6 Sensitivity Check-A short—term stability test at con- uncertainties associated with a specific application can be made
stant temperature is advisable prior to loading, if the test'sing data obtained in prototype and simulated service tests.
conditions permit. Much of the drift associated with high Uncertainty bands which quantify the effects associated with
temperature occurs during the first 50 to 100 h. combinations of factors can be established from this data. The
8.5 Post Test Checks and Calibrations “static uncertainty band,” which combines error due to repeat-
8.5.1 In-Place Calibration—The pretest and during-test ability, hysteresis, and linearity, is established by repeated
calibrations and electrical simulations should be repeated ofechanical loadings at a constant temperature. The “thermal
completion of the test and the results compared to the pretegncertainty band” is established by varying the uniform
and during-test results. New foil strain gages should bdemperature at constantload, and measuring the variation in the
installed as described in 8.4.5. Where plastic strains werédicated temperature compensated strain. The thermal uncer-
encountered during the test, the mechanical loadings may Bainty band combines the thermal effects on gage sensitivity,
increased to broaden the calibration range. errors in temperature compensation, and lead wire effects. It
8.5.2 Cumulative Strain MeasuremenWhere feasible, be- also includes the effects due to change in Young’'s modulus
fore and after measurements at room temperature can be us¢ith temperature, which can be factored out. A simplified
to verify total displacement as indicated by the strain gage(sjeverall uncertainty band can be established by overlaying the
This may be done by careful dimensional measurementstatic uncertainty bands established at several temperatures of
between scribe lines or marks (made before the start of the tedf)terest with the thermal uncertainty band. This uncertainty is

using an optical or mechanical extensometer. usually expressed as a deviation from the best-fit calibration
) curve in terms of plus or minus percent of maximum strain.
9. Evaluation of Data Time-dependent variations, such as drift, must be considered

9.1 The major factors to be considered when estimatingeparately. If further refinement of the uncertainty analysis is
uncertainties in high-temperature strain measurement are asquired at this point, a statistical evaluation can be made by
follows: increasing the number of prototype gages calibrated in the

9.1.1 Stability of reference zero; (gage and system drift)]Jaboratory. Because of the high cost of high-temperature strain
usually expressed as the drift rate (um/h). The uncertainty igage installations, this step must be evaluated relative to the
determined by multiplying the drift rate by the duration of the overall cost of the test program. Approaches to statistical
test, and is evaluated as a percent of maximum strain. evaluation and data reduction can be found in Rgfsand(9).
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9.4 Evaluation of Uncertainty from In Situ Calibrations 9.6 Material Consideratior—~Changes in material proper-
The evaluation of the uncertainty bands discussed in 9.8es of the test article will occur with both load and thermal
should, if possible, be conducted on the final test article aftecycling. These changes cannot, in general, be compensated for
gage installation in order to establish a discrete best-fit caliin the strain gage, and must be accounted for separately.
bration for each gage and its associated scatter band.

9.5 Redundancy-Multiple gage installations, measuring 10. Keywords
identical strains, should be considered where economically 10.1 extensometer; high temperature testing; strain gage-
feasible. A minimum of two or three gages is recommended foadverse environment; strain gage-capacitive; strain gage-free
short-term tests. One additional gage for each 2000 h dfilament; strain gage-high temperature; strain gage-installation;

expected operation is desirable. strain gage-selection; strain gage-weldable; stress
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