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1. Scope

1.1 This guide covers the selection and application of strain
gages for the measurement of static strain up to and including
the temperature range from 425 to 650°C (800 to 1200°F). This
guide reflects some current state-of-the-art techniques in high
temperature strain measurement, and will be expanded and
updated as new technology develops.

1.2 This guide assumes that the user is familiar with the use
of bonded strain gages and associated signal conditioning and
instrumentation as discussed in (1) and (2). 2 The strain
measuring systems described are those that have proven
effective in the temperature range of interest and were available
at the time of issue of this guide. It is not the intent of this guide
to limit the user to one of the gage types described nor is it the
intent to specify the type of system to be used for a specific
application. However, in using any strain measuring system
including those described, the proposer must be able to
demonstrate the capability of the proposed system to meet the
selection criteria provided in Section 5 and the needs of the
specific application.

1.3 The devices and techniques described in this guide may
be applicable at temperatures above and below the range noted,
and for making dynamic strain measurements at high tempera-
tures with proper precautions. The gage manufacturer should
be consulted for recommendations and details of such appli-
cations.

1.4 The references are a part of this guide to the extent
specified in the text.

1.5 The values stated in metric (SI) units are to be regarded
as the standard. The values given in parentheses are for
informational purposes only.

1.6 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-

priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:3

E6 Terminology Relating to Methods of Mechanical Testing

3. Terminology

3.1 Definitions:
3.1.1 Refer to Terminology E6 for definitions of terms

relating to stress and strain.
3.2 Definitions of Terms Specific to This Standard:
3.2.1 Terms pertinent to this guide are described as follows:
3.2.2 capacitive strain gage—a strain gage whose response

to strain is a change in electrical capacitance which is predict-
ably related to that strain.

3.2.3 conditioning circuit—a circuit or instrument subsys-
tem that applies excitation to a strain gage, detects an electrical
change in the strain gage, and provides a means for converting
this change to an output that is related to strain in the test
article.

3.2.3.1 Discussion—The conditioning circuit may include
one or more of the following: bridge completion circuit, signal
amplification, zero adjustment, excitation adjustment,
calibration, and gain (span) adjustment.

3.2.4 compensating gage—a gage element that is subject to
the same environment as the active gage element, and which is
placed in the adjacent leg of a Wheatstone bridge to provide
thermal, pressure, or other compensation in the strain gage
system.

3.2.5 electrical simulation—a method of calibration
whereby a known voltage is generated at the input of an
amplifier, equivalent to the voltage produced by a specific
amount of strain.

3.2.6 free filament gage—a resistive strain gage made from
a continuous wire or foil filament which is fixed to the test
article along the entire length of the gage, and which is
supplied without a permanent matrix.
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Mechanical Testing Machines and Apparatus.
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3.2.7 gage factor—the ratio between the unit change of
strain gage resistance due to strain and the measurement.

3.2.7.1 Discussion—The gage factor is dimensionless and is
expressed as follows:
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where:
K = gage factor,
R = strain gage resistance at test strain,
Ro = strain gage resistance at zero or reference strain,
L = test structure length under the strain gage at test

strain,
Lo = test structure length under the strain gage at zero or

reference strain,
∆R = change in strain gage resistance when strain is

changed from zero (or reference strain) to test strain,
and

ε =
mechanical strain
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3.2.8 integral lead wire—a lead wire or portion of a lead
wire that is furnished by a gage manufacturer as part of the
gage assembly.

3.2.9 linearity—the value measured as the maximum devia-
tion between an actual instrument reading and the reading
predicted by a straight line drawn between upper and lower
calibration points, usually expressed as a percent of the full
scale of the sensor range.

3.2.10 lead wire—a conductor used to connect a sensor to its
instrumentation.

3.2.11 matrix—an electrically nonconductive layer of mate-
rial used to support a strain gage grid.

3.2.11.1 Discussion— The two main functions of a matrix
are to act as an aid for bonding the strain gage to a structure and
as an electrically insulating layer in cases where the structure
is electrically conductive.

3.2.12 resistive strain gage—a strain gage whose response
to strain is a change in electrical resistance that is predictably
related to that strain.

3.2.13 shunt calibration—a method of calibration whereby
a resistor or capacitor of known value is placed electrically in
parallel with another resistor or capacitor in a circuit, causing
a calculable change in the total resistance or capacitance that is
predictably related to a specific amount of strain.

3.2.14 strain, linear—the unit elongation induced in a speci-
men either by a stress field (mechanical strain) or by a
temperature change (thermal expansion).

3.2.15 strain gage system—the sum total of all components
used to obtain a strain measurement.

3.2.15.1 Discussion—May include a strain gage; a means of
attaching the strain gage to the test articles; lead wires; splices;
lead-wire attachments; signal-conditioning and read-out instru-
mentation; data-logging system; calibration and control sys-
tem; environmental protection; or any combination of these
and other elements required for the tests.

3.2.16 static strain—a strain that is measured relative to a
constant reference value, as opposed to dynamic strain, which

is the peak-to-peak value of a cyclic phenomenon, without
reference to a constant zero or reference value (Fig. 1).

3.2.17 test article—an item to which a strain gage system is
installed for the purpose of measuring strain in that item.

3.2.18 thermal compensation—the process by which the
thermal output of a gage system is counteracted through the use
of one or more supplementary devices, such as a thermocouple
or compensating gage.

3.2.18.1 Discussion—The counteraction may be integral to
the gage system or may be accomplished by data processing
methods, or both.

3.2.19 thermal output—the reversible part of the tempera-
ture induced indicated strain of a strain gage installed on an
unrestrained test specimen when exposed to a change in
temperature.

3.2.20 thermal output-unmounted—the reversible part of the
temperature induced indicated strain of an unmounted strain
gage when exposed to a change in temperature.

4. Significance and Use

4.1 The use of this guide is voluntary and is intended for use
as a procedures guide for selection and application of specific
types of strain gages for high-temperature installations. No
attempt is made to restrict the type of strain gage types or
concepts to be chosen by the user. The provisions of this guide
may be invoked in specifications and procedures by specifying
those which shall be considered mandatory for the purpose of
the specific application. When so invoked, the user shall
include in the work statement a notation that provisions of this
guide shown as recommendation shall be considered manda-
tory for the purposes of the specification or procedure
concerned, and shall include a statement of any exceptions to
or modifications of the affected provisions of this guide.

5. Gage Selection Criteria

5.1 The factors listed in this section must be considered
when selecting a strain gage system for use in the temperature
range specified in 1.1. It is recognized that no gage may have
all of the desired capabilities to meet all requirements of a

FIG. 1 Relationship Between Static and Dynamic Strain
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particular test. The risk of compromising certain test objectives
must be evaluated, and some test objectives may have to be
modified to match the capabilities of the available gage
selected. Guidelines for this evaluation are provided in Section
9.

5.2 Operating Temperature:
5.2.1 Isothermal Tests—Stability of the reference value with

respect to time is essential when tests are to be made at
constant temperature. The stability of the candidate gage
system at the specified temperature must be such that any shift
that occurs in the reference value is tolerable for the duration
of the test.

5.2.2 Thermal Compensation and Transients—The ad-
equacy of the thermal compensation must be considered when
the measurement of strain during a thermal transient is re-
quired. Thermal output is a function of temperature, thus its
value at a temperature depends not only on temperature, but on
the temperature history followed in reaching that temperature.
If significant hysteresis in the thermal response is present, large
errors or uncertainties can result. This is especially true when
the calibration procedure used to characterize the thermal
output does not accurately reflect the temperature sequence to
which the gages will be exposed during testing. If the response
time of the compensation is exceeded, the resulting uncertainty
must be considered. The ability of the gage system to withstand
the transient without a detrimental shift of the reference value
must be verified. This is true whether or not strain is measured
during the transient. Any gage factor change as a function of
temperature change must also be considered.

5.2.3 Precalibration:
5.2.3.1 Thermal output calibration on the structure is usu-

ally not possible and precalibration of gages on a similar
material is necessary. However, variations of up to 0.5 ppm/°F
are possible within a material. Often, rolling direction will
influence thermal expansion coefficient.

5.2.3.2 Precalibration of resistive or capacitive strain gages
is performed using a calibration fixture made from material
similar to the test article. The calibration fixture must be made
to precisely fit the gage, especially if curvature is involved.
Experience has shown mating parts must be lapped together to
provide uniform clamping pressure around the periphery of the
gage weld area.

5.2.3.3 The calibration test should be repeated to ensure
precise duplication of the calibration. Zero return should also
repeat exactly. If calibration data does not repeat; either the
calibration setup or the gages are faulty.

5.2.4 Post Test Calibration:
5.2.4.1 A more precise thermal output calibration can be

achieved after the test by removing the test gage (cut it out of
the structure) and running a precision test on the test gage still
attached to the test article material. The test coupon is relieved
of all induced stresses (thermal, mechanical, residual) and is
free to expand freely with temperature. The integral gage lead
wire should be exposed to thermal gradients similar to those
that occurred during the test program.

5.3 Duration of Test—The ability of all parts of the gage
system to function for the specified duration of test should be

demonstrated; if multiple tests are required on the same test
article, the capability and effect of gage replacement must also
be established.

5.4 Strain Rate—The time response of the candidate gage
system must be adequate to meet test requirements if rapid
changes of load are anticipated. It may be necessary to design
the loading rate of the test to accommodate limitations of the
strain measurement system selected.

5.5 Environment—Some gages are limited to specific oper-
ating environments and therefore, the gage system selected
must be capable of withstanding the environment in which it
will operate. Such limitations must be carefully considered
when selecting the gage system to be used. Factors such as
pressure, vibration, radiation, magnetic fields, humidity, etc.,
must be considered. The ambient and test environments of the
elements of the strain gage system must be considered in the
selection of lead wires, connectors, instrumentation, and seals
(when required).

5.6 Strain Range:
5.6.1 Total Strain Range—The maximum strain ranges of

the candidate gage types must be defined and must be adequate
for the test. Mechanical strain attenuators, when permissible,
may be added to extend the strain range of a given strain gage
system, subject to the limitation of 5.6.2.

5.6.2 Resolution—The ability of the candidate gage to
measure small increments of strain within the total strain range
should be compared with the incremental strain measurement
requirements of the test. When mechanical strain attenuators
are used, the resulting loss of resolution must be considered.

5.7 Strain Gradient—The gage length of the candidate gage
establishes the length over which the unit strain is averaged.
This factor must be considered.

5.8 Uncertainty Factor—Uncertainty information that is
available from the manufacturer must be considered, in con-
junction with conditions which are unique to the test, in order
to estimate the total uncertainty.

5.9 Space Requirements—If space on or adjacent to the test
article is limited, the space requirements for the complete strain
gage system may be a critical consideration in determining the
suitability of a particular gage system. Working space for
installation of the system may also be limited and must also be
considered. Space adjacent to the installed strain gage should
be provided for installation of room-temperature strain gages
required for making in-place calibrations.

5.10 Effects of the Strain Gage on the Test Article—In most
cases the reinforcing effect of the strain gage on the test article
is negligible, particularly in the case of capacitance gages
where the spring rate is extremely low. If a weldable gage is to
be used on thin sections, an evaluation of the reinforcing effect
should be made. Technical data concerning this effect can be
obtained from a strain gage manufacturer.

6. Characteristics of Available Gages

6.1 The two basic types of strain gages used for high
temperature static strain measurements are resistive strain
gages and capacitive strain gages.
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6.1.1 Resistive gages are usually small, low profile units
superbly suited for dynamic strain measurements and relatively
short-term static measurements. Because high temperatures
cause metallurgical instability, oxidation, relaxation, and phase
change of the strain sensing materials, all of which affect
resistance change, resistive gages are generally not used for
long-term measurements.

6.1.2 Capacitive strain gages are devices that measure
changes in geometry and are unaffected by temperature or
temperature changes, oxidation, relaxation, creep, grain
growth, or phase change. They are best suited for measuring
creep strains, or for very long-term tests on applications where
a relatively large gage can be used, and when the gage will not
be subjected to high vibration, gravity, or acceleration forces,
shock loading, or an electrically conductive atmosphere.

6.1.3 When selecting a specific strain gage for a given
application, the strain gage system must be qualified for the
specific conditions under which it will be required to operate
and for the characteristics it must exhibit under service
conditions. This section describes some of the capability of
currently available strain gages, suitable for use in the specified
temperature range, to meet the selection criteria of Section 5.

6.1.4 Wire and foil free-filament strain gages may be usable
to approximately 400°C (750°F) under static conditions, and to
approximately 1250°C (2280°F) for certain dynamic applica-
tions. However, the bonding methods used (ceramic cement,
flame spray) are cumbersome and difficult to employ on large
structures, particularly under field conditions. Ceramic cements
require heat-curing and are generally unsuitable for large
structures such as nuclear or fossil-fuel power-generating
equipment. Flame spray is also difficult to use in the field.
Free-filament gages, although useful for strain measurement on
small items under laboratory conditions, are, therefore, not
included in this guide. This does not preclude the use of these
strain gages for specific tests based on the selection criteria of
Section 5.

6.1.5 The gages described in this section have been used at
high temperature for sufficient time and with sufficient success
to warrant consideration in this guide. Each type has unique
features, advantages, and limitations which must be carefully
evaluated relative to the selection factors of Section 5.

6.2 Bonded Weldable Resistance Strain:
6.2.1 This gage, shown in Fig. 2, consists of a free filament

strain gage ceramic bonded to a shim. While it is not usually
sealed or intended for underwater use, some hermetically
sealed gages are bonded to the shim with ceramic cements or
flame sprayed ceramics. The following alloys are available: (1)
self temperature compensated nickel chrome alloy sensors
usable to 340°C in quarter bridge (single element)
configuration, (2) platinum tungsten and palladium chrome

alloy sensors (dual element) compensated with platinum ele-
ments in half bridge configuration, and (3) iron chrome
aluminum alloys having low temperature coefficient are avail-
able in half or full bridge configuration for applications where
active-dummy combinations (slow temperature changes) are
usable.

6.2.2 Except for long-term stability, the bonded strain gage
has excellent performance with minimal hysteresis, small zero
shift, long fatigue life, and accurate gage factor among its
salient features. An integral weldable terminal and integral
high temperature cable are usually supplied with these units,
especially when the gages are supplied precalibrated for
apparent strain.

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
usually well within 6200 µm/m between 20 and 500°C. The
shape of the thermal output curve is influenced by the thermal
expansion characteristics of the test material. Fig. 3 shows the
completion circuit for the dual element half bridge gage. There
are two methods of compensation, (1) NASA method (3) and
(2) the wire method (4).

6.2.4 With the NASA method, the gage is manufactured to
fit a specific type of material with the platinum thermometer
element resistance value selected to provide an almost per-
fectly balanced bridge. This permits a three wire cable to be
used without sacrificing inherent lead wire compensation. The
five wire system employs a thermometer element sufficiently
high in resistance to compensate on virtually any material. This
makes for universal compensation on any material. The draw-
back of this universal system is that five wires are required. A
shunt resistor Rg placed across the thermometer element only
shunts the output of the compensator. If the shunt resistor were
placed across the thermometer and lead wire, inherent lead
compensation would be sacrificed.

6.2.5 The user may precalibrate the gage and cable system
and determine the bridge completion resistor values using a set
of equations provided with the gage, or the gage may be
precalibrated at the factory (5) and supplied precalibrated with
the bridge completion resistors included in a network attached
to the cool end of the cable. The user needs only to hook up the
gage as a full bridge transducer and insert the calibration curve
into his data acquisition system.

6.3 Hermatic Weldable Resistance Strain Gage—This gage,
which is shown several times the actual size in Fig. 4, is
hermetically sealed and furnished with integral lead wires, and

FIG. 2 Bonded Weldable Resistance Strain Gage FIG. 3 Five Wire Circuit
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may be used in a variety of severe environments at high
temperature. The strain tube is welded to a thin mounting
flange, which is welded to the surface of the test article, thus
providing transfer of strain from the test article to the gage.
Although Fig. 4 shows stainless steel strain tube, mounting
flange, and cladding of the integral lead wire, other materials
are available to meet the requirements of specific applications;
consult the manufacturer for available materials. Within limits,
the thermal output of the gage due to temperature can be
adjusted to produce a zero output at any two selected tempera-
tures by inserting a temperature compensation resistor, Rtc in
Fig. 5 in series with either the active or compensating gage
element; the proper resistor is furnished by the manufacturer.
Because of the added resistance in series with one of the gage
elements, the bridge-completion resistors must also be adjusted
for balance by adding a balancing resistor (Rbal in Fig. 5) in the
opposite half of the bridge. This resistor is also furnished by the
gage manufacturer. The value of Rbal is based on the use of 120
Ω bridge-completion resistors to produce a balanced bridge
when the gage is connected.

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
up to 580°C (hours) without damage to the gage. Longer tests
(weeks) can be run to up to 425°C. Beyond these limits is the
domain of the capacitive strain gage.

6.3.2 Thermal Compensation and Transients—Thermal out-
put characteristics must be considered for operation at varying
temperatures. This information is furnished by the manufac-
turer for use of the gage on the material specified by the user.
For precise evaluation, a calibration is necessary, with thermal
output determined at the temperatures of interest. Temperatures
should be measured by a thermocouple(s) mounted immedi-
ately adjacent to the gage. Thermal output and hysteresis of a
test are usually repeatable under identical test conditions;
however, even the slightest change in test conditions may result
in a change of thermal output, hysteresis, or both. To qualify

the gage for thermal shock, laboratory tests should be made to
determine the stability characteristics and the limits of thermal
compensation.

6.3.3 Electrical Requirements—Bridge completion, as
shown in Fig. 5, is required. While there are several standard
strain measuring systems with bridge completion capability
available, it is recommended that, for static strain measurement
in the temperature range of this guide, an individual signal
conditioning circuit having the following features be provided
for each gage.

6.3.4 Excitation Power Supply—A power supply for provid-
ing constant DC voltage, continuously variable from 1 V to 15
V across a 120 Ω external load, is required. Constant current
excitation cannot be used with some of the compensation
techniques generally used with this gage. If more than one
bridge circuit is excited by the same power supply, the
electrical configuration must provide electrical isolation of
each circuit tp protect it in the event of a direct short of the
excitation of any of the adjacent circuits.

6.3.5 Balance Control—Means shall be provided for balanc-
ing the bridge with a T balance resistor network across the
completion half of the bridge. This is not required in the event
that the data acquisition equipment automatically compensates
for initial bridge unbalance.

6.3.6 Shunt Calibration—Shunt calibration capability
should be provided on the completion half of the bridge.
Shunting of the active or compensating legs of the bridge is not
recommended because of changes in the resistances of the lead
wires with temperature. Multiple shunt calibration is recom-
mended.

6.3.7 Circuit—The signal conditioner must be capable of
handling a half bridge circuit with precision completion
resistors, configured to permit the addition of series balance
resistors to either leg. It is recommended that the signal

FIG. 4 Hermetic Weldable Resistance Strain Gage

FIG. 5 Bridge Completion Network and Power Supply

FIG. 6 Three Wire Circuit

NOTE 1—All dimensions are in inches.
FIG. 7 Dimensions of Hermatic Weldable Resistance Strain Gage
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conditioner be able to accommodate a half bridge, five wire
hookup, with two additional leads, for remote sensing of the
excitation voltage.

6.3.8 Means must be provided for continuous monitoring of
bridge excitations and bridge output. An amplifier may or may
not be required, depending on the input capability of the
measuring system used. Amplifier requirements are not cov-
ered in this guide; however, a good quality, stable amplifier
with true differential input, and input impedance of not less
than 10 MΩ and shunted by 750 pF when DC-coupled, is
recommended.

6.4 Differential Capacitance Strain Gage—Fig. 8 identifies
major elements of the gage and shows principal dimensions.
Fig. 9 shows an isometric view. The compensating rod (1) is
usually made of the same material as the test article (specified
by user). The cylindrical excitation plates (2) are mounted
coaxially on, but are electrically insulated from the compen-
sating rod. The sensing ring (3) is mounted coaxially with the
excitation plates but is separated from them by an air gap. The
attachment ribbons (4) (see the isometric view in Fig. 9)
provide means for welding the gage to the test article. The
alignment flexures (5) (see the isometric view in Fig. 9),
maintain the coaxial alignment of the sensing ring relative to

the excitation plates and compensating rod. Leads from the
three capacitor plates are brought to a terminal (6) (in Fig. 9)
which is also attached to the test article by spot welding. The
complete strain measuring system consists of a half bridge
differential capacitance strain gage, a capacitive signal
conditioner, and the interconnecting leads.

6.4.1 With this type of gage, strain in the test article causes
linear movement of the excitation plates relative to the colinear
sensing ring. Changes in capacitance result when more or less
area of the sensing ring overlaps the respective excitation
plates; the linear gap between the excitation plates and the
annular gap between the excitation rings and the sensing rings
remain constant. Temperature compensation is achieved by use
of a compensating rod made from a material having thermal
expansion characteristics similar to those of the test article.
Both the gage and the test article are instrumented with
thermocouples to obtain data for computing the corrections
required if there is a temperature difference between the
compensating rod and the surface of the test article. These
thermocouples (9) are shown in Fig. 9 and are connected to the
thermocouple terminals (8) which are spot welded to the test
article. Factors affecting gage selection are discussed in the
following paragraphs.

FIG. 8 Differential Capacitance Strain Gage

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
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6.4.2 Operating Temperature and Thermal Stability—The
gage operates effectively over the entire 425 to 650°C (800 to
1200°F) range covered by this guide. Average drift rates for
long term tests (2000 to 12 000 h) are typically from 0.01 to
0.05 µm/m/h at approximately 640°C (1180°F). Short term
drift rates can be up to 1 µm/m/h during the first 100 h of
operation.

6.4.3 Thermal Compensation and Transients—The gage has
been used successfully at thermal transients of up to 17°C/
seconds (30°F/s). For varying temperature conditions, thermal
output should be generated in situ utilizing an integral surface
thermocouple. Thermal output and hysteresis of a test are
usually, within limits repeatable under identical test conditions.
Even the slightest change in test conditions, however, may
result in a change of apparent strain, hysteresis, or both.

6.4.4 Life Expectancy—Successful tests of more than
12 000 h duration have been reported. Cyclic fatigue data are
not available (6).

6.4.5 Strain Rate—The gage is rated for less than 2 %
nonlinearity to 30 000 µm/m at 21°C (70°F) (7).

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 Resistance—The gage contains
no organic or other materials that will deteriorate under nuclear
radiation.

6.4.6.2 Magnetic Properties—See Ref. (7).
6.4.7 Strain Range—The total rated strain range is 40 000

µε for the 25.4 mm gage length Model, and 160 000 µm/m for
the 6.35 mm Model.

6.4.8 Gage Length—Strain is averaged over the active gage
lengths of 25.4 mm (1 in.) and 6.35 mm (0.25 in.), respectively.

6.4.9 Space Requirements—Major dimensions of the gage
are shown in Fig. 8 and Fig. 9. The user must install a sheet
metal housing (furnished by the user) over the installed gage
system.

6.4.10 Electrical Requirements—The electronics required
for conversion of the gage differential capacitance output to an
analog voltage was developed specifically for use with this
gage. The system provides both an excitation to, and a
calibrated output from the strain gage. Each module provides
dual excitation signals at a carrier chosen to eliminate interfer-
ence from line-frequency harmonics. The return signal from
the gage is amplified at a calibrated set point and then is
converted to a DC signal that is directly proportional to the
displacement applied to the gage (that is, the strain). The use of
a charge amplifier input eliminates the effect of signal lead
wire-to-shield capacitance, minimizing sensitivity of the gage
to lead wire length. This system has a full scale output of 5 V.
The minimum strain in the gage to produce the full scale output
of 5 V is 2500 µm/m.

6.5 Variable Capacitance Strain Gage—Fig. 10 shows a
cross section and major dimensions of this gage. It is a single
capacitor, variable capacitance device that works on the prin-
ciple that changes in gage length (the distance between the

welds in Fig. 10) are mechanically amplified to produce a
magnified movement of the electrodes relative to one another,
normal to the plane of the electrodes, which causes a change in
the air gap between the electrodes and thus the capacitance.
The electrode plates are mounted on arches of different radii.
Capacitance of this type of gage is typically between 0.4 and
1.5 pF over a working range of 10 000 µm/m.

6.5.1 The capacitive output of this gage is nonlinear with
strain as shown in Fig. 11, which illustrates the typical
relationship obtained by calibrating the gage at room tempera-
ture. The gage is attached to the surface of the test article by
single spot welds at each end (Fig. 10), and is made from a
highly stable alloy with temperature coefficient matching
closely either that of the stainless steels or ferritic steels used
at elevated temperatures. However, there may be some thermal
mismatch when the welded gage and the test item are heated,
resulting in a thermal output that must be either thermally
compensated or accounted for by calculation. The gage in-
tended for use on ferritic steels has an expansion coefficient of
approximately 10.8 (µm/m) / °C (6 (µm/m) ⁄ °F). The gage
used with stainless steels has an expansion coefficient of
approximately 16.2 (µm/m) ⁄ °C (9 (µm/m) ⁄ °F). Characteris-
tics of the variable capacitance gage, relative to gage qualifi-
cation and selection, are discussed in the following paragraphs.

6.5.2 Operating Temperature and Thermal Stability—The
gage operates effectively over the entire range of 425 to 650°C
(800 to 1200°F) range covered by this guide. Average system-
atic drift rates for long-term tests (2000 to 12 000 h) are
typically from 0.01 to 0.04 µm/m/h at approximately 600°C

FIG. 10 Variable Capacitance Strain Gage Showing Major Dimen-
sions

FIG. 11 Variable Capacitance Strain Gage—Typical Response
Curve
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(1110°F). Short term drift rates can be as much as 0.5 µm/m
during the first 100 h.

6.5.3 Thermal Compensation and Transients—For varying
temperatures, thermal output data should be generated in situ,
utilizing a supplementary thermocouple on the surface of the
test article adjacent to the gage. The gage can be used to
measure strains during thermal transients as fast as 0.5°C/s
(0.9°F/s) with thermal correction. Thermal output and hyster-
esis of a test are usually, within limits, repeatable under
identical test conditions. Even the slightest change in test
conditions, however, may result in a change of thermal output,
hysteresis, or both.

6.5.4 Life Expectancy—Long life can be expected from the
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) over 4 h and cooling to approximately
25°C (78°F) over 16 h. Typical drift under these conditions is
5 to 10µm/m per cycle.

6.5.5 Environmental Factors Other Than Temperature—
The gage has generally been used in clean air at atmospheric
pressure.

6.5.5.1 Nuclear Radiation Resistance—The gage contains
no organic or other materials which will deteriorate under
nuclear radiation.

6.5.5.2 Magnetic Properties—See Ref. (8).
6.5.6 Strain Range—The rated strain range is 65000 µm ⁄m.

The gage may be adjusted to provide the full 10 000 µm/m in
one direction when installing it on the test article.

6.5.7 Gage Length—Strain is averaged over the active gage
length of 19 mm (0.75 in.).

6.5.8 Space Requirements—Major dimensions of the gage
profile are shown in Fig. 7. The gage is approximately 4 mm
(0.16 in.) wide. Space must be allowed for the lead wires and
for a protective sheet metal cover furnished by the manufac-
turer.

6.5.9 Electrical Requirements—A special transformer
bridge was developed (8) for use with this gage. The applied
voltage is approximately 50 V, depending on the manner in
which it is connected. This instrumentation is available as a
single unit with switching units, or in scanning or multiplexing
configurations. The differential capacitance instrumentation
described in 6.4.10 can also be adapted for use with the
variable capacitance strain gage (6).

7. Gage Installation

7.1 Capacitance-discharge welding is the preferred method
of attaching all gages covered by this guide. While the use of
capacitive-discharge welding normally creates no problems, it
might create local discontinuities on the surface of the test
article that could, under some circumstances, lead to premature
failure of the test article. The potential for this must be
investigated as part of the test design. Consult gage manufac-
turers for detailed installation procedures.

8. Test Program Design

8.1 Because of the many checks and calibrations required
for successful high temperature strain measurement during
every phase of a test, it is important that procedures be

identified and specifically included in the test plan. As dis-
cussed in Section 5 relative to gage capabilities and selection,
calibration requirements may sometimes conflict with test
requirements. To aid in effective planning and to avoid com-
promising either test requirements or calibration needs, this
section discusses checks and calibrations required to obtain and
evaluate valid strain measurements.

8.2 Pre-installation Consideration—Basic behavioral char-
acteristics and properties of the test article should be available
when planning the test program. As a minimum, room tem-
perature values and predicted variations within the test tem-
perature range are needed for elastic modulus, Poisson’s ratio,
and coefficient of thermal expansion. This information is
required for proper calibration of the strain gages and for
interpretations and evaluation of strain data obtained from the
test.

8.2.1 If the elastic limit is expected to be exceeded, some
indication of the monotonic elastic-plastic stress-strain rela-
tionship of the material at the test temperature is needed. It is
desirable to have some knowledge of the first-cycle thermal
behavior and thermal history of the material if thermal cycling
is not permitted on the test article prior to test. The potential for
capacitive-discharge welding to adversely affect the surface of
the test article must also be investigated (see Section 6).

8.3 Strain Gage Checks and Characteristics—Each gage
should be carefully examined when received, as follows.

8.3.1 Visual Inspection—All gage components should be
checked for damage or other structural irregularities.
Specifically, for the capacitance gages, attention should be
given to the internal wiring and alignment of the capacitive
elements.

8.3.2 Electrical Inspection—Electrical continuity and insu-
lation resistance of all conductors, to ground and to each other,
should be checked for compliance with specification require-
ments; this data should be recorded for later comparison.

8.3.3 Instrumentation Checkout—Each conditioning circuit
and its components should be checked for proper operation. It
is recommended that a procedure for simulation of the antici-
pated gage input with a standard resistive or capacitive circuit
be established to become familiar with instrument operation,
independent of gage behavior.

8.3.4 System Checkout—A prototype system, including a
gage mounted on a beam or other calibration device, represen-
tative lead wires, and instrumentation should be assembled for
establishing basic room-temperature behavior of the system
and for qualifying installation procedures and personnel. This
step should not be omitted unless prior experience with the
system has established a qualified procedure and personnel.

8.3.5 Simulated Service Test—If practicable, a checkout of
the prototype system (8.3.4) should be made under simulated
thermal and mechanical conditions of the test. This has been
found to be highly desirable and, in some cases, essential to
establish system competence and to eliminate costly errors in
final installation and testing.

8.3.6 Procedures—Procedures for installing, calibrating,
and operating system components are available from the
manufacturers. Additional written procedures, specific to the
particular strain gage system installation, should be developed
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for each step of installation, checkout, and operation. This is
necessary to ensure consistent successful gage installation,
qualification of personnel, and for proper evaluation of the test
and evaluation of performance. Inspection, installation, and
calibration data sheets and check lists are recommended.

8.4 In-place Checks and Calibrations—After the sensors
have been installed and the lead wires connected, systematic
checks and calibrations both before the start of and during
testing are essential. These should be covered by detailed
procedures and included in the test schedule. Such systematic
checks may include the following:

8.4.1 Resistance Gage—gage-resistance and resistance-to-
ground measurements; shunt calibrations.

8.4.2 Capacitance Gages—Total-capacitance and
resistance-to-ground measurements; shunt calibrations.

8.4.3 Channel Identification—After the completion of in-
stallation checks, a final channel identification check should be
made by mechanically or thermally loading each individual
gage.

8.4.4 Thermal Output—Characterization of thermal output
is necessary unless purely isothermal tests are planned. These
determinations are recommended to establish repeatability and
reference zero stability. In situ characterization is preferred. If
this is not possible, precalibration of the gage is essential.

8.4.4.1 The test article should be thermally cycled, very
slowly, to achieve uniform heating, and thermal output re-
corded. The process should be repeated until satisfactory
repeatability is achieved; at least three cycles are usually
necessary. Thermal output is a function of temperature. Its
value at a temperature depends not only on temperature, but on
the temperature history followed in reaching that temperature.
If significant hysteresis in the thermal response is present, large
errors or uncertainties can result. This is especially true when
the calibration procedure used to characterize the thermal
output does not accurately reflect the temperature sequence to
which the gages will be exposed during testing.

8.4.4.2 Only the thermal output, as described in 3.2.19, can
be compensated. Deformation due to magnetostriction, phase
change, nuclear irradiation, chemical change, etc., cannot be
compensated for by the techniques of this guide.

8.4.5 Sensitivity Calibration—The user must recognize that
gage factors and sensitivity data furnished by the manufacturer
were measured under different conditions than may be encoun-
tered during test application and must be considered as only
approximate. To minimize errors due to bending, torsion, lead
wire, and biaxial effects, an in-place calibration in the elastic
range is recommended. Precision foil strain gages should be
installed adjacent to, and with the same orientation as the test
gage(s). A mechanical loading (pressure or force) of known
intensity is applied and the outputs of the two gages are
compared. The sensitivity of the test gage(s) is adjusted to
agree with the foil gage. Test gage outputs grossly different
than the foil gage outputs are a problem to be investigated.
When agreement between test-gage and foil-gage outputs is
repeatable, reference calibration values from electrical simula-
tion (for example, shunt calibration) should be recorded for
periodic checks of the instrumentation beyond the gage termi-
nals. The foil gages must be removed before the start of high

temperature testing. Foil gages exposed to high temperatures
will decompose and produce impurities which are detrimental
to capacitance gages. For the most accurate data, the mechani-
cal loading procedure should be repeated at test temperature,
using the data obtained at room temperature (adjusted for the
change in elastic modulus with temperature) to obtain a
prediction of strain response. (This in–place calibration is only
possible for structural tests on materials that are well charac-
terized as to the elastic modulus as a function of temperature.)
For long term tests, in-place calibrations and electrical simu-
lation checks should be repeated at periodic intervals if the test
conditions permit.

8.4.6 Sensitivity Check—A short-term stability test at con-
stant temperature is advisable prior to loading, if the test
conditions permit. Much of the drift associated with high
temperature occurs during the first 50 to 100 h.

8.5 Post Test Checks and Calibrations:
8.5.1 In-Place Calibration—The pretest and during-test

calibrations and electrical simulations should be repeated on
completion of the test and the results compared to the pretest
and during-test results. New foil strain gages should be
installed as described in 8.4.5. Where plastic strains were
encountered during the test, the mechanical loadings may be
increased to broaden the calibration range.

8.5.2 Cumulative Strain Measurement—Where feasible, be-
fore and after measurements at room temperature can be used
to verify total displacement as indicated by the strain gage(s).
This may be done by careful dimensional measurements
between scribe lines or marks (made before the start of the test)
using an optical or mechanical extensometer.

9. Evaluation of Data

9.1 The major factors to be considered when estimating
uncertainties in high-temperature strain measurement are as
follows:

9.1.1 Stability of reference zero; (gage and system drift),
usually expressed as the drift rate (µm/h). The uncertainty is
determined by multiplying the drift rate by the duration of the
test, and is evaluated as a percent of maximum strain.

9.1.2 Variation of gage sensitivity, expressed and evaluated
as a percent of reading.

9.1.3 Repeatability, or the variation in strain measurements
taken under repeated thermal or mechanical loads, expressed as
a percent of maximum strain.

9.1.4 Combined hysteresis and linearity (repeatable), ex-
pressed as a percent of maximum strain.

9.1.5 Thermal output and heated lead wire effects, ex-
pressed in terms of µθr as percent of full scale of the gage.

9.1.6 Reference zero shift due to mechanical loading (a
material effect particularly present on the first cycle) expressed
in terms ofµθ r percent of maximum strain.

9.1.7 Reference zero shift due to thermal cycling (gage or
material) expressed in terms of µθr percent of maximum strain.

9.1.8 Consideration of these effects on overall uncertainty
varies, depending on the time and purpose of the evaluation.

9.2 Evaluation Prior to Gage Selection—Manufacturer’s
data and published user data (reports, technical papers, etc.)
must be used to make a preliminary estimate of the total
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expected uncertainty associated with a strain measurement.
This estimate can be improved upon with in situ calibrations. It
is necessary only to select the most applicable strain gage and
place a lower bound on the probability of successfully meeting
test requirements. As mentioned in Section 5, the most appli-
cable gage may not meet all test requirements; if these
requirements cannot be modified to the gage capabilities, the
simulated service test described in 8.3.4 becomes increasingly
important in evaluating the uncertainties associated with ex-
ceeding the gage capabilities.

9.3 Evaluation of Uncertainty After Prototype and Simu-
lated Service Tests—A more refined evaluation of overall
uncertainties associated with a specific application can be made
using data obtained in prototype and simulated service tests.
Uncertainty bands which quantify the effects associated with
combinations of factors can be established from this data. The
“static uncertainty band,” which combines error due to
repeatability, hysteresis, and linearity, is established by re-
peated mechanical loadings at a constant temperature. The
“thermal uncertainty band” is established by varying the
uniform temperature at constant load, and measuring the
variation in the indicated temperature compensated strain. The
thermal uncertainty band combines the thermal effects on gage
sensitivity, errors in temperature compensation, and lead wire
effects. It also includes the effects due to change in Young’s
modulus with temperature, which can be factored out. A
simplified overall uncertainty band can be established by
overlaying the static uncertainty bands established at several
temperatures of interest with the thermal uncertainty band.
This uncertainty is usually expressed as a deviation from the
best-fit calibration curve in terms of plus or minus percent of

maximum strain. Time-dependent variations, such as drift,
must be considered separately. If further refinement of the
uncertainty analysis is required at this point, a statistical
evaluation can be made by increasing the number of prototype
gages calibrated in the laboratory. Because of the high cost of
high-temperature strain gage installations, this step must be
evaluated relative to the overall cost of the test program.
Approaches to statistical evaluation and data reduction can be
found in Refs. (9) and (10).

9.4 Evaluation of Uncertainty from In Situ Calibrations—
The evaluation of the uncertainty bands discussed in 9.3
should, if possible, be conducted on the final test article after
gage installation in order to establish a discrete best-fit cali-
bration for each gage and its associated scatter band.

9.5 Redundancy—Multiple gage installations, measuring
identical strains, should be considered where economically
feasible. A minimum of two or three gages is recommended for
short-term tests. One additional gage for each 2000 h of
expected operation is desirable.

9.6 Material Consideration—Changes in material properties
of the test article will occur with both load and thermal cycling.
These changes cannot, in general, be compensated for in the
strain gage, and must be accounted for separately.

10. Keywords

10.1 extensometer; high temperature testing; strain gage-
adverse environment; strain gage-capacitive; strain gage-free
filament; strain gage-high temperature; strain gage-installation;
strain gage-selection; strain gage-weldable; stress
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