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ASSESSMENT OF CURRENT HIGH-TEMPERATURE STRAIN GAGES* 

J. E. Smith 

ABSTRACT 

Long-term stability tests fox systematic drift and 
strain sensitivity (gage factor) were conducted on two 
types of capacitive strain gages — the Boeing differen-
tial-capacitance gage and the CERL-Planer variable gap 
capacitive strain transducer — and on the Ailtech SG-425 
resistance gage. The results for tests of durations up 
to 12,000 hr are presented and compared with similar 
tests reported by others. The stability and repeatabil-
ity of the capacitive systems were verified. 

In addition, two short-term investigations were made 
on Ailtech weldable-resistance gages to address areas of 
uncertainty related to special applications. Data from 
these tests are also presented and interpreted. 

Advantages and limitations of the various systems 
are identified, and conclusions and recommendations are 
presented. Descriptions of the gage systems and problems 
encountered in the use of capacitive gages are given in 
appendices. 

Keywords: strain measurement, high-temperature 
strain gages, capacitive strain gages, capacitive strain 
transducers, resistance strain gages, weldable strain 
gages, high-temperature structural tests 

1. INTRODUCTION 

1.1 Background 

For more than 20 years, serious efforts have been made to develop 
strain-measuring systems for use at elevated temperatures. As the use of 
the bonded resistance strain gage for low- and moderate-temperature appli-
cations reached maturity, advanced technologies — particularly in the 

*Work performed under DOE/RRT 189a QH048, ligh-Temperature Structural 
Design. 
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nuclear and aerospace fields — kept the high-temperature requirements for 
strain sensors well ahead of the capabilities of available systems. The 
High-Temperature Structural Design Program, which is developing high-
temperature design methods for breeder reactors and is being carried out 
by the Oak Ridge National Laboratory (ORNL) for the Department of Energy 
(DOE), reflects one such technology. Inelastic structural tests and 
materials tests at temperatures to 593°C (1100°F) are performed to provide 
data for validation of the high-temperature design methods that are 
developed. 

Prior to 1972, dependable strain measurements could be made for 
relatively short periods of time at temperatures above 550°C (1022°F), but 
successful experience for long periods did not exist. Resistance gage 
systems, although improved, were and still are subject to time-dependent 
resistance changes at high temperatures, causing indeterminant errors. A 
capacitive gage,1 using mica as a dielectric and designed for 816°C 
(1500°F) operation, was available but did not meet long-term stability 
requirements of our tests. Because of these limitations, deflection 
measurements were used extensively on early high-temperature tests. 
However, in a series of pipe thermal ratchetting tests initiated in 1973, 
the measurement of strains (not deflections) was essential because of the 
thermal nature of the imposed loads and the cylindrical shape of the test 
pieces. High strain levels and tests of thousands of hours in duration 
were planned. The type of strain-measuring system considered most promis-
ing for the application was a capacitive sensor using air as the dielec-
tric for maintaining stability. Two such devices were considered: 

1. a linear, differential-capacitance strain gage under development by 
Boeing Aerospace; 

2. a nonlinear, variable-gap capacitive gage developed in England by the 
Central Electricity Generating Board and G. V. Planer, Ltd. 
Comparison of the two systems, both unproven at the time, led to the 

selection of the Boeing gage as the prime strain measurement device for 
the thermal transient tests. Since that time, more than 20 tests of 
various types have been conducted at ORNL using capacitive strain gages, 
with resistance gages utilized on shorter, less severe tests and as a 
short-term backup measurement to the capacitive gage. 
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1.2 Purpose and Scope 

Schedule considerations prohibited thorough evaluation and qualifi-
cation tests of the capacitive strain gages prior to their use on the 
early thermal transient tests. Credibility of long-terra data has been 
maintained through the use of periodic in-place calibrations and limited 
qualification data from the manufacturer. Because evaluation and qualifi-
cation testing is costly and time consuming, very little data on the 
response of the gages to extraneous influences such as bending, torsion, 
shock, vibration, or on the long-term stability characteristics were 
available until 1975, when Harting at Boeing Aerospace released the first 
data of this type.2 

To fill the need for better evaluation and qualification data, a 
special gage testing effort was undertaken at ORNL to (1) evaluate, as a 
program objective, the long-term characteristics of high-temperature 
strain-measuring devices that we are currently using or intending to use 
and (2) determine the response of particular sensors to unique testing 
conditions expected to be encountered. Long-term stability tests for 
systematic drift and strain sensitivity (gage factor) were conducted on 
the two types of capacitive gages [the Boeing differential-capacitance 
gage and the Central Electricity Research Laboratory (CERL)-Planer vari-
able-gap capacitive strain transducer] and one type of weldable-resistance 
gage (the Ailtech SG-425). In addition, two short-term investigations 
were made on weldable-resistance gages addressing areas of uncertainty 
related to special applications. This report includes the results of 
these studies, and comparisons are made with results reported by others. 
Advantages and limitations of the various systems are identified along 
with problems encountered in the course of testing. 

3 Report Arrangement 

Chapter 2 describes the evaluation and qualification testing of 
capacitive gages relative to long-term drift. Weldable-resistance gages 
are covered in Chapter 3, and results and comparisons are presented in 
Chapter 4 for both types. Finally, recommendations and conclusions are 
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presented in Chapter 5. Descriptions of the gage systems are given in 
Appendix A for the benefit of those readers unfamiliar with .them. A 
compendi m of problems encountered in the use of high-temperature capaci-
tive gages is covered in Appendix B. 
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2. CAPACITIVE GAGE TESTS 

The basic objective of the long-term tests described in this report 
was to investigate the stability of capacitive gages over periods of time 
up to 10,000 hr and longer. Two parameters were of interest. First, 
systematic drift (including the effects of lead wires and instrumentation) 
was the first consideration. For time-dependent tests, drift is usually 
the major source of uncertainty and is an important justification for the 
use of the more expensive capacitive gages. Second, the stability of the 
sensitivity or gage factor needs to be quantified to determine the extent 
of its contribution to the overall system uncertainty. To these ends, the 
long-term tests were initiated in November 1976, and the results in this 
report are for durations of up to 12,000 hr. 

2.1 Instrumentation 

Three capacitive gages and two weldable-resistance gages were used in 
the long-term test. The resistance gage tests are described in Chapter 3. 

2.1.1 Boeing differential-capacitance gages2 

A cross-sectional mechanical schematic diagram of the strain gage is 
shown in Fig. 2.1. Major elements of the gages are: (1) a compensating 
rod, usually made of the same material as the test specimen (this rod, 
together with the attachment points, establishes the gage length of the 
gage and provides nominal self-temperature compensation for thermal expan-
sion strains); (2) a pair of cylindrical excitation plates mounted on, but 
electrically insulated from, the compensating rod; (3) a sensing ring, 
coaxial with and surrounding the excitation plates; (4) attachment ribbons 
for fastening the gage to the test specimen; (5) flexures that maintain 
coaxial alignment of the excitation plates and the sensing ring. With 
this type of configuration, the strain in the structure causes a linear 
movement of the excitation cylinders relative to the larger colinear 
sensing ring. Changes in capacitance result because more or less area of 
the sensing ring overlaps the respective excitation rings. The gap be-
tween the rings remains constant. 
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Fig. 2.1. Cross section of capacitive strain gage. 

A complete description of this type of gage is contained in Appendix 
A. The gage is now being manufactured and commercially marketed by the 
Hitec Corporation, IVestford, Massachusetts, under license to the ftoeing 
Company. Figure 2.2 shows a typical installation of the gage. Differen-
tial-capacitance gages are available in two nominal lengths: 25.4 mm (1 
in.) an<3 6.4 mm (1/4 in.). One gage of each length was used and tested 
for over 12,000 hr. 

2.1.2 CERL-Planer capacitive strain gage3 

This gage, developed by G. V. Planer, Ltd., in cooperation with the 
Central Electricity Research Laboratory (CERL) and shown schematically in 
Fig. 2.3, consists of two spring-like arches having different radii of 
curvature. As the gage is lengthened or shortened by strain in the struc-
ture, the gap between the capacitance plates changes. A more complete 
description of this gage is included in Appendix A. One gage of this 
type, CERL-Planer C-5, with materials in the gage matched to stainless 
steel, was tested for 9600 hr. 

The CERL-Planer gage is a variable-gap total capacitance sensor as 
compared with the variable-area differential-capacitance principle uti-
lized in the Boeing gage. To implement this type of gage into the test 



Fig. 2.2. Typical Boeing gage installation. 
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using our differential-capacitance instrumentation, a capacitance bridge 
completion and switching circuit was designed and built which includes 
provision for making either total or component capacitance measurements on 
Boeing gages as well as the CERL-Planer sensor. A schematic of this 
circuit is shown in Fig. 2.4. The importance of making periodic total 
capacitance measurements is discussed later in this report. 

ORNL-OWG 79-6392 ETD 

ELECTRODE MOVEMENT 

TRANSDUCER MOVEMENT 

Fig. 2.3. Schematic of CERL-Planer capacitive gage. 

O R N L - D W G 76-2318 

TO CERL-PLANER GAPE 

TO 
BOEING 

\ \ 

7 " 2 . 0 p f 

EXCITATION FROM 
MODE CARD 

Fig. 2.4. Capacitance switching and completion circuit. 
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2.2 Apparatus 

The gages were attached to a constant-moment curvature beam calibra-
tion apparatus. This device, shown in Fig. 2.5, is capable of imposing a 
known change of curvature on the beam by means of the thumbscrew and dial 
indicator assembly, which is located on the arms of the frame extending 
through an opening in the test furnace. The beam is stress-free during 
most of the test and is flexed periodically to provide a check on the 
sensitivity of the gages. This is done as rapidly as possible to prevent 
creep in the test beam. Morsi recommends this principle for measuring 
strain gage creep.4 A photograph of the assembly is shown in Fig. 2.6. 
Thermocouples on the test plate and on a Boeing gage provided for control 
and monitoring of temperatures during the test. 

In-place calibrations were made with the use of room-temperature foil 
gages mounted near the high-temperature devices. Because constancy and 
repeatability were the main considerations for the tests, these cali-
brations we-re done for convenience to provide results from the various 
devices on an equal basis in terms of strain. 

For the most part, data were taken manually using a digital voltmeter 
(Hewlett-Packard Model 2402A) to measure the output of the capacitance 
signal-conditioning circuits. An automatic scanning system was used 
during portions of the test. Quality of data was ensured by periodic 
equipment calibrations using traceable secondary standards. 

2.3 Test Procedure 

The procedure used for the long-term testing is outlined below: 

1. installation of sensors on the calibration device; 
2. room-temperature calibrations using resistive foil gages; 
3. removal of foil gages; 
4. assembly of calibration device in furnace. Figures 2.7 and 2.8 show 

the furnace and instrumentation setup for the test; 
5. final readings prior to heatup (including total capacitance measure-

ments) ; 
6. temperature raised to 593°C (1100°F) in incremental steps; 

Ij 
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Fig. 2.5. Constant-moment/curvature fixture. 
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Fig. 2.6. Calibration apparatus. 



Fig. 2.7. Long-term stability test facility. 



Fig. 2.8. Close-up of test oven with calibration device. 
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7. daily readings of strain gage outputs during the test; 
8. periodic checks on total and component capacitance during the test; 
9. periodic step loading of the beam to assess the sensitivity or gage 

factor. 

The differential-capacitance and weldable-resistance gages (see 
Chapter 3) were installed on the test beam for the first segment of the 
test. The CERL-Planer C-5 gage with stainless steel construction was not 
on hand at that time. The test ran for 2400 hr and was prematurely shut 
down because of equipment problems not related to the strain gages. 
During this down period, the CERL-Planer gage was added to the test beam 
prior to restart of the test. An additional 9600 hr had been accumulated 
when the final data included in this report were taken. 
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3. WELDABLE-RESISTANCE STRAIN GAGE TESTS 

The Ailtech weldable-resistance strain gage with integral leads pro-
vides a pretested, hermetically sealed gage system that may be used for a 

c 

variety of severe environments, including high temperatures. A cross 
section of the gage construction is shown in Fig. 3.1. The strain-sensi-
tive element (platinum-tungsten wire for high temperatures) is housed 
within a small-diameter stainless steel tube along with a dummy compensat-
ing element forming a half-bridge circuit. The strain element is insulated 
from the tube with highly compacted MgO ceramic insulation, which also 
serves as a strain transfer medium from the housing to the strain element. 

The gages are equipped with a thin flange welded to the strain tube. 
This flange is subsequently spot welded to the structure under test and 
provides the bond required to transfer strain. The insulation resistance 
provided by the packed MgO ceramic flour is not dependent on installation 
techniques. Three weldable gages mounted on a test piece adjacent to a 
Boeing capacitive gage are shown in the lower right area of Fig. 3.2. The 
spot welds attaching the flange to the test piece can be seen clearly in 
this photograph. 

ORNL—DWG 79-6394 ETD 

Fig. 3.1. Ailtech weldable-resistance strain gage (half-bridge 
construction). 



Fig. 3.2. Typical installation for Ailtech weldable strain gages. 



17 

3.1 Stability Tests 

These gages are utilized on high-temperature structural tests at 
temperatures up to 593°C (1100°F). They are a lower cost alternative to 
the capacitive gages for isothermal tests, although they generally exhibit 
higher drift rates than the capacitance systems. For this reason, when-
ever these gages are utilized on tests above their stable operating tem-
perature range, it is advisable to utilize control gages from the same 
batch of gages used on the test piece. These control gages are mounted on 
coupons of the same material as the test piece in a stress-free manner to 
gain some insight as to the level of uncertainty caused by drift during 
the test. In addition to the control gages used in conjunction with 
various structural tests, two weldable-resistance strain gages (an SG-425 
and an MG-425) were installed on the calibration beam for the first 2400-
hr segment of the long-term drift test described in the previous chapter. 
The SG-425 gage has a mounted length of 27.8 mm (1.093 in.), while the 
smaller MG-425 has a length of 12.7 nun ("0.5 in.). These gages represent 
the two available gage lengths. 

The MG-425 gage is not recommended for 593°C (1100°F) service. How-
ever, the need for shorter gage lengths in some applications motivated the 
investigation of its capabilities. Although this gage operated satis-
factory during room-temperature calibration, failure occurred on heat-up 
by the opening of the active arm circuit. The larger gage survived 2400 
hr of operation, and the drift rates of this gage and control gages from 
six structural tests are reported in Chapter 4. 

3.2 Special Qualification Test of SG-125 

A test was conducted to evaluate the maximum strain capabilities and 
short-term drift characteristics of two specially heat-treated Ailtech 
SG-125 strain gages at a temperature of 593°C (1100°F). These gages, 
supplied by Ailtech Company and similar in construction to the SG-425, 
were nichrome-element quarter-bridge gages with lead wires insulated with 
MgO and encapsulated in stainless steel. This type gage, which is normally 
used below 343°C (650°F) except for dynamic tests, was selected because 
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the higher-temperature SG-425 version with a platinum-tungsten element is 
rated for a maximum strain of only 0.6%. Recent investigations at Ail-
tech6 have shown that, although the nichrome gage undergoes metallurgical 
changes above 343cC (650°F), thus exhibiting drift-like behavior, it can 
be stabilized at a discrete temperature [in this case, 593°C (1100°F)]. 
If the gage is cooled rapidly from the stabilization temperature and also 
is returned quickly to the same temperature after installation on the test 
article, it will maintain its stability, because it has not been at heat-
treating temperatures long enough to change its characteristics. 

The objectives of this test were to determine (1] the maximum strain 
capabilities of the SG-125 gage after it is brought rapidly to 593°C 
(1100°F) and (2) the stability of the gage at selected strain levels. 

To meet these objectives, two special gages, along with a differen-
tial-capacitance gage for reference and servocontrol, were mounted axially 
at 120° intervals around an 18.4-mm-OD (0.725-in.) tubular tensile speci-
men made of 2-1/4 Cr—1 Mo steel (see Fig. 3.3). This material was chosen 
because (1) it has thermal expansion properties similar to carbon steel, 
which was the application material of interest; (2) its properties at 593°C 
(1100°F) have been determined; and (3) it is a material of interest to the 
overall High-Temperature Structural Design Program. Also, a specimen was 
available that required that" only minor modifications be made to the closed-
loop servocontrolled MTS Systems testing machine used for this experiment. 
(Figure 3.4 shows the specimen mounted in the testing facility.) 

The specimen was taken to 593°C (1100°F) in 3.75 min with quartz ra-
diance heaters, using zero load control to ensure no stress during heatup. 
After stabilizing at temperature, the machine was transferred to strain 
control, and the specimen was loaded to 2% strain by manually adjusting 
the control set point. The specimen was then held at 2% for 2 hr, after 
which the strain was increased to 3%. Two-hour hold periods at constant 
strain followed this and a subsequent increase to 4% strain. 

The strains from the Ailtech gages and the capacitive reference gage 
were based on gage factors determined by in-place calibration with room-
temperature gages. The special heat treatment of the nichrome gage alters 
the gage factor and necessitates determination of this parameter after 
heat treatment. Data from this test are presented and discussed in 
Chapter 4. 
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Fig. 3.3. Views of tubular specimen of 2-1/4 Cr—1 Mo steel showing 
strain gages in place. 



Fig. 3.4. Test facility used for special weldable strain gage 
evaluations. 
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3.3 Test for Thermal Effect on Lead Wires 

The half-bridge configuration used in Ailtech weldable gages inher-
ently compensates for varying temperatures along the lead wires. Changes 
in resistance caused by a thermal change, in theory, would be the same in 
both legs of the half-bridge, thus canceling the thermal effect. In 
actual use, however, the compensation is not perfect because of small 
variations in the conductors and, in the case of thermal transients, the 
heat transfer characteristics of the cable system. To assess the magni-
tude of the potential errors, lead wires of two Ailtech SG-425 gages were 
subjected to temperature gradients involving varying affected lengths. 

Each gage was balanced at 22°C (72°F). Then the temperature was 
raised, first to 100°C (212°?) and then to 200°C (392°F), 0Ver a lead 
length of 1 m (3.3 ft). Indicated strain readings were taken at each 
steady-state temperature. The test was repeated for an affected lead 
length of 2 m (6.6 ft) for each gage. The total encapsulated lead length 
was 3 m (10 ft) on each gage. Results are reported in Chapter 4. 
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4. RESULTS AND COMPARISONS 

The results of the tests described in Chapters 2 and 3 are presented 
here, in the same order chat they were introduced in the previous chapters, 
and compared with relevant data reported by others. 

4.1 Long-Term Stability Tests 

4.1.1 Capacitive gage results 

Systematic drift for the three capacitive gages is shown in Fig. 4.1. 
The final duration of the test was over 12,000 hr. The two Boeing gages 
are shown over the entire period of time; however, the CERL-Planer gage, 
added to the test at 2400 hr, is shown for a duration of 9600 hr. Actual 
test time is shown at the bottom of the figure, while the time for the 
CERL-Planer gage is shown along the top. 

Data from similar tests conducted at other installations are shown 
for comparison as either curves or data points on the same plot. The 
curves shown by dotted lines are from Boeing Aerospace and were the first 
data of this type generated.2 These data were used as the basis for 
specifications of the differential-capacitance gage system. Also shown by 
square dots on the figure are two data points from a single gage in a 
similar stability test run at Westinghouse Advanced Reactors Division.7'8 

Shown at 2000 hr on the CERL-Planer time scale are data points from 
six C-5 gages (solid round dots) tested at G. V. Planer, Ltd., at 600°C 
(1112°F) in high-temperature drift tests.9 All of the other gages in Fig. 
4.1 were tested at 593°C (1100°F). 

Table 4.1 presents the same data in terms of average drift rates at 
various intervals during the test. For test times at or exceeding 2000 hr 
all of the gages compared exhibited less than 0.06-ye/hr drift rate, 
usually diminishing with increased test time. 

Responses to calibration loadings applied to the three capacitive 
gages tested at ORNL at various time intervals and temperatures are de-
picted in Figs. 4.2, 4.3, and 4.4. The differences between calibrations 
of each gage taken at the same temperature were within ±2%. Gage cali-
brations between 22 and 593°C (72 and 1100°F) varied from 2.5 to 5%. 
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Table 4.1. Systematic drift for capacitivc strain gages 
at 593°C (1100°F) 

Average drift rate (ye/hr) up to 
Gage 

2,000 hr 2,400 hr 5,000 hr 8,000 hr 10,000 hr 12,000 hr 

0.009 Boeing-Hitec, 
6.4 mm (1/4 in.) long 

0.031 0.028 0. 016 0. 011 0. ,010 

Boeing-Hitec, 
25.4 mm (1 in.) long 

0.039 0.027 0. 057 0. 056 0, .050 

CERL-Planer, 
19 mm (3/4 in.) long 

0.015 0.018 0. ,014 0. 015 0. , 013a 

Boeing^ 0.049 •v-0.040 

Booing 0.059 M).04 c 

Boeing-Hitec 

396-f 

0.059® 0. ,024 
CERL-PUr ir, No. 396-f 0.010 
CERL-Planer, No. 386^* 0.005 

CERL-Planer, No. 374'' 0.038 
CERL-Planer, No. 375^ 0.005 

CERL-Planer, No. 378^* 0.020 

CERL-Planer, No. 379^ 0.010 

0.045 

"Data for 9,600 h r . d R e f s . 7 and 8. 
bRef. 2. eData for 2,284 hr. 
°Data for 2,340 hr. ^Ref. 9 (data for 600°C). 
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Fig. 4.2. Periodic calibrations for 6.4-mm (1/4-in.) Boeing gage. 
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Fig. 4.3. Periodic calibrations for 25.4-mra (1-in.) Boeing gage. 
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Fig. 4.4. Periodic calibrations for CERL-Planer gage. 
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4.1.2 Resistance gage results 

The results from stability tests at 593°C (1100°F) for 12 Ailtech 
SG-42S weldable gages are shown in Table 4.2, and tests of 1000 hr or less 
are graphically displayed in Fig. 4.5. Average drift rates for 10 of 12 
gages were below 0.3 ye/hr, ranging from 0.065 to 0.298 ye/hr. The remain-
ing two gages were unique, with much higher rates of 0.612 and 0.83 ye/hr. 
There appears to be a similarity of behavior for gages from the same 
batch. All gages were precycled three times to the test temperature prior 
to installation. 

ORNL-DWG 77-3888R 

AVG DRIFT 
RATE tyxe/hr) 
0.065 
0.093 

- 0.105 
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I I I 1 
0.175 
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Fig. 4.5. Systematic drift of weldable-resistance strain gages 
(Ailtech SG-425) at 593°C (1100°F). 
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Table 4.2. Systematic drift of 
Ailtech SG-425 weldable strain 

gages at 593°C (1100°F) 

Test Duration 
Chr) 

Average drift rate 
(ue/hr) 

CP4-A 290 0.L75 
CP4-B 290 0.298 
B7 300 0.83 
B9-A 900+ 0.065 
B9-B 900+ 0.093 
B10-A 900+ 0.103 
B10-B 900+ 0.207 
CP5-A 900+ 0.105 
CP5-B 900+ 0.236 
CP6-A 4000+ 0. 087 
CP6-B 6000 0.183 
CMB-1 2450 0.612 

4.2 Special Qualification Test of SG-125 

4.2.1 Heat-treated Ailtech SG-125 weldable gages 

The results for the special tests described in Sect. 3.2 are given 
here. Figure 4.6 is a record of the three strain-sensing gages vs time. 
A plot of the indicated vs the reference strain is shown in Fig. 4.7. 
Both Ailtech gages failed by yielding at ^3.5% strain, with ultimate 
failure of the gages following shortly thereafter. Figure 4.7 shows that 
most of the deviation from the reference strain was accumulated during the 
constant strain hold periods. The deviation as a percentage of the ref-
erence strain at points of interest is as follows: 

1. 1.25 to 4% after initial loading to 2% strain; 
2. 5.5 to 7% after a 2-hr hold at 2% strain; 
3. 8 to 10% after subsequent loading to 3% strain; 
4. 12 to 14% after a 2-hr hold at 3% strain; 
5. 10 to 12% at ^3.5% strain just prior to failure of the Ailtech 

gages. 



ORNL-DWG 76-16786 
OPEN 

Fig. 4.6. Measured strains vs time for two Ailtech SG-125 gages and 
the reference capacitive gage. 
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Fig. 4.7. Indicated strains from the two Ailtech gages vs the 
reference (capacitive gage) strain. 
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This deviation, of course, is subject to an additional uncertainty of 
less than 4% for the reference gage; that is, an apparent deviation of 14% 
could indicate an actual inaccuracy as low as 10% or as high as 18%. 

The Ailtech gages tracked each other remarkably well. Although not 
shown in Figs. 4.6 and 4.7, the apparent strain exhibited by the Ailtech 
gages during heatup was 0.18 and 0.19% for gage numbers 9303-1 and 9303-2, 
respectively. However, to what apparent strain tolerance the manufacturer 
can produce these gages in quantity is unknown. 

The measured stress-strain response of the 2-1/4 Cr—1 Mo steel speci-
men is shorn in Fig. 4.8. The strain was plotted against the reference 
strain as a additional check on the reliability of the reference strain 
gage. 

Caution should be exercised when using these results to determine 
applicability of the gage for specific tests. The following points must 
be considered. 
1. Deviations have been accurately determined for high strains only. At 

low strains, the deviations may be much higher in terms of percent of 
strain. 

2. The results are valid only for the temperature at which the test was 
run and for which the gage was stabilized. A change in temperature 
would introduce additional uncertainty. 

3. The temperature was quickly achieved, thus preventing spurious heat 
treatment. 

ORNL-DWG 77-12796 

STRAIN (%) 

Fig. 4.8. Stress-strain response of 2-1/4 Cr—1 Mo specimen at 593°C 
(1100°F). 
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Extrapolation of these results to other conditions should not be made 
without further experimental qualifications. 

This was the first time a differential-capacitance gage was used as a 
control sensor for closed-loop strain control. A special electronic 
module was designed and constructed to permit adaptation to the MTS con-
trol equipment on hand. This system has been utilized for strain control 
in subsequent high-temperature structural tests. 

4.2.2 Test for thermal effect on lead wires 

The results for the tests described in Sect. 3.3 are shown in Table 
4.3. The last two columns show the indicated strain per unit of tempera-
ture change times the unit of affected length. For example, if, after 
balancing, a 1-1/2-m length of cable were subjected to an average tempera-
ture change of 200°C (360°F), using a factor of 0.35 ye/°C-m, the error 
would be 105 ye. As expected, the thermal effect varies with range of tem-
perature and with affected length. However, the results indicate that sig-
nificant errors can be introduced in the lead wires when unknown changes 
of temperature occur. Balancing under steady-state conditions wili remove 
most of this uncertainty, but when such balancing is not allowed or in 
the case of thermal transients in the lead wire area during the test, this 
source of potential error should be investigated to determine its impact 
on the data required from the experiment. This topic is discussed further 
in the next chapter. 



Table 4.3. Effect of changing temperature on Ailtech lead wires 
[gage-type SG-425 with stainless steel sheathed integral lead wires; 
resistor compensated for 482°C (900°F) service on stainless steel] 

Manufacturer 
gage serial 

No. 

Total lead 
length 
[m (ft)] 

Heated lead 
length 
[m (ft)] 

Indicated microstrain 

Initial 100°C 
22°C (72°F) (212°F) 

with lead at 

200°C 
(392°F) 

temperature 

Final 
22°C (72°F) 

Indicated12 values 
[jjE/°C*m (pe/°F*ft)] 

4914-2 3 (10) 1 (3.3) +3 -28 0 0.378 (0.064) 
1 (3.31 +2 -65 +3 0.379 (0.064) 
2 (6.6) +2 -58 -A 0.365 (0.062) 
2 (6.6) 0 -119 -2 0.331 (0.056) 

4914-3 3 (10) 1 (3.3) +2 -32 +3 0.442 (0.075) 
1 (3.3) 0 -89 -1 0.497 (0.084) 
2 (6.6) +1 -57 -3 0.359 (0.061) 
2 (6.6) +2 -143 -9 0.392 (0.066) 

aThe average of the initial and final microstrain readings were used to compute the values in these 
columns. 
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5. DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS 

The following discussions address the current high-temperature strain 
measurement technology as it relates to long-term, static and cyclic 
elastic-plastic testing at temperatures to 593°C (1100°F). The observa-
tions included are based not only on results of the evaluation tests 
described in this report but on the results and experience gained from 
previous tests conducted under the High-Temperature Structural Design 
Program. 

5.1 Capacitive Strain Gages 

5.1.1 Stability 

The excellent stability demonstrated in long-term drift tests for 12 
capacitive strain gages (shown in Fig. 4.1 and Table 4.1) indicates that 
the entire strain measuring system contributes to the uncertainty that we 
have glibly referred to as "systematic drift." For tests of long duration, 
the gage (or capacitor), if structurally adequate, is one of the most 
stable and reliable of the electrical components in the system. There-
fore, these systems, called on to distinguish average accumulations of 
less than 1 ye per 100 hr of service, are contributors to essentially all 
the uncertainty they indicate. The slow perturbations of system outputs 
seen during the ORNL tests between 5000 and 6400 hr were certainly sys-
tematic in nature because they were observed on all three (two Boeing and 
one CERL-Planer) gages, although to a lesser degree on the larger Boeing 
gage. No correlation with environmental changes or system leakage could 
be found and the problem disappeared before a positive diagnosis could be 
made. Frequent power outages occurring at about the same time possibly 
contributed to the phenomena, but no specific relationship was identified. 
Other unidentifiable phenomena have been observed during long-term tests 
at 0D.NL and elsewhere. Usually minor in nature and short-lived, these 
p; nena can be anticipated, and they emphasize the need for continuous 
systematic control on tests of extended duration. To minimize and identify 
these "mysterious occurrences" and to enhance reliability of long-term 
data, the following recommendations are made. 
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1. Periodic measurements of total capacitance and, in the case of dif-
ferential-capacitance systems, component capacitance should be made. 
Because these measurements bear on the stability of the system, they 
are needed to diagnose periodic problems and to maintain credibility 
of the data. A provision for total capacitance measurement has be^n 
built in to the latest model of the plug-in conditioning card sup-
plied by Hitec. Also, the circuit shown in Fig. 2.4 is simple and 
can be used easily to make these measurements quickly. 

2. Provision should be made for making insulation resistance measure-
ments on all components in the lead wire circuitry when needed. 
Leakage in the electrical system can be related to many of the sys-
tematic problems encountered in capacitance measurements, and high 
insulation resistances must be maintained. 

3. Spare instrumentation units or modules should be kept on hand. One 
advantage of capacitive systems is the ability to disconnect during 
periods of structural inactivity and return to the point of measure-
ment at the time of disconnect, allowing for equipment changes during 
long-term tests. 

4. Redundance of data points should be provided. The advantages of 
having more than a single sensor measuring the same strain is obvious. 
The additional cost must be weighed against the need for credible 
data and the additional reliability obtained with the redundancy. 

All of these recommendations reflect the concern over "system" adequacy 
during long-term tests. The experimenter must know the system and recog-
nize the indications of potential problems once the gage is properly 
installed. A summary of problems encountered in the use of capacitive 
gages is included in Appendix B. 

5.1.2 Strain transfer 

Calibrations of both types of capacitance gages are supplied by the 
manufacturer. They provide the basic relationship between capacitance and 
a linear preinstallation-imposed deflection. After installation the 
sensitivity or relationship between capacitance and surface strain can and 
probably will be different from that supplied by the manufacturer. This 
difference will be small (less than 10% and usually less than 5%) when the 
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surface strains are membrane in nature. If bending or torsional strains 
are imposed, each gage may react in a different manner depending on its 
unique geometry and the level of nonmembrane strain. 

The two types of strain gages are designed to handle bending in dif-
ferent manners. The CERL-Planer specifies an effective measurement height 
of 0.1 mm (0.004 in.) above the surface for use in evaluating the bending 
strain components. The Boeing gage is designed to minimize the effect of 
bending by the use of torsional mounting flexures, assuming the measurement 
of chordal strain. Neither of these corrections is absolute in actual 
practice. Significant differences in calibrations of the 6.35-mm (0.250-
in.) Boeing gage have been noted where high degrees of bending strain were 
encountered.8 

The approach used at ORNL since 1973, and still considered the most 
accurate way to deal with strain transfer uncertainties, is the utiliza-
tion of in-place elastic calibrations, using foil strain gages for com-
parison at room temperature and, at high temperature, utilizing known 
materials properties and the data obtained at room temperature. Because 
the gages exhibit excellent repeatability when properly installed, even at 
low strain levels, this approach should be followed for obtaining the most 
accurate data. Wherever possible, the experiment should be designed to 
accommodate such calibrations. In-place calibrations were used for the 
evaluation tests. 

If high strains are to be encountered and there is concern over 
extrapolating elastically obtained calibrations into plastically strained 
regions, posttest room-temperature calibrations to high strain levels are 
recommended where practical. The Boeing gage system has repeatedly demon-
strated a high degree of linearity from low to high strain levels; there-
fore, this uncertainty is considered minimal. 

Care must be exercised when high surface shear strains are expected. 
Harting2 reported a nonlinear error from an axially oriented Boeing gage 
mounted on a tubular specimen subjected to pure torsion. While the .error 
to the axial gage was a small percentage of the shear strain, Ellis10 (at 
ORNL) reported nonlinear response when calibrating gages for torsional 
strain measurements at high strain levels. 
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The measurement of shear strain in place of the surface therefore 
must be treated as a special case where linear extrapolation of elastic 
calibration data is unacceptable. Precalibration (defined later) under 
the loading conditions to be encountered is necessary to prevent large 
errors at high strain levels. 

Use of intermediate mounting shares was originated to accommodate 
curved surfaces. However, the recommendation now is that shims be used 
for all installations. The advantages include the following. 
1. Effects of transverse strain and thermal stresses on flexure spot 

welds are minimized. The shim is attached to the surface at a single 
spot. 

2. A more exact determination of effective gage length is possible. The 
gage length can also be altered easily to accommodate higher or lower 
strain fields. 

3. Removal and reuse of the gage is facilitated. Where the nature of 
the strain field is known, special calibration rigs can be devised to 
precalibrate the gage and transfer it to the surface to be tested in 
lieu of in-place calibrations. Ellis twice removed and reinstalled a 
gage on a tension-compression-torsion calibration rig for three 
identical loadings with excellent repeatability.10 

The shims should thermally match the materials used in the flexures. 
Ideally, they should be as thin as possible and still be stiff with respect 
to the flexures of the gage. A satisfactory thickness for general appli-
cation has been determined to be 0.25 mm (0.010 in.). When providing a 
plane for mounting on curved or irregular surfaces, the thinnest section 
should be no more than 0.25 mm (0.010 in.). 

5.1.3 Applicability 

The long-term applicability of the Boeing and CERL-Planer capacitive 
strain gages for high-temperature service ha£ been well established. Both 

/ 

gages are used in air (or a suitably qualified dry gas) and are attached by 
spot welding. (Phillips of G. V. Planer, Ltd., indicates successful use of 
the CERL-Planer gage in some types of oil and gas mixtures containing small 
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amounts of oxygen.) Each has its advantages, some of which are listed 
below. 
1. Boeing gage: 

•High strain range — up to ±8% at 6.35-mm (0.250-in.) gage length, 
•Transient temperature compensation, 

•High linearity over full range (less than 2% nonlinearity over full 
range), 
•Low force exerted on structure; 

2. CERL-Planer gage: 
•Lower cost, 
•Smaller, lower profile, 
•More rugged. 

Assuminr 1 same conditioning equipment, the use of the more expensive 
Boeing might be indicated where: 

» 

1. strains above 1% are expected; 
2. strains must be measured during thermal transients greater than 10°C 

(18°F)/min. 
Below those thresholds, the CERL-Planer gage might be a satisfactory, 

lower-cost alternative. Shims may be used to increase the strain range of 
both gages. There are other factors that each user must take into con-
sideration when choosing the sensor most applicable to unique require-
ments. The stability and repeatability of both systems make them prime 
candidates for high-temperature transducer applications, limited only by 
the imagination of the innovator. 

A major requirement when considering the use of capacitive gages is a 
commitment to the time and expenditure for the training and education to 
become totally familiar with the measurement system before initiating 
long, important tests. 

5.2 Weldable-Resistance Strain Gages 

5.2.1 Ailtech SG-425 (platinum-tungsten) 

The data shown in Table 4.2 and Fig. 4.5 indicate systematic drift1 , 
rates at 593°C (1100°F) of roughly one order of magnitude greater than 
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those recorded for capacitive systems. For long-term tests, the conclu-
sion is clear that capacitive gages offer the most reliable source of 
data- At lower temperatures [below 510°C (950°F)], Ailtech resistance 
gages have proven to be both reliable and accurate. They have been used 
at 593°C (1100°F) for dynamic and short-term static tests on the High-
Temperature Structural Design Program. There are many applications where 
an initial drift rate of 1 to 2 ye/hr can be tolerated. The resistance 
gages are simple to install, less expensive than capacitive gages, require 
lower-cost instrumentation, and provide the only choice in environments 
such as steam and sodium. Aside from the drift rate, they have a low 
strain tolerance (6000 ye) and, at 593°C (1100°F), a fairly high early 
loss rate (up to 20%). Redundancy is necessary to compensate for these 
losses. 

Within their limitations they can be and are used successfully. 
Understanding of the gage system and the source of uncertainties is 
essential, and in-place calibrations are recommended for the best results, 
because the gage factor of platinum-tungsten varies with temperature. 
Calibrated bench tests should precede test applications for new users 
unfamiliar with the gage. 

The effects of temperature on the integral lead wires, as shown in 
Table 4.3, introduce a potential uncertainty of which the user should be 
aware. Lead wires should be routed out of the hot zone by the most 
direct path possible. If isothermal conditions do not exist in the lead 
wire area during the test, the apparent strain must be evaluated, pref-
erably with in-place calibrations in the same manner that the thermal 
effect of the gage itself is determined for transient conditions. The 
gage is not recommended for fast thermal transients at high temperatures. 
The best accuracy will be obtained at isothermal conditions where thermal 
effects can be nulled prior to mechanical loading. 

5.2.2 Ailtech SG-125 (nichrome) 

The special tests described in Sects. 3.2 and 4.2 indicate limited 
application of the SG-12S at temperatures as high as 593°C (1100°F). 
Unless the operating temperature is reached quickly, considerable zero 



shift will occur, thereby limiting _ej<i to short-term, isothermal, 
dynamic, or low-cycle tests. The h j . . t r a i n tolerance of the nichrome 
element and the low cost make it an .ttractive alternative within its 
limited capability. It is generally considered for dynamic testing only 
at these temperatures. 

5.3 Summary 

1. The long-term stability of Boeing and CERL-Planer capacitive gages 
has been verified for periods of time up to 12,000 hr. 

2. When properly installed, the capacitive gages are highly repeatable. 
3. Careful system control is necessary throughout a test. Potential 

problem areas are listed in Appendix B. 
4. Within their limited capabilities, Ailtech weldable-resistance gages 

are useful for specific short-term applications. 
5. In-place calibrations or special precalibrations are recommended and 

are essential in obtaining maximum accuracy for most all high-tempera-
ture strain devices. 
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Appendix A 

BASIC DESCRIPTION OF CAPACITIVE STRAIN GAGE INSTRUMENTATION 

A.1 Boeing Differential-Capacitance Strain Gage System11 

At the beginning of our considerations for the thermal transient 
tests, Boeing Aerospace, with National Aeronautics and Space Administra-
tion (NASA) support, was developing a thermal-null differential-capaci-
tance strain-measuring system for static applications up to 816°C (1500°F). 
Discussions were held with the Boeing developers concerning our require-
ments, which included transient as well as static capabilities. Evalua-
tions of the system using direct analog measurements with a thermal cor-
rection proved so successful that the cumbersome thermal-null feature was 
dropped, and thus evolved the system now being used. The advantages of 
the system include the following. 
1. The usable temperature range of the gage is limited to 816°C (1500°F) 

by the leakage resistance of electrical insulation materials and 
ionization of the gaseous dielectric. 

2. The gage inherently compensates, by material selection, for thermal 
strain for all temperatures in its working range for isothermal or 
near-isothermal conditions. A correction is required for thermal 
transients. 

3. The strain range of the gage is extraordinarily wide [±20,000 ue for 
25.4-mm (1-in.) gage length]. 

4. No corrections are required for linearity over the entire strain 
range of the gage. This is because of the concentric cylinder con-
struction which changes the capacitance by varying the area while 
holding the distance between the capacitor plates constant. 

5. Through its strain range, the gage performance in compression is the 
same as in tension. Gage sensitivity changes only slightly with 
temperature and does not depend on thermal expansion or thermal 
electric properties such a resistivity which change with temperature. 

6. The gage has good zero stability. 
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7. The gage does not restrain or reinforce the specimen on which it is 
mounted, adding negligible stress of its own O90 g of force at 
20,000 ye). 

8. The gage measures surface strain and, by design principle, minimizes 
output due to specimen bending. 

9. Resolution is good regardless of the sensitivity and range settings 
of the signal-conditioning system. 

10. The gage is simply constructed yet relatively rugged. 
The manufacturer's specifications for the system are shown in Table 

A.l. Basically, the system consists of the self-temperature compensating 
capacitive strain gage, which mounts directly on the specimen surface, and 
a signal-conditioning module, which generates ac excitation for the gage 
and demodulates the gage output, producing an electrical analog of speci-
men mechanical strain. 

The capacitive strain gage consists electrically of two variable 
capacitors connected as a half-bridge. The capacitor plates are con-
centric cylinders and the dielectric is air. The outer cylinder of the 
gage is capacitively coupled through the air dielectric to each of the two 
inner cylinders (see Figs. A.l and A.2). As the specimen dimensions 
change due to strain, the outer cylinder moves axially with respect to the 
two inner cylinders, changing the capacitance between them differentially. 

The cylindrical plates of the capacitor are attached to the specimen 
through high-temperature alloy ribbon flexures by spot welding. The 
flexures permit the gage to retain concentricity and alignment of its 
capacitor plates even with specimen warp or bending. The capacitor plates 
are restrained in only one plane, that is, the plane necessary for con-
centricity. In the direction of strain measurement, which is axial to the 
capacitor plates, they are free to move throughout the nominal range of 
the capacitive strain gage. 

Temperature compensation is achieved by fabricating the rod, which 
establishes the length dimension of the gage [nominally 2.54 cm (1 in.)] 
of material with a thermal expansion characteristic identical to that of 
the material of the specimen. Both the strain gage and the specimen are 
instrumented with thermocouples to provide data for computing corrections 
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Table A.l. Boeing capacitive strain gage specifications 

Strain gage 
Overall size, mm (in.) 

Gage length, mm (in.) 
Maximum strain range, ye 
Loading 
Temperature range 
Sensitivity 
Sensitivity change with 
temperature 

Strain-measuring system (with 
dc supply set at 30 V) 

Nonlinearity (zero based) 

Long-term drift (average) 

Resolution 

Thermal output (apparent 
. strain) 
Strain rate 

Carrier excitation 
Carrier frequency 
Output voltage 
Output current 
Output impedance 

15.2 (0.6) wide * 8.9 (0.35) high x 31.8 
(1.25) long 

25.4 (1.00) nominal 
±20,000 

0.78 N (0.176 lbf) at 20,000 ye 
To 815°C (1500°F) 
0.018 pF/1000 ye (nominal) 
±4% at 815°C (1500°F) 

±0.5% to 3000 ye at 21°C (70°F) 
±1% to 1500 ye at 815°C (1500°F) 
±2% to 20,000 ye at 21°C (70oF^ 
<0.04 ye/hr at 593°C (1100°F) for 
2340 hr 
0.3% of minimum full scale of 1500 ye 
(including HP 7035B X-Y plotter) 

Material dependent, usually <300 ye to 
815°C (1500°F) 
<2% nonlinearity to 30,000 ye/sec at 
21°C (70°F) 

6.5 to 7.2 V rms 
3.39 kHz 
±5 V dc maximum 
±5 mA maximum 
<1.0 52 

required by any temperature difference between the gage rod and the speci-
men surface. 

The gage must be mounted on a flat surface. Therefore fitted shims 
are used to provide a flat mounting plane when the specimen surface is 
curved. A typical installation for circumferential strain measurement on 
a cylinder is shown in Fig. A.3. The shims are attached using a single 
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ORNL-DWG 74-7448 

OUTER CAPACITOR PLATE. WHEN IN PLACE. 
COVERS ONE HALF OF EACH OF THE INNER 
PLATES. WHEN SPECIMEN LENGTH CHANGES 

Fig. A.l. Exploded view of Boeing high-temperature capacitive strain 
gage (1.25 in. = 3.18 cm). 

spot weld, thus establishing the exact gage length, which is nominally 
2.54 cm (1 in.). The strain range can be extended by biasing the initial 
gage length or by shortening the distance between spot welds on the mount-
ing shims. 

The heart of the signal-conditioning system is the mode card, which 
is designed to work in an Endevco model 4470 module in place of an Endevco 
mode card. The signal-conditioning mode card receives dc power from the 
Endevco model 4470 module power supply. The mode card in turn applies ac 
excitation to the capacitive strain gage. To accommodate long cable 
lengths, the mode card input stage is a charge amplifier with added filter-
ing designed to suppress power line noise. 

Demodulation is performed on the mode card using a multiplier princi-
ple. The mode card output is filtered to eliminate excitation-related 
frequency components. 
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Fig. A.2. Schematic o£ Boeing capacitive strain gage [dimensions are 
in inches (1 in. = 2.54 cm)]. 
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A.2 The CERL-Planer High-Temperature Capacitive Strain Gage3 

This gage was developed by G. V. Planer, Ltd., in conjunction with 
the Central Electricity Research Laboratories. The gage is a variable-
capacitance device working on the principle that changes in gage length 
are amplified mechanically, giving a magnified relative movement of the 
electrode plates normal to each other (see Fig. 2.3 in Chapter 2) and, 
thus, a change in capacitance between the electrodes. Capacitance is 
typically between 0.4 and 1.3 pF over the working range of ±5000 ye. 
Figure A.4 illustrates the typical capacitance strain relationship ob-
tained by calibrating the strain gage at room temperature. 

The strain gage is attached to the test surface by single spot welds 
at each end. In its construction, it employs high-stability alloys whose 
temperature coefficients of expansion are reasonably closely matched to 
those of high nickel alloys intended for use at elevated temperatures. 
However, there will be some thermal mismatch resulting in an apparent 

ORNL—DWG 79-6399 ETD 

Fig. A.4. Typical response of CERL-Planer strain gage. 



50 

strain output when the welded gage and the specimen are heated. The type 
C-5 gage is designed for use on stainless steel. The manufacturer gives 
the following specifications for the type C-5 gage. 
1. Mechanical details 

a. Transducer body matched to stainless steel 
b. Dimensions: 25 nm M ni x 4 mm high (0.98 in. x 0.16 in. x 

0.16 in. high) 
c. Weight: 0.5 g (0.018 oz) 
d. Strain range: 10,000 ye 

2. Electrical details 
a. Capacitance at 2000 ye: 0.6 to 1.0 pF 
b. Nominal gage factor (at capacitance of 0.7 pF): 100 
c. Operational range: —269 to 700°C (-492 to 1290°F) 
d. Drift rate: At a steady temperature of 600°C (1110°F) with 

standard mounting on a stainless steel surface, long-term drift 
is typically less than 0.02 ye/hr average. Short-term drift 
(including instrument drift) is less than 0.1 ye/hr average 

e. First cycle use: Strain is monitored reliably during the first 
cycle of strain or temperature. Temperature cycle drift (from 
600 to 20 to 600°C) is typically 5 to 10 ye/cycle 

f. Capacitance strain characteristics: Each type C-5 strain gage 
is supplied with individual calibration figures. 



51 

Appendix B 

PROBLEMS ENCOUNTERED IN HIGH-TEMPERATURE 
CAPACITIVE STRAIN GAGE MEASUREMENTS 

This section has been prepared for the benefit of users and potential 
users of capacitive strain gages as an aid in the recognition and resolu-
tion of problems likely to be encountered in similar applications. It is 
comprised from experience at ORNL, with contributions from Elliott8 and 
others through personal communications Csee Acknowledgment Section). This 
experience, for the most part, has been with the Boeing differential-
capacitance system. However, some of the problems incurred may be applica-
ble to the use of the CERL-Planer gage, depending on the system instru-
mentation used. 

B.1 Mechanical damage 
B.l.l Loose capacitor plates have been observed, both on delivery 

and after some initial use. Ceramic cement has been used 
to repair gages in the past; however, Hitec Corporation has 
modified the construction to eliminate this problem. 

B.1.2 Broken leads to the capacitor plates and thermocouples are 
infrequent and can usually be repaired by careful spot 
welding using tweezer-type or miniature hand probes. 

B.1.3 Flexure damage or distortion can cause changes in the 
strain transfer characteristics of the gage and result in 
calibration changes. Gap variations have been observed in 
both types of capacitive gages because of almost undectable 
physical damage. 

Damage can occur even with the most careful procedures. Gages should be 
inspected closely when received and thereafter handled with extreme care. 

B.2 Environmental conditions 
B.2.1 Humidity can cause uncertainties both at the gage and in 

the lead wires (discussed later). This can be especially 
disturbing at room temperature during calibrations and 
should be avoided. At higher temperatures, the problem 
usually disappears. 
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B.2.2 Tv.o cases of materials incompatibility have been detected. 
Zinc, from galvanized bolts, has been identified as the 
cause of platinum lead wire failure. Lead compounds, such 
as solder, should be avoided at high temperatures. Room-
temperature gage installations with soldered connections 
should be removed carefully before proceeding to higher 
temperatures. 

B.2.3 Gages should be covered to protect them from dust and other 
small particulates (such as from insulation) that might get 
between capacitor plates and cause electrical problems. 

B. 3 Electrical malfunctions 
B.3.1 Lead wire—related problems 

B.3.1.1 Moisture retention in quartz-insulated lead wires 
may be caused by impurities sometimes present in 
the quartz. Lithium has been identified as one 
such impurity. Hitec Corporation has spent 
considerable effort to obtain good wire and 

" maintain high purity and should be contacted if 
this type of problem persists. If high humidity 
in the high-temperature lead wire zone is unavoid-
able, sheathed and sealed cables may have to be 
used. 

B.3.1.2 Sharp bends in quartz-insulated wire should be 
avoided because shorting can occur between the 
wire and shield. 

B.3.1.3 Connectors and spot-welded connections have been 
the source of shorts and discontinuities. 

B.3.1.4 Capacitance coupling (crosstalk) has been observed 
when the unshielded section of an excitation lead 
comes to within 25.-4 mm (1 in.) of an unshielded 
section of a signal lead on a nearby gage. When 
gages must be very closely spaced in tight quar-
ters, special foil guarding may be required. 
Other unique situations resulting in crosstalk 
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have been observed and can usually be dealt with 
by shielding or by rerouting wire?. 

B.3.1.5 The high-temperature portion of the lead wire 
should be kept as short as possible. Suscepti-
bility to noise increases with long lead cables. 

B.3.1.6 In early experience, mode card malfunction was 
caused by a peculiar lead wire phenomena related 
to leakage resistance, self-generating current, 
and temperature in the quartz-insulated cable. 
Modifications to the mode card were made which 
essentially eliminated the problem. 

B.3.2 Deterioration of the insulation resistance of the MgO 
terminals after 4000 hr at 593°C (1100°F) was observed, 
which ultimately caused system malfunction. Hitec Corpora-
tion now uses high-purity aluminum oxide insulators to 
eliminate this problem. 

B.3.3 Mode card malfunctions of various types have occurred, and 
spare mode cards are recommended. Calibrations of the mode 
cards should be made periodically. The manufacturer (Hitec) 
should be contacted for persistant mode card malfunction. 

B.3.4 Problems related to gage installation have been encountered. 
Determining the exact gage length from the spot welds on 
the shims can be difficult because the weld is not always 
directly under the probe. Selective location of the spot 
weld can be accomplished by slightly "dimpling" the shim 
and using a thin film insulator such as mica or mylar with 
a tiny hole under the dimple, thereby selecting the exact 
location of the discharge. Other potential problems with 
installation can be eliminated by carefully following the 
installation procedures, which have been revised periodically 
with increased experience. 

B.3.5 Significant uncertainties in the aAT correction for tem-
perature difference between the gage rod and the specimen 
have been found to exist during fast thermal transients [12 
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to 17°C (22 to 30°F)]. High, nonlinear temperature gradients 
have been measured in the gage rod during these downshocks. 
In applications of this type, additional differential thermo-
couples can be added to minimize the uncertainties. Figure 
B.l shows a special gage with three differential thermocouples 
used in fast transient tests. This gage option is readily 
available from Hitec Corporation. 
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Fig. B.l. Boeing gage with three AT thermocouples. 


