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ABSTRACT

A computer-controlled system consisting of a servohydraulic test machine,

an in-house designed test controller, and a desktop computer has been developed

for performing automated fracture toughness and fatigue crack growth testing both

in the laboratory and in hot cells for remote testing of irradiated specimens.

Both unloading compliance and dc-potential drop can be used to monitor crack

growth. The test controller includes a dc-current supply programmer, a function

generator for driving the servohydraulic test machine to required test outputs,

five measurement channels (each consisting of low-pass filter, track/hold

amplifier, and 16-bit analog-to-digital converter), and digital logic for various

control and data multiplexing functions. The test controller connects to the

computer via a 16-bit wide photo-isolated bidirectional bus. The computer, a

Hewlett-Packard series 200/300, inputs specimen and test parameters from the

operator, configures the test controller, stores test data from the test

controller in memory, does preliminary analysis during the test, and records
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sensor calibrations.specimen and test parameters, and test data on flexible

diskette for later recall and analysis with measured initial and final crack

length information. During the test, the operator can change test parameters

as necessary.
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INTRODUCTION

The automation of materials testing equipment is certainly not a recent

concept. Researchers have applied various degrees of automation over the years

with the general objectives of increasing productivity, efficiency, and

consistency. The advent of desktop laboratory computer systems capable of

machine control and data acquisition was the real catalyst in this area, and the

result has been an explosion of computer automation. This is evident from the

relatively narrow technical field for which this symposium was developed. The

applications for computer automation span the entire range of technology. The

characteristics of automated systems are as diverse as the applications,

reflecting the particular needs of the user. Some are hard, dedicated,

inflexible systems which perform precisely the same set of tasks for every

operation, while others have a high degree of flexibility and adaptability. The

needs of the fracture and fatigue testing community span that range. The rapid
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evolution of sophisticated desktop computers, peripheral devices, and other

electronic hardware, in terms of speed and memory capacity, has likewise allowed

for increasingly greater flexibility and capability in the software for test

control, data acquisition, storage, and analysis.

The Fracture Mechanics Group of the Metals and Ceramics Division at

Oak Ridge National Laboratory began a computer automation activity in 1978 for

the purpose of conducting elastic-plastic fracture mechanics tests. The system

has evolved markedly since then, particularly in terms of speed. The need for

test control and rapid data acquisition during fatigue crack growth testing

spurred the development of a high-speed, multichannel test controller. This

paper describes the computer-automated system, test and analysis procedures, and

some test results.

BACKGROUND

Automated testing for evaluation of fracture resistance was largely spurred

by developments in elastic-plastic fracture mechanics. Starting with the concept

of the J-integral by Rice1 and the description of a practical means for

estimating J vs crack extension in test specimens by Rice et al. ,2 the advantages

of computer involvement were apparent. It was the development of the unloading

compliance test method,3 however, which forced the incorporation of computers in

tesc: systems. The unloading compliance test procedure requires excellent test

control, high-precision data acquisition capability, and rapid calculation. The

use of computers for automated unloading compliance testing has been described

by a number of researchers.*-5-6
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Although the unloading compliance technique is an accepted procedure for

determining JIo and J resistance (J-R) curves in ASTM standards, obtaining

accurate and consistent test results is not an easy task. Because the unloading

compliance technique involves a fairly large number of periodic unloading cycles,

usually with a hold period at the start of each cycle to allow for load

relaxation in the system, the testing time can be on the order of one hour. In

many instances, especially those involving remote testing of irradiated specimens

in a hot cell, the high expense of facilities and equipment mandate that all

feasible reductions in testing time be effected. Because the unloading

compliance test requires high-precision measurements of displacement during each

unloading cycle, the extensometer (usually a clip-on displacement gage) is very

important. The extensometer must be carefully calibrated and must be seated in

such a way that effects of error sources such as friction and vibration are

minimized. Testing at low and high temperatures adds temperature shifts in

extensometer calibration as another source of error. The ability to accurately

infer crack length without resorting to unloading the specimen (with the

associated extensometer and sources of error) has made the dc-potential drop (dc-

pd) method for determining the crack length a widely used technique for both

fracture mechanics (J-R)* and fatigue crack growth (FCG)7 tests. Dc-pd is an

important aspect of the testing system and analysis procedures described herein.

DESCRIPTION OF TEST SYSTEM

Figure 1 shows a block diagram of the major components of the interactive

fracture mechanics test system. The computer is a Hewlett-Packard series 200/300

with 4 MB of random-access memory and Hewlett-Packard technical BASIC operating
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system and runs a 1.024-MB test control/data acquisition and analysis program

developed in-house specifically for this application. The computer connects to

the test controller via a 16-bit wide photo-isolated bidirectional control/data

bus. The test controller (prototype shown in Fig. 2) includes a dc-current

programmer for controlling a Kepco model ATE6-100M power supply operated in

current-regulation mode, a ramp and sine output function generator for

programming an MTS or Instron servohydraulic test machine, five measurement

channels (each consisting of 8-pole low-pass filter, track/hold amplifier, and

16-bit successive-approximation analog-to-digital converter) for reading the test

machine signal conditioner and low-noise dc-pd amplifier outputs, and

complementary metal oxide semiconductor (CMOS) digital logic.

The dc-current programmer consists of a 12-bit digital-to-analog converter

and a transformer-isolated output amplifier and can set the output of the

dc-current supply over a range of 0 to 100 A.

Function generator ramp outputs (used in J-R testing) are obtained by using

a 12-bit digital-to-analog converter to set input current to an operational

amplifier integrator; this results in ramp outputs that are smooth and stepless

even at low ramp rates. The range of ramp rates available is split into three

subranges (0.00005 to 0.1 dc V/s, 0.1 to 10 cd V/s, and 10 to 1000 dc V/s) by

switching to different subrange capacitors in the integrator; this results in

reasonable resolution in selection of nominal ramp rate. When the computer

orders the ramp output to hold, the digital-to-analog converter current is

disconnected from the integrator, and the integrator output voltage remains

constant. An auxiliary 12-bit digital-to-analog converter is used to null

integrator input offset currents which would cause integrator output voltage

drift during holds. The test controller has memory locations for up to eight
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ramp segments (consisting of ramp rate and endpoint voltage) which can be loaded

from the computer to generate arbitrary waveforms (such as triangle, trapezoidal,

etc.) Function generator sine outputs (used in FCG testing) are obtained by

feeding a triangle waveform (the sine argument) from the integrator to an

integrated circuit sine wave generator. Amplitude and mean value of the sine

wave are programmed by 12-bit digital-to-analog converters.

The test controller reads the servohydraulic test machine load and extension

conditioner output voltages by means of 16-bit analog-to-digital converters fed

through 8-pole low-pass filters with computer-programmed frequency break points

(usually 10 Hz for a J-R test ar;d 200 Hz for a 20-Hz FCG test) and precision

track/hold amplifiers. The track/hold amplifiers snapshot the respective filter

outputs at the start of each analog-to-digital conversion cycle so that the

signals are not changing during analog-to-digital conversion. Active and

reference dc-pd voltages are amplified by in-house developed low-noise

instrumentation amplifiers and then read with the same type of low-pass filter,

track/hold amplifier and analog-to-digital converter circuitry used for load and

extension channels. The analog-to-digital converters are all triggered

simultaneously (which eliminates time skew between channels), and the readings

are saved in latches (which allows the next analog-to-digital conversion cycle

to start immediately in high-frequency FCG testing) and then multiplexed back

to the computer. The sequence of channel readings multiplexed back to the

computer each analog-to-digital converter cycle (the data frame) are loaded to

the test controller by the computer before the test starts. During the test the

required channels (load and extension for J-R testing and load, extension, active

dc-pd voltage, and reference dc-pd voltage for FCG testing) are automatically

sent back to the computer in the data frame at rates up to 2500 frames/s.
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The test controller contains a cycle counter (advanced by the sine output

of the function generator) and cycle counts can be included in the data frame.

Trigger modes built into the test controller include demand (low speed, used in

J-R tests), pacer (high speed, used in FCG tests) and waveform maximum/minimum.

The test controller is designed to be calibrated and adjusted entirely by the

computer and an external digital voltmeter; no zero or range potentiometers for

the various digital-to-analog and analog-to-digital converters are included or

needed. CMOS digital logic was chosen for low power consumption and adequate

speed (1-MHz clock rate).

Acceptable operation of the test system in test control and data acquisition

depends upon the minimization of noise pickup, primarily 60 Hz. A number of

features provide electrical isolation of system components so that a single-

point grounding system can be implemented. The test controller incorporates

photo-isolation on all input/output lines to the computer and programming lines

to the dc-current supply, the extensometer is electrically isolated from the

specimen by using Teflon spacers between the razor blades and the specimen, and

the specimen grips are electrically isolated from the load frame by ceramic

inserts in the load train ball joints. The single-point ground chosen is that

of the servohydraulic test machine electronics. Heavy-gage grounding cables

connect the test controller data acquisition common, the dc-current supply

output, and the low-noise dc-pd amplifier common to the single-point ground.

Since all system components are initially isolated, no ground loops (with the

inherent 60-Hz noise pickup) are formed by the single-point grounding procedure.

Electrical isolation of the specimen grips also prevents shunting of dc-current

around the specimen. The grounding scheme has proved to be effective in

minimizing noise pickup.
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DESCRIPTION OF EXTENDE!) RANfiE fiT.TP-nN DISPLACEMENT GAGE

For many tests a commercially produced clip-cn displacement gage meets all

requirements for an extensometer, but testing at extreme temperatures or over

extended displacement ranges necessitates the use of an in-house developed clip-

on displacement gage. The in-house gage has an operating temperature range of

-196 to 300°C, and calibration (at 25°C) over a 1.27 to 20.3 mm (0.050-0.800 in.)

displacement range shows a very linear behavior. Because the clip-on

displacement gage is used over a wide temperature range and because the unloading

compliance test technique requires high precision, an experiment was undertaken

to examine calibration shifts as a function of temperature. Calibrations were

performed at -196, -73, 25, 100, 200, and 288°C over a 3.78 to 16.5 mm

(0.150-0.650-in.) displacement range. Third degree polynomial fits were

calculated for the voltage vs displacement data at the different temperatures.

All residuals between the data and fits were 2.5 x 10"* mm (10"5 in.) or less.

Comparison of the fits revealed that first order coefficients for low and high

temperatures varied less than 4% from that at room temperature. A second

calibration at 25 °C following the high and low temperature calibrations agreed

with the original calibration within about 1%. Because the temperature effects

were found to be relatively insignificant most testing and analysis is done with

calibrations performed at room temperature, not at test temperature. It should

be noted that the term "calibration" as used above refers to a process of

relating binary data values to corresponding engineering unit results using a

higher-order polynomial function, not to a determination of strain errors based

on a linear function (as in ASTM E 83).
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DC-POTENTIAL DROP CALIBRATION

For accurate determination of crack length with the dc-pd technique, an

accurate calibration relating dc-pd voltages and crack length is essential.

Johnson8 developed a relatively general relationship used by many researchers,

and other calibrations are presented in the literature for various fracture

mechanics specimens,9'10 including an experimental and numerical analysis* of

the compact specimen. For this program, however, a stuly was undertaken to

examine the effects of potential drop and current input lead locations on the

calibration using both experimental and numerical methods. This paper summarizes

that study; a comprehensive discussion will be published separately.

Aluminum sheet specimens 3.17 mm thick (0.125 in.) were fabricated with

overall planar dimensions eight-times those of the standard 1/2T compact (C(T))

specimen in ASTM E 813. The dc-pd voltages across the specimen slot, using

various combinations of current input lead and dc-pd voltage (both active and

reference) lead locations, were measured for a series of specimens having very

narrow slots of lengths (ratio of crack length to width, a/W) from 0.25 to 0.95.

The probes for each specimen were spot-welded in place. Figure 3 shows the

finite-element mesh and one combination of dc-pd lead locations investigated for

the 1/2T C(T) specimen configuration. The ADINAT finite-element code was used

to numerically determine calibrations for the same combinations of variables.

A comparison of the experimental and numerical calibrations is shown in Fig. 4.

The results are in excellent agreement and validate the use of the numerical

aralysis techniques to provide reliable calibrations for different geometries

and probe locations. All of the results are based on ratios of pd-active and

pd-reference voltages. This approach cancels out the effects of slow changes
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in dc-current, changes in specimen electric resistance caused by slo./ changes

in test temperature, different specimen materials, and different specimen sizes;

one fourth-order polynomial fit to the aluminum sheet specimen data shown is used

for all J-R and FCG testing.

ELASTIC-PLASTIC FRACTURE MECHANICS TESTING

Fracture mechanics tests are performed to evaluate plane-strain fracture

toughness, KIc, ductile fracture initiation toughness, JIc, J-R curve behavior,

and an elastic-plastic determination of toughness at the onset of cleavage, KJc.

The KJc is determined by calculating the J-integral at the onset of cleavage, Jc,

then using the equation, Kjc — ./(EJC), where E is Young's modulus. The test

specimen is usually the C(T) geometry, although modifications to the software

can be implemented . o allow for virtually any specimen geometry providing the

operative analytical equations are known. The system has been used with 89 kN

MTS, 445 kN MTS, and 890 kN Instron (20, 100, and 200 kip, respectively)

aulic test machines.

TEST PROCEDURES

Before the test starts the computer prompts the operator for information

regarding servohydraulic test machine in use, specimen dimensional and material

information, test temperature, crack length determination method (unloading

compliance and/or dc-pd), and displacement rates for leading and unloading.

J-R tests are usually conducted in strain control with feedback to the

servohydraulic test machine derived from a clip-on displacement gage seated on
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razor blades usually positioned at the specimen load line, although other

locations can be accommodated. A series of computer prompts specifies initial

settings for all servohydraulic test machines switches and controls and the

correct sequence for mounting the specimen in the grips, turning on hydraulic

pressure, etc.

After the specimen is equilibrated at test temperature, but prior to the

actual testing, the specimen is cycled between high and low loads (both loads

are chosen to be less than the maximum load used in precracking the specimen)

twice to seat the clip-on displacement gage on the razor blades. The program

displays a plot of specimen load vs displacement and prompts the operator

regarding satisfactory gage seating. The next step involves the acquisition and

averaging of 60 dc-pd readings (taken over about a 1.5-s interval) to determine

the initial values of pd-voltages which will be used to calculate the dc-pd value

for initial crack length. The specimen is similarly cycled a third time to

obtain the initial value of compliance which, together with the previously

entered estimate for initial crack length, is used to calculate an effective

modulus (as specified in ASTM E 813). Additionally, a correction factor which

forces the extrapolated load-displacement trace through the origin is calculated

and applied to all subsequent displacement data.

If the operator accepts the value for compliance, the test starts. The

initial slope of the load-displacement trace is used to determine the 95% secant

offset line as described in ASTM E 399. As the load increases, the computer

continually calculates the corresponding secant offset line displacement. When

three successive specimen displacements exceed that of the secant line, assuming

the specimen had not failed during loading, the load at which the trace crossed

the secant line is designated Pq. Loading is continued until a load
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corresponding to 1.1 x Po is reached, and a hold period, generally 10 to 20 s

long, is initiated to allow for load relaxation in the system. The target load

of 1.1 x PQ was selected based on the provision in ASTM E 399 that a maximum load

which exceeds that value negates the determination of a valid KIc. The intent

is to preserve the purity of a test which experiences brittle fracture under

conditions which might result in a valid KIc. During the hold period, the

computer acquires and stores 60 readings of both pd-active and pd-reference

voltages with full current and zero current. The zero-current readings are used

to subtract out electronic drift and thermal emf effects. At the completion of

the hold period, the specimen is unloaded, then reloaded and another hold period

started. The amount of unloading is dependent on the accuracy of the compliance

determined during the previous unloading (a statistical analysis of the unloading

data is performed). If the current-cycle compliance accuracy is unsatisfactory,

the unload-reload sequence will be repeated with a greater amount of unloading.

The maximum unloading allowed is 50% of the load at the end of the first hold

period and is generally about 15%.

During the second hold, the pd-active and pd-reference voltages with full

and zero current are used to calculate the dc-pd value for crack length and the

compliance and effective modulus are used to calculate the unloading compliance

value for crack length. These results, the load, extension, area under the load-

displacement curve, and J-integral at the end of the cycle are all output to the

printer, and a plot of J vs crack extensions is displayed on the CRT before

continuing the test.

The displacement increment for the next test cycle is calculated as a

percentage (specified by the operator as one of the test parameters) of the

displacement at the first unloading point (1.1 x PQ). Use of that increment
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continues until the J vs crack extension curve crosses the second exclusion line

as defined in ASTM E 813. After that, each succeeding displacement increment

is calculated as a percentage of the previous displacement so that the

displacements become progressively greater as the test continues. The load-line

displacements are also corrected for changes in specimen geometry with large

openings.11 The test is stopped automatically when the specimen fractures or the

target end displacement is reached, or when the operator intervenes. Then the

computer does final calculations for estimated crack length, crack extension,

load, displacement, area under the load vs crack extension curve, and J-integral.

If the specimen did not fracture, the crack front is marked. For steels the

specimen is heat-tinted at about 300°C until the surfaces are obviously

discolored, and then broken open after being cooled in liquid nitrogen. For

other materials, such as aluminum, the crack front is marked by fatigue cycling

for several thousand cycles and then broken open.

ANALYSIS PROCEDURES

The length of the fatigue precrack and the final crack length are measured,

as prescribed in ASTM E 813, using a digital measuring microscope. The computer

analysis routine uses the measured initial crack length value and the compliance

determined at the initial test unloading to calculate an effective modulus (the

equation in ASTM E 813 is used) which is used for the balance of the analysis.

If dc-pd data is to be analyzed, a plot of pd-voltage ratio vs displacement is

displayed on the CRT and the operator prompted to determine the point at which

crack opening effects were complete (usually the start of an initial linear

relation between the pd-voltage ratio and the displacement), and the dc-pd
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polynomial function is normalized to give the measured initial crack length for

the pd-voltage ratio at that point. This procedure differs from that described

by Lowes and Fearnehough,12 and used by others,13"15 and investigations to

determine which of the procedures gives the more reliable results are continuing.

Any combination of three different J-integral formulations may be

calculated: (1) the deformation J given in ASTM E 1152, (2) the so-called

modified J of Ernst16 (formulated to account for crack extension), and (3) the

Merkle-Corten J17 (formulated to account for the tensile component in compact

specimens). The selected J values, crack length information, etc., are printed

in SI and/or English units for each test cycle. Portions of the load vs

displacement curve showing PQ and maximum load can be displayed on the CRT and

dumped to the printer if the operator chooses. A value of KQ is calculated

according to ASTM E 399, and J values are calculated at maximum load and the

point of unstable fracture (Jc). The value of Kg is evaluated for ASTM E 399

validity and, if appropriate, designated a valid KIc. Final measured crack

length is compared to those predicted by unloading compliance and dc-pd analyses,

and the differences in crack extension printed. The BIc adjustment described by

Merkle,18 to account for loss of constraint in the transition region of ferritic

steels, is used to adjust the KJc value to a KOc.

The operator can invoke a power-law regression routine which fits the

selected J vs crack extension results. The routine displays the results and the

power-law fit on the CRT and prompts the operator to accept the fit; if the fit

is rejected, any suspect test results may be excluded and the regression
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repeated. Once the fit Is accepted, the power-law fit plot (including ghosted

symbols for any excluded results) is dumped to the printer, JIo is determined in

accordance with ASTM E 813, and the tearing modulus19 is calculated.

The agreement between final measured and predicted crack extensions is

generally within 5% and rarely exceeds the 15% criterion in ASTM E 813. This

is true for both unloading compliance and dc-pd analyses. Figure 5 shows a

representative example of a J-R test result obtained with this system and test

procedure. At the 538°C (1000°F) test temperature, pin rotation problems caused

very poor crack length prediction by the unloading compliance technique, but the

dc-pd predictions were excellent. Future research in this area will involve the

use of dc-pd techniques to infer crack extension in a high-rate J-R test. Some

of the known problems associated with high-rate loading are discussed in the

following section on fatigue crack growth rate testing.

FATIGUE CRACK GROWTH TESTING

A primary motivation for the development of the test controller was the

desire to obtain precision measurements of load, displacement, and dc-pd voltages

at high rates during FCG testing. Many examples of computer-controlled fatigue

crack growth rate testing are available in the literature,20-21 and the methods

for acquiring and analyzing the data are varied. Likewise, the methods for

determining crack length are varied, not only in terms of the measurement

technique (unloading compliance and dc-pd), but also in terms of data and

waveform analysis. In the case of dc-pd, for example, some experimenters read

the peaks of the voltage waveform during cycling, while others choose to collect
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data over a specific region on the waveform. All the techniques are chosen with

the goal of obtaining the most representative dc-pd voltages for the crack length

at the time of the reading.

One of the primary problems associated with this type of cyclic testing is

the occurrence of large fluctuations in the dc-pd signals. These fluctuations

have been identified by various investigators22'23 to be due to inverse

magnetostriction effects, the so-called Villari effect. This effect exists when

strain applied to ferromagnetic material induces anisotropy of magnetic

properties. Davis and Plumbridge2* conducted an extensive investigation of these

effects. They reported that the fluctuations are proportional to strain rate

and that crack closure effects are minor by comparison.

During experiments for this program using a IT C(T) specimen instrumented

as described for J-R testing and a multi-channel digital oscilloscope, similar

large fluctuations were recorded at load cycle frequencies ranging from 0.1 to

30 HZ. The oscilloscope traces were taken with full current and zero current,

with and without cyclic loading. Figure 6 shows one example of the waveforms

obtained from such an experiment. The use of high-capacitance electrical filters

to eliminate the fluctuations was rejected because of the waveform distortion

and interchannel phase shift problems caused by that approach; instead, various

data manipulation strategies were investigated. The result of these studies was

the development of a technique using pd-voltage sampling over complete load

cycles with full and zero dc-current. The full and zero current technique (which

avoids the need for bipolar dc-current supplies or current-reversing switch

contacts in the current path) cancels errors due to thermal emf and slow dc-

electrical drift in the pd-voltage amplifiers. Integration of the pd-voltage
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readings from a load cycle gave mean values for pd-active and pd-reference

voltages that were within 0.5% of the voltages read in the static load case.

After incorporating the sampling and analysis techniques in computer

software that could exercise the test controller, the test system described for

J-R testing was used to perform similar experiments and to verify that the test

controller is capable of conducting tests at load cycle frequencies up to 30 Hz.

For each pd-voltage sampling, the load, pd-active and pd-reference voltage

waveforms are read twice, once with full current and once with zero current.

About 100 readings are taken for each waveform to be sure that at least one load

cycle will be covered from start to end. The zero current readings are

subtracted from the corresponding full current readings (correspondence is

determined by reference to the load waveform), and the results averaged to obtain

one reading for each voltage. For a test conducted at 20 Hz, the test variables

are sampled (read with full current, dc-current supply programmed for zero

current, read again, and dc-current supply programmed for full current) and

manipulated within about 1.5 s. The software contains logic to determine if a

data point is significant based on the change from the last crack extension

value. If a point is determined to be significant, the load, pd-active and pd-

reference voltage waveform data for that cycle are saved along with cycle number

and the crack extension data point. The testing performed so far has yielded

very promising results. Software for the test system and analytical techniques

described is being developed for various types of FCG tests (constant load,

constant K, decreasing K, constant K^-increasing R ratio, etc.), and specific

test results will be reported separately.
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SUMMARY

A computer-controlled system has been developed for J-R and FCG testing.

The test system is comprised of a laboratory desktop computer running

calibration/test/analysis software, test controller, dc-current supply, and

servohydraulic test machine. Development of the computer software and the test

controller in-house ensures an open system that can be adapted to meet changing

J-R and FCG test requirements. A modular approach in software development

insures that operator interaction, error checking and recovery, and test

controller utility subprograms can be readily applied to other testing such as

tensile, crack-arrest, fatigue, etc. The test controller provides high-speed,

high-precision test control and data acquisition. Both unloading compliance and

dc-pd techniques can be used to monitor crack extension for J-R tests. Dc-pd

is used for uninterrupted FCG testing at load cycle rates up to 30 Hz. Test

errors, such as those due to inverse magnetostriction effects (Villari effect)

and thermal emf effects, are eliminated by a full current/zero current, full

waveform sampling and averaging technique.
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LIST OF FIGURE CAPTIONS

Fig. 1. Block diagram showing the components of the ORNL computer-

controlled fatigue and fracture testing system.

Fig. 2. ORNL test controller that comprises a multi-output function

generator, dc-power supply programmer and CMOS logic on the top plane, and five

channels of analog-to-digital conversion and low-pass filters on the lower plane.

Fig. 3. Finite-element mesh used to perform numerical calibration for

dc-potential drop calibration for C(T) specimen. Current input and potential

voltage lead locations are also shown for one particular combination.

Fig. 4. Comparison of numerical and experimental dc-potential drop

calibrations for the C(T) specimen design and lead locations shown in Fig. 3.

Fig. 5. Comparison of J vs crack extension results obtained simultaneously

during a test of a C(T) specimen using unloading compliance and dc-potential drop

crack measurement techniques.

Fig. 6. Typical waveforms obtained from dc-potential drop experiments with

full current and zero current, with and without load, with and without cycling.
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