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Foreword 

The symposium on Automated Test Methods for Fracture and Fatigue Crack 
Growth was held in Rttsburgh, Pennsylvania, 7-8 November 1983. ASTM 
Committees E-9 on Fatigue and E-24 on Fracture Testing sponsored the sym
posium. W. H. CuUen, Materials Engineering Associates, R. W. Landgraf, 
Southfield, Michigan, L. R. Kaisand, Greneral Electric R&D Center, and J. H. 
Underwood, Benet Weapons Laboratory, presided as symposium chairmen 
and are editors of this publication. 
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STP877-EB/Oct. 1985 

Overview 

With the rapid advances in the incorporation of automated data acquisi
tion and processing capabilities into many mechanical testing laboratories, it 
has become increasingly possible to conduct many experiments entirely under 
computer control. Computers, data loggers, and measurement and control 
processors, together with load cells, displacement gages, and their condition
ing circuits, or electric potential-drop systems, have created an entirely new 
set of opportunities for the improvement of fatigue and fracture tests that 
were formerly conducted under essentially manual control using optical or 
simple analog methods of data acquisition. The existing ASTM standards for 
fatigue and fracture testing, while they are carefully worded so as to allow 
incorporation of automated techniques, do not specifically set down the 
methods for performing tests with fully automated test facilities. Since auto
mated testing is possibly the present, or certainly the future, for many labora
tories, many of the applicable standards face rewriting, or will require an
nexes (appendices) to specifically establish the requirements for automated 
methodologies. 

The Symposium on Automated Test Methods for Fracture and Fatigue 
Crack Growth was held in Pittsburgh, PA on 7-8 November 1983 to provide a 
forum for researchers using automated systems to describe their techniques, 
and to discuss especially the methods used to establish conformance to, or 
exceed the requirements of, the various ASTM standards for fatigue and frac
ture which were used as the basis for the test. The contributors were asked to 
provide descriptions of the techniques used in their test systems, and to ad
dress how they qualified their systems to assure that the data conformed to 
the existing ASTM standard test practices. The contributions to the sympo
sium covered a wide range of techniques and test objectives, and were pro
vided by scientists from laboratories all over the world. The symposium was 
very well attended at all three sessions. The first two sessions addressed tech
niques used for fatigue and fatigue crack growth rate testing, and the final 
session dealt with techniques for fracture testing. 

The arrangement of contributions to this STP follows the order of presenta
tion at the symposium. In the final analysis, the authors provided more de
scription of their test systems, and somewhat less description of the ways in 
which the systems conformed to, or exceeded, the requirements of the appli
cable ASTM standards. Thus, techniques for assuring accuracy and preci
sion of these automated methods have still not been subjected to the kind of 

1 
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2 AUTOMATED TEST METHODS FOR FRACTURE 

open forum which may be required before there is general acceptance of a 
particular methodology. 

Systems for Fatigue and Fatigue Cracic Growth Testing 

Thirteen papers have been contributed in this category. 
The paper by Miller and co-authors from the University of Illinois takes 

advantage of this university's long involvement in the development of comput
erized test control and data acquisition instrumentation. The history of labo
ratory computers is reviewed, and a description of a current system design is 
provided. Several computer-to-computer communication protocols are men
tioned, since these are necessary for passing data from one laboratory loca
tion to another. Lastly, the general impact of these current advances on stan
dards writing is discussed. 

The use of a personal computer to monitor sustained load cracking test 
progress at several test stands is described by Meyn et al. This system has the 
advantage that data are acquired in proportion to the rate of change of the 
test specimen response; that is, when the loads or displacements of the speci
men are changing rapidly, data acquisition is frequent, but when crack exten
sion in the specimen is in an incubation stage, data acquisition is quite infre
quent. The criteria for rejection of false data are discussed. 

Vecchio and colleagues describe an automated system for fatigue crack 
growth that has been used on compact and three-point bend specimens over a 
wide range of growth rates, for both metals and polymers. The influence of 
overloads on crack closure, and therefore on the compliance technique for 
monitoring crack extension, is discussed. 

Catlin and co-workers discuss a novel approach to the use of direct-current 
potential-drop methods in aqueous environments. Careful consideration has 
been given to the possibility that the currents and voltage levels used to pro
vide the potential-drop capability might interfere with the corrosion potential 
of the specimen. This paper also describes the techniques used to assure that 
the systems have long-term stability, low noise, and can be applied to a num
ber of specimen geometries and crack shapes. 

Scientists at larger laboratories may be interested in the discussion of a 
distributed system approach to computerized test practice described in a con
tribution by Topp and Dover. In particular, the authors discuss their applica
tion of an alternating-current method of crack extension determination, and 
its application to somewhat large test specimens and nonstandard geome
tries, such as tubular joints, and threaded sections. 

One of the most tedious of the fatigue crack growth experiments is the de
termination of near-threshold data. Systems for this application are de
scribed in contributions by Sooley and Hoeppner and by McGowan and Keat
ing. The McGowan/Keating system measures crack extension by both the 
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OVERVIEW 3 

compliance and potential-drop methods, and controls the rate of change of 
applied cyclic stress-intensity factor, AK, to a user-selected value. The proce
dures for selecting the locations for the potential probes, and the methods for 
assuring that the crack is fully open, before making a potential measurement, 
are pointed out. Sooley and Hoeppner discuss their approach to the near-
threshold growth rate test practice using a very inexpensive controller. The 
authors indicate that this system meets the existing requirements of the 
ASTM Test Method for Constant-Load-Amplitude Fatigue Crack Growth 
Rates Above 10"* m/Cycle (E647-83), and the proposed requirements for 
threshold testing. 

Fatigue crack initiation from a blunt notch is a study requiring extremely 
high sensitivity measurement techniques, and a paper by Kondo and Endo 
presents a unique approach to this problem. Compact specimens were instru
mented with back-face strain gages, and a special analog processing circuit 
was constructed to subtract an offset voltage from the resultant signal output, 
thus allowing high amplification of the incremental output from the gage. 
Using this system, the authors were able to detect extremely small crack ex
tensions, and found that initiation from a blunt notch occurred much earlier 
in the specimen life than had been expected. 

There are some attractive advantages to conducting a constant AK experi
ment, making it easier to concentrate on the other critical variables that may 
affect fatigue crack growth rates. Van Der Sluys and Futato review their expe
riences with a four-station data acquisition system that controls all the as
pects of test practice, from setup through test termination, including changes 
in test frequency and loading parameters that may be required at various in
tervals in the test schedule. 

Fatigue crack growth of part-through cracks in flat specimens, sometimes 
called surface-defected panels, is very applicable in the sense that these flaws 
are more geometrically similar to those that actually occur in service. Van-
Stone and Richardson describe very carefully the experimental methods and 
calculations which are involved in the testing of such specimens, and discuss 
some of the techniques needed to derive the crack aspect ratio. They also dis
cuss the effect of net section stress on aspect ratio and growth rates. 

The use of surface-bonded resistance gages to measure crack extension is 
described in a contribution by Liaw and co-workers. Various forms of these 
gages have been used in air, salt water, and wet hydrogen, and a plasma-
sprayed version is being evaluated for high-temperature testing. The gages 
have been used to monitor growth of short cracks, and have also been shown 
to generate, for longer cracks, data that are in good agreement with data from 
compliance and optical methods of crack length determination. 

Testing of irradiated materials is the subject of a paper by Tjoa and co
authors. Of necessity, these specimens must be tested remotely, and use of 
both compliance and potential-drop methods are described. The discussion 
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4 AUTOMATED TEST METHODS FOR FRACTURE 

focusses on the computer algorithm used and on the errors which may be 
incurred in either method. 

Cheng and Read discuss a system for high-frequency constant-amplitude 
and near-threshold testing that has been used for testing cast stainless steels 
at liquid helium temperatures. This system utilizes a digitizing oscilloscope to 
capture the rapidly varying load and displacement signals. The use of an ef
fective modulus to match the computer calculated and optically measured 
crack lengths is discussed, along with the requirements for overprogramming 
the servohydraulic system to achieve the high test frequencies. 

Systems for Fracture Testing 

Four papers have been contributed in this category. 
The first paper provides an interesting crossover since it discusses the elas

tic plastic parameter, J-integral, as it can be used in low-cycle fatigue. Joyce 
and Sutton describe the automated test method used to calculate and apply 
the desired J-integral range, and to measure and correct the loads for crack 
closure, in real time. 

JoUes describes an automated system for R-curve measurement using ei
ther compact or bend specimens. The criteria for hardware selection based on 
the required sensitivity are discussed, and the use of the direct-current elec
tric potential-drop method is presented. The potential-drop technique elimi
nates the need for frequent partial unloadings in order to obtain a compliance 
measurement. 

Saario and co-workers present results on the elastic-plastic fracture testing 
of compact, round compact, and three-point bend specimens. An automated 
system has been used to carry out these tests in accordance with the proposed 
ASTM R-curve test procedures. The rate of load application has been shown 
to affect the correlation coefficient of the unloading compliance. 

The final paper in this section presents a methodology for measuring the 
errors involved in automated systems used for fracture testing. Jablonski 
shows how the various contributions to errors in the load, crack opening dis
placement, and specimen modulus enter into the J-integral and crack exten
sion calculations. A comparison of the results from compact and three-point 
bend specimens shows that the tearing modulus is different in the two geome
tries. The effect of side grooves and a/W^ratio on the R-curve is also described 
in some detail. 

The overall evaluation of this symposium is that there were a number of 
contributions which described interesting and unique approaches to the top
ics of automated testing, and indirect measurement of fatigue and slow-stable 
crack growth. However, it is obvious that there is no consensus about the ex
act procedures, calibration methods, or post-test data processing that would 
be necessary before standards can be drafted for the test methods involved in 
this research. However, the editors are certain that standardized test methods 
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OVERVIEW 5 

are feasible at this time, and in fact, at the time this overview was drafted, an 
effort to write an appendix for ASTM Method E 647 to incorporate compli
ance methods of crack length determination was underway. On the fracture 
side, a full-fledged standards writing effort for J-R curve determination, us
ing the unloading compliance method, is nearing completion. It seems likely 
that, as time goes on, other standards for mechanical test practice will be 
modified or created to take advantage of computerized laboratory 
techniques. 

W. H. Cullen 
Materials Engineering Associates, Lanham, 

MD 20706; symposium cochairman and 
coeditor. 
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Norman R. Miller, ^ Dennis F. Dittmer, ^ and Darrell F. Socie^ 

New Developments in Automated 
Materials Testing Systems 

REFERENCE: Miller, N. R., Dittmer, D. F., and Socie, D. F., "New Developments in 
Automated Materials Testing Systems," Automated Test Methods for Fracture and Fa
tigue Crack Growth. ASTM STP 877, W. H. Cullen, R. W. Landgraf, L. R. Kaisand, 
and J. H. Underwood, Eds., American Society for Testing and Materials, Philadelphia, 
1985, pp. 9-26. 

ABSTRACT: This paper traces the development of automated materials testing systems 
over the past ten years. The rapid reduction in computing hardware costs in recent years, 
coupled with fundamental improvements in computing systems design, has led to the de
velopment of a new generation of test control systems. The paper focuses on recent devel
opments in this area at the University of Illinois at Urbana-Champaign. 

The paper describes in detail a microcomputer-based controller designed to be used 
with a standard servohydraulic test frame. The controller uses menu-driven software 
which permits the operator to set up and execute tests, sample and store data, and trans
fer the collected data to a host computer system for data reduction and archival storage. 
Currently, software exists to perform standard low-cycle fatigue tests and other related 
test procedures. The software is designed to permit ease of operation and reduce the 
chance of operator error. In addition, numerous checks are performed during the course 
of a test to assure that the test is carried out in accord with ASTM specifications where 
applicable. 

The paper contains a discussion of digital communications as they relate to the materi
als testing laboratory. The growing array of computing hardware in the testing laboratory 
necessitates the careful selection of communication techniques to match the needs of each 
application and the laboratory as a whole. The paper concludes with a discussion of the 
impact of new testing techniques on testing standards. 

KEY WORDS: automated testing, computer control, data acquisition, data transmis
sion, standards 

The use of computers in the fatigue and fracture test laboratories has 
evolved steadily over the past ten years. Prior to this time, essentially no com
puter capabilities existed in conjunction with actual machine control or real-

' Associate profesor, research associate, and associate professor, respectively, Department of 
Mechanical and Industrial Engineering, University of Illinois at Urbana-Champaign, Urbana 
IL 61801. 
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10 AUTOMATED TEST METHODS FOR FRACTURE 

time data acquisition tasks. The servohydraulic test frames used to conduct 
fatigue and fracture tests were instrumented with analog function generators, 
mechanical relay counters, digital volt meters, X-Y recorders, etc. In the 
hands of well-trained technicians, this test instrumentation sufficed to allow 
the execution of a considerable variety of still relevant materials tests: low-
cycle fatigue, constant-amplitude crack growth, tension tests, Ki^ tests, etc. 

This type of test instrumentation limited test control capabilities to a very 
narrow range of options. First, only the feedback transducer variable could 
be directly controlled, that is, either load, strain, or stroke; secondly, the 
command history was essentially limited to either a monotonic ramp or a con
stant-amplitude sinusoidal or triangular waveform. Also, the data acquisition 
instrumentation (of which the X- Y recorders were probably the most relied 
upon) left much to be desired. For analysis of test results it was necessary to 
"digitize" X-Y recorder traces by manual techniques; that is, technicians 
were required to pick data points off the graph paper and laboriously gener
ate relatively small data banks of test results. Not only was this undesirable 
because of the consumption of time in generating the data, but also because 
the accuracy of the data was always uncertain due to operator subjectivity in 
the "data acquisition" process. The data so acquired were usually transfered 
to a mainframe computer system (if available) for data analysis purposes; this 
was accomplished by technicians inputting the data via a remote terminal or a 
keypunch machine. Thus, in the late 1960's, the computer served a very lim
ited role in materials testing. 

The initial two areas where materials researchers sought improved test ca
pabilities were those of command history generation and data acquisition. 
Some attempts were made with analog computer systems (operational ampli
fier technology) to provide increased capabilities {1\. However, the results of 
such endeavors, although quite interesting in some cases, did not justify the 
time consumed in developing and setting up analog computer control or 
"data acquisition" systems. Such systems did not really get to the root of the 
problem of improving control and monitoring capabilities. 

One of the first computer systems to successfully address this problem was 
partially developed at the University of Illinois by MTS Systems Corp. [2] in 
1974-1975. This system utilized a DEC 11/05 minicomputer, core memory, 
dual cassette tape drives for program storage and data storage, and digital-to-
analog and analog-to-digital (D/A and A/D) converter systems for command 
waveform generator and data acquisition, respectively. The system ran un
der an MTS enhanced version of BASIC, which allowed users to develop their 
own test programs. This system proved quite successful; for the first time it 
was possible to automatically execute fatigue tests that involved complex 
command histories, coupled with various on-line data acquisition protocols. 
The "automation" of the incremental step test (used to characterize the cyclic 
stress-strain curve) is an apt example of the complexity of the tests that were 
automated using this system. Through the use of this system it became obvi
ous to materials test researchers that both simple and complicated tests could 
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MILLER ET AL ON NEW DEVELOPMENTS 11 

be performed with relative ease once the specific software (on the specific 
computer system) was developed; test setup and data analysis time were dras
tically reduced through the use of computer-controlled systems. 

These positive aspects of the use of digital computers for control and moni
toring of materials tests were offset by one major negative aspect—the prohib
itive costs of such systems. It was simply not feasible for test laboratories with 
numerous test frames to allocate funds for updating each test frame with a 
dedicated (mini) computer system complete with central processing unit 
(CPU), mass storage device, terminal, machine interface circuitry, etc. Two 
principal methods of dealing with this problem surfaced, at least conceptu
ally: (1) time sharing systems and (2) distributed processing systems. These 
two approaches are discussed in some detail later in this paper. Briefly, how
ever, they both utilize the same idea of individual test frames sharing most 
major (expensive) peripherals, that is, line printers, mass storage devices, and 
host computer systems. The principal difference between the two systems is 
that with time sharing systems, the host computer is used on a time sharing 
basis to control and monitor the tests at each test frame. The distributed pro
cessing system requires that individual computers control each test frame in
dependently and be linked by a communication network to the host computer 
system. MTS Systems Corp. opted to develop time share systems. These sys
tems utilized DEC computers (11/34's) running under an MTS enhanced ver
sion of multiuser BASIC. The authors' personal experience with these sys
tems proved that such systems could be useful tools for materials testing 
within a limited framework of application. Primarily, these systems should be 
classified as single-user multitask systems; the fact that each test frame con
troller shared time and real-time system resources with all of the other test 
frames being controlled dictates that each test frame controller be restricted 
(by the one user) on the amount of system resources that it can utilize at any 
given time. This meant that the test frequencies, data acquisition rates, and 
mass storage transfers were necessarily limited on each test frame station. 
The distributed processing approach, while apparently receiving considerable 
attention, has not (up to the present) seen any significant development by the 
major test systems manufacturers. The reason for this is not exactly clear, but 
it is the principal reason why such a system has been developed here at the 
University of Illinois. In a true multiuser environment, where much of the use 
concerns new research techniques, the time share system has proven inade
quate. The distributed processing approach, which provides a real degree of 
independence for individual test frame users, is believed to be a solution to 
this inadequacy. 

Recent Developments in Computing Systems 

The development of electronic computing systems, at present, is probably 
the most dynamic field in engineering. Since the early 1950's, the speed of our 
largest computing systems has been increased by a factor of two, on the aver-
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12 AUTOMATED TEST METHODS FOR FRACTURE 

age, every two years [3]. At the same time, the cost (or more correctly, cost for 
a given level of function) of our small computer systems has fallen dramati
cally. This latter event is the more important from the perspective of the sub
ject of this paper. It is the result of the development of Very Large Scale Inte
grated (VLSI) circuits. Integrated circuits containing close to one-half million 
individual components are currently in production [4]. Such circuits have the 
following characteristics. 

1. Once in production, the unit cost of a VLSI circuit (chip) is low. 
2. The nature of the technology yields devices of very high reliability. 
3. VLSI circuits require relatively small amounts of power for their opera

tion. 
4. VSLI-based computers are inherently slow (about one million instruc

tions per second) in relation to more traditionally designed computers [3]. 

This background sets the stage for a discussion of the organization of an 
automated materials testing laboratory and the computing hardware avail
able for its implementation which follows. 

Organization of Computing Hardware in an Automated Materials 
Testing Laboratory 

The tasks which can reasonably be assumed by automated materials testing 
equipment are as follows: 

1. Provide a smoothly functioning man-machine interface for the initiation 
of a test (that is, aid in specimen insertion, calibration checks, test definition, 
and the like). 

2. Control the independent variables in a given test. 
3. Monitor all test variables for out-of-range or out-of-specification condi

tions. 
4. Capture and store all needed raw test data. 
5. Detect end of test conditions and stop test. 
6. Reduce raw data acquired during a test. 
7. Output reduced data in man-readable form (charts, graphs, and tables). 
8. Store test results in a database for future reference. 
9. Provide database management tools to manipulate the stored test 

results. 

In principle, all the requirements listed above could be met by a single com
puter system operating under a good real-time operating system. Such a labo
ratory design can be represented schematically as shown in Fig. 1. The data 
lines linking the central computer may carry both analog and digital data. 
Such a scheme has one major advantage. A relatively expensive computer can 
be shared by a large number of test stations. The drawbacks of the system are 
numerous: 
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1. Operation of the laboratory is dependent on one computer. 
2. A heavy control and computation load on the computer from a single test 

frame can severely restrict the performance of all other test stations. 
3. Typically, a rather large compliment of digital and analog hardware is 

required at each test frame. 
4. If the system is designed such that the data lines carry analog informa

tion, a reduction in signal quality by transmission over long lines can result. 
The alternative of transmitting only digital information requires more hard
ware at each station. 

The control scheme shown in Fig. 1. is the classic "computerized factory" 
model [5]. In manufacturing systems, this model has been largely replaced by 
some variation on the distributed system model shown in Fig. 2. As applied to 
materials testing, such a system partitions the nine automation system tasks 
listed at the start of this section into two parts. Tasks 1 through 5 or possibly 6 

^Central 
Computei 

with 
Mass 

Storoge 

Data Lines 

Test Frame Test Frame 

FIG. 1 —Single-processor laboratory design. 
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Mass Storage 

Output 
Devices 

.[Z 
Master 
System 

•^Data Cable 

{i 
Test Frame Controller 

,n n n. 
Test Frame 

Test Frame 

FIG. 2—Distributed laboratory control design. 

are carried out by the individual test frame controllers. The balance of the 
tasks can usually be more efficiently and economically carried out by the mas
ter computer system. The important point is that the effects of failure of any 
computer are localized. Even failure of the master system need not stop labo
ratory operations. Tests in progress can continue without interruption. Such 
a system can be designed so data can be transmitted to a secondary computer 
if a test is completed and the master system is not prepared to receive data. 

There are many variations on the scheme shown in Fig. 2. All of them share 
the common characteristic of robustness. Their advantages are compelling; 
historically their only disadvantage was cost. Current advances in computer 
design have greatly reduced the importance of this disadvantage. 

Range of Hardware Choices for Laboratory Implementation 

The range of computer hardware currently available for implementation of 
automated testing laboratories can be overwhelming. An effort will be made 
to classify the candidate systems and briefly discuss the strengths and weak-
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nesses of each. No attempt will be made to provide detailed data on given 
systems—this sort of information is published by computer system manufac
turers. While a large mainframe could be the basis for a materials testing 
laboratory, we will limit discussion to logical candidates. 

At the top of the range in price and performance is the minicomputer. 
These systems are normally too costly to dedicate to a single test station. They 
are good candidates for the job of a laboratory master computer, particularly 
if the laboratory has need of a machine capable of large calculations. Good 
database management software can be purchased for these machines, and 
they can support peripherals such as high-quality plotters, line printers, and 
interactive graphics terminals. Incidentally, the distinction between mini-
and microcomputers is becoming blurred. Many computers of this class are 
currently based on VLSI circuitry. In any case, if such a machine is to be 
purchased, be sure it can support a minimum of one megabyte of memory 
and that preferably it be a virtual machine (that is a computer capable of 
using its disk as though it were an extension of memory). 

At the second level in the price performance scale, one finds machines 
which we shall refer to as "instrument controllers." These machines are 
based on the more powerful microprocessors such as the Motorola 68000. 
These machines can form the basis for an excellent machine controller. They 
are, however, relatively expensive. They normally require considerable pe
ripheral equipment as well. They often use software well suited to the testing 
function (see the next section). They are less flexible from a hardware stand
point than the single-board computer systems discussed below. Such a com
puter can serve as a laboratory master computer, especially in a case where 
very large computations are not anticipated. In all other respects, they are the 
equals of most minicomputers. In conclusion, instrument controllers can 
serve as rather expensive test machine control units and make excellent labo
ratory master computers. 

At the third level in the price scale (and essentially the same level of perfor
mance), we encounter single-board computer equipment. These machines 
are often manufactured by the semiconductor manufacturers and by some of 
the major computer manufacturers. These systems are based on the latest 
microprocessors. They are normally built to very high standards of quality in 
as much as they are intended to be components of capital equipment. These 
systems are supplied in a modular form so that a "semicustom" system can be 
configured to a given application. This modular construction allows a much 
higher range of flexibility than the "instrument controllers" discussed above. 

Assemblies of standard single-board computer components can produce 
almost any level of performance desired. As a result, it is possible to achieve 
performance close to that obtainable by dedicating a minicomputer to a sin
gle test station. Frequently, these systems do not have their own compilers but 
are programmed with the aid of another computer known as a development 
system. Thus, software for many single-board computer systems is developed 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:05:26 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



16 AUTOMATED TEST METHODS FOR FRACTURE 

on one development system. The great power of these systems is in their flexi
bility. It is possible, for example, to effectively double the computing power of 
a single-board computer based system by adding a second single board com
puter to the card cage. Such an addition costs between $1000 and $2000. 
Multiprocessing, as this technique is called, has been known for many years 
[6]. The newest single-board computers make the technique straightforward 
as well as economically practical [7]. In conclusion, single-board computer 
systems make excellent test frame controllers. 

At the fourth level in the price performance scale are found the so-called 
"personal computers." Most of these systems are not designed for instrumen
tation applications. Normally personal computers are built to consumer qual
ity, not industrial quality standards. As a result they can be expected to be 
less reliable and less tolerant of extremes in temperature and humidity than 
the systems discussed above. Their software is designed for data processing 
applications, not real-time control. Often these systems require the use of ex
tensive custom circuitry to adapt them to an instrumentation function [8,9]. 
Even so, their performance is generally below that obtainable by any of the 
options described above. (See, for example, the section "Comparison of Mi
crocomputer with other Computer Control Systems" in Ref 8 where it is men
tioned that the personal computer based system being described must inter
rupt cyclic loading of the test specimen to capture and store data.) If the 
system can be environmentally protected, such a computer can serve as a lab
oratory master system. Normally the graphical output obtainable from per
sonal computers is not up to professional standards. The laboratory master 
application will be better served by the next generation of personal computers 
currently appearing. 

Finally, it is possible to start from the VLSI component level and build 
specially designed systems for materials testing. The results would be similar 
to those achieved by the single-board computer option mentioned above. The 
costs of hardware development cannot usually be justified on the basis of the 
limited number of systems to be constructed. 

In general, fast and responsive real-time computers are an asset at the test 
frame. Often, the premium in price paid for such hardware is more than 
matched by savings realized in auxiliary equipment. An example will illus
trate this point. A common problem encountered in digitally driven strain-
controlled tension tests of ductile materials is the large amount of relaxation 
observed in the plastic portion of the strain, load response. The portion of the 
curve in Fig. 3 just past yield illustrates this phenomenon for a strain-
controlled tension test on a 10-mm-diameter bar of 1100-0 aluminum. In this 
test, an increment of one bit on the single board computer's 12-bit digital-to-
analog converter resulted in an increment of strain of about 0.0125%. The 
D/A converter was incremented one bit at a time at an interval of 2.5 s. As 
can be seen, considerable relaxation occurs after each increment of strain. 

In the part of the curve labeled "With PWM," the least significant bit was 
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FIG. 3—Strain-controlled tension test on a lO-mm-diameter bar oflIOO-0 aluminum showing 
the effect of using a pulse width modulation (PWM) technique to smooth the strain command 
signal and reduce relaxation of the specimen. Minimum strain increment is 0.0125%. In the 
portion of the curve showing no PWM, the strain command was incremented 0.0125% every 
2.5 s. 

repeatedly incremented and then decremented over each period of 2.5 s. On 
the first interval of 0.25 s the D/A converter was left at the higher setting for 
only 0.025 s. On the last 0.25 s interval, the converter was constantly main
tained at the higher value. Between these extremes the higher output was 
maintained at a uniformly increasing proportion of the 0.25 s interval. The 
electrohydraulic test frame could not follow these short pulse changes faith
fully, and as a result its response was close to a uniformly increasing strain 
ramp. As can be observed in the figure, the technique greatly reduced the 
relaxation. It is to be anticipated that a shorter pulsing interval should yield 
even less relaxation. Such a result can, of course, be obtained by using a 
much more expensive 16-bit A/D converter, but we can see that exploitation 
of the responsive single-board computer can yield a cost-effective solution to 
the problem. 

Another example of the value of a relatively fast real-time computer is in 
peak detection. An algorithm has been written to operate on an Intel 88/40 
Single Board Computer which can generate a sinusoidal or ramp command 
signal at a frequency up to 25 Hz and sample the response of the machine at 
100 times that rate. This permits accurate detection of peak values of load 
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and strain without auxiliary equipment. One single-board computer is able to 
do the job of several individual instruments. 

Concentration of control and data acquisition functions in one instrument 
simplifies system maintenance. Basically, if something malfunctions, there is 
only one circuit board to exchange to cure the problem. 

Software Choices 

This section will concern itself with the software used by individual test 
machine controllers. Normally standard data processing software is adequate 
for the laboratory master computer. 

Two schools of thought exist as to the proper type of operating environment 
to be used at an individual testing station. One school of thought intends to 
give the user maximum flexibility at the expense of considerable effort on his 
or her part. This scheme provides a real-time operating environment through 
the use of an interpreted language such as BASIC or FORTH or through the 
use of a real-time operating system and compiled languages such as FOR
TRAN, Pascal, or C. The user is required to develop his or her own testing 
software. Of course, over time a laboratory develops a set of standard pro
grams used day in and day out. Vestiges of the underlying computer system 
remain. The user will always be running materials testing software on a real
time computing system instead of operating a computer-based materials test 
system. 

The second school of thought places primary emphasis on the efficiency, 
accuracy, and ease of use of the system. The usual method of achieving these 
goals is through the use of menu-driven operating software often stored in 
read-only memory [9]. The software (often called "firmware" if stored in 
read-only memory) is designed to carry out a certain "class" of tests such as 
strain-controlled low-cycle fatigue tests. Operator setup instructions can be 
built into the software. Tests to ensure compliance with applicable standards 
are easily included. Considerable flexibility within the general test class can 
be accommodated. The resulting system has the feel of a very flexible and 
easy-to-use testing instrument instead of a computer system. 

A Materiids Testing System 

This section describes a test frame control system currently in use at the 
University of Illinois. This system was conceived as a device to be used to 
automate a standard analog electrohydraulic test frame. The same basic 
hardware is currently being applied to the control of screw test machines as 
well. The laboratory at the University of Illinois originally was controlled by a 
central computer system. This arrangement proved troublesome for the rea
sons listed in the earlier section entitled "Organization of Computing 
Hardware." 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:05:26 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



MILLER ET AL ON NEW DEVELOPMENTS 19 

The system is mounted in a standard nineteen-inch (48 cm) rack-mount-
able chassis 21.5 cm in height and 37.5 cm in depth which contains power 
supplies, memory backup battery, interfacing connectors, and a card cage. 
The card cage contains an Intel 88/40 Single Board Computer. This machine 
is configured with up to 64K bytes of read-only memory for program storage, 
8K bytes of onboard read/write memory (RAM), seven 16-bit counter/tim
ers, up to 16 channels of analog input, up to 8 channels of analog output, up 
to 16 digital signal lines, and two serial (RS-232C)̂  interfaces. The cage also 
carries an Intel RAM memory board used for data storage. This board is bat
tery powered to protect data from power failures and can have a capacity of 
up to 512K bytes. (This is enough memory to store 200 cycles of load/strain 
data from a strain-controlled fatigue test with 100 data sets per cycle and each 
data value having a precision of one part in 4000.) The third board in the cage 
provides signal conditioning for the analog channels, battery charging cir
cuitry, and power failure shutdown logic. 

The system can be operated using a simple RS-232C compatible computer 
terminal. Test data are stored in the battery-protected memory and later 
transmitted to the laboratory master computer for data reduction and perma
nent storage. Data memory can be emptied and a test continued at any time; 
thus there is no limit to the amount of data which can be collected on a given 
test. The system can also be operated from a small computer such as an HP-
85 if a completely self-contained control, data reduction, and data archiving 
system is desired. 

The system was designed with two goals in mind, ease of operation and 
reliability. 

The software is menu driven, i.e. the user is prompted to select from a 
menu of choices at various stages of test definition and test execution. A typi
cal menu for fatigue testing is shown in Fig. 4a. This fatigue test menu pro
vides for any of the following primary test functions: definition, modification, 
initiation, resumption, termination, and stored data display. Figure 4b shows 
a "submenu" of the fatigue test menu. This menu is presented when the user 
selects Option No. 3 of the fatigue test menu—modify test conditions. 
Through the use of such menus, the user can easily and quickly proceed with 
his particular test requirements. 

On user-selectable test parameters, for example, control limits, test fre
quency, data sampling rates, etc., the test system issues acceptable limits of 
user response for the given test parameters. For example, a typical message to 
define (or modify) test frequency would be issued as follows: 

INPUT TEST FREQUENCY 

(0.00002 to 25.0 Hz)? 

^Interface between data terminal equipment and data communication equipment employing 
serial binary data interchange, EIA RS-232C. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:05:26 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



20 AUTOMATED TEST METHODS FOR FRACTURE 

NO TEST I N HEMORY 

MAIN MENU 
INPUT ftN OPTION * AND <CR> 
t==> FATIGUE TEST OPTIONS 
Z'> CALIBRATE A/D, D/A 
3-> TRANSFER DATA TO HOST 
4~> CLEAR DATA STORAGE AREA 
5=> PERFORM MEMORY TESTS 
6==> MODIFY HOST COMMUNICATIONS 
?1 

FATIGUE TEST MENU 
INPUT AN OPTION • AND <CR> 
1=> DEFINE A NEW CYCLIC TEST 
2=> START/RESTART CYCLIC TEST 
3=> MODIFY CYCLIC TEST 
4=> DEFINE RAMP PROFILE 
5=> RUN RAMP PROFILE 
6=> DISPLAY STORED DATA 
7=-> RETURN TO MAIN MENU 
8=> END TEST 

TYPE "S" TO HALT TEST — 
7 

FIG. 4a—An example of a main option selection menu. 

» * • • TEST MODIFY MENU ««»« 
INPUT AN OPTION » AND <CR> 
l-> FEEDBACK MODE 
2=> WAVEFORM 
3'̂ > CONTROL LIMITS 
4=> CONWS PER CYCLE 
5"> DATA STORING SCHEME 
6=> FREQUENCY 
7=> UNDERPEAK DETECTOR 
8=> FAILSAFES 
9=0 STOP COUNT 
10=-> RETURN TO TEST MENU 
?4 

INPUT DESIRED NUMBER OF DATA 
SAMPLES PER CYCLE (50 TO 500) 
?200 

INPUT TEST FREQ. IN HZ. 
0,000004 TO 6.2SnOO000E+OO0 

?10 
0.000004 TO 6,25000000E+000 

?fc 

FIG. 4b—An example of a submenu (obtained in this case by choosing Option 3 in Fig. 4&). 

Any operator input outside of these limits would not be accepted; the user 
would be prompted to reinput the test frequency until the frequency was 
within the specified limits. Not only are the limits on individual test parame
ters checked as they are input, but also limits on interdependent test parame
ters are set and checked during test definition (or modification). For exam
ple, the actual upper limit of attainable testing frequency is dependent on the 
user-selected data sampling rate and is calculated using this parameter. This 
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is one clear-cut advantage to a menu-driven software system—the overall in
teraction of (worst case) test conditions can be checked out (and controlled) in 
the computer system development laboratory instead of the mechanical test 
laboratory. The software is designed to allow the user to easily interact with 
the test machine. During a test run, the test can be stopped at any time. In the 
event of a power failure, care is taken that the test specimen not be damaged. 
After power is restored, all data will be intact due to the battery backup provi
sion. The test can be restarted from the point at which it was stopped in a 
matter of seconds. 

Besides the basic requirements of the software being easy to use and highly 
reliable, another area of software operation that has been given considerable 
attention is that of thorough test documentation. When a fatigue test is ini
tially defined, all pertinent test parameters are stored in the battery backed 
RAM, memory. Furthermore, as modifications (if any) are made to the test 
parameters, these modifications are also logged into the data storage area. 
Even the ramp segments (which may optionally be defined and executed any 
time the cyclic test has been temporarily suspended) are always logged into 
the data storage area. Thus, the data storage area is used to completely store 
the history of the test as actually performed as well as to store conventional 
(user selectable) data sets, for example, cycles of stress-strain data for a low-
cycle fatigue test. This philosophy of thorough test documentation is consid
ered relevant to standards groups such as ASTM. ft is clearly a superior 
method of test documentation than a simple valid/invalid label tagged to the 
test based on any group's current criteria of what constitutes a valid test. 
With this in mind, no attempt has been made for the system to force the user 
to comply with any sets of standards in the definition of a test; however, any
one who may wish to use the results of the test can decide, using an appropri
ate criterion, whether or not the test has validity within the framework of his 
or her particular analytical needs. 

Overall reliability is assured by three factors. One factor is the battery-
powered memory described above. A second factor is the use of high-quality 
hardware throughout. The third factor is the very simplicity of the system. In 
particular, troublesome flexible disk storage units are avoided. Hardware 
problems are minimized and operator errors nearly eliminated due to the sys
tem design. 

The system assumes the use of a second computer for data reduction and 
data archiving. This permits the optimization of the controller for the test 
control and data acquisition function. Data reduction and long-term storage 
are easily and efficiently carried out using standard data processing hardware 
and software. 

The basic system has great flexibility. While the present system is designed 
to interface to a standard electrohydraulic test frame using standard analog 
servocontrol, a second single-board computer could be added to the system to 
take over the servocontrol function, and incidentally permit virtually any con-
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trol law desired. A second area of flexibility is in software design. The soft
ware is extremely modular, ft is, in the main, written in Pascal (specifically 
the H-P 64000 dialect of Pascal). Only a few time-critical procedures are 
coded in assembly language. Even these assembly language procedures have 
Pascal prototypes. Initial software was written to carry out low-cycle fatigue 
tests on an electrohydraulic test frame. Currently, this software is being ex
tended to conduct creep fatigue tests on either an electrohydraulic test frame 
or a stepper motor actuated screw test frame. Software for the screw machine 
and the electrohydraulic machine is nearly identical—differing only in actual 
machine drivers. A final area of flexibility is in communications. While the 
present system is designed to communicate with a laboratory master com
puter via a serial RS-232C interface, many other communication options ex
ist. Some of these options will be discussed in the following section. 

Data Commanication 

The distributed nature of the testing systems discussed in this paper places 
heavy demands on data communications. The entire area of digital communi
cations is currently in a state of rapid change. This section is by no means 
intended to be a complete review of the state of the art, but is rather intended 
as a guide to those communications standards and schemes most useful in the 
testing laboratory. One of the most widely used digital communications ave
nues is based on the serial RS-232C standard. This is an electrical standard 
which usually implies the use of the ASCII character code.̂  Most modem 
computer terminals use an RS-232C serial interface and operate on ASCII 
coded characters. As a result, the great majority of computer systems have 
provision for the attachment of such a terminal. A simple means of communi
cating with such a computer involves making the test frame controller appear 
to be a terminal to the master computer system. Data can simply be input to 
the master computer using its keyboard data entry software. That is, the mas
ter computer is "tricked" into acting as though an individual were entering 
the data manually from a keyboard. Data transmission rates are usually ade
quate for the quantity of data collected in material tests such as low-cycle 
fatigue. (Usually the maximum data rate is 19 200 baud, which means about 
1920 characters per second.) Advantages of this communication mode are its 
universality and the fact that data can be transmitted over long distances us
ing modems (virtually to anywhere in the world reachable by telephone line). 
One disadvantage of the system is the fact that each test frame controller re
quires a separate cable to the master computer and either its own port on the 
master or a multiplexer to switch a given controller to the master. 

A somewhat newer communication standard is RS-422.'* One particular 
version of this standard—the multidrop network—is especially attractive for 

^Code for Information Interchange, ANSI X3.4-1977. 
"•Electrical characteristics of balanced voltage digital interface circuits, EIA RS-422A. 
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a testing laboratory. The laboratory master computer acts as the network 
master. The test frame controllers are attached to a single cable which links 
all test stations (slaves) to the master computer. The network is so designed 
that all slaves monitor data coming from the master, but only one slave is 
permitted to transmit at a time. It is the master controller's responsibility to 
select a slave to "talk." Slaves are not permitted to transmit data directly 
between themselves. This is not a serious limitation for a testing laboratory. 
This is a serial data transmission interface, basically an outgrowth of RS-
232C. Maximum data rates are comparable to those achieved using RS-232C; 
however, having sacrificed hardware universality, a sacrifice in software uni
versality can greatly increase data transfer rates. The usual method of trans
mitting serial data is via ASCII character code. Thus the number -3572 is 
transmitted as five separate characters. The information in the number -3572 
can be transmitted in the equivalent of only two characters. As a result, the 
use of special software running on the master station can reduce data trans
mission time by more than 50%. Other benefits of the multidrop network 
include the ease in which it is possible to monitor or modify factors such as 
test station status and test parameters from the master computer. 

Another communication avenue of some interest is the instrumentation bus 
IEEE 488-1978,̂  sometimes known as GP-IB. This is a bus system which 
transmits data in parallel, eight bits at a time (byte serial). Up to 15 devices 
can be interconnected on the bus. The data rate is quite high, normally in the 
region of 50 000 bytes per second (an effective baud rate of 500 000 bits/s). 
Control of the bus can be passed from one device to another. Normally any 
device on the bus can be made to communicate with any other device on the 
bus. The only real limitation on the system is distance. Normally two devices 
on the bus should not be spaced more than 3 m apart. The total bus length 
should not exceed 20 m. High-speed bus extenders have become available 
which can operate up to a distance of 1000 m, but they are rather expensive. A 
low-speed bus extender is also available which operates at serial data rates, 
but it is both slow and expensive. It is felt that IEEE 488 should be considered 
a candidate for instrumentation linkage at the individual test station. Many 
standard instruments such as voltmeters, signal generators, and data acquisi
tion systems are now available with IEEE 488 interfaces. Most "instrument 
controllers" discussed above come equipped with this interface. One advan
tage of using single-board computer hardware at a test station is that an IEEE 
488 interface can be added by purchasing and installing a simple plug-in 
module. 

One final communication medium will be discussed. This medium is the 
"Xerox Ethernet-like" version of the IEEE 802* networking standard cur-

*Institute of Electrical and Electronic Engineers (IEEE) Standard Digital Interface for Pro
grammable Instrumentation, IEEE Standard 488-1978. 

*CSMA/CD access method and physical layer specifications, provisional IEEE Standard P 
802.3 Draft D. 
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rently reaching the final stages of approval. This scheme is primarily intended 
for communication between large computer systems. A complete 802 inter
face is projected to cost about $800 even when it is mass produced. The inter
face also requires considerable software overhead. As a result, one would 
probably consider 802 as a means of linking the laboratory master computer 
to a central computer facility. One interesting factor, however, is that the 
fundamental VLSI circuits needed to implement the 802 standard will proba
bly become quite inexpensive within the next year or two. As a result, a non
standard custom network based on these chips and using only the features of 
802 needed for the laboratory communication function could be used to build 
a very efficient laboratory data communication system. One advantage of this 
communications mode is the fact that data are transmitted on a simple coax
ial cable. A second advantage is the very high data rates obtainable, compara
ble to those obtained using IEEE 488. 

Impact of Current Advances in Testing Methods on Testing Standards 

The dedication of a computer to the individual test station opens new op
portunities for the control and measurement of materials tests. One of the 
tasks which the computer can carry out is assuring that independent parame
ters truly match their specified values. For example, the test station controller 
developed at the University of Illinois is capable of measuring the applied 
strain peaks and strain mean during a strain-controlled fatigue test and ad
justing the strain command signal until specific peaks and means are 
matched to within a user-specified tolerance. This feature is particularly use
ful for higher-frequency tests where the dynamic characteristics of the servo-
hydraulic test frame become important. Another task which a test controller 
handles well is documentation of test history. The systems advocated in this 
paper have the capacity of virtually unlimited data storage. While this feature 
should not be abused, it does permit tracking of the entire test history of a 
given specimen. 

Materials testing standards for automated tests should be written such that 
both the requirements for test quantification and the capabilities of auto
mated testing methods are considered. In particular, the impulse to measure 
a large number of parameters "because we can" should be avoided. Such 
measurements are not free. In the same vain, extremely tight specifications 
on measurement tolerances yield no real gain in information, yet require 
much more costly instrumentation. 

An example of this can be illustrated as follows. Suppose the required accu
racy on load cell calibration for a particular test standard is set at ±1.0% of 
full scale. The overall (worst case) error on the calibration on an automated 
test system would be the sum of (worst case) error of the (analog) calibration 
and the (worst case) error of the analog-to-digital converters on the auto
mated system. For a 12-bit-resolution A/D converter, this error should be on 
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the order of ±0.05% (that is, 1 part in 2000 assuming perfect calibration of 
the A/D converter). Clearly, this error is almost negligible compared with 
±1.00%, and hence any attempt to provide improved A/D resolution 
(through say a 14- or 16-bit A/D converter) would be ill-advised for the par
ticular test being considered. Basically, test standards should be written such 
that all independent variables are monitored and preferably controlled within 
reasonable tolerances. Enough data should be recorded to permit reconstruc
tion of the test. In case of doubt, the error should be on the side of taking 
excess data, but every effort should be made to avoid needless data storage. 

One final recommendation comes as a result of the well-known aliasing 
phenomenon [10]. Digital sampling systems are prone to this problem. A sim
ple illustration involves sampling a 100 Hz sine wave signal of 5 V amplitude 
at a sampling rate of precisely 100 samples/s. Depending on when the sam
pling starts relative to the sine function, the signal will appear to be a constant 
signal with a magnitude somewhere between —5 and + 5 V. The effects of 
aliasing are avoided if sampling is always carried out at, at least twice the 
frequency of the highest frequency component of the signal being measured. 
Analog guard filters are normally specified to eliminate high-frequency inter
ference signals from analog data signals before they are digitized. One diffi
culty in specifying such filters for materials test applications is the extremely 
wide range of test rates commonly encountered. If the filters are not to attenu
ate test data from high-rate tests, they must be set to such a high break fre
quency that common interference sources such as 60 Hz power line interfer
ence can potentially cause aliasing of data taken at a slow sample rate. One 
costly solution to this problem is tunable guard filters. A second solution is to 
insure the absence of interference which might cause aliasing. This can be 
accomplished through careful analog instrumentation practice. Some test of 
the success of such practice is advisable. One technique would involve sam
pling a constant input signal at successively higher sampling rates until reach
ing a sampling frequency about four times the break frequency of the input 
guard filter. Clearly no appreciable change in the measured data should be 
detected. 

Conclusion 

This paper has endeavored to describe current trends in automated materi
als testing systems with particular reference to the system being developed at 
the University of Illinois. The recent startling developments in VLSI circuit 
technology will lead to substantially improved materials testing systems in the 
very near future. 
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ABSTRACT: Strip chart recorders and data loggers have numerous shortcomings for 
monitoring sustained-load cracking (SLC) and fatigue tests, principally because they re
cord at fixed rates. During a long test this affords low resolution during rapidly changing 
events and creates large amounts of mostly useless data. For over two years the authors 
have used a personal computer to monitor tests and record data for SLC and fatigue ex
periments. The computer stores specimen identification and test parameters, converts 
raw data into usable form, displays current test status, notes and acts on various test 
status parameters, periodically stores significant data on a floppy disk system, and auto
matically terminates tests as specified by the operator. The decision-making capability of 
the computer greatly reduces the amount of nonsignificant data to be stored while permit
ting more rapid data acquisition when the signals begin to change rapidly. A fast-switch
ing battery-inverter system provides standby power for up to two and a half days in the 
event of power failure. If both primary and standby power fail, the computer's autostart 
feature allows it to resume data collection when power resumes. 

The use of BASIC permits software to be produced in-house and allows revision as 
operational needs change. The input routines, start-up, and running of experiments are 
completely interactive, and designed to prevent omissions and errors by the operator. 
Presently four experiments can be conducted simultaneously, but a newly acquired 16-
channel, 12-bit analog-to-digital converter will allow for considerable expansion. Because 
system response is inadequate to measure and record fatigue load signals directly, they 
are filtered to produce an average value which is recorded. The analysis of data stored on 
disk files is done using another personal computer to avoid interference with data acquisi
tion. A unique feature of the analytical method is the use of the decrease in load with 
increasing crack length in the stiff, displacement-controlled test configuration to calcu
late crack lengths, instead of using a clip gage across the notch. 

KEY WORDS: computers, microcomputers, computer interfacing, BASIC program
ming, automation, mechanical testing, data acquisition, sustained load cracking, fatigue 
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The acquisition and recording of load and other experimental parameters 
as a function of time are basic to a wide range of mechanical experiments, 
and many techniques are currently in use. The most common methods em
ploy strip chart recorders or data loggers, both of which record data at a fixed 
rate. Usually, the recorder chart drive is set to a compromise speed which will 
preclude running out of paper before the end of the experiment while provid
ing some resolution of rapid events, such as the rather rapid crack growth 
occurring at the end of a sustained-load cracking (SLC) experiment. Data 
loggers are similarly set to provide a compromise between available recording 
space and data resolution. The mechanical problems associated with the ser-
vomechanisms, pens, and paper transport in strip chart recorders are notori
ous, and both recorders and data loggers require transcription of data for 
subsequent processing, a process fraught with misery and error. 

Microprocessor- or microcomputer-based systems have been used to collect 
data and to control experiments [1,2], and can offer advantages over conven
tional approaches. A microcomputer can be programmed to select only sig
nificant data, thus reducing the flood of information to the manageable es
sential. The data can be stored directly in computer-accessible format, 
simplifying subsequent processing and presentation, and reducing the 
chances for introduction of error caused by manual transcription and pro
cessing of data. Furthermore, a microcomputer program can control and 
monitor the experiment, reducing the need for human intervention and allow
ing experiments to be safely and effectively conducted at night and on 
weekends. 

The availability of cheap general-purpose microcomputers with virtually 
minicomputer capabilities, and abundant plug-in converters and peripherals 
for them at very low prices, has in the past five years or so completely changed 
the approach to home-brew automation of experiment control and data col
lection. Fast multichannel analog-to-digital converters of high resolution with 
built-in driver programs, magnetic disk memory systems, and fast dot matrix 
printers are now available for the hobby and small research device market. 
These new, cheaper devices coupled with much friendlier programming lan
guages and computer operating systems enable anyone with a hobbyist's in
terest and tenacity to set up a workable system and write his own programs. 
The result might well horrify systems designers and program analysts, but 
can be satisfactory nonetheless. The primary advantages of the home-brew 
approach are that the system is completely under the experimentalist's con
trol, the user can modify software and hardware personally at any time, and 
the direct financial outlay is very low. Several thousand dollars should suffice 
for everything, including duplicates of all critical components, even the mi
crocomputer. Finally, it is not easy to find a commercial system tailored to the 
specific needs of certain kinds of tests, especially at low cost. Quite often, 
such systems are complex, expensive, and rather general purpose, making 
dedicated use difficult to justify. 
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This paper describes a system which uses a popular consumer-type micro
computer with plug-in peripheral and interfacing devices to control, monitor, 
and record data from sustained-load crack propagation and fatigue experi
ments. The emphasis in the development of this system was on reliability, 
accuracy, and versatility at minimum cost. 

System Description 

Hardware 

The heart of the system is an Apple 11+ personal microcomputer, which 
has several multipin accessory slots into which are plugged the auxiliary and 
input-output devices that allow the computer to accept and store data, keep 
track of time, and monitor and control the various experiments. The com
puter has a total of 65 536 bytes (1 byte = 8 binary digits and represents 1 
character) of addressable memory, of which approximately 36 500 bytes are 
read-write memory available for user programs and temporary data storage. 
The latter is volatile memory; that is, its contents disappear when the com
puter is turned off, so two 5y4-in. (133 mm) mini-floppy disk drives are at
tached to the computer through a disk drive controller card plugged into one 
of the multipin accessory slots to provide for permanent storage of the disk 
operating system (DOS), user programs, and data on thin (floppy) magnetic 
recording disks. When the computer system is switched on, the disk system is 
automatically "booted" (its operating system program is loaded into mem
ory), and the experiment control program is loaded into memory and run. 
The primary display for the computer is an industrial TV monitor, and man
ual input is accomplished via a 66-key typewriter-style keyboard. An internal 
speaker can be controlled by the program to alert the operator to improper 
keyboard entries, system malfunctions, and to the occurrence of significant 
test events, such as specimen fracture. 

A quartz-crystal-controlled electronic clock system (Mountain Computer, 
Inc.) is plugged into an accessory slot to provide time information for load-
versus-time recording and for controlling the sequencing of data acquisition 
and storage. The clock has millisecond resolution, is accurate to 0.001 %, and 
has 388 days' duration before its counters must be reset. The clock readout is 
under control of the operating program, but the clock oscillator and counters 
are powered independently of the computer and continue functioning if the 
computer is turned off. A rechargeable standby battery on the clock card pro
vides up to 4V2 days of operation even if all power to the clock is interrupted. 

Digital computers cannot directly accept ordinary electrical voltage-cur
rent information such as is provided by a load cell signal conditioner/ampli
fier (LCCA) or other conventional transducer systems. Such analog signals 
must be converted to binary digital codes by an analog-to-digital converter 
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(ADC). An Interactive Structures, Inc., Model AI13 12-bit (1 bit = 1 binary 
digit) ADC with an integral 16-channel input multiplexer (channel-selecting 
solid-state electronic switch) is plugged into one of the computer accessory 
slots. The conversion from analog voltages to digital numbers which the com
puter can accept requires only 20 us per channel. The 12-bit capability im
plies digital resolution of 1 part in 2'^, or 0.025%, which is ample for mechan
ical testing. This ADC replaces a more complex system consisting of a 
slow-conversion, single-channel 12-bit ADC fed by a laboratory-made 4-
channel solid-state multiplexer which was in turn controlled by analog signals 
from the DAC (digital-to-analog converter) section of a high-speed Mountain 
Computer, Inc. 8-bit 16-channel DAC+ADC plugged into a separate acces
sory slot under control of the operating program. In practice, the newer 12-bit 
16-channel ADC and the old hybrid system operated in much the same way 
from the computer programming point of view, but the old system was much 
slower, requiring over 500 ms per conversion, and enabled simultaneous op
eration of only four experiments. 

The 8-bit 16-channel DAC+ADC also provides two-way communication 
between the computer and the various experiments. It allows the operating 
program to turn motors, signal lights, and other devices on and off through 
relays, and permits the computer to sense the status of various experimental 
devices, to sense power failure, or, if one desires, to monitor and record data 
at low resolution (approximately 1%). 

The loads were converted to electrical analog signals in the conventional 
way, using strain-gage load cells and Measurements Group Model 2100 load 
cell conditioner/amplifiers. It was necessary that the LCCAs used be electri
cally compatible with the input circuits of the ADC system. This is made rela
tively simple by the use of LCCAs having continuously adjustable gain and 
high-stability, low-residual ripple amplifiers. Early experiments showed evi
dence of large electrical system voltage transients entering the signal circuits 
and providing false data. Their effect was reduced by simple RC (resistance-
capacitance) filters in the signal circuits. Additional filtering was needed for 
fatigue tests, to convert the sinusoidal (ac) vohage-time waveform produced 
by the sinusoidal load to a static (dc) signal representing the mean load. Fa
tigue cycles are counted using an Interactive Structures, Inc. Model DI09 
counter/timer interface. 

The entire computer system (except the TV monitor) plus the LCCAs are 
fed from a standby power system (Welco Industries Model SPS-1-250-12) 
which incorporates a fast a-c power sensing circuit, a relay, 110 V a-c/12 V d-
c inverter/charger, and a large 12 V d-c lead-acid battery. Normally the com
puter system is fed directly from 110 V a-c mains, but if the sensor detects 
power failure, the system is switched to ac from the inverter powered by the 12 
V d-c battery, for up to 2V2 days if necessary. The switchover is so fast that no 
interruption is sensed by the computer. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:05:26 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



MEYN ET AL ON AN INEXPENSIVE CONTROL SYSTEM 31 

Software and Operating System 

The software used to monitor and control the experiments was developed in 
Applesoft, an enhanced version of the BASIC language. BASIC is an inter
preted language, and when changes are made in the progam the result can be 
immediately run without compilation. The language is simple and similar to 
English, yet very flexible and powerful in its enhanced version. These advan
tages outweighed the greater speed of compiled languages such as FOR
TRAN for this application. The software discussed here has evolved as defi
ciencies were recognized and corrected, and contains many features intended 
to prevent or alleviate the effects of bad operator habits, to sense predictable 
component failures and deal with them, and to make operation as simple and 
"fail-safe" as seems reasonable. The operator input routines make use of de
fault parameters which appear on the input line on the display screen to be 
accepted or changed as desired. This feature is especially useful when one 
makes one or a few corrections to a long list of entered items and reduces 
input errors considerably. Given the great flexibility of the microcomputer 
operating system and expanded BASIC programming features, the process of 
refining the software could become endless, a possibility which had to be as
siduously guarded against. 

The software is composed of several program blocks. A flow chart in Fig. 1 
shows the blocks and their relationships. This program is automatically 
loaded from disk into computer memory and run whenever the computer is 
powered. It first initializes the system by setting up numerous parameters and 
tables used by the program, then searches the disk storage system for a list of 
experiments in progress. If none are in progress, control goes to the menu, 
which waits for operator selection of an item on the menu list. If one or more 
are in progress, the appropriate disk data files are examined and necessary 
information (specimen identification, specimen parameters, experiment sta
tus, etc.) is put into computer memory, and control is transferred to the ex
periment scanning and data collection (DATASCAN) routine. Fig. 2. 

The menu is normally the starting point unless the program has restarted 
after a power outage or because the operator wished to temporarily suspend 
operation for some reason. The menu options are indicated in the flow chart 
by arrows pointing from the menu toward the blocks. The first option used 
will normally be "Start an Experiment," and related to this are "End an Ex
periment" and "Change an Experiment." These options, if all goes as the 
operator desires, automatically transfer control to the DATASCAN loop, but 
the operator has the option of aborting to the menu if things do not seem 
right. From the menu one can also choose the diagnostic options (which re
turn to the menu on completion) or go directly to the DATASCAN loop (given 
any active experiments), or exit the program. 

The option "Start an Experiment" leads the operator through a series of 
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FIG. 1—Flow chart of major elements of the BASIC operating program. 

instructions in question-and-answer format (using the default input parame
ter concept) which ensures that all necessary information about the type of 
experiment (SLC or fatigue), specimen type and dimensions, and experimen
tal parameters (desired stresses, etc.) is entered into memory via the key
board. The routine calculates required load parameters, checks to see that 
load cell ranges are not exceeded, and directs the operator to properly adjust 
the LCCA load ranges. After all information is stored in data files on disk, the 
routine leads the operator through the steps necessary to properly load up the 
specimen and start the experiment. If all goes well, control automatically 
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FIG. 2—Flow chart of the experiment scanning and data collection (DATASCAN) subroutine. 
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transfers to the DATASCAN routine when load-up and machine adjustments 
are completed. Otherwise, the operator can at any time elect to abort and 
return to the menu. 

The "Change an Experiment" option allows reentry to a point in the "Start 
an Experiment" routine where loads and machine adjustments can be 
changed, usually to increase the load if nothing is happening, especially dur
ing an SLC experiment. The "Stop an Experiment" option allows manual 
termination of an experiment by removing its number from memory and from 
the "Active Experiments" disk file, and it sends all data still in memory to 
disk storage. 

The "Diagnostic Options" lump together routines intended to allow the 
operator to look at the data on any given channel in some detail, and to allow 
recovery from disk failure. The latter routine permits the operator to copy the 
necessary information from a good disk onto a new disk to replace a bad disk, 
or if both disks have failed, to reconstruct the contents of the storage disks 
from information in computer memory. This information will include the 
program and experimental and specimen data, as well as load-time data. The 
latter data will be incomplete, consisting of initial values plus any values cur
rently in computer memory. 

The DATASCAN routine is the core of the program because it monitors the 
experiments and controls the acquisition of data, and other routines transfer 
control back to it after they have performed their function. The routine first 
checks to see if there are any active experiments, as denoted by a nonzero 
specimen number(s) in the appropriate memory location. It also checks to see 
if the power is on to the fatigue machine motors and LCCA power supplies for 
the active experiments. If anything is "alive," it reads the clock, then directs 
the 16-channel ADC to sample and register the signal voltages from the active 
experiments. This latter process requires about 20 us per channel, and is 
practically instantaneous, so that a single clock reading suffices for all chan
nels. The old single-channel ADC plus separate multiplexer worked some
what differently, requiring a separate clock reading for each channel because 
of the slowness of the ADC acquisition, which required about one second per 
channel. Next, a loop is entered in which the digitized voltage reading for 
each channel in turn is compared with the value last stored as a data point for 
that channel. If a significant change has occurred in any channel, a new data 
pair representing the load and time or number of cycles is stored. The dwell 
time per channel for comparison and decision-making is about 250 ms, and if 
a significant load change has occurred, a further 5 ms delay is associated with 
storing the data point. For display or subsequent processing, the raw load 
data are converted to the actual load values using calibration coefficients 
which are also stored for each experiment. After all the active channels have 
been read, the DATASCAN routine checks to see if an interrupt has been 
requested from the keyboard or by the computer memory-to-disk data trans
fer routine. If so, and no load changes have occurred recently (that is, DATA-
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SCAN is not "busy") the interrupt is handled. Otherwise the DATASCAN 
sequence begins again, unless the operator elects to override this safety fea
ture. 

The selection of data by the DATASCAN routine is based on the need to 
ensure acquisition of significant data, and reduce the acquisition of inciden
tal noise and transients not related to the experimental results. This is done 
primarily by careful prior selection of the signal voltage change, AV, which 
will be accepted as representing a significant change in load from the previ
ously stored value. Under the selected experimental conditions, the recorded 
parameter—load—decreases monotonically with time as the crack grows, or 
stays level if no crack growth occurs. Any increase in load is a result of tem
perature variations, electrical transients, amplifier drift, etc. Such effects can 
cause a very large number of false data points to be recorded, and the smaller 
the value of AV, the greater this number. It is necessary to select a value of 
AV large enough to reject small fluctuations, but small enough to provide 
sufficient sensitivity to realistically record the data trend. A digital filter is 
used, whereby three unevenly spaced readings taken 6.5 and 8.5 ms apart are 
compared. A mutual disparity exceeding 0.2% results in rejection of the 
readings. This is a very effective noise rejection procedure. In order to further 
decrease the sensitivity to false signal changes, the value of A Vfor acceptance 
of positive signal excursions is made larger than for negative excursions which 
correlate with decreasing load. This tends to ratchet the data in the negative 
direction, but in practice it has proven satisfactory in preventing overloading 
of data storage capacity by electrical transients and occasional periods of in
stability in amplifiers and other devices in the signal path. It would of course 
be preferable to have absolutely noise-free, stable measuring and amplifying 
circuits, but this ideal is very difficult (possibly not feasible) to obtain. Experi
ments can be terminated automatically upon reaching some operator-desig
nated end-point, or manually as the operator desires. In SLC tests the experi
ment is scanned until the operator notices that the desired end-point, such as 
fracture, has been reached, whereupon he requests a exit from the DATA-
SCAN loop to end the experiment. Automatic shutoff is not needed, because, 
as will be described, no active machinery is used to maintain load. Fatigue 
experiments, on the other hand, benefit from automatic shutoff to save the 
motors from unnecessary wear and the fractured specimens from flailing 
about and ruining the fracture surfaces. Shutoff occurs when the mean load 
drops to a percentage of initial value determined by the operator. Automatic 
shutoff presents the risk that a transient loss of signal will terminate the ex
periment, but this can be recovered by the operator without significant harm 
since the fatigue motors will merely stop and leave the specimen at some static 
load. This automatic shutoff feature can also be used to fatigue-precrack 
specimens because the shutoff load is related to crack depth, and this relation 
can be calibrated with reasonable accuracy for most purposes. 

The transfer of data from volatile computer memory to permanent mag-
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netic disk storage via the disk drive and its disk operating system (DOS) is a 
most important feature. Two disk drives are used to provide duplicate stor
age. If one of the drives fails to operate properly or the disk is damaged by 
dust particles, etc., the DOS can usually detect trouble via an error-checking 
system. The program continually looks for such errors and, if one is detected, 
alerts the operator via visual and audible signals and avoids the bad disk or 
drive. If both drives fail, the alarm signals become more intense. In either 
case, options are available in the program via its menu to repair the effects of 
partial or total disk failure to the greatest possible extent. The transfer from 
computer memory to disk is activated when the program judges that enough 
time will be available to complete the transfer before another significant load 
change will occur, and enough data are in memory, or it has been a long time 
since such a transfer has taken place. Typically, if it has been several minutes 
since the last significant load change occurred (all channels considered), 
there are several dozen data pairs, or it has been 24 h since the last transfer 
and at least one data pair is in memory, the transfer takes place. Transfer 
from memory to disk also occurs whenever the operator interrupts the DATA-
SCAN routine regardless of other status factors. 

An important safety factor in the DATASCAN routine is invoked if power 
is interrupted. Normally, the standby battery-powered inverter system takes 
over. However, the fatigue machines will not continue to run, as they use too 
much power for the battery to sustain very long, and are connected only to 
main power. The program senses motor stoppage and suspends the fatigue 
experiments while continuing to collect data from the sustained-load experi
ments. If for some reason the LCCA power supplies cease functioning, all 
experiments are suspended and the operator is alerted. Upon return of 
power, in either case, normal operation resumes. If the computer system is 
shut down, the fatigue machines will be stopped, and of course no data can be 
recorded. When power resumes, the information stored on disks is fed back 
into the computer after the autostart operation described earlier. The pro
gram then resumes collecting data as if no interruption has occurred, al
though there will be a gap in the data if anything has happened to an SLC 
experiment (which maintains load during power failure). The fatigue experi
ments are restarted and usually will not have suffered significantly from the 
hiatus, since the motors will have stopped upon power failure in any case. 

Processing of the raw data is done off-line on a separate, identical com
puter system (without ADCs, etc.) to minimize interruption of the data gath
ering system. In practice, the operator signals the DATASCAN routine to 
avoid attempting to perform disk storage, removes one of the data disks from 
the drive, copies the desired data files onto another disk using the other com
puter system, returns the data disk, and resumes normal operation. This 
takes a few minutes, so it should be done during periods when the experi
ments are not very active even though data will still be acquired in memory. 
Whenever an experiment is completed, all its data are copied from the data 
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disk to archive disks, then erased from the data disks to free space for other 
experiments. 

Examples of Results 

Experimental Methods 

SLC Experiments—Sustained load cracking (SLC) experiments were con
ducted using modified compact tension specimens which were approximately 
52 mm square by 26 mm thick (2.08 by 1.04 in.) with 2.6 mm (0.104 in.) 60-
deg V-shaped side grooves [3]. They were precracked in fatigue to 0.3 ^a/ 
W^O.5 (a = 5 crack depth, W = width, measured from loading holes' cen-
terline). The materials were a-3 processed and 3-pi'ocessed Ti-6A1-4V, 
annealed at 1200 K for 7 h, then furnace-cooled. The specimens were loaded 
in a very simple rectangular steel frame of high stiffness, by threaded 25-mm 
(1 in.) steel rods passing through the ends of the frame [4]. Load was mea
sured by a load cell in series with the specimen, and applied by manually 
wrenching a large nut on the protruding rod end. This configuration causes 
the load on the specimen to decrease as the crack grows, because of resulting 
increase in specimen compliance (compliance is deflection per unit load) [4]. 
It is a simple matter to calibrate this crack length versus relative load drop 
relationship and use it to calculate crack depths from load versus time data 
[4]. In principle this is identical to the use of clip gages [5] to obtain crack 
depth information, differing mostly in being less sensitive to small changes in 
crack depth. 

Fatigue Experiments—Fatigue life data were obtained on P-processed Ti-
6A1-4V sheet materials using small, upright-cantilever bend specimens [6]. 
The specimens were of various sizes and geometries to accommodate the ma
terial available and the needs of the particular experiment. Results to be pre
sented were obtained on 12 mm (0.48 in.) square bars 120 mm (4.80 in.) long, 
having cylindrical cross section waists machined near one end [6] to concen
trate the bending stress at a well-defined location. The radius of curvature at 
the waist was 12 mm (0.48 in.), and the minimum diameter was 6 mm (0.24 
in.). Some of the specimens were tested as received; others had been laser 
surface-melted to see what the fatigue properties of rapidly solidified Ti-6A1-
4V would be. Loading was accomplished by pulling the free end of the speci
men using a small electric motor, a pulley drive coupling, and an adjustable 
crank. The stiffness of the drive system results in displacement-controlled fa
tigue, such that as the crack grows, the load decreases. This allows the de
crease in load sensed by a load cell to be used to evaluate the progress of the 
experiment. A load cell in series with the pull rod was used to sense load. No 
systematic calibration of load drop versus crack length was developed, but 
such calibration should be possible. This system was also used to precrack 
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small cantilever beam stress-corrosion crack test specimens by noting the load 
drop and stopping at a preselected load. 

Experimental Results 

Sustained Load Cracking—Figure 3 shows typical load-versus-time data 
for an SLC test conducted on a 3-processed specimen in an alcohol bath at 
196 K. The resulting crack growth rates for this specimen (No. 667) are shown 
in Fig. 4, The load values were converted to crack depths using the load drop 
calibration procedure, and the unsmoothed crack depth versus time data 
were converted directly to crack growth rate data by dividing increments of 
crack growth by corresponding time intervals. The crack depth increments 
used were 0.75 to 1.5 mm (0.03 to 0.06 in.). The initially high crack growth 
rate is due either to initial transient creep in the cracked specimen, or to ini
tial reshaping of the originally nearly straight fatigue crack into the more 
bowed-out configuration of the stable SLC crack front. 

The crack depth-load drop calibration approach worked satisfactorily, giv
ing reproducible results, although not with the sensitivity to small increments 
of crack growth possible with crack mouth displacement gages. SLC mea
surements conducted with two identical specimens (Nos. 383 and 384), cut 
from a single piece of a-3 processed Ti-6A1-4V vacuum dehydrogenated at 
1200 K and furnace-cooled, showed very good agreement in crack growth 
rates between specimens. Fig. 4. The low hydrogen contents achieved (8 ppm 
weight) and uniformity in microstructure between specimens reduced the 
scatter from metallurgical factors, which in most SLC tests was discourag-
ingly high. This set of measurements was made using strip chart recorders, 
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before acquisition of the computer system, but is included to show the poten
tial of the load drop calibration technique for automated crack growth 
monitoring. 

Figure 5 is an illustration of the speed with which the system can react. The 
four data points were taken while a specimen was being loaded up. The load-
up routine detected a rapid decrease in load, and transferred control to the 
DATASCAN routine in time to follow the fracture of the specimen. The first 
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data point represents the highest load reached during load-up; the other three 
were taken after control transferred to the DATASCAN routine. 

Fatigue—Figure 6 shows an 5-7V fatigue life plot of data obtained using this 
system. The results clearly demonstrate the loss in fatigue strength incurred 
by the laser surface melting and rapid resolidification of an approximately 
100-M.m-deep layer. The method initially used to detect cycles-to-failure relied 
upon mechanical cycle counters, a spring to lift the specimen load arm upon 
specimen fracture (to preserve the fracture surface), and a microswitch on the 
arm to stop the counter and drive motor when the arm sprang up. This 
method gave erratic results and unusually long lives because of the load shed
ding characteristic of the displacement-controlled loading system. The use of 
the computer with load cells to detect the end of useful life gives more uniform 
results consistent with handbook fatigue lives for similar materials. 

Discussion 

This system has performed satisfactorily, especially as far as the computer 
and its plug-in accessories are concerned. All problems resulting in erratic 
data, noise, changes in calibration, and the like have been traced to defects in 
connections, ground paths and shielding in analog signal circuits, and to mal
functioning amplifiers in the LCCA. Many of the problems cited above can be 
expected to dissipate or at least become less serious with the use of the second-
generation 16-channel 12-bit ADC now in operation, partly because of great 
simplification in the analog circuit paths resulting from its use. The stability 
of the analog signal amplifiers, both in the LCCA's and in the ADC, have 
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been as specified by the manufacturers. Zero drift and calibration drift to
gether have been much less than 1% overall, making it unnecessary to rou
tinely verify calibration of dial setting. Initially there was a tendency to con
tinually check on progress, but as experience was accumulated (and as the 
operating program was debugged and made more sophisticated), there devel
oped a feeling that the system was well-trained and reliable. 

The conversion of data to binary digital format and its storage in computer-
accessible format on magnetic disks have been a major improvement over tra
ditional methods, both as to accuracy and reliability of storage, and as to 
subsequent processing, analysis, and presentation of the data. The data can 
be automatically re-processed for storage in other central data storage sys
tems or for further analysis on other data processing systems; it can be 
printed out, plotted in a variety of formats, transmitted to other facilities, and 
so on, without significant risk of error and without necessity for manual tran
scription from paper or display devices. Furthermore, the computer, ADC 
and disk recording system need not cost much more if at all more than a high-
quality strip chart recorder system. The freedom from ink pen problems, me
chanical malfunctions, and storage of rolls of recorder paper adds to the ad
vantages of the system. A further advantage of the "intelligent" control of 
data acquisition is that it is not necessary to examine huge quantities of data 
such as even a data logger might produce, and that the rate of data acquisi
tion follows precisely the rate of activity of crack growth. The latter character
istic ensures good time resolution during the part of the test where most of the 
crack growth occurs, which is also the period of most rapid crack growth (or 
load drop—see Fig. 3). It is difficult or impractical to do this effectively with 
constant acquisition-rate devices such as strip chart recorders and data log
gers. To provide adequate resolution at the rapid period of crack growth, the 
onset of which is not predictable, the chart speed or printer speea must be set 
so high that one is inundated with paper or printout tape, and changing paper 
rolls and replacing ink becomes an onerous task. Furthermore, one may be 
changing paper while the most significant part of the test is occurring. 

It is obvious that a DATASCAN routine written in BASIC would not be 
suitable for recording dynamic events such as rapid-rate tension tests or to 
track fatigue waveforms, for example. Such operations are well within the 
capabilities of the microcomputer and the ADC and clock for tests of moder
ate speed, if the data acquisition programs are written in assembly code or 
possibly in FORTRAN. These languages create machine codes which run 
many times faster than BASIC, which must be interpreted as it runs. Such 
applications are not presently envisaged because of the difficulty of writing, 
debugging, and verifying FORTRAN or (especially) assembly code programs. 
Given the widespread use of microcomputers, it is very likely that such pro
grams exist, and it is to be hoped that they will be publicized so that others 
can use them. 
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Concluding Remarks 

This paper was written to indicate the impact inexpensive but very capable 
new devices have made and are making on the automation of tests and data 
acquisition. It is perhaps unfortunate that so much of what has been done by 
others was not put to use by the authors (especially operating program soft
ware). Perhaps the primary blame for this situation falls on the continued and 
apparently unstoppable proliferation of ever cheaper, ever more capable and 
easier-to-adapt computers and interface systems on the market, and on the 
unbelievably rapid developments in computer operating systems encouraged 
by cheaper memory systems. These factors make apparently obsolete per
fectly good and usable devices and systems within very short times. The sys
tem described here could not have been put together five years ago at any
where near our costs, and at the time it was first developed (about three years 
ago) there was no software available to do what the authors wanted to do with 
the computer (Apple 11+) of choice. Such rapidity of change makes it diffi
cult to get information to people who might want it in time to avoid apparent 
obsolescence, and is probably partly responsible for what might be called the 
Hamming Syndrome (see Ref 7, pages 2 and 3) of people standing on each 
other's feet instead of on the shoulders of previous workers. One hopes that 
organizations like ASTM through its committees and by means of publica
tions like this can convince computer equipment manufacturers of the need to 
standardize operating systems, interconnect hardware, interfaces, and espe
cially computer languages so that programs and system designs can be made 
truly portable, enabling others to use previously developed techniques on 
their own equipment. 
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ABSTRACT: An automated fatigue craclc growth rate test system was developed to char
acterize the crack growth response of engineering materials as a function of the applied 
stress-intensity range. The test system utilizes DEC PDP 11 series minicomputers and a 
software feedback control loop to control testing at frequencies up to 100 Hz. Additional 
system flexibility is provided in its three control modes: constant-load amplitude, con
stant AK, and variable-A/f test capabilities. 

A comparison of crack growth rate data obtained using this automated system is made 
with data generated under manually controlled test conditions, for aluminum and steel 
alloys, and for engineering plastics. 

KEY WORDS: automation, fatigue crack propagation, computer control, compliance, 
fracture mechanics 

Nomenclature 

a Crack length 
oo Initial crack length 
B Specimen thickness 

5 net Specimen net thickness 
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Beff Effective thickness 
C, Polynomial coefficients used to calculate crack length 
C G r a d i e n t coefficient in variable K opt ion (length " 0 [C = ( 1 / 

K) • dK/da] 
COD Crack opening displacement 

da/dN Fat igue crack growth rate 
E' Modulus of elasticity 

E' — E plane stress 
E' = E/{\ - v^) plane strain 

A^er Modulus measurement error 
gj Gage factor for Krak-gages (mm/V) 

/ Subscript indicating initial value 
K Stress-intensity factor 

/JTmax M a x i m u m stress-intensity factor 
ATmin M i n i m u m stress-intensity factor 

A/if Stress-intensity factor range (/iTmax ~ ^min) 
A/Cth Threshold stress-intensity factor range 
A/iTi Baseline stress-intensity factor range 

Ai l OL Overload stress-intensity factor range 
N Cycle n u m b e r 

Nd Cyclic delay after overload 
P Load 

Pmax M a x i m u m load 
Pmin M i n i m u m load 
APer Load measurement error 

R Stress rat io (/? = PrmJPms.^) 
U Transfer function 

t/j. Transfer function at position, x, from loading line 
Uo Transfer function at surface of specimen 

u Measured voltage potential from Frac tomat Krak-gage 
Mo Initial potential from Frac tomat Krak-gage 

V^/P Inverse slope of load-COD curve where C O D is measured at a loca
tion X from loading line 

VQ/P Inverse slope of load-COD curve where C O D is measured at surface 
A Voer Error in displacement measurement 

W specimen width 

The concepts of defect tolerant designs and of linear elastic fracture me
chanics (LEFM) have made impor tan t the measurement of fatigue crack 
growth rates ( F C G R ) . Since F C G R da ta may span over seven orders of mag
ni tude from 1 0 " ' ° m/cycle to 10"- ' m/cycle , their generat ion involves consid
erable test ing t ime and expense. Fur thermore , different test procedures are 
used to measure fatigue crack growth rates at the growth rate extremes. 

Wi th the advent of computer-control led fatigue crack propagat ion testing 
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systems, significant savings in testing time and labor costs have been realized. 
In addition, the ability to conduct more complicated tests represents, per
haps, the greatest benefit. This latter aspect of computer-controlled testing is 
particularly important in the development of threshold fatigue crack propa
gation data associated with extremely low growth rates which require around-
the-clock testing. Such computer-controlled threshold testing is usually ac
complished under decreasing-iir testing conditions through control of the 
stress-intensity factor gradient, C [where C — {l/K)-dK/da]. The advan
tages of variable-/!L controlled and constant-ii controlled fatigue growth tests 
have been described elsewhere [1] for the case of compact tension specimens 
based on compliance-inferred measurement of crack length. 

Liaw et al [2] reported a similar technique to measure crack growth rates 
using a three-point bend specimen with crack length measured by compliance 
and by an indirect potential method based on a Fractomat.^ These test results 
showed excellent agreement between the two crack length measuring tech
niques and that threshold crack growth rates could be measured using this K-
decreasing scheme. An inexpensive digital and analog system to measure 
near-threshold crack growth rates were developed by Brown and Bowling [3]. 

This paper examines a computer-controlled material test program, known 
as FCPRUN, recently developed by the Instron Corp. in cooperation with Le
high University's Materials Research Center. The essential feature of the pro
gram is its ability to control a fatigue crack propagation test using compact 
tension, wedge opening load, and three-point-bend-type specimens'* from the 
threshold regime to unstable fracture under a wide range of driving force con
ditions (for example, /iC-controlled, constant-load amplitude, variable-/? ra
tio). In addition, specimens with and without side grooves can be evaluated 
with this program. 

The objectives of this paper are twofold: First, the various features of the 
computer program FCPRUN are described in detail and FCGR test results 
are compared using compliance and Fractomat gage techniques. Second, 
meaningful FCGR data from metals and plastics^ are compared with valid 
manual test data derived from constant-amplitude and variable-amplitude 
loading conditions. To this end, standard plots of crack growth rate, da/dN, 
versus the crack driving force or stress-intensity factor range, AK, are used 
for data comparison. In addition, a comparison of the cyclic delay behavior of 
several metallic materials obtained under both manual and computer control 
is also made. 

•'Fractomat and Krak-gage are registered trademarks of TTI Hartrun Corp., Chaska, MN 
55318. 

^The FCPRUN program has recently been modified to accommodate single-edge-notched, 
center-cracked tension, and round compact tension-type specimen configurations. (For compli
ance coefficients of the round compact tension specimen, see Ref 4.) 

^ Since the compliance technique is based on linear elastic principles, the viscoelastic nature of 
certain engineering plastics may introduce fundamental problems when trying to apply this tech
nique. 
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System Hardware 

The test system consists of the following hardware components as shown in 
Fig. 1: 

• servohydraulic test systems, 
• computer Interface Unit, and 
• minicomputer and associated peripherals. 

An Instron Model 1350 servohydraulic test system was used for this investi
gation. Manual control electronics of the servohydraulic system were Instron 
Model 2150 controllers which include a hydraulic control module, an analog 
function generator, digital readout module, load, stroke, and strain control
lers, and associated recorders and oscilloscopes. Computer interface electron
ics consisted of an Instron machine interface unit (MIU), 12-bit analog-to-
digital converter (A/D), a 16-bit digital-to-analog converter (D/A) and an 
80-bit Parallel I/O (PIO) board. The computer hardware provides control, 
signal conversion, and analog signal buffering. 

To demonstrate the flexibility of the automated test system, PDF 11/03, 
11/23, and 11/34 minicomputers (manufactured by Digital Equipment 
Corp.) were used during this investigation. 

System Software 

The computer-controlled material testing system was run under the real
time operating system RSXUM (designed by Digital Equipment Corp., for 
multitasking and multiprogramming environments), with FCPRUN written 
in FORTRAN to take advantage of the flexibility of a high-level language. In 
order to have an application program monitor and control the material test
ing machine, an Instron machine driver (IMD) is used as an interface mod
ule. The IMD is a collection of macro-subroutines which handle most of the 
complex and repetitive tasks of controlling the test machine. The use of the 
IMD with an application program written in FORTRAN provides a simple 
method to command machine functions with single call statements. Thus, 
these FORTRAN callable subroutines in the IMD provide versatile high-level 
access to the testing machine monitor and control functions. 

In order to relate the analog signals of the testing machine to the physical 
units used in the application program, a servohydraulic machine calibration 
program (CALSH) was used. This program calculates a set of calibration con
stants and stores these constants in a disk resident file for later retrieval. 

There are three program tasks included in the fatigue propagation software 
system: FCPINP, FCPRUN, and CRKFIT. The interaction of the various 
program tasks is illustrated in Fig. 2. FCPINP creates a file containing the 
test parameters used to specify and control the waveform results, and termi
nation criteria for a test. FCPRUN runs the test, analyzes and reports results 
to the printer, and writes test results to a permanent disk file, which is avail-
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FIG. 2—Interaction of program tasks for automated FCP test system. 

able for an additional user program level (see Fig. 3 for flow chart of this 
system). The main functions of FCPRUN are designed to set up the test pa
rameters, start up the servohydraulic machine, monitor and control the ma
chine, analyze the data, generate the report of results, and provide for on-line 
parameter changes. The first phase of this program is to install the test pa
rameters previously created by using FCPINP. Then, the following list of ad
ditional parameters is entered in FCPRUN before actually starting the test: 
servohydraulic machine number, machine control mode, maximum load and 
load ratio (/?), current crack length, and final crack length for terminating 
test. 

Under A -̂controUed test conditions the maximum load value is used as a 
software load limit. Otherwise, maximum load is the load to be controlled. 
The program will stop the test if the command load for the given value of 
DELTA K to be controlled is greater than this maximum load setting. Next, 
the program prints messages to guide the operator through the installation of 
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FIG. ^—Flow diagram for test control program (FCPRUN). 
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the specimen and manual starting of the machine. When the operator places 
the machine on line, the computer has total control. The program then reads 
in the calibration constants stored in the calibration file, and a test report 
heading is printed on the terminal printer. 

The first machine control command is to bring the specimen to the mean 
load level. A cyclic load is then expanded about the mean load level in succes
sive increments of 60%, 20%, and 20% of maximum load level. This scheme 
was adopted to prevent overshooting of load when the analog function genera
tor is activated. The adjustment of the load amplitude command is done in a 
manner to reduce the difference observed between the desired load and actual 
feedback reading of the load channel. In FCPRUN, a software gain is intro
duced in such a way that load amplitude command to the testing machine is 
the product of a software loop gain and the desired load amplitude. Correc
tion to the load command is made every two seconds. Some of the test param
eters can be changed while the test is in progress. During this mode of opera
tion, the operator has the option of either continuing cyclic loading or 
stopping the cyclic load at the current mean load level. 

FCPRUN continuously monitors specimen crack length by using the elastic 
compliance technique or the Fractomat. Analysis of data begins by reading 
400 data points from three channels (load, strain, and auxiliary). The 400 
data points are analyzed to calculate the compliance, peak-to-peak load am
plitude of the waveform, and the crack length from the Fractomat. Minimum 
and maximum data values from each cycle are found and then averaged to 
calculate the best estimate of actual peak-to-peak values of test wave shape. 
Actual mean load level is determined from these averaged minimum and 
maximum values. 

The number of data pairs available for calculating compliance is a function 
of test frequency, with a minimum of about 20 pairs for each half of the load
ing cycle. The slope of load-displacement curve that is required in the compli
ance calculation is found by linear regression analysis of these data pairs for 
each loading-unloading cycle. The operator has control over which data pairs 
are used for slope determination, including selection of intermediate points of 
the load-displacement curve, such that only the linear section of the curve is 
used; selection of either the loading, unloading, or both portions of the load-
displacement curves; and selection of the number of multiple sets of measure
ments to determine the slope. In order to accommodate high test frequencies, 
the program used a burst mode data acquisition method. In burst mode, data 
collection is on two feedback channels and the interval timer on the A/D 
board is programmed differently, thereby allowing data to be collected at a 
higher rate than in the normal data collection mode. The burst mode data 
acquisition allows a range of data rates from 250 /iS to 1 ms. In the case of a 
high-frequency test, however, the response of the testing system components, 
such as a servohydraulic actuator and the displacement transducer, tends to 
become the limiting factor. 
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Finally, test results are printed on the terminal printer when the crack 
propagates a user-specified crack increment. The results are also saved on a 
disk file for later reference. FCGR are calculated using the modified secant 
method, which represents the change in FCGR between the previous and next 
crack length report. 

CRKFIT analyzes the result file data according to the seven-point polyno
mial method specified in Appendix XXI of the ASTM Test Method for Con
stant-Load-Amplitude Fatigue Crack Growth Rates Above 10~* m/Cycle (E 
647-83), and creates data files that are compatible for plotting. 

Experimental Test Procedures 

Materials used in this study included two 2024-T351 aluminum alloys, 
A514F, 1035, and A588 steels, polycarbonate, polystyrene, and epoxy resins. 
Mechanical properties are summarized in Table 1. Three specimen geome
tries were used in this study: ASTM standard compact tension, three-point 
bend, and wedge opening loaded (WOL) type specimens. 

Crack length was determined by using either unloading compliance or 
Fractomat gages. In the compliance method the linear region of the load-
versus-COD curve which was used to calculate the slope is defined in terms of 
a percentage of the load range and was a user-defined option to account for 
crack closure. To calculate the crack length, the program first determines, by 
least-squares analysis, the slope of the load-versus-COD curve between the 
specified limits which is then input into the following equations to calculate 
the crack length [5-7]. 

a/w = Co + CiUi + C^Ui + CiUl + C,Ui + C^Ul (1) 

TABLE 1-

A: Metals 
Material 

2024-T351 
ASH 
A588 
1035 

B: Plastics 
Material 

PC 
PS 
Epoxy 

—Material properties. 

MPa 

325 to 362 
690 
345 
517 

By, 
MPa 

63 
40 
55 

MPa 

450 to 496 
890 
485 
586 

MW 

37 000 
450 000 
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where f/̂  is a transfer function defined as follows: 

17, = 1 + 1 
P 

(2) 

Crack lengths were also measured with a Krak-gage, a thin metallic foil on a 
polymeric backing which is adhesively bonded to the specimen. The Fracto-
mat 1078 instrument applies a constant current to the gage and the instru
ment measures potential u. Such gages are designed so that the potential Aw 
is directly proportional to the crack length. The crack length is calculated by 

a = ao + {u - Uo)-gf (3) 

The voltage output from the Fractomat varies during dynamic cycling be
cause of periodic shorting of the crack gage surfaces at minimum load. Peri
odic variations of voltage were eliminated by use of the peak reading circuit, 
which measures only the peak voltages during cycling, thus maintaining the 
voltage output as continuous. Since the Fractomat is a two-channel device 
which allows the crack length to be measured on both surfaces, it is possible 
to obtain an average crack length reading. 

The stress-intensity factor was calculated by use of standard equations 
from ASTM E 399. For the case of side-groove specimens, the stress-intensity 
factor was calculated by 

^ side erooves ^ t~^ * •'*• no side grooves V^/ 
Vfine. "^ ^ side grooves ^t u •'*• no side grooves 
• \ -Onet 

Crack growth rates during the run time section of the test were calculated by 
the modified secant method 

{da/dNh = l;^' ~ tl"' (5) 

For some of the data reported, crack growth rates were fit by a seven-point 
incremental polynomial. 

Both AK increasing and decreasing test conditions were controlled at the 
user's discretion based on 

AK = Ki exp C{a - a,) (6) 

where C = {dK/da)/K (the stress-intensity factor gradient). When C is less 
than zero, a A -̂decreasing test is specified. 
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In all manually controlled fatigue tests, crack extension was monitored us
ing a Gaertner traveling microscope, typically at growth intervals of 0.2 to 
0.25 mm. Load cycling was interrupted to make these measurements and to 
record the associated number of loading cycles (AT). Constant baseline stress-
intensity conditions (AK,,) were achieved by shedding loads (less than 1% 
increments) at least every 0.2 mm. Delay behavior was determined by apply
ing single peak tensile overloads at a frequency equal to or less than 0.2 Hz 
(see Ref 8). The percentage overload (% OL = AKQI/AKI, X 100) was kept 
constant at 100%. The amount of cyclic delay, Nj, due to an overload was 
measured from the crack length (a) versus cycles (N) curves (see Ref 8). 

Results and Discussion 

The experimental results section is divided into two main parts. First, rep
resentative results are shown for 2024-T351 to demonstrate the application of 
FCPRUN and the use of both crack measuring techniques. Second, a com
parison of computer versus manually generated FCGR information is pre
sented and discussed. 

The results of a constant-A/iL tests are shown in Fig. 4 and reveal that crack 
growth rates are independent of crack length for both compact tension and 
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FIG. 4—Variation in FCGR as a function of z/vifor compact tension and three-point bend 
specimen rAK = 16.5 MPa^, R = 0.1). 
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three-point bend specimens, as expected. The maximum variation of craclc 
growth rate from the mean is only 13%. The greater amount of scatter in the 
compact tension specimen data is believed to be due to the larger amount of 
error in the crack length measurements; reasons for this are discussed in the 
Appendix. Figure 5 shows an FCGR curve for a three-point bend specimen 
tested under load control at/? = 0.50, based on crack growth rates measured 
by both compliance and Fractomat methods; excellent agreement is seen. 

In /sT-decreasing tests, crack closure usually develops in a near-threshold 
crack growth rate regime. In addition, crack closure forces are observed to 
increase as the threshold is approached [9-11]. An example of increasing 
crack closure is presented in Fig. 6 for a A"-decreasing test conducted atR = 
0.1. Note how the load-versus-COD curve becomes increasingly nonlinear as 
AK decreases. An estimation of the ratio of the opening load to the maximum 
load is made by determining the point on the upper section of the curve where 
the deviation from linearity occurs. Figure 6c reveals that near the measured 
threshold, crack closure appears to influence the entire load-COD curve, thus 
making it impossible to find a linear section to calculate crack length. The 
significance of this observation is discussed at greater length later. 

This section of the paper now focuses on an evaluation of the suitability of 
using FCPRUN to monitor FCGR response in numerous ferrous and nonfer-
rous alloys, and engineering plastics. 

0 

H 

1 

P«Ua-K CHPaVm> 

FIG. 5—Comparison of FCGR measured by compliance and Fractomat techniques in three-
point bend specimen fR = 0.5). 
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a) AK * 6 . 0 MPai^ 

b) 4K • 5 .J MP«*S 

c) 4K - 4 . 0 MPat/S 

FIG. 6—Photos of load-COD curves showing the development of crack closure as AK,* is ap
proached (AI 2024-T35I, R = 0.1). 

FCGR results in metals and plastics are now compared based on both man
ual and computer-generated test results. FCGR data from the threshold re
gime to AK levels near fast fracture for A588, A514, and 1035 steels are pre
sented in Figs. 7, 8, and 9, respectively. The scatterbands are used to depict 
the range? over which manually generated fatigue data were acquired, while 
the data points shown are the result of both X -̂increasing and /iT-decreasing 
portions of computer-controlled test conditions. Excellent agreement be
tween the computer and manually generated data is observed with the excep
tion of the threshold regime in ASH steel (Fig. 8); the latter discrepancy is not 
of major proportion and may be attributable to small differences in micro-
structure between the specimen used for the manual and computer-controlled 
tests. (It should be noted that variations in microstructure such as grain size 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:05:26 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



VECCHIO ET AL ON FATIGUE CRACK PROPAGATION 57 

AK , MPo'Vm 

FIG. 1—FCP response of A588 at an R ratio of 0.1. The scatterband depicts data obtained 
under manual control, while the symbols are data-generated under computer control. 
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FIG. 8—FCP response of AS 14 at an R ratio of 0.1. The scatterband depicts data obtained 
under manual control, while the symbols are data-generated under computer control. 
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FIG. 9—FCP response of 1035 at an R ratio of 0.1. The scatterband depicts data obtained 
under manual control, while the symbols are data-generated under computer control. 

do have a significant influence on threshold behavior [12,13].) Although the 
difference between the computer and manually generated data for A514 (Fig. 
8) is small, it has been the experience in this laboratory that considerable 
discrepancy in the threshold regime can occur if inference of the crack length 
is in error. This results from the fact that small changes in the stress-intensity 
range (due to errors in crack length inference) in the threshold regime result 
in substantial changes in the corresponding crack growth rate. Though the 
data shown in Fig. 8 reveal a slightly conservative estimate of the A/t th rela
tive to the manually determined value, it should be noted that errors in the 
inferred crack length generally lead to an overestimation of a material's 
threshold characteristics. Such overestimations of A/if th have been referred to 
as "false" thresholds. 

If one considers a role of crack closure or crack surface interference on the 
near-threshold regime, it becomes clear how both crack arrest and overesti
mation of threshold values can occur. It is known that as the threshold stress-
intensity range is approached, the degree of crack surface interference in
creases at an increasing rate. This, in turn, leads to an ever-decreasing linear 
portion of the load-displacement traces. For example, if the operator uses the 
compliance technique and chooses a point on the load-displacement curve 
(Fig. 6) which is below the crack opening level, then the computer will moni
tor highly nonlinear load displacement traces. As a result, the computer will 
infer the crack length to be shorter than its actual size. Therefore, when con-
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ducting tests under computer control in the near-threshold regime, the opera
tor should carefully monitor the shape of the load-displacement curve and 
periodically verify by visual reading the actual crack length. 

The fatigue crack propagation response of polycarbonate and polystyrene 
was examined under both manual and computer-control test conditions 
(Figs. 10 and 11). Again, as was the case with the metals, these amorphous 
polymers exhibit excellent agreement between the computer and manually 
generated test data. The ability to conduct reliable /iT-increasing and K-de-
creasing tests in these materials is also illustrated in Fig. 10 where such data 
are seen to compare well with the manually controlled constant-load ampli
tude results. 

It is known from manual fatigue crack growth rate test results that polysty
rene exhibits a modest sensitivity to the frequency of the applied loads (Fig. 
11). Since the lower-growth-rate computer-controlled data are in excellent 
agreement with the higher-grovrth-rate manually generated data for two dif
ferent frequencies (10 Hz, Fig. 11, and 50 Hz, Fig. 11), it is apparent that use 
of the compliance technique in this computer-controlled application is sensi
tive enough to detect these frequency-induced variations in crack growth rate. 
Other fatigue tests of an epoxy resin which is not frequency sensitive further 
verify the suitability of using FCPRUN to monitor fatigue crack growth in 
glassy, amorphous plastics (Fig. 12). 

The use of this program, based on compliance-based inference of the crack 
length, is brought into question, however, when dealing with more compliant 
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FIG. 10—FCP response of polycarbonate (PC) at an R ratio of 0.1. 
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FIG. 11—FCP response of polystyrene (PS) at an RratioofO.l: (&) test frequency of 10 Hz; (b) 
test frequency of 50 Hz. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:05:26 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



VECCHIO ET AL ON FATIGUE CRACK PROPAGATION 61 

u 
>. 
<j 

E 
E 

z 
•o 

o 
•o 

.0* 

.? 

.^ 

-r 

. EPOXY ,\'' 
: R-O.l ^ 

i 
X 

1 
^ A-COMHtTCK 
A X-MANUAL 

10 5° 
AK , MPaVm 

FIG. 12—FCP response of epoxy resin at an K ratio of 0.1. Test frequency of 40 Hz. 

polymers—especially those that experience a considerable amount of hyster-
etic heating. In the latter instance, such heating often leads to a decrease in 
the stiffness of the unbroken ligament of the specimen. It follows that if the 
material's modulus changes continually during crack extension, crack length 
inferences via the compliance technique will lead to spurious results. In addi
tion, materials that demonstrate considerable viscoelastic response tend to 
exhibit a load-deflection trace that is generally nonlinear. As such, it is not 
clear how one may define the slope of this nonlinear plot to infer the current 
crack length. Attempts to perform a computer-controlled test with a rubber-
modified Nylon 66 plastic proved unsuccessful for the above two reasons. It 
should be pointed out that the difficulty in conducting a computer-controlled 
test of this material was not due to limitations in the FCPRUN program, per 
se, but rather due to the compliance technique used to infer the crack length. 

Variable-amplitude loading can have a pronounced effect on the total fa
tigue life of a component. For example, it has been shown that single or mul
tiple tensile overloads or compressive underloads can lead to a temporary at
tenuation or acceleration, respectively, of the FCGR [8,14,15]. The baseline 
stress-intensity factor range {AKh) has been identified as a major variable 
that influences a component's response to overloads. As such, variable crack 
growth information can be obtained from a particular material by conducting 
overload studies at various constant baseline stress-intensity ranges from the 
threshold regime to those approaching fast fracture. In order to more clearly 
identify the role of the baseline stress-intensity range in variable-amplitude 
loading it is useful to conduct these tests under constant-A A" test conditions. 

In this investigation, several 100% tensile overload computer-controlled 
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experiments were conducted on 2024-T3 aluminum and A514F steel. The 
results of these tests and the results from identical but manually controlled 
experiments are presented in Table 2. Examination of these data reveals that 
the computer-controlled results consistently underestimated the amount of 
cyclic delay due to a tensile overload as determined separately from manual 
test procedures. Though there is some scatter observed when conducting 
manual overload tests, it is not sufficient to explain the large differences 
shown in Table 2. 

The underestimation of cyclic delay due to an overload using computer 
control is believed to be directly related to an error in the crack length infer
ence through use of the compliance technique. It is known that tensile over
loads result in residual crack surface interference in the wake of an advancing 
crack tip. Therefore, following the application of a tensile overload, a consid
erable increase in the crack closure level is observed. As the crack tip moves 
away from the point of overload application, the closure level first increases to 
a maximum and then gradually decreases to the pre-overload level. Figure 13 
illustrates the shape of two typical load-displacement traces; trace (1) is a 

Material 

2024-T3 
ASH 
ASM 

A/fi 

7.5 
12.5 
10.0 

TABLE 2—Cyclic delay data. 

Manual Control 
Cycles of Delay 

X 10̂  

100 to 125 
75 to 80 

300 

Computer Control 
Cycles of Delay 

X 10^ 

40 to 60 
50 

70 to 110 

DISPLACEMENT , 6 

FIG. 13—Schematic illustration of load-displacement curve prior to overload [Trace (I)] and 
load-displacement curve following a tensile overload [Trace (2)]. Erroneous estimate of slope S^ 
results from use of incorrect value of P„p. Note dramatic increase on crack opening level following 
overload [Trace (2)]. 
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load-displacement plot which is observed just prior to a tensile overload and 
trace (2) is typical of a load-displacement plot obtained following the over
load. In Fig. 13, Popi and Pop2 are the crack opening levels associated with 
Traces (1) and (2), respectively. It is obvious from this figure that Trace (1) 
has a low Popi level which results in a substantial linear load-displacement 
region; this in turn yields an easily measured slope, Si. Trace (2), on the other 
hand, has a very high Popi level which results in a much reduced linear region. 
Assuming that the opening levels are the same in the two curves, the slope ^2 
of Trace (2) is therefore approximated by what amounts to a secant to this 
curve. Clearly, ^2 is greater than Si. As such, the inferred crack length 02 is 
less than a 1, and the resultant applied stress 02 is greater than the previous 
value CTi. Therefore, the amount of cyclic delay under computer control will 
be less conservative when compared with manual test data because of the 
higher applied stress range. 

Conclusions 

1. A considerable savings in time and money is realized when standard 
fatigue crack propagation tests are conducted under computer control. 

2. It was shown that the automated FCGR program was capable of mea
suring crack growth rates over five orders of magnitude. 

3. Operators of computer-assisted facilities should be aware of the influ
ence of crack closure on the linearity of the load-COD trace used to infer 
crack length when conducting decreasing-iir threshold tests. 

4. The factors which affect the crack length accuracy are errors in the load 
and COD measurement, errors in the modulus, and the percentage of the 
load-COD signal used for the slope determination. 

5. Agreement between computer and manually generated data is excellent 
for metals and glassy, amorphous polymers. 

6. Highly viscous materials such as Nylon 66 are not presently amenable to 
compliance-based computer control, since testing of these materials results in 
very nonlinear load-displacement traces. 

7. The use of the compliance technique for inferring crack length in vari
able-amplitude loading studies yielded consistently more conservative cyclic 
delay results than those generated under manual control. 
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APPENDIX I 
The accuracy of the crack length determination via elastic compliance depends 

upon many variables. Friction in the load train has been found to affect crack length 
inference; by reducing pin friction through the use of a needle bearing, crack length 
sensitivity could be increased from 0.05 to 0.03 mm [16]. Other factors which affect 
crack length accuracy include errors in load measurement, errors in COD measure
ment, and errors in modulus information. Therefore, the total error in crack length 
can be estimated by forming the following partial differential of Eq 1 

'"- ̂  Kii") V 
dU 

dE 7 \dP 

dU ^2 
AVoer 

dV 
(7) 

where U is the transfer function defined by Eq 2 in the text. 
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FIG. 14—Crack error for constant-K test with AK = 16.5 MPa-4m. 
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Performing the appropriate partial differentiation and defining the variable z as 

Z = 
E'VOBM 1/2 

1 + 
E'VoB^ 1/2 

Equation 7 may be reduced to the following expression 

(8) 

w • z 

/A^e, 

A E 
' + (^X^\ 

Vn / + 
Ai'e, 1/2 

(9) 

Figure 14 reveals a plot of percentage crack length error in compact tension (CT) 
and three-point bend specimens as a function of crack length-to-width ratio for con-
stant-AA' testing. It is seen that the crack length error decreases as the crack propa
gates since the increase in specimen compliance is greater than the decrease in load 
during a constant K test. The effect of an error in elastic modulus on determination of 
compliance-inferred crack length is shown in Fig. 15. As expected, small moduli er
rors correspond to small errors in inferred crack length. It is interesting to note that 
the error in crack length for a large modulus error (5%) decreases with increasing 
crack length. 
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ABSTRACT; An automated reversing d-c potential system capable of measuring crack 
growth rates in compact-type, edge-notched, and surface-defected specimens under a 
wide variety of environmental conditions is described. Measurements can be made with 
ease during cyclic or static loading conditions. The unique characteristics of the system 
software, which give the operator a wide choice of test routines, including constant load 
range, constant stress-intensity range, and programmed load range or programmed 
stress-intensity range, are discussed. Detailed procedures are then given for conducting a 
"controlled K" cyclic test on a surface-defected specimen. 

The system has outstanding stability and sensitivity. The high frequency of measure
ment permits averaging of many readings within a given cycle to obtain a single data point 
or to detail a given cycle. Techniques for averaging data to enhance the resolution of 
growth rate measurements are discussed. 

Finally, results from several tests are described to demonstrate the versatility of the 
system in making measurements on different specimen geometries over a wide range of 
testing conditions. 

KEY WORDS: automated fatigue testing, compact tension, surface defect, crack 
growth, crack monitoring, data acquisition, d-c potential measurement 

Although crack growth studies have been made over the years using a vari
ety of monitoring systems, including visual, compliance, and potential-drop 
methods [i], a need has developed for a method with high resolution and 
long-term stability that is capable of functioning in environmental chambers 
under both static and cyclic loading conditions. The reversing d-c electrical 
potential method has been developed at General Electric's Research and De-

' Specialist, specialist, metallurgist, and mechanical engineer, respectively. General Electric 
Co., Corporate Research and Development, Schenectady, NY 12301. 
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68 AUTOMATED TEST METHODS FOR FRACTURE 

velopment Center to monitor crack growth in test specimens subjected to sim
ulated nuclear power plant environments under these conditions. Histori
cally, drift due to thermal electromotive forces (emf s) created at junction 
points has caused a problem in making d-c potential measurements. In the 
present approach, the current is reversed at 0.5 s intervals to minimize this 
problem. The resulting differential potential readings between any two adja
cent readings with positive and negative polarity eliminates concern about 
thermal emf's and amplifier zero drift if the time between adjacent readings is 
relatively short. 

A variety of test specimen geometries has been employed with this ap
proach, including some which simulate the conditions encountered in service 
components much more closely than the widely used compact-type (CT) frac
ture mechanics specimen [2-7]. 

The basis of the system is to pass a known direct current through a test 
specimen and to monitor the change in potential drop between one or more 
probe pairs, referred to as active probes, which span a known defect or crack 
in the gage section as growth occurs. These probes will react to changes in 
defect size, temperature, current, and strain deformations. A reference probe 
pair is located at a location remote to the defect but, where possible, in the 
specimen's gage section. This probe will react in the same manner to all vari
ables except defect size. All probe pair potential readings are normalized by 
dividing the instantaneous value for the potential by the potential reading at 
the same location at the start of testing. A "net ratio" for each active probe 
pair is obtained by dividing the normalized value of the potential from an 
active probe by the normalized value of the reference probe. Use of the net 
ratio for each active probe pair compensates for changes in current, tempera
ture, and strain. Analytical solutions are then used to convert the recorded 
changes in potential to changes in defect size. Recent advances in electronics 
and microcomputers have been introduced to allow the reversing d-c electri
cal potential method to become a very stable, high-resolution system for crack 
measurement. 

System Description 

The reversing d-c electrical potential method can be viewed as four systems 
(see Fig. 1): (1) current control, (2) potential measurement, (3) data acquisi
tion, and (4) test machine control. The microcomputer and its software pack
age are the key to the control of all four systems. 

The current control circuit. Fig. 1, includes a d-c power supply, shunt, and 
solid-state switches. The d-c power supply is capable of current control mode 
with 0.02% regulation and 0.03% drift characteristics. While amperage var
ies with specimen material and cross-sectional area, 5 A is more than ade
quate for all specimens and 50 A for components tested to date. The current 
shunt is located in the positive lead of the d-c power supply and yields 10 mV 
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FIG. 1—Block diagram of components used for microcomputer controlled reversing d-c po
tential crack growth measurement system. 

analog signal per ampere. The analog signal does not require signal condi
tioning to the microcomputer and is recorded as a permanent record of the 
current history of each test. The solid-state switching is located between the 
shunt and specimen; hence it does not interrupt the shunt's analog signal to 
the microcomputer. It is controlled by solid-state logic levels of 0/5 V d-c 
from the microcomputer with a switching rate of V2 s at each polarity through
out the test. 

The potential circuit, Fig. 1, includes X1000 gain isolation amplifiers with 
high 166 dB common-mode rejection and low long-term drift, typically 2 \\N 
per year. Short, shielded, twisted-pair input leads are used from the platinum 
entry lead terminal to the amplifiers to minimize electrical noise pickup. 
Each test facility requires one amplifier per probe pair with outputs at milli
volt levels. The signals are inputs to the microcomputer and are first multi
plexed to a X100 gain internal instrument amplifier, sampled, held, and fi
nally digitized. A gain of X100 000 gain is required because potentials are 
kept in the microvolt range to minimize electrochemical influence on crack 
growth. Potential readings are made at each probe position in sequence after 
current of a given polarity has been flowing for '/z s, 16 potential readings are 
taken at each probe pair within a few milliseconds. The current polarity is 
then reversed and after a '/a s interval, another 16 readings are taken at each 
probe position. One-half the difference between the averages of these read
ings is used as a single potential reading for that probe position. The V2 s 
current reversal period is determined by the settling time of the X1000 gain 
isolation amplifiers 

Data acquisition includes a hard copy printout and storage on magnetic 
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tape. The format varies with test specimen geometry, test conditions, and 
static versus cyclic loading. An example of dialog and headings is shown in 
Fig. 2. This format is for cyclic testing of a surface-defected specimen with six 
active probes and represents the largest quantity of displayed data [6,7]. The 
least quantity of data is presented in a single active probe pair static test. Fig. 
3. Common to all data outputs are cycle or time count, current, microvolts of 
all probe pair channels, normalized value of the reference potential, and net 
ratio of each active probe pair. Additional real-time control outputs include 
command and feedback minimum and maximum load signals, calculated 
crack length, and calculated stress-intensity values at minimum and maxi
mum loads. Data are given in scientific notation to reduce the number of 
characters per line of data output with the mantissa expressed in the heading 
of each column of data. The dialog varies greatly with specimen geometry, 
type of test (cyclic versus static) and for passive versus real-time test control. 

Test machine control from the microcomputer has been designed to be 
adaptable to any servohydraulic test machine using a function generator to 
create a command signal. Incorporation of control requires relocating the 
function generator's output to the microcomputer and inserting the compos
ite command output of the microcomputer in its place. The mean level and 
amplitude dials of the test machine are then standardized prior to transfer
ring control to the microcomputer. The function generator must run in a half-
waveform mode, that is, zero to +10 V range. 

Two digital-to-analog multiplying conditioners (DAC) are dedicated to ma
chine control in the microcomputer. The function of the first is to attenuate 
the output of a stable +10 V power supply to equal the voltage needed to 
represent the desired minimum load. It is acceptable to use the mean level 
dial of the test machine to produce a desired tare load. The dialog will query 
that value and the first DAC's output will be modified accordingly. The sec
ond DAC attenuates the function generator's output to produce the desired 
amplitude as dictated by the load range specified at that point in testing. The 
output of both DAC's is summed to produce a composite command output 
signal that replaces the function generator signal. The amplitude dial of the 
test machine must be set at full range to avoid attenuation of the microcom
puter signal. The microcomputer must be informed of several parameters 
prior to test initiation; these are load range, tare load, crack depth, and de
sired minimum and maximum stress intensity. 

Control characters are provided to start or terminate testing and to control 
the format of data. In cyclic testing, data may be printed for each cycle, or, if 
desired, as averages of data from a block of cycles. Static load testing control 
characters start and stop an internal clock which maintains an hour count in 
the data output. 

A timeout device is incorporated at the printer terminal and is wired to stop 
the function generator at zero volt output should the printer not print in a 
time interval somewhat greater than the anticipated interval of printout. This 
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FIG. 3—Example of dialog from application program for single-probed compact-type speci
men for static testing. 

is valuable protection from a test running unmonitored as the result of the 
microcomputer "hanging" due to a power drop at the test facility. 

The hardware comprising this technique is portable and rack mountable. 
Signal and control cables are BNC connections for ease of installation. 

Specimen Design 

Three types of test specimens have been used to date, CT, edge-notched 
rectangular bar, and surface-defected rectangular bar geometries. Some test
ing has been accomplished on internally defected short pipe sections with 
equally good results. All specimen geometries share several common charac
teristics in applying the reversing d-c method for crack monitoring. Platinum 
wire has been selected for both current and potential leads because of its inert 
properties, ease of spot welding, and resistance to oxide formation in high-
temperature aqueous environments. Current leads 0.762 mm (0.030 in.) in 
diameter and 0.254-mm-diameter (0.01-in.) potential leads are spot-welded 
to the specimen at predetermined locations prior to installing the specimen in 
the test facility. The current leads are kept short, approximately 203 mm (8 
in.) because of the high resistance of platinum. The specimen wires are at
tached to permanently installed platinum "feed-through" entry leads of 
heavier-gage wire, typically 1.016 mm (0.040 in.) diameter for current and 
0.508 mm (0.020 in.) diameter for potential. Outside the autoclave, the entry 
leads, which are kept to lengths of approximately 305 mm (12 in.) are at
tached to copper instrument leads. Tetrofluoroethylene sleeving, capable of 
withstanding 288°C (550°F) water without degradation, provides insulation 
for all platinum leads. 
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The CT specimen employs three pairs of leads: current, reference, and one 
active probe pair. The choice of positions for current and active probe poten
tial leads is dictated by the need to establish a balance between maximum 
sensitivity of potential to crack growth and minimum sensitivity to any inac
curacy in placement of probes. The positions selected (Fig. 4) were based on 
the results of Klintworth [8], who conducted a finite-element analysis relating 
potential output at any point on the surface of a CT specimen to crack length 
for several current lead attachment locations. The reference probe position 
was selected to show the minimum change with crack growth. 

Surface-defected specimens incorporate one pair of current leads and one 
pair of reference potential probes and from one to six pairs of active probe 
pairs. Figure 5 indicates relative positioning of the initial defect and probe 
pairs. Current leads are attached in the grip head area, assuring uniform cur
rent distribution in the gage section. The reference probe is well removed 
from the defect and specimen fillet and reacts only to temperature, current, 
and strain in the specimen gage section. Cracks whose shapes do not change 
during growth can be adequately characterized by a single active probe pair. 
When a single active probe pair is employed, it straddles the defect and is 
centered on its surface length. The probe spacing is again a compromise of 
sensitivity and accuracy of locating probe positions. Multiple active probe 
pairs are used to monitor crack growth when it cannot be assumed that the 
aspect ratio of the crack will remain constant. Use of several probe pairs per
mits measurement of size and shape of a growing crack. The most common 
configuration of probes employed is shown in Fig. 5. Other locations, includ
ing positions on the back side of the specimen, can also be used for making 
measurements. 

CURRENT LEAD 

ACTIVE 
PROBE 

REFERENCE 
PROBE 

CURRENT LEAD 

FIG. 4—Probe configuration used in making reversing d-c potential measurement with com
pact-type specimen. 
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O : - REFERENCE PROBE 

0.100" 

-O.TO"-

SURFACE DEFECT 

ACTIVE PROBES 

0.r = 2.54 mm 

FIG. 5—Probe configuration used in making reversing d-c potential measurement with sur
face-defected specimen. 

Test Procedure 

Effective operation of a test facility incorporating the reversing d-c electri
cal potential method requires operating knowledge of the test equipment and 
familiarity with the dialog and diagnostics of the application programs. Ap
plication programs for all test specimen configurations require proper identi
fication of probe pairs to amplifier channels. Current levels must be selected 
to produce microvolt levels which will not increase to instrument amplifier 
saturation during the test run. Prior to installing a test specimen, spacing of 
all probe pairs is measured and recorded. This spacing is used in analytical 
programs during and at the conclusion of testing. 

While numerous programs are available for control of different types of 
tests and specimen geometries, examination of the dialog (Fig. 2) for a "K-
controUed" test of a multiprobed, surface-defected specimen will illustrate 
the procedure to be followed in testing. The first line identifies the application 
program, then headings of MACHINE, SAMPLE, TEST, BLK SZ, and 
PROGRAM lead the operator through the dialog. Under MACHINE head
ing, LOAD RANGE inquires number of pounds equal to 10 V. TARE LOAD 
inquires what load the specimen is subjected to at the start of the test and 
allows for loads due to differential pressures created by vacuum or pressuriza-
tion of environmental chamber or any desired load on the specimen prior to 
test initiation. 

Because this example is a real-time, load-controlled test, the SAMPLE 
heading inquiries are needed to satisfy the algorithm used to calculate crack 
depth from the net ratio of the symmetrically located active probe pair. The 
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thickness, original crack depth, aspect ratio, and probe spacing calibrate the 
start-up conditions. The TEST heading prompt determines an initial start-up 
or a sequence restart. A zero response to PRESTART/RESTART cues the 
program to store the first averaged microvolt value of each potential channel 
for normalization, whereas other than zero response cues the INITIAL OR 
REINITIALIZE prompt. If given a zero response for each channel, the first 
averaged microvolt values will be stored for future normalizing and the test 
has been reinitialized. If the original microvolt value of each channel is en
tered, original ratioing will be maintained. CYCLES FOR INITIALIZA
TION is negated when a zero response is entered. When the crack depth is 
questionable, a number of cycles of initialization should be entered. A 
prompt of STRESS GAIN AT START-UP will inquire at what percent of 
desired stress intensity the initializing cycles will be run. This action will pro
tect overloading the specimen should the calculated crack length be greater 
than the PRESENT CRACK DEPTH entered. The last three inquiries under 
the heading TEST allow the operator to designate at what percentage of load 
amplitude should potential values be sampled. A zero response to DATA 
THRESHOLD allows sampling during the entire load amplitude whereas a 
0.5 response allows sampling during the top 50% of load amplitude. 

Empirically, noise levels have been reduced to an acceptable level when 50 
or more groups of 16 readings are averaged. Figure 6, which displays data 
obtained on cyclically loading a surface-defected specimen of SA 333, illus
trates the reduction in scatter obtained by such averaging. A least-squares 
best-fit line has been drawn through the blocked data points. Analysis of 
these data shows that the scatter is random and hence averaging is justified. 
The number of cycles needed to accomplish 800 (50 X 16) averaged readings 
to represent one data point is a function of waveform, period, and data 
threshold. The program calculates the minimum number of cycles needed to 
equal or exceed 800 readings and cues the operator. The operator is not re
quired to use the cued block size; however, it is a guide to the level of averag
ing required to minimize noise in recorded data. Block size and number of 
blocks per printout do not have to be equal, but generally are. The final head
ing, PROGRAM, allows the operator to set up the test machine control based 
on constant load, constant K, programmed load, or programmed K, the lat
ter two based on crack depth or number of cycles. A YES response brings up 
the prompt CONSTANT [L]OAD OR [K]. Either response will bring up 
three additional prompts: K{MAX}, K{MIN}, and A VALUE AT TERMI
NATION where A is crack depth. In constant K-mode, the load will decrease 
as the crack grows, whereas the initial loads will remain constant with crack 
growth in constant load mode. Both will terminate at the entered B-value. A 
NO response brings up an explanation of how to build a K or L table consist
ing of crack length, K̂ ax and Kmin entries per line of table. Twenty-five table 
entries are allowed and table entry is terminated when a zero is entered for 
K{MAX}. For operator convenience, the compiled table can be printed out 
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FIG. 6—Minimization of scatter in data by block averaging. 

for examination prior to starting the test. Control/R starts the function gen
erator and program execution. Control/H stops both whereas a Control/C 
stops program execution only. All cyclic data are printed out regardless of the 
specified block size unless the terminal's space bar is keyed, which limits the 
printout to blocked data only. Control/R will return the printout to all cyclic 
data. Typically, blocked data only are recorded and block size is adjusted so 
0.0254 mm (0.001 in.) or less of crack growth occurs between blocks. The 
operator can change the block size, waveform, or period with a Control/I. 
Program execution stops and the prompts WAVE PERIOD through BLOCK 
SIZE dialog allow the appropriate changes. Control/R will restart the test at 
the new conditions. 

Data recorded on magnetic tape can be removed from the terminal at any 
point in time for analysis, and hard copy inspection can be made for immedi
ate status of the test. 

Applications of Reversing D-C Potential Measuring 

The reversing of d-c potential technique has been employed successfully in 
our laboratory for several years [2-7]. Several test results will be described to 
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illustrate its applicability to testing under a wide variety of conditions, includ
ing static and cyclic crack growth in high temperature pressurized water, and 
use of CT and surface-defected specimens as well as structural shapes. The 
tests described have been selected because they illustrate some of the out
standing features of the test technique, such as use of a reference probe to 
provide temperature compensation, use of multiple probes to determine the 
shape of a crack front in surface-defected specimens, and the ability of multi
ple readings taken within a single cycle to differentiate between cycle-depen
dent and time-dependent crack growth and to show closure effects. Near-
future testing includes crack measurements in service components in the 
laboratory and eventually in the field. 

Temperature Compensation 

While only a limited amount of testing was done on pipes, one such test 
demonstrates the capability of a reference probe to minimize the effect of 
temperature variations during testing [6]. A section of 10.16-cm-diameter (4 
in.) SA 333 carbon steel pipe (nominal composition carbon 0.22, manganese 
0.80, phosphorus 0.04, sulfur 0.05 maximum, balance iron) with a 5.080-
mm-radius (0.200-in.) thumbnail defect at its inner wall was monitored for 
several days while subjected to pressurized, elevated-temperature water. No 
axial load was applied to the pipe section and no crack growth took place. 
Minor temperature fluctuations occurred early in the test but after 42 h the 
test was terminated and the heater turned off. Water continued to flow 

" 

in 
o 

O " 
1 ! 

h-
< o 
Q; • 

^ 1— 
UJ 

z in 
01 
D 

O 
0) 

- PIPE 

-

- ' • — - • - — • -

- I - T T 1 [ - ' t T - I - I ? T - T - l I I 

STAND 

TENPEUTURE 

- . , ^ - . , . V _ . . , . - ^ . V ^ - - - „ • . - , . - ' 

NET RATIO 

1 1 1 I 1 • 1 i 1 L...1.1 l..,i 1 L 

r' 1 1 1 T I 

L_.,.„-.,>v.^v.'^ 

T 1 J t — r 

•^•M-f* 

1 l__l 1 L 

• 

• 

, 

' 

-
• 
• 

• 

r, rn 
O S 

D 
m 
CD 

n 

° 0 10 20 30 40 50 60 70 

TIME IN HOURS 

FIG. 7—Effectiveness of reference probe in minimizing the influence of temperature variation 
during testing. 
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through the pipe at a rate which caused a severe drop in temperature during 
the first two hours of coohng. Even during this period of cooling, the net ratio 
from the probe pair straddUng the center of the effect remained almost con
stant (Fig. 7). The slight irregularity in the net ratio caused by this sudden 
change in temperature represents an indicated change in crack depth of ap
proximately 0.00508 mm (0.0002 in.). After a period of a few hours when all 
temperature gradients had been eliminated, the net ratio returned to its origi
nal value. 

Stability 

A requirement of high sensitivity measurement is good long-term stability. 
Figure 8 is a plot of data from a CT specimen test run at 288°C (550°F) in 
pressurized water at a low cyclic stress level at 0.021 Hz. The probe configura
tion was as shown in Fig. 4. The least-squares best-fit line has zero slope 
where ±2% in net ratio represents approximately ±1.882-mm (0.0741-in.) 
change in crack depth. 

Measurement Sensitivity 

Figure 9 is a plot of data taken during testing of a surface-defected speci
men of carbon steel in 149°C (300°F) oxygenated water using a probe config
uration as shown in Fig. 5 [7]. The specimen was 17.8 mm (0.700 in.) wide 
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FIG. 9—Sensitization of 0.00254 mm (0.0001 in.) in surface-defected specimen with cross-
sectional area of 158.064 mm^ 10.245 in.') at 3 A. 

and 8.89 mm (0.350 in.) thick in the gage section and contained an initial 
defect of 3.81 mm (0.150 in.) radius at its midlength. The portion of the test 
depicted includes 300 cycles during which the crack increased in depth from 
approximately 5.601 to 5.639 mm (0.2205 to 0.2220 in.), a crack growth rate 
of 12.7 X 10"^ mm/cycle (5 X 10"^ in./cycle). From these data, it is clear 
that accurate crack growth rates can be determined with small amounts of 
crack growth, hence a single specimen can be employed to gain crack growth 
rates under a number of different conditions. 

An additional benefit of high resolution of crack length is the ability to 
measure crack growth rates which are similar to those acceptable in service, 
hence decreasing the necessity of running accelerated tests and extrapolating 
data. Figure 10 shows measured crack growth rates approaching 2.54 X 10~^ 
mm/h (10^^ in./h) in a compact tension specimen of SA 533 pressure vessel 
steel subjected to static load conditions in pressurized elevated-temperature 
water of two levels of dissolved oxygen. A period of less than one month's 
testing time was required to obtain these data points 

Measurements of Crack Shape 

Multiple-probed surface-defected specimens have been used to demon
strate the capability of determining changes in crack depth and shape as 
crack growth proceeds [6-7\. The procedures used in testing an SA 333 car-
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FIG. 10—Comparison of crack growth rates as measured by reversing d-c potential technique 
in water with two different oxygen contents. 

bon steel specimen are shown with reference to Fig. 11. A crack with an initial 
aspect ratio of 0.25 and depth of 0.635 mm (0.025 in.) was probed with six 
probe pairs as shown in the upper left of the figure. The specimen was cycli
cally loaded in 288°C (550°F) oxygenated water to cause the crack to grow. 
The microvolt response of the several probes is plotted as a function of cycles 
in the upper right of Fig. 11. Note that the several curves are as would be 
expected. Probe pairs 3 and 4 show an immediate response as the crack 
grows, 3 showing a greater change than 4 since it is closer to the crack and is 
therefore more sensitive to crack growth. Probe pairs 2 and 5 show little re
sponse at first, but as the crack continues to grow, they begin to respond in a 
similar fashion since they are equidistant from the center of the crack. Probe 
pairs 1 and 6 are more remote and respond only slightly and only when the 
crack is very large. Probe pair 0, which is the reference probe, does not react 
to changes in defect size. Data obtained in this manner are used to calculate 
the dimensions of that semi-ellipse which most closely approximates the crack 
shape. A program has been devised which prints out the depth, length, and 
area of the crack at the end of each cycle or at the end of any desired number 
of cycles. In addition to these dimensions, it calculates the offset of the axis of 
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the best fitting ellipse from the axis of the original defect, hence showing 
clearly any assymetry in growth. Figure 11 shows a plot of the length, depth, 
and square root of the area calculated from the voltages measured by the six 
active probe pairs. Examination of these dimensions shows that the crack has 
changed shape during growth. Its initial aspect ratio, that is, surface length/ 
depth, of 0.25 changes gradually to 0.49 at the end of the test. 

Cycle-by-Cycle Analysis 

Data from a surface-defected specimen of SA 333 carbon steel subjected to 
cyclic loading in pressurized elevated-temperature water is shown in Fig. 12. 
This plot demonstrates the capability of making measurements which distin
guish between time-dependent and cycle-dependent crack growth in a test 
using a trapezoidal waveform with one-hour maximum load hold period [2]. 
A constant slope line has been drawn through each of the maximum load hold 
data of seven cycles. The offset from one line segment to the next is a result of 
cyclic crack growth. The time-dependent growth is greater than cyclic growth 
for this material subjected to this testing condition. 

The ability of this technique to make many measurements during a single 
low-frequency cycle permits making observations which may lead to a better 
understanding of the mechanism of crack growth in a wide range of environ
ments [4], Results obtained from testing a CT specimen of SA 333 carbon 
steel in 288°C (550°F) pressurized water under two conditions can be used to 
illustrate this. Figure 13 shows the voltage response obtained during five 80-
min sinusoidal cycles with R (min load/max load) = 0.1, while Fig. 14 shows 
similar results attained during five cycles when R = 0.5. Examination of the 
data for either of the five cycle periods shows that the response to loading and 
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unloading is identical in each cycle. The only difference is an upward offset 
indicating that growth is taking place. The dependence of potential on load 
suggests that closure takes place as the load is decreased. The amount of clo
sure is seen to be much larger when R = 0.1 than when R = 0.5. It will 
further be noted in each figure that the maximum voltage is attained in each 
cycle at a point in time after the load has started to drop, suggesting that 
growth continues as long as the load is maintained at a level fairly close to the 
maximum. 

Conclusion 

The reversing d-c electrical potential method is a valuable tool for making 
measurements of crack initiation and crack growth rates under a wide range 
of testing conditions. Its applicability with CT, surface-defected, and edge-
notched specimens in static and cyclic testing under difficult environmental 
conditions has been demonstrated. 

Software has been developed for data acquisition with static and cyclic test
ing. Testing machine control is available for cyclic testing with a variety of 
input parameters. All hardware has been designed to adapt to a wide variety 
of testing machines. 

Long-term stability coupled with a ±0.0025-mm (±0.0001-in.) sensitivity 
in crack depth in surface-defected specimens has permitted measurements of 
low growth rates in short testing time, thus allowing many test conditions per 
test specimen. Mechanistics studies of crack growth are feasible with this 
technique. 
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ABSTRACT: A multi-central processing unit (CPU) computer network has been installed 
at University College London for fatigue tests and automatic inspection work. This system 
is described, together with a newly developed alternating-current field measurement in
spection system for crack measurement, in use on some novel stress corrosion tests. The 
complete system makes it possible to conduct tests where the crack shape evolution can be 
monitored. 

KEY WORDS: crack measurement, crack shape, fatigue crack growth, fatigue testing 

The London Centre for Marine Technology (LCMT) at University College 
London (UCL) has for some years been actively involved in the large-scale 
fatigue testing of tubular welded joints as used in the offshore industry. Other 
recent projects include a fatigue and fracture mechanics study of large 
threaded tether connections for use in the new generation of tension leg plat
forms, the inspection of turbine disks, and fatigue and fracture testing of 
high-strength bolts used in the space shuttle. 

Much of this work involves fracture mechanics studies of the fatigue crack 
growth behavior. In order to fully assess this behavior it is necessary to deter
mine not only the crack depth but also the shape of the crack. Crack shape 
evolution gives valuable insight into the mechanisms by which the cracks 
progress in these often complex geometries, under cyclic and random 
loading. 

The fatigue test facilities at LCMT have capacities ranging from 100 to 
2500 kN, the majority of these being servo-hydraulic machines including 

'Research assistant and professor of mechanical engineering, respectively, London Centre for 
Marine Technology, University College London, Torrington Place, London, England. 
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standard test frames and purpose-built rigs for the testing of welded tubular 
joints. The need for automated and semi-automated testing was recognized 
some years ago and, to facilitate this, a number of test rigs were interfaced 
with PDPII minicomputers that were used mostly for real-time load genera
tion and data collection, including crack depth measurement using an 
alternating-current (a-c) potential-drop method developed in-house but now 
available commercially as the Crack Microgauge.̂  The pressure for further 
automation has now led to the introduction of a new real-time multiuser com
puter facility, for automated fatigue testing and inspection, with availability 
on a number of sites. These innovations are described together with a recent 
example of stress corrosion tests using these techniques. 

Crack Measurement Using A-C Potential-Drop Techniques 

The measurement of cracks using a-c potential-drop techniques (acpd) has 
been described previously [1-3]. In this work it was shown that both detection 
and monitoring were possible in both air and seawater. Originally the tech
nique involved the use of a hand-held probe that was manually traversed 
across the area of interest. Crack depths could then be calculated from two 
readings, one on an uncracked region close to the crack and the second taken 
as the probe spans the crack. In practice, however, if a large number of points 
are to be inspected this process can be time-consuming. In addition, a hand
held probe is difficult to reposition in exactly the same place for subsequent 
measurements; this can be important if the crack shape evolution is to be 
accurately determined. Another obvious problem is that for some geometries 
it is not physically possible to access the crack using a hand-held probe. 

To overcome these problems, two types of automated systems have been 
developed to enable the crack shape to be measured. 

Measurement of Cracks Using Fixed Probes 

In some test situations the location of the fatigue crack is known; for exam
ple, the growth of fatigue cracks from notches or stress concentrations. Fa
tigue crack growth in tubular welded joints is a case where the crack initiation 
site could be predicted. For these cases fixed probes can be spot-welded to the 
specimen in the expected crack initiation zone. The probes are typically 6 mm 
long and 0.5 mm in diameter and are positioned in pairs. The pairs of con
tacts (effectively forming probes) are hard-wired to the a-c instrument via a 
special-purpose switch unit. This switch unit is specifically designed to deal 
with the very small voltage measurements and to be under computer control. 
A range of probes up to 64 in number has been used for tubular joints, and 
when scanned sequentially they determine the crack depth at adjacent sites 

^Crack Microgauge is produced by the Unit Inspection Co., Swansea, Wales. 
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and effectively give a scan along the crack. From these readings the crack 
shape is derived and can be stored in the computer for comparison with sub
sequent scans. Figure 1 shows an example of recorded data taken during a 
test on a tubular welded Y-joint. These results show how a crack initiates at a 
number of sites and subsequently coalesces to form a single large crack. Al
though this process gives only one final crack, the individual crack fronts can 
still be discerned well after formation of the single dominant crack. 

Using this technique, both specimen loading and inspection can be under 
computer control. Thus any test load sequence can be applied and the corre
sponding crack shape evolution recorded. The technique can also be used to 
obtain material data using precracked specimens. Fixed probes can be spot-
welded into the starter notch of the specimen and the crack growth monitored 
at a number of points along the crack front. Using this method constant 
/(T-tests can be carried out with the computer adjusting the specimen loading 
to take into account the crack depth at any time. 

Crack Measurement Using Movable Probe 

For some situations it is necessary to be able to locate, as well as character
ize, the crack. To accomplish this, a technique has been developed that in
volves moving a probe across the specimen surface in a controlled way. Once 
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FIG. 1—Weld toe fatigue crack profiles recorded at various stages during a random toad fa
tigue test on a welded tubular Y-joint. 
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the crack has been detected it can then be characterized by determining its 
depth at various locations along its length. 

For flat plates the plate remains fixed with the a-c field connected to it. One 
system used is to track the probe across the plate using stepping motors under 
computer control. 

For threads or turbine disks the probe remains fixed in two planes and is 
traversed along the specimen as the specimen rotates. This time the specimen 
rotation is under computer control, again using a stepping motor drive. The 
probe path is a helix, which is ideal for thread inspection, each revolution of 
the specimen advancing the probe by one tooth pitch. In the case of a large 
thread, the distance inspected by the probe can be as much as 8 m. This is 
initially inspected rapidly. If a crack is detected the probe is then returned for 
a more detailed inspection of the area. Typical plots of crack shape are shown 
in Fig. 2. Again these results show the way in which the crack has initiated at 
a number of sites and subsequently merged to form one large crack. 

In the case of threads and turbine disks, one problem experienced during 
inspection is variable contact at the field inputs as the specimen rotates. Also, 
uniformity of the input field can be a problem in these geometries. This has 
been overcome by the use of an induced field instead of the conventional im-

50 100 150 200 

DISTANCE AROUND THREAD (mm) 
250 

FIG. 2—Crack shape evolution for a fatigue crack located at the thread root of a casing joint 
(offshore riser-type connection). 
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pressed field. A coil is attached to the probe and the a-c field is passed 
through this coil. This induces a field locally into the specimen at the point of 
interest, which is then measured using the probe. Thus the field at the region 
of interest is always similar regardless of the surrounding geometry. 

Interpretation of A-C Readings in Terms of Cracli Deptli 

One of the advantages of this new method for a-c field measurements is 
that the true surface voltage is recorded and this can be interpreted in terms 
of crack depth by using theoretical solutions of the field distributions. In 
many situations the field can be assumed to be linear, in which case the mea
sured voltages vi and V2 taken just off and just over the crack can be inter
preted through the following equation in terms of crack depth (dj) 

vi / 2 

where A is the probe contact spacing. 
For nonuniform fields the irregular distribution needs to be calculated, and 

for several cases this has already been done [4]. Using the theoretical nonuni
form field solutions [4] the crack depth can still be interpreted in terms of the 
two measured voltages. The procedure adopted has been to retain the calcula
tion shown in Eq 1 but in addition to calculate the true depth (̂ 2) using 

d2 = Mdi (2) 

where M is a modification factor to account for field nonuniformity and is 
available from a computer program or table for the specific geometry under 
study. The two approaches can be illustrated by some results taken in tests on 
two different types of fatigue crack growth as described below. 

The uniform field interpretation was used for a compact tension specimen 
(50 mm thick) subjected to constant-amplitude cycling in a seawater environ
ment. The measurements were taken over a crack increment of 25 mm and 
were on the centerline of the specimen. On fracturing the specimen it was 
possible to correlate the a-c readings with fracture surface markings and 
these results are shown in Fig. 3. It can be seen that for the total crack incre
ment of 25 mm in this specimen the assumption of a uniform field is justified 
and the scatter was at most 3% (part of which is surely due to the optical 
measurements). 

The second example involved measurement of the fatigue crack growth 
from a semi-elliptical notch. Here it was necessary to calculate first di and 
then using the theoretical solution [4] estimate ̂ 2 using Eq 2. The results, for 
both di and ^2, from several tests were again compared with fracture surface 
markings and are displayed in Fig. 4. It can be seen that with the aid of the 
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FIG. 3—Predicted and optically measured (after fracture) crack lengths for a SO-mm-thick 
compact tension specimen (using Eg 1). 

ty'A Optical 

FIG. 4—Predicted and optically measured (after fracture) crack depths for a semi-elliptical 
surface crack in a plate specimen (using Eq 2) (unmodified results using Eq 1 also shown). 
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theoretical solution the crack depth can be accurately estimated even for the 
semi-eliiptical case. So far, in all of our fatigue tests, it has proved possible to 
evaluate the crack depth and it has been found unnecessary to conduct any 
calibration. It should be recognized, however, that for these tests the nominal 
stresses are often low and varying between fixed limits. For this reason it has 
been found unnecessary to consider any effects due to piezomagnetism. For 
many steels the presence of mechanical stress can cause the magnetic permea
bility to be changed [5]. In the case of a-c measurements this would mean a 
change in "skin" thickness and hence a change in the measured potential 
drop. For most metals these changes are small and can be considered as negli
gible compared to the changes in path length occurring in a fatigue crack 
growth test. In contrast, for a stress corrosion test where a slow ramp load is 
used, the change in stress can produce a measurable effect especially in situa
tions where small crack increments need to be detected. The tests to be de
scribed later involve this type of loading and the special procedure adopted 
will be described in that section. 

Computer System 

Initially the Fatigue Laboratory at UCL was equipped with several DEC 
PDF 11 series minicomputers suitable for real-time control of laboratory ex
periments. Hard disk units with removable packs were fitted to all the com
puters and the main use was for signal generation and data logging. Since this 
time the need has arisen for an increase in the number of sites to be serviced 
with computer facilities. In addition, the costs of maintaining the original 
system has risen steadily. 

The solution adopted for the problem was to build a multi-central process
ing unit (CPU) network [6] where only one computer (the host) has mass stor
age peripherals as a necessity. All other CPUs on the system (satellites) are 
connected to the host through high-speed interfaces operating in the mega-
band range through multicore cables up to 200 m in length. Satellite CPUs 
are fitted with only those peripherals necessary for their particular task. This 
arrangement was possible through the use of a software package "Star 
Eleven" developed and marketed by Hammond Software. This package is 
based on the DEC RT-11 operating system which we were already using. The 
advantages seen for this system lay in the switch from the use of several mass 
storage peripherals to just one. These items have been the main problem in 
cost and reliability. In addition, it was felt that the system opened up the 
possibility of a common software library that could be accessed by all users 
while retaining their own independence. 

So far seven satellites have been connected to the host and these are being 
used for a variety of fatigue and stress corrosion test as well as inspection for 
cracks. A software package (FLAPS) has been written for use at these satel-
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lites and this consists of three main programs, design or preprocess, run, and 
post-process. These permit the user to interactively select his experimental 
setup using a menu of options of the type shown below: 

Design Program 

TO ENTER INITIAL PARAMETERS TYPE 1 

TO SELECT SIGNAL GENERATION TYPE 2 

TO SELECT REAL TIME CLOCK TYPE 3 

TO SELECT SAMPLING OPTIONS TYPE 4 

TO SAVE SELECTIONS ON FILE TYPE 5 

TO READ OLD CONTROL FILE TYPE 6 

TO RUN CONTROL PROGRAM TYPE 7 

TO RUN GRAPHICS PROGRAM TYPE 8 

TO REPRINT OPTION TABLE TYPE 9 

OR TO EXIT F M T I ( F I N I S H E D ) TYPE 10 

Selecting Option 2 would give the following new menu: 

Signal 

IF EXTERNAL SIGNAL REQUIRED TYPE 1 

TO SELECT SQUAREWAVE SIGNAL TYPE 2 

TO SELECT RAMP SIGNAL TYPE 3 

TO SELECT SINE WAVE SIGNAL TYPE 4 

TO SELECT RANDOM SIGNAL TYPE 5 

TO SELECT BLOCK LOADING TYPE 6 

TO SELECT INSPECTION SIGNAL TYPE 7 

Option 7 here contains a further set of options all related to crack measure
ment with the following menu: 

Inspection 

TO SELECT CTS INSPECTION TYPE 1 

TO SELECT SEN INSPECTION TYPE 2 

TO SELECT TETHER INSPECTION TYPE 3 

TO SELECT DISK INSPECTION TYPE 4 

TO SELECT TUBULAR JOINT INSPECTION TYPE 5 

TO SELECT T-BUTT WELD INSPECTION TYPE 6 

Selecting Option 2 for example would give the program required for the stress 
corrosion test to be described later. 
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Nature of Stress Corrosion Test 

Stress corrosion cracking data were required on a high-strength steel of 
section size 850 by 160 by 75 mm. The expected environmental loading indi
cated that a slow ramp load test with a superimposed sine wave loading at 
1/6 Hz and amplitude of 1% of the ramp load would be most appropriate. 
Stress corrosion threshold and crack growth data were required. 

Two main requirements governed the choice of the experimental setup. 
These were the need for a very small dynamic amplitude, to be applied for a 
long period, and the need for a very sensitive crack measurement and moni
toring system. In addition, the maximum force required during the test was 
800 kN. These requirements were met as described in the following. 

Loading System 

The first system considered was a servo-hydraulic test machine of 1000-kN 
capacity. However, a stiff specimen with very slow ramp loading means the 
servo valve is hardly moving, which can lead to buildup of sediment on and 
around the valve spool. This is known as silting and results in erratic valve 
movements since the valve effectively sticks until there is a sufficient demand 
to overcome the sticking, upon which the valve responds instantaneously to 
the new demand level. The temporary loss of control of the valve produces a 
step loading with overshoots, as opposed to a slow ramp, which was unaccept
able. A further disadvantage is that servo-hydraulic machines have a fast re
sponse. In the present work this was not required and, although use of a hy
draulic slice could reduce this response, it was felt that given also the cost of 
running power packs continuously for several weeks, an alternative solution 
should be sought. 

The alternative considered was a servo-electric machine. Unfortunately 
these are not available with capacities up to 800 kN, but the advantages of 
low-power consumption and the ability to maintain the load on the specimen 
even after power failure indicated that this system merited further consider
ation. This led to the development of an 800-kN test rig built around a 100-kN 
Instron servo-electric machine. The details are given below. To overcome the 
problem of load capacity, a hydraulic load intensifier and an external test 
frame were designed. The test rig is shown in Figs. 5 and 6. 

The intensifier comprised three steel flat jackets of the type commonly used 
for bridge installations. Two small jacks were inflated with hydraulic oil and 
placed in the test machine. These were then connected hydraulically to a 
larger jack in the test rig. The jack in the test rig loaded the specimen through 
a 1000-kN load cell which was connected to the machine controller. (The load 
cell in the test machine was disconnected.) Using the flat jacks provided a 
closed hydraulic system with no possibility of leaks other than at the hydraulic 
hose connections. During the test the effective area of the jack changes with 
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FIG. 5—Schematic diagram of the stress corrosion test system based on the servo-electric ac
tuator and flat jacks. 

FIG. d—SOO-kN stress corrosion test rig (the 800-kNflat jack is located beneath the load cell). 
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displacement and thus the load amplification changes. This is not important 
as the test load is governed by the load cell positioned next to the test 
specimen. 

In this configuration the demand signal is fed into the system in the usual 
way and the electric actuator responds until the load at the specimen is 
achieved. This fully load-controlled system satisfied all the loading require
ments and consumed only 2 kW of power. 

Stress Corrosion Test Procedure 

The specimens were to be machined from large forgings and were tested 
under three-point bending. It was desirable to test as large a section as possi
ble; however, the fact that these were cut from an existing forging meant that 
the maximum dimensions were predetermined. These considerations resulted 
in the specimens not conforming to the ASTM Test Method for Plane-Strain 
Fracture Toughness of Metallic Materials (E 399-83) standard for three-point 
bend tests. 

A precrack was required in the specimens and this was produced in air at as 
low a AK as possible. To enable this to be carried out a chevron starter notch 
was machined in the specimen. The starter notch plus subsequent fatigue 
precrack conformed in all respects to the recommendation in E 399. The pre-
cracking was done in a conventional servo-hydraulic machine. It was appar
ent that crack extension could be very small and that the crack shape may be 
irregular. For this reason the specification called for continuous crack moni
toring at the sides and center of the specimen. Since we are looking at thresh
olds, it is critical that loads be maintained at a high degree of accuracy since 
any overloads will cause blunting of the crack and obviously invalidate the 
results. 

Clearly there were two specific constraints on this test. The first was that 
small crack extensions should be reliably measured both on the surface and at 
the center of the specimen. Secondly, the loading should be closely controlled 
to ensure that the predetermined load history could be achieved. 

For crack measurement a system using spot-welded probes was used to 
measure the crack extension at both the center and side. Optical readings 
were also taken on the side of the specimen to confirm the a-c readings. In 
order to achieve the best resolution in the measuring system it was necessary 
to fix the probes as near to the crack as possible. To facilitate this the chevron 
of the starter notch was machined out after precracking. 

A computer-controlled switching system was used to monitor the crack at 
the center and edge. A further switching device was introduced to enable the 
a-c field to be switched to the specimen only while readings were being taken. 
This was in order to prevent the a-c field affecting the impressed current cor
rosion protection levels. 
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Results 

The raw data from the tests were collected in the form of a-c field voltage 
measurements across pairs of probes. An estimate of crack depth can be cal
culated, knowing the probe spacing and field voltages, using the simple for
mula described earlier. It was decided that in these tests the crack depth 
would be calculated initially using Eq 1 but that an overall correction factor 
would be applied to the measured crack growth increment at the end of the 
test once the actual crack increment had been measured on the fracture sur
face. This would account for variation due to the specific test conditions. In 
order to ensure that this procedure was valid, results obtained from the a-c 
technique on the surface of the specimen were compared with optical read
ings taken during the test at the same point. As mentioned earlier, it was 
expected that the a-c field measurement would contain an effect due to the 
changes in stress. This, if present, causes the crack depth, calculated using 
the simple formula, to apparently decrease. The effect was eliminated using 
the following procedure: 

1. Crack depths were calculated using Eq 1 to obtain crack growth incre
ments with time. 

2. Crack growth increments were adjusted for the stress effect as described 
below. 

3. A correction factor was applied to the crack growth increments. This 
was an experimental calibration factor to correlate the total crack extension 
predicted by acpd with the actual crack growth measured on the fracture sur
face. Figure 7 shows the crack growth curve calculated from the raw data. 
The fact that the crack length appears to decrease is indicative of the stress 
effect described earlier. The dashed-line extrapolation is interpreted as the 
initial crack depth, and crack growth is measured with respect to this datum. 

Figure 8 shows the final crack growth curve, this time in terms of the abso
lute crack depth, and the comparison with optical readings. Good agreement 
is seen between optical and a-c measurements, confirming that the technique 
is acceptable. The data reduction technique was adopted for all crack mea
surements, and the results presented here were typical for the test series. 

Conclusions 

Recent advances in automated crack measurement using a-c potential-
drop techniques together with minicomputers enable fatigue data to be ob
tained by automated test methods. A nonstandard test series described here 
shows the way in which these automated testing techniques can be used in 
both standard and nonstandard test configurations to obtain reliable crack 
growth data. 
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The present standards and codes do not specifically include automated 
testing as an acceptable testing method. If standards are going to be updated 
to include automated test methods, the most important area will be that of 
crack measurement. The greatest change must therefore be the move from 
optical crack measurements toward automatic monitoring methods. Our ex
perience is that the acpd method is a technique which lends itself well to auto
mation and will be used increasingly as the need for part-through crack tests 
becomes more important. For simple geometries the crack depth is obtained 
using Eq 1. For more complex geometries some solutions are available, but it 
may become necessary to generate further theoretical solutions. 

Clearly a changeover to automated crack monitoring will take time. Confi
dence in prospective automated systems can best be achieved by running con
ventional tests with automated monitoring in addition to standard methods. 
When automated crack measurements, confirmed by optical methods, have 
been accepted for conventional tests, then it should be possible to look at 
more complex tests such as those involving surface cracks. 
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ABSTRACTi The requirements for obtaining economic fatigue crack growth data from 
the threshold regime to instability in inert, gaseous, elevated-temperature, and aqueous 
environments necessitate the development of remote crack growth monitoring techniques. 
Two of these processes used extensively are the compliance method and the potential-drop 
method. 

The performance of a microprocessor-based machine controller and data acquisition 
system utilizing the d-c potential-drop method of monitoring crack length is presented. 
The development of software for performing /C-increasing and threshold tests and their 
compliance with the present ASTM standards are discussed. The successful development 
and use of the machine are shown by the results obtained during round-the-clock testing 
for acquiring crack growth data for a titanium alloy. 

KEY WORDS; fatigue (materials), crack propagation, threshold stress-intensity factor, 
computers, test equipment, fatigue tests, titanium alloys 

The increased requirements for the use of predictive methods to determine 
the fail-safe life of aircraft, gas turbine engines, nuclear power equipment, 
ground transportations vehicles, and ships has necessitated the development 
of more efficient generation of fatigue crack growth data. These data must be 
known for a wide range of materials such as aluminum alloys, low-alloy steels, 
nickel-based superalloys, and titanium alloys from the so-called threshold 
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stress-intensity range of fatigue crack growth, A/ir,h, to the instability point of 
fast fracture, IS.KB- The characteristics and use of A/L,h have been the subject 
of a recent review [/]. It has now been generally accepted as a design quantity 
although exact definition has still not been agreed upon. Bucci [2] discussed 
several possible methods of designating A/fth-

The manual control of a threshold test requires that an operator be present 
to monitor the load on the specimen and the crack length. One test under 
typical test conditions may take from two to five days of round-the-clock test
ing. The manpower requirements of supplying technicians for such purposes 
can prove to be exorbitant. Operator fatigue may also result in poor data ac
quisition, which may influence the overall reliability of the data obtained. 

The need to perform fatigue crack growth tests under conditions where the 
crack cannot be monitored by visual methods led to the development of re
mote monitoring techniques. The potential-drop (PD) method utilizing either 
direct current (dc) or alternating current (ac) is one method presently in use. 
Originally the data from a system utilizing this method were obtained by such 
means as a strip chart recorder or by technicians monitoring voltage readout 
devices. The disadvantage of such methods were: 

1. high manpower costs, 
2. inefficiency, and 
3. lack of up to-the-minute data readout. 

The problem regarding lack of instantaneous data readout is important. 
The information from a PD test is in the form of voltage signals which must be 
converted into a crack length measurement. Such a system still requires ex
tensive technician time which must be added into the overall costs of running 
crack growth tests. It would be desirable to have a system that automatically 
calculates fatigue crack growth rate and the varying stress intensity, AA", or 
some other fracture mechanics parameter as the test is in progress. This 
would allow instant decision-making regarding whether or not a test should 
proceed or be curtailed. 

Use of Computers in Fatigue 

The development of the stand-alone mainframe computer in the late 1950s 
and 1960s and the minicomputer and microcomputer later on has greatly in
fluenced the method of acquiring fatigue crack growth rate data. The cou
pling of a computer and a remote monitoring system allowed fatigue tests to 
be performed almost completely automatically without an operator being 
present. 

One of the drawbacks to such a system utilizing a mainframe or minicom
puter is cost. Extensive use of a DEC MINC 2 at the University of Toronto's 
Structural Integrity Fatigue, and Fracture Research Laboratories (SIFRRL) 
has revealed some shortcomings. The computer may only be utilized to con-
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trol and acquire data from a single fatigue machine. Such a system used in a 
fatigue machine control and data acquisition mode is highly underutilized 
during the major portion of a typical test. Most crack growth tests require a 
sinusoidal waveform output for load, stroke, or strain control purposes. Typi
cally, in a system where the computer uses one digital-to-analog (D-A) chan
nel for the fatigue machine control signal, for a major portion of the time, the 
system is acting as a very expensive function generator. It is utilizing only a 
very small part of an expensive computer system. 

The most recent developments in the microcomputer market have resulted 
in a number of inexpensive systems that could be expanded for use as a fa
tigue testing system at a fraction of the cost of a minicomputer system. The 
use of one of these in a PD system with dc as a combined machine controller 
and data acquisition system is outlined. Reasons for choosing the specific mi
crocomputer are discussed as well as the various features built into the 
system. 

The development of software for performing /iT-increasing and threshold 
tests and their compliance with present ASTM standards are also presented. 
The development and use of the machine is shown by results obtained during 
round-the-clock testing to acquire fatigue crack growth rate data on a tita
nium alloy. 

Experimental Procedure 

Equipment 

The requirement to provide crack growth data on a number of titanium 
alloys for a gas turbine engine manufacturer necessitated that a system be 
acquired for control and data acquisition from a fatigue machine. It was de
cided that a microprocessor system be developed to allow for control of a 
closed-loop electrohydraulic servocontrolled fatigue test machine and for ob
taining crack growth data by use of the PD method. 

The system was designed around the Sinclair ZX-81 microcomputer, also 
known as the Timex-Sinclair 1000. This is the least expensive computer avail
able today which utilizes BASIC as its operating language. The ability to mar
ket the computer for such a low price lies in its simple design. It utilizes a 
large-scale integrated circuit chip which replaces about 20 integrated circuits 
(ICs) from a previous design. The circuitry consists of only three ICs exclud
ing the memory components. 

The ZX-81 was expanded to a parallel bus based system to allow the instal
lation of extra circuitry boards. A brief description of the circuit boards devel
oped for the present system follows: 

1. 16 K memory board: The ZX-81 includes only 1 K of memory. Previous 
experience indicated that a threshold program could be easily contained 
within 16 K of memory. 
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2. Four analog-to-digital input channels, 12-bit accuracy: The system re
quired the ability to measure voltage level signals off the load cell, the PD 
across the specimen, and the d-c level. The fourth channel is not now used. 

3. Two digital-to-analog channels, 12-bit accuracy: These were designed 
into the system for future expansion such as a control signal for a high-tem
perature oven. One channel is presently used for turning the dc to the speci
men on and off. 

4. Two-channel high-gain amplifier: To measure the low-level PD signal 
with the computer, it must be amplified before being input to the A-D board. 
The Channel 1 amplifier is presently set at 3500 for the PD signal. Channel 2 
has a gain of 500 to monitor the current level flowing through the specimen. 

5. Waveform generator board: This contains an adjustable ±10 V sine 
wave oscillator which can be set to between 10 and 80 Hz and which is used as 
the fatigue machine control signal. Computer commands can adjust this sig
nal to give different mean levels and span settings. 

6. Cycle counter board: A counter was required in order to determine the 
number of fatigue cycles applied to a specimen. It is controlled with computer 
commands and can count up to 16 777 215 cycles. 

System Configuration 

The photographs in Figs. 1 to 4 show the system configuration. Figure 1 
shows the computer system with typical electronics used for control of a fa
tigue machine. The computer system uses a video monitor for display, a cas
sette recorder for permanent storage of operating programs, and a thermal 
printer for hard copy. The fatigue machine control electronics consists of an 
MTS 436 control unit, 406 controller, and a 430 digital indicator for monitor
ing maximum and minimum points of a signal. 

Figure 2 shows the internal circuit boards of the computer system. Figure 3 
shows a rear view of the computer where the inputs and outputs to the control 
boards are made. There is an input for a ±10 V external waveform to the 
function generator board if other than a sine waveform is required for the 
load waveform. Figure 4 shows the load frame presently used with a tubular-
type oven mounted on it for high-temperature crack growth tests. 

Specimen Preparation 

A test program is currently underway to provide fatigue crack growth rate 
data for a new titanium alloy subsequently referred to as Type A. The com
puter control system described has been used for the generation of these data. 

The specimen used in the program is of the compact tension (CT) type. Its 
dimensions and the attachment points of the PD wires and current input 
wires are shown in Fig. 5. The current is input to the specimen through bolts 
that have been inserted into undersized holes. The PD wires are welded onto 
the specimen by an electric spark technique. 
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FIG. 1—Computer control system with typical electronics used for fatigue crack growth tests. 

Procedures 

PD System Configuration 

Figure 6 is a schematic of the setup of the system components. For the test 
program, a d-c level of 4 A is utilized. At this level, the PD of the CT specimen 
varies between 0.6 mV at the start of a test to approximately 1.4 mV at com
pletion. To monitor this low reading, the signal is amplified by a gain of 3500 
in Channel 1 of the low-level amplifier. The 12-bit A-D system operates over a 
range of 0 to 10 V and is capable of detecting a change in signal level of 
2.44 mV. For the specimen used, this change in signal level corresponds to a 
detection capability of approximately 25 ^m. 

The effects of thermal drift and slight changes in the 4 A current level are 
accounted for by use of the following procedure. The actual current level in 
the specimen is monitored by passing it through a shunt resistor. At a 4 A 
level, the shunt voltage is approximately 10 mV. This is amplified by a gain of 
500 in Channel 2 of the amplifier. The consecutive readings during the course 
of testing may then be scaled against the initial current level. This will give a 
proportional scaling factor which can then be used to correct the PD. Ther
mal drift is corrected by measuring the PD at a zero level of current and at a 
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FIG. 2—lop view of control circuity of computer system. 

FIG. 3—Rear view of computer control system. 
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FIG. 4—Load frame and oven used for high-temperature fatigue tests. 
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FIG. 5—Compact tension specimen used in test program. 
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FIG. 6—Schematic showing interfacing between computer system and fatigue crack growth 
system. 

4 A level. At zero current, any offsets present are those due to thermal effects. 
By taking the difference between the voltage at 4 A and zero current, the PD 
for a given crack length is determined. This is the value that is corrected when 
a change in current level has occurred. The 4 A supply is switched between 
zero and 4 A by use of a solid-state relay. The microprocessor system used one 
of the D-A output signals to provide this control. 

A calibration equation relating the crack length to the PD reading was orig
inally obtained from the gas turbine engine manufacturer. This was derived 
by finite-element methods. The accuracy was checked by the analog foil 
method and by beach markings of actual compact tension specimens of a 
commercial titanium alloy, a steel, and a nickel-based superalloy. However, 
problems began to appear in the early stages of the program. The visually 
measured crack length was consistently longer than that indicated by the PD. 

The rough fracture surfaces of the Type A compact tension specimens ap
peared to indicate areas of uncracked material and a very irregular crack 
front. This was probably due to the large grain size, approximately 0.5 mm, 
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of the material. The effect of the uncracked regions would be to lower the 
resistance of the specimen and result in a shorter PD-determined crack 
length. 

A new calibration equation was determined by fatigue cracking a specimen 
of a similar titanium alloy, Type B, and monitoring the PD using a digital 
multimeter. This material was used in order to conserve the Type A speci
mens. Visual examination of the fracture surfaces of Type B specimens indi
cated similar features to those of the Type A specimens. Crack growth tests on 
Alloy B also showed an underestimate in crack length. The specimen was fa
tigue cracked under decreasing maximum load to maintain an approximately 
constant crack growth rate. Visual side crack length measurements were 
taken on both surfaces after a crack growth of 0.025 cm had taken place. The 
PD was measured with the crack fully open. The test was continued until the 
specimen fractured. 

A check of the fracture surface indicated that a very slight tunneling correc
tion, 0.015 cm, would be necessary. A voltage reference, VQ. at a crack length 
to specimen width (a/W) ratio was determined at a/W = 0.244. The data 
were then subjected to a least-squares curve fit analysis. The resultant PD 
formulas based on 54 data points evenly distributed between a/W = 0.238 
anda/VK = 0.833 were 

WVo = 0.6281 + \M21{.a/W) - 2Ab3\{a/Wf + 2.7702(a/W')^ 

and 

a/W = -0.9853 + 1.7316(V/Vo) - 0.5765(V/V,))2 + 0.07197(V/V„)^ 

where V = PD at a given crack length reading. 
The equations were checked by manually performing a threshold test on a 

Type A specimen. The specimen crack length was measured visually on two 
surfaces and the average value determined. The computer system was set up 
to monitor the crack length using the PD method. A comparison between the 
visual results and the PD measurements is shown in Fig. 7. The accuracy of 
the equations for longer crack lengths has been confirmed by periodic mea
surements made during subsequent tests. 

The formulas developed based on the visual measurements on the Type B 
specimen have now been utilized to measure the crack lengths in the Type A 
material. 

Load Control Signal 

When the computer control system was being designed, it was desired that 
a fatigue test be run continuously. This necessitated that a function generator 
be built into the system and that the fatigue machine control signal be latched 
(that is, held constant without the computer having to output these values 
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FIG. 7—Comparison between visual and PD measurement of crack length in a Type A 
specimen. 

continuously) to allow the computer to monitor other signals without disrupt
ing the fatigue test. For previous systems, the computer could only output the 
load control signal or measure the crack length. This required occasionally 
stopping the test while the crack length was being measured. 

The diagram in Fig. 8 illustrates how the load control signal is derived. 
Basically, the load control signal consists of a mean load part and a span 
control part. The signal is obtained by using the computer to set up two multi
plying digital-to-analog converters (DAC's). The input signals to the DAC's 
are latched. This frees the computer from having to continuously output these 
values. The span control DAC uses as a reference a ±10 V sine wave oscilla
tor signal which can be varied between 10 and 80 Hz. The set point or mean 
load control signal DAC uses a —10 V reference. The two DAC output signals 
are then added together in a summing amplifier to produce the load control 
signal. 

Software for Fatigue Crack Growth Tests 

Two BASIC language programs were developed to perform a complete fa
tigue crack growth rate test. The threshold test program is used to measure 
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FIG. 8—Development of load control signal. 

fatigue crack growth rates from the region of 1 X 10~^ m/cycle down to levels 
of 1 X 10""'° m/cycle. The A -̂increasing program is used to determine data 
for tests carried out under constant cyclic load conditions. These programs 
are discussed separately as follows. 

Threshold Test Program 

A flow chart describing the threshold test program is shown in Fig. 9. The 
program utilizes procedures as outlined in the ASTM Test Method for 
Constant-Load-Amplitude Fatigue Crack Growth Rates Above 10~^ m/Cycle 
(E 647-78T) and the proposed method for measuring A/ir,h. The program op
erates as follows. The specimen dimensions, waveform data, and initial 
stress-intensity range, AA", are input at the start of the program. The maxi
mum, minimum, and mean loads for the required waveform are then com
puted. At this point, the test is continued or terminated. If the test is contin
ued, the subroutine "LOAD ADJUST" is entered. This outputs a sine 
waveform for the load control signal and checks that the desired loads are 
maintained within specified tolerances of 1% for the mean load and 0.5% of 
the amplitude required. The frequency of this signal is usually 50 Hz. The 
loads are checked by means of a machine language program that determines 
the maximum and minimum loads from the load cell. If the loads required 
are outside the required tolerances, the computer then corrects the voltages to 
the span and setpoint DAC's as mentioned previously. After this is com
pleted, the crack length during the present crack growth interval is then mea
sured. The loads check and crack measurement subroutines together take 
approximately 10 to 15 s. This is repeated until the crack has grown more 
than 0.00625 cm from the previous load shed. To increase accuracy, the crack 
length measurement used is the average of 20 measurements based on the 
maximum PD determined over 20 fatigue cycles. Another load shed is per-

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:05:26 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



112 AUTOMATED TEST METHODS FOR FRACTURE 

START 

T 

INPUT SWeiMEH 
DIMEltSIONS, VJAVEFODM 

DATA, INITIAL il. 

^r 
DETERMINE HAXIHUM 
AND MINIMIH LOADS 

ENTER SUBRODTINE 
"LOAD ADJUST" 

DETERMINE CRACK LENCT8 
USING PD METHOD 

DETERHIKE NEW LOADS 

ENTER SUBROUTINE 
"LOAD ADJUST" 

OUTPUT DATA FOR INTERVAL 
TO THE PRINTER 

^ STOP 

SUBROUTINE 
'^OAD ADJUST" 

ADJUST 
OUTPUT 

z 
OUTPUT LOAD 

SIGNAL 

MEASURE ACTUAL 
LOAD 

FIG. 9—Flow chart of threshold test program. 
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formed after 0.00625 cm of crack growth has occurred. The amount of load 
shed resulted in a constant linear decrease in the size of the monotonic plastic 
zone at the crack tip with increasing crack length. This was accomplished by 
use of the equation in the proposed AA'th standard 

A/sr = A/Toexp [C(a - "o)] 

where 

AKQ = initial stress-intensity range at start of test, 
ao = initial crack length at start of test, and 
C — constant with dimensions of 1/length. 

The value chosen for C for the test program was —79.74 m"'. This is the 
value recommended for threshold testing to minimize plasticity effects at the 
crack tip which may cause premature crack arrest if the load is decreased at 
too fast a rate. After 0.0125 cm of crack growth has occurred, the crack 
growth rate over that interval is calculated by use of the secant method. This 
crack growth interval is well below the maximum of 0.02 W in the ASTM 
E 647-78T standard. The load shed is made after 0.00625 cm of crack growth 
to approach a continuous load shed scheme. Data consisting of such informa
tion as the average crack size, A A", and the crack growth rate over that inter
val are then output to the printer. The test is allowed to continue until crack 
growth rate levels near 1 X 10"'" m/cycle have been obtained. 

^•Increasing Program 

The operation of the /f-increasing program was very similar to the thresh
old program. The major difference was that the loads calculated at the start 
of the test were maintained constant to test completion. Crack growth rate 
data were also calculated at intervals of 0.0125 cm and output to the printer. 
The test was continued until a specified lower number of cycles, usually 5000, 
was reached for a crack growth interval. At this point the test was stopped 
and restarted with a lower output frequency waveform, usually 10 Hz, to de
termine the very fast crack growth rate part of the curve. This lowering of the 
frequency is necessary because the computer system cannot function properly 
in this region at high frequencies. Lowering the frequency minimized part of 
this problem. 

Experimental Work 

Results 

Computer System Operation—The computer system experienced many 
problems during the developmental process. These involved two broad cate-
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gories: hardware and software. Hardware problems resulted due to the 
unique construction of the ZX-81 computer. Certain electronic signals 
present on the computer did not allow expansion to a bus-based system in a 
straightforward manner. Inexperience with digital electronics design also 
prevented the quick solution of certain problems encountered. Software 
problems mainly involved the development of some of the subroutines used 
for such purposes as analog-to-digital conversion and for adjustment of the 
load control signal. The writing of machine language programs proved diffi
cult and modifications were very time-consuming. 

The time involved in design, construction, and software development was 
approximately one year. No breakdown of labor costs can be given because 
the project was basically a part of a Ph.D. program. 

Fatigue Crack Growth Rate Test Results—The program has begun to yield 
results on the fatigue crack growth behavior of one of the titanium alloys in 
the test program. The program requires two alloys to be tested under a num
ber of different R ratios and temperature conditions. Figure 10 shows some 
initial data produced for this program by use of the computer system. The 
graph shows the results of three fatigue crack growth rate tests performed at 
R = 0.60 and 20°C on the Type A alloy. Each test consisted of a threshold 
test followed by a /C-increasing test. The /iT-increasing test was begun at a 
slightly higher load than the final datum point of the threshold test performed 
on that specimen. 

The data of the threshold tests and /if-increasing tests appear to match very 
closely. The data indicated a threshold stress-intensity range, A/Cth, of ap
proximately 4 MPa Vm. 

Discussion 

The operation of the computer system has proved to be quite satisfactory. 
The initial problems associated with the design and testing of the system have 
now been solved. The following comments can be made based on the results 
produced at this time. 

The threshold and /f-increasing programs are working satisfactorily within 
the guidelines of the present ASTM standards and recommended practices 
related to fatigue crack growth rate testing. The system appears to be capable 
of producing consistent data with crack growth rate intervals of a length one-
quarter the size in the standard. In Fig. 10, for clarity, all the data have not 
been shown. However, using the smaller crack growth interval resulted in 
over 100 datum points per test. 

The load-shedding scheme utilized does not result in any retardation in 
crack growth rate when testing under laboratory air conditions. According to 
recommended AKth test practice, the load shed used would be referred to as 
continuous load shedding. The data in Fig. 10 indicate no apparent mis
match between the data of the threshold and /sT-increasing portions of the 
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FIG. 10—Fatigue crack growth rate test results atR = 0.60 and 20°C. 

test. The value of C chosen was probably conservative. A value of C allowing a 
faster load shed would probably be acceptable without causing retardation of 
crack growth. Such an effect needs to be the object of further consideration as 
test time is greatly influenced by the value of C chosen. 

The early problems encountered in regard to disagreement between visual 
and PD measurements of the specimen crack length were probably due to the 
resultant crack growth morphology of the titanium alloy. The large grain size 
of the material and the cracking mode resulted in a very rough fracture sur
face. Crack closure effects [3] probably resulted in a recontacting between 
fracture surfaces, thus causing a change in the PD readout. The effects of 
crack closure are more significant at low R ratios, long crack lengths, and low 
loads. In the threshold region, the effects due to crack closure would become 
more pronounced. 

The disagreement between visual and PD measured crack length was 
solved by obtaining an actual PD-versus-a curve from a sample of titanium 
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alloy under fatigue loading conditions. The problems encountered in per
forming this test are due to the unevenness of crack growth through the speci
men for a large-grained material. If the crack is growing around a favorably 
oriented grain on the side of the specimen, the crack as measured visually 
would appear to be much longer than the average crack length. In subsequent 
tests after the new calibration equation had been obtained, a check of the 
crack length visually on one surface would often show a substantial disagree
ment with the PD measured crack length. Only after final fracture could the 
accuracy of the PD measurements be checked. 

The problems experienced with the PD calibration of the system empha
sized the need to establish a standard method for approaching the setup and 
calibration of such a system. The same would be necessary for using crack 
opening displacement (COD) techniques. Experience with both methods in
dicated that one method may be preferred over the other depending on such 
factors as material type to be tested and the extrinsic test parameters. The 
overall accuracy and reliability of these methods must also be further quanti
fied. For example, the method developed by Hewitt [4] for evaluating the 
COD method needs to be further investigated. Finally, a standardized 
method of correcting, if necessary, the crack growth data produced by such 
automated methods by using visual measurements of the fracture surface is 
required. The inclusion of information such as given by Saxena [5] on data-
correcting techniques is seldom seen. Often the reader is given the impression 
that the test technique used by an author is perfect and results in data that 
need no correction. This seldom proves to be the actual case. 

The exact form of a test standard for using PD methods of measuring crack 
length would probably not contain a universal PD equation for each test spec
imen design currently used in crack growth testing; however, the procedures 
used to establish such a curve may be standardized. A suggested PD setup for 
each specimen design and a PD calibration equation may be included in such 
a standard together with required precautions regarding use. Also, for the 
successful implementation of a PD system, it would be necessary to provide 
information on minimizing electrical noise and thermal effects from interfer
ing with the PD signal. This information would take the form of recom
mended wiring procedures for carrying low-level signals from the test speci
men to the monitoring equipment and guidance for establishing the necessary 
environmental controls around the test equipment to minimize effects on 
crack length measurements. 

Conclusions 

The design and construction of a computer system for use in fatigue crack 
growth rate testing have been described. The successful operation of the sys
tem indicated that such equipment can be used to cut down on the time and 
expense involved in acquiring such data. The problems encountered incorpo-
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rating the PD method of measuring crack length emphasized that work must 
still be completed on standardizing test procedures that utilize remote crack 
length monitoring techniques. Further investigations also must be conducted 
to better understand such effects as retardation of crack growth which limit 
how fast AKth may be obtained during a test. 
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ABSTRACT! A measuring system that automatically detects fatigue crack initiation and 
propagation behavior has been developed. This system is based on calculating and record
ing automatically the change of compliance due to fatigue crack growth using an analog 
circuit. 

The authors applied this system to fatigue testing in an aqueous environment and suc
ceeded in detecting a part-through semi-elliptical crack as small as 0.2 mm deep initiating 
from the notch root. 

Using this system, the crack initiation and following propagation behavior in the vicin
ity of a notch root in 3.5Ni-Cr-Mo-V steel in an aqueous environment were investigated. 

KEY WORDS: corrosion fatigue, crack initiation, crack growth, compliance, crack 
closure 

In the case of corrosion fatigue that is often encountered in industrial ma
chinery, the crack initiates at a fairly early stage, and crack propagation occu
pies the major part of the fatigue life. In such circumstances, it is important 
to know both the fatigue crack initiation and the following crack propagation 
characteristics of a short crack for the purpose of determining the inspection 
interval and so on. 

It is not always possible, however, to detect the crack initiation characteris
tic separately; that is, commonly used optical monitoring is difficult for a 
specimen enclosed in an autoclave. Moreover, continuous monitoring by the 
human eye is almost iiripossible. Therefore, in order to obtain such data, an 
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automatic measuring system to continuously monitor the fatigue crack length 
is desirable. 

There are many methods which can be applied to automatic measurement; 
for instance, crack gage, electric potential, eddy current and compliance 
methods. Among these, the compliance method has excellent characteristics 
compared with the others, such as its applicability in various environmental 
conditions, its resistance to electrochemical disturbance during the corrosive 
process, and its insensitivity to temperature drift. 

This paper reports the development of an analog circuit to calculate and 
record automatically the change of compliance due to fatigue crack initiation 
and the crack propagation that follows. 

Automatic Measuring System 

This system, which uses the compliance method for crack detection, is 
composed of two analog circuits as shown in Fig. 1. 

The first is the subtraction circuit of the "unloading elastic compliance 
method" [/]. Consider a case where a fatigue crack initiates and grows from a 
notch root. As shown schematically in Fig. lb, the load-displacement curve 
inclines as indicated by ai, ai, . . . as the crack grows. In the conventional 
compliance method, the gradient of load-displacement curve {db/dP) is con
verted into crack length. This method as it is, however, does not exhibit a 
high enough sensitivity for detecting fatigue crack initiation because the 
change of gradient due to crack growth is very small. 

In this report, therefore, we utilize the subtraction circuit of the "unload
ing elastic compliance method" for the purpose of improving the accuracy of 
crack detection. Load {P) and displacement (6) signals are put into the sub
traction circuit. In this circuit the initial displacement 8o (without crack) is 
subtracted from the actual displacement 5 (with crack), which results in the 
subtracted displacement 5sub = 8 — 8o. As shown in Fig. Ic, the subtracted 
load-displacement curve {P ~ Ssub) will be parallel to the load axis indicated 
as QQ for the initial state and then will begin to incline as the crack initiates 
and grows. The gradient of the subtracted load-displacement curve (cf8sub/ 
dP) corresponds to the propagated crack length. Since 8sub does not contain 
the elastic component which usually occupies the major portion of the signal, 
it can be magnified to any arbitrary degree we want. Thus the change of gra
dient due to crack growth becomes much larger compared with the conven
tional compliance method and hence the accuracy of crack detection has been 
improved. 

The second circuit is to calculate the gradient (db^^y,/dP) automatically. 
For this purpose we have to overcome two problems. The first is that there 
often exists some drift in the signal that is caused mainly by temperature drift 
of the environment. So, if we plan to obtain the gradient by simply dividing 
8sub by/*, some error will arise. Hence we have adopted the differentiators to 
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FIG. 1—Outline of automatic measuring system. 

eliminate the influence of drift in signal. As shown in Fig. la, the signals P 
and 5sub are differentiated by time (t), and we obtain dP/dt and d^sub/dt, 
respectively. The influence of the drift, which occurs at a fairly lower fre
quency than test frequency, was completely eliminated. Then d?>^^\,/dt is di
vided by dP/dt by an analog divider. Here we obtain db^ub^dP. The actual 
circuit diagram is shown in Fig. 2. The analog differentiator is an operational 
amplifier. 

The second problem is to eliminate the influence of crack closure [2], As 
shown in Fig. 3, the actual load-displacement curve of a cracked specimen 
bends because of the change of compliance due to the crack closure phenome
non, and only the gradient for the region above the closure level corresponds 
to the crack length. Therefore db^^^^/dP should be output only for this por-
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FIG. 3—Load-displacement curve of a cracked specimen. 

tion. For this purpose it is necessary to prevent the signals {dP/dt and dSgub/ 
di) from entering into the following divider circuit during the time when the 
applied load is below the closure level. Therefore, as shown in Fig. 2, signal 
sample holding elements are used in such a way that these signals are held 
constant at respective values during the time when the applied load is below 
the designated holding level. The holding action is controlled by the timing 
pulse generator in which a controlling pulse is generated every time when the 
load signal crosses the holding level. The holding level is manually set slightly 
higher than the crack closure level by the potentiometer. The holding level 
relates to the crack closure point and hence it relates to material, stress ratio, 
stress-intensity level, and environmental conditions. But, just as in this study, 
it will be sufficient in many cases to set it at the mean load level throughout a 
test. In special cases where the crack closure point rises higher than this level, 
it is necessary to change it occasionally. 

The voltage signal from this system is continuously recorded by an X-t re
corder. Thus we are able to know the change of compliance against the load
ing cycle and, further, it can be converted into crack length using a calibra
tion curve. The calibration curve is obtained by an experiment (beach 
marking during fatigue test) or by numerical analysis, etc. Thus the measure
ment of fatigue crack initiation and following crack propagation behavior can 
be carried out automatically. 

Procedare 

Testing Apparatus 

An electrohydraulic fatigue testing machine (capacity ±98 kN) was used. 
For the testing in an aqueous environment, an environmental cell was at-

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:05:26 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



KONDO AND ENDO ON FATIGUE CRACK MONITORING 123 

tached as shown in Fig. 4a. Test frequency was set at 37 Hz. A general view of 
the proposed measuring system is shown in Fig. 4b. 

Specimen 

The type of specimen used is a blunt-notched compact-type (BNCT) speci
men as shown in Fig. 5 (dimensions are in milHmetres). It has a hole (2.5 mm 
in diameter) at the tip of the slit. The maximum stress that occurs at the notch 

• ?"• 

(8) (b) 

FIG. 4—Testing apparatus: (a) environmental cell, (b) measuring system. 

Strain 
gage \ 

1 

12.5 

FIG. 5—Blunt-notch compact-type specimen. 
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root was analyzed by the finite-element method (FEM). The inner surface of 
this hole was finished by a reamer and polished with No. 400 emery paper. 
The material investigated was 3.5Ni-Cr-Mo-V forged steel. The mechanical 
properties of this material are listed in Table 1. A foil strain gage 3 mm long 
was bonded at the center of the specimen thickness at the opposite side of 
fatigue crack as shown in Fig. 5 and thus the so-called "back face strain" was 
measured. For the aqueous environment test, this strain gage was coated with 
waterproofing wax. 

Fatigue Test in Air 

Prior to fatigue testing, a test to check the accuracy of crack detection of 
the measuring system was performed. In Figs. 6-8 test results are shown for 
stress ratio R — 0.05 and stress amplitude at notch root Oa = 337 MPa. Fig
ure 6 is a part of chart which shows the change of compliance due to crack 
initiation and the following crack growth. At the point indicated as A, the 
trace of the record begins to depart from the initial level and detectable cracks 
initiate here. In Fig. 7 crack shapes are shown for the point of time when 
compliance increased by 0.2% compared with the initial value (Point B in 
Fig. 6). Three part-through semi-elliptical cracks as small as 0.3 mm deep 
were detected. Similarly, Fig. 8 shows the crack shapes at the point when 
compliance increased by 1.5% (Point C in Fig. 6). 

Further fatigue tests were performed to obtain the calibration curve be
tween the compliance and the crack length. Beach marks were left on the 
fractured surface as shown in Fig. 9. In Fig. 10 the crack length is plotted 
against the change of compliance (here, the crack length is the equivalent 
length which gives the same area as the actual crack when the crack shape is 
assumed to be rectangular). This curve is made from four duplicate tests in 
order to check the reproducibility. All data are in good agreement. Even in 
the case of the small part-through crack where the crack shape, the number 
of cracks, and the sites of crack initiation vary from one specimen to the next, 
the relation between the equivalent crack length (that is, cracked area) and 
the change of compliance is nearly the same [3]. It is necessary to recalibrate 
for different types of specimens because the relation between the compliance 
and crack length depends on specimen type. 

Fatigue tests were performed on nominal stress ratios R = 0.05 and 0.8. 
(Test results are shown later in Fig. 12.) Initiation life of detectable cracks (a 

0.2% Proof 
Stress, MPa 

722 

TABLE 1—Mechanical 

Ultimate Tensile 
Strength, MPa 

838 

properties of material. 

Elongation, 
% 

29.0 

Reduction of 
Area, % 

74.2 
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FIG. 6—Change in compliance due to crack initiation and the following crack growth. 

Notch 
root 

FIG. 7—Example of small fatigue crack detected in air (0.2% increase in compliance). 
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^ • ' • • • • J l . " v » ' • • ' * • . • • ' " 

Notch 
root 

FIG. &—Example of smalt fatigue crack detected in air fl.5% increase in compliance). 

FIG. 9—Beach marks on fractured surface. 

few part-through cracks as small as 0.2 mm deep) occupies about 50% of 
fatigue life. 

Corrosion Fatigue Test in Aqueous Environment 

Corrosion fatigue tests were performed in an aqueous environment. The 
environmental conditions were: 5% sodium chloride soluted in deionized wa
ter, temperature 90°C, FeCb added, pH 4.5 - 5.0, flow rate 1 L/min. 

The accuracy of crack detection was examined also in the aqueous environ-
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E 
E 10 

Change in compliance kl / I -

FIG. 10—Calibration curve between compliance and crack length. 

ment. As shown in Fig. 11, a part-through crack as small as 0.2 ~ 0.3 mm 
deep was detected. 

S-N Curve of Crack Initiation 

Two different nominal stress ratios, R = 0.05 and 0.8, were chosen for the 
fatigue tests. In this study, we investigated separately the crack initiation and 
the propagation processes, and the following behaviors were found. Test 
results are shown in Fig. 12. Open symbols, half-solid symbols, and solid 
symbols correspond to crack lengths of 0.2, 2, and 8 mm, respectively. In Fig. 
12a it is remarkable that the fatigue crack initiation life was less than 10% of 
fracture life in the long-life region. Moreover, the specimen which did not 
fracture after 10̂  cycles had a crack that was growing continuously. The S-N 
curve of open symbols indicates that the crack initiation characteristic goes 
down monotonically. On the contrary, however, a cusp is seen in the S-N 
curve of half-solid or solid symbols, which indicates the fracture characteris
tic, namely, that the crack propagation life becomes relatively long at inter
mediate stress levels [4,5]. 

The cusp in the S-N curve is supposed to be caused by stagnation in crack 
propagation. Since the proposed system can also measure the crack closure 
phenomenon, the change in crack closure level was monitored. Typical load-
displacement curves are inserted in Fig. 12a. At intermediate stress levels 
only, a remarkable crack closure phenomenon develops, probably because of 
the corrosive wedging effect, resulting in a decreased effective stress-intensity 
range. Hence, the crack propagation rate decreases and the fracture life in-
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.^*^.:. 

FIG. 11—Example of small fatigue crack detected in corrosive environment (0.5% increase in 
compliance). 

creases at intermediate stress levels. As shown in Fig. 126 for the case where 
stress ratio is high, crack closure does not appear and hence stagnation in 
crack propagation does not occur and the S-N curve goes down mono-
tonically. 

Crack Propagation Behavior of Short Crack 

The crack propagation rate (da/dN) of a growing crack from the notch root 
for stress ratio R = 0.05 was measured and is plotted against A/f in Fig. 13. 
The solid line is the crack propagation rate obtained in air at room tempera
ture by the conventional /f-decreasing method. It is seen that in the aqueous 
environment, fatigue crack propagation occurs even below the threshold 
stress-intensity range (AAr,h) obtained in air. 

Comparison Between K-increasing and K-decreasing Test Method 

A conventional /IT-decreasing test was performed to obtain the ^Kth in a 
corrosive environment. The result is shown in Fig. 14. The solid symbols indi
cate the crack propagation rate in the /iC-decreasing test, and open symbols 
indicate the crack growth rate from the notch. It is seen that crack propaga
tion does occur at an early stage of crack growth from the notch root (open 
symbols) for AK below the A/fth obtained by the conventional /iC-decreasing 
method (solid symbols) in the same environment. This is caused mainly by the 
difference in crack closure as typical load-displacement curves are shown in 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:05:26 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



KONDO AND ENDO ON FATIGUE CRACK MONITORING 1 2 9 

1000 

In air 

s. 

« 
"S 100 

I 
CO 

10 
10' 10' 

Corrojive 

environment 

Air 

R= 
Symbol 

0 

9 

• 
D 

• 

0.05 
Crack length 

0.2 mm 

2 
8 

0.2 

8 

fIB Hi HH 
I I i__J 1 i L__l ' ' 10' 10' 

Cycles 

10" 10' 10* 

(a) 

tooo 

£ 

•8 

a 
E 
(0 

CO 

100 

10 

In air 

10' 

" ^ 

^55*=^ -D-" 

R=0.8 

Symbol 

Corroiive 0 

environment 9 

• 
Air • 

• 

Crack length 

0.2 mm 

2 
8 

0.2 
8 

J L 
10* 10' 10" 

Cycles 

10" 10" 

(b) 

FIG. 12—Fatigue test results of 3.5Ni-Cr-Mo-V steel: (a) stress ratio R = 0.05, (h) stress ratio 
R = 0.8. 
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FIG. 13—Fatigue crack growth from notch root in corrosive environment on 3.5Ni-Cr-Mo-V 
steel (R = 0.05). 

the figure; namely, the crack closure point goes up because of the corrosive 
wedging effect in the A'-decreasing test, but in contrast with this the crack 
closure phenomenon does not develop for a short crack. Thus it might be 
unsafe if we use dJCfh obtained in the conventional iiL-decreasing test as a 
criterion for a short crack growing from the notch in a corrosive environment. 
Hence it can be concluded that the conventional A -̂decreasing method might 
not be a suitable method when applied to a test in a corrosive environment. It 
is desired to establish an appropriate test method to obtain AATth in a corro
sive environment. 

Conclusions 

1. A low-cost analog circuit to automatically calculate the change of com
pliance due to crack growth with high sensitivity has been developed. This 
system was applied to the corrosion fatigue test in an aqueous environment. 
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FIG. 14—Effect of test condition on fatigue crack propagation rate in corrosive environment. 

2. Fatigue cracks as small as 0.2 mm deep initiating from the notch root 
could be detected. 

3. Fatigue crack propagation occurred at an early stage of crack growth 
from the notch root for AK below AKth obtained by the conventional K-
decreasing method. 
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ABSTRACT: The experience of the authors with the automation of the fatigue crack 
growth experiment is described. The system is described from both the hardware and the 
software standpoints. 

The approach used in automating the fatigue crack growth experiment was to make as 
much use of the computer as possible by writing large, user friendly, multipurpose pro
gram systems. The approach has been very successful based on four years of experience in 
conducting experiments. High quality results have been obtained from experiments con
ducted by personnel not skilled in computer programming. 

KEY WORDS: automatic test control, computerized data acquisition, fatigue crack 
growth, pressurized water reactor environments, constant stress-intensity factor (A/f), 
SA-533B steel 

The fatigue crack growth experiment is a prime candidate for automation. 
The experiment is tedious, requires continuous monitoring, and must be per
formed with a high degree of accuracy. In addition, some fatigue crack 
growth experiments such as threshold testing and low-frequency corrosion fa
tigue experiments can last for weeks and even months. The automation of the 
fatigue crack growth experiment, therefore, offers the possibility of a large 
return on the initial investment both in terms of the reduction in man-hours 
to conduct the experiment and in terms of accuracy of the results. 

The objective of this paper is to discuss the authors' experience with the 
automation and performance of fatigue crack growth experiments. The auto
mated test system is described from both the hardware and software stand
points. Possible modifications to the ASTM Test Method for Constant-Load-

'Technical advisor and research engineer, respectively, Babcock & Wilcox, a McDermott com
pany. Alliance Research Center, Alliance, OH 44601. 
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VAN DER SLUYS AND FUTATO ON FATIGUE 133 

Amplitude Fatigue Crack Growth Rates Above 10~* m/Cycle (E 647-83), are 
proposed to make the standard more compatible with automated testing 
methods. 

Approach to Automation 

The approach used in automating the fatigue crack growth experiment is to 
make as much use of the computer as possible by writing large, user-friendly 
multipurpose program systems. In this way experiments can be run by people 
skilled in materials testing but not necessarily skilled in computer 
programming. 

At this time the authors have two automated testing systems in which fa
tigue crack growth experiments can be conducted. In one system, three MTS 
servohydraulic testing machines are interfaced to a PDP 11/34 computer 
through an MTS 433 Processor Interface Unit. In the second system, four 
MTS servohydraulic actuators are installed on autoclaves, allowing fatigue 
crack growth tests to be conducted in high-temperature, high-pressure water 
environments. These four loading systems are also interfaced to a single PDP 
11/34 computer through an MTS 433 Processor Interface Unit. Each of the 
PDP 11/34 computers has two hard disk drives and two flexible disk drives 
interfaced for data storage. Figure 1 presents a schematic of the computer 
control system. A more detailed description of the system can be found in 
Refs / and 2. 

In the fatigue crack grovrth experiments, the specimen compliance is used 
to determine the crack length [3]. In order to make the compliance measure
ment with a high degree of confidence using the 12-bit analog-to-digital (A/ 

COMPUTER 
INTERFACE 

HARD 
DISC 

FLOPPY 
DISC 

PDP 11/34 
COMPUTER 

GRAPHIC 
TERMINAL 

SERVO 
VALVE 

CONTROLLER 

LOAD 
CELL 

CONDITIONER 

HIGH GAIN 
LOAD CELL 

CONDITIONER 

DISPLACEMENT 
GAGE 

CONDITIONER 

//////////, 

\ 
HYDRAULIC 
ACTUATOR 

LOAD 
CELL 

r̂  
V'vV^W 

FIG. 1—Schematic of computer control system. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:05:26 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



134 AUTOMATED TEST METHODS FOR FRACTURE 

D) converters available in the MTS computer interface, a crack length mea
surement system independent of the specimen load control system is used. 
This system consists of two amplifiers, a displacement gage for monitoring 
the opening displacement on the specimen, and a dual-bridge load cell. One 
bridge of the load cell is used by the servo control system to measure and 
control the load on the specimen while the second bridge is used in the crack 
length measuring system. The amplifiers in this system are operated at a rela
tively high gain so that the amplitude of the signal produced during a fatigue 
cycle will be close to the full-scale output of the amplifier. In order to keep the 
signals on scale as the test progresses, a digital-to-analog (D/A) converter in 
the computer interface is used to supply a bias vohage to the amplifier which 
in effect rezeros the amplifier as the test progresses. Since the only informa
tion needed from this crack length measurement system is the specimen com
pliance, which is not a function of the absolute value of the load or displace
ment but rather only the relative changes in these values, the system just 
described produces a measure of the compliance, and hence the crack length, 
to a high resolution. 

The computer program which controls the fatigue crack growth experi
ments is written in MTS Systems Corp. Multi-User Basic language such that 
three different types of fatigue crack growth experiments can be conducted. 
Conventional constant load experiments, constant-A/C experiments (in which 
A/C is held constant during the test), and decreasing-A/iL experiments can all 
be performed using the test control software. 

The fatigue crack growth test program is divided into four separate 
programs: 

1. Input Stage—This program asks the operator for all the information 
required to describe the specimen and test conditions. 

2. System Checkout—This program measures the initial crack length and 
tests to see if the hydraulics are able to meet the test conditions (loads and 
frequency). 

3. AK Control Program—This program runs the test. It acquires and 
stores crack growth data and adjusts the applied load to yield the specified 
A/sT level if constant-A/C or decreasing-A/T tests are desired. 

4. Data Analysis—This program performs data analysis. The crack length 
versus cycles information is displayed and crack grovrth rate versus applied 
AK determined. 

The input stage program must be run first since it asks the operator for 
information which describes each test to be performed. This information in
cludes the type of test to be run, the specimen type and material, the desired 
initial AK for the test, the initial and final crack lengths, the transducer full-
scale ranges, etc. 

Certain calculations are performed to aid the user in answering the input 
questions. For instance, using the input initial and final crack length and 
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initial and final A/IT-values, the program calculates the maximum load and 
displacement expected during the test so that the transducer ranges can be 
chosen appropriately. 

A table of all the test parameters that were input and a summary of the 
maximum and minimum loads and displacements are printed. The program 
then allows the operator to change any parameter without reentering all the 
input parameters. 

When the operator is satisfied with all the input test parameters, the pa
rameters are written to a disk file for later use. The program then chains into 
the system checkout program. 

The main function of the system checkout program is to perform some ini
tial cycling of the specimen to check for any obvious problems with the test 
setup. The program starts by reading the parameter file and printing out a 
series of statements instructing the operator to perform certain tasks. These 
tasks include starting the hydraulic power supply, ensuring that the analog 
controller is set to the computer-controlled mode, and setting the transducer 
amplifiers to the proper ranges. 

The initial crack length in the specimen is then measured. This is done by 
calculating a load based on the estimated initial crack length and an initial 
cycling AK. This load is then applied to the specimen and the specimen com
pliance is measured. The crack length is calculated and printed out along 
with the initial crack length that was input. At this point, if the operator is 
satisfied with the crack length measurement, he can run the test. If he is not 
satisfied, he can take action to correct the problem. If the operator chooses to 
run the test, the program chains into the AK control program which actively 
controls the running of the test. 

As the test is running, the crack length is determined by measuring the 
specimen compliance at increments in cycles specified by the operator. An 
average of 80 load and displacement points is taken during an unloading half-
cycle, and the slope of the unloading line calculated using a linear regression 
analysis of the data. This is repeated on three consecutive unloadings to allow 
an average crack length to be determined. Each of the three crack length 
values and the 95% confidence interval for each value are displayed along 
with the average crack length and the cycle count. 

Depending on which type of test is being conducted, after the crack length 
measurement the loading of the specimen is either continued at the previous 
level or a new load is determined based on the new crack length and the de
sired AK level. 

The test continues until the specimen has failed, a preset crack length is 
reached, or a preset AK level is reached. When a test is completed, the pro
gram is able to sequence into another test without operator interruption. In 
this way a series of experiments can be conducted on the same specimen with
out operator action. * 

The data analysis capabilities of the system allow for two different types of 
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analysis, depending on the type of test being conducted. For constant-A/iT 
experiments where the a-versus-iV curves are straight lines, a linear regression 
analysis is used to determine the crack grovrth rate. For constant-load experi
ments a modified ASTM E 647 secant procedure is used to determine the 
crack growth rate. This is discussed in more detail later. 

Test Experience 

All three types of tests which the program is capable of performing have 
been conducted. The vast majority of the test work has been constant-zyf 
testing in autoclave environments, although a limited amount of constant-
load testing has also been performed. Threshold tests have not been per
formed using the AK shedding feature of the program, but the AK shedding 
feature has been used to reduce the AK level or the /?-ratio from one test 
condition to the next on the same specimen. 

Figure 2 is an example of the type of results obtained from a constant-A/JL 
fatigue crack growth experiment. The data presented in this figure were ob
tained in 288°C water on SA-533 steel at AK ranges of 33 and 44 MPaVm 
and an R-ratio of 0.5. The crack growth rates presented in this figure were 
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FIG. 2—Fatigue crack growth in a 288°Cpressurized water reactor (PWR) environment as a 
function of AK and loading frequency. 
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obtained from the crack length versus cycles information shown in Figs. 3 and 
4. A linear regression analysis was used to determine the slopes of these lines. 
These figures represent an ideal type of result. The crack growth rate lines are 
linear and there is very little scatter in the crack length information. The con
fidence interval obtained from the linear fit is also presented on the figures. 
There is a high degree of confidence in the crack growth rate determined from 
this type of information. The 95% confidence band on each of these six crack 
growth rates is between one and three orders of magnitude smaller than the 
measured crack growth rate. This means that for the crack growth increment 
over which the experiment was performed the crack growth rate was deter
mined to a relatively high degree of confidence. 

Figures 5 and 6 represent the results of a load shedding experiment in 
which AK was dropped from 25 to 12 MPaVm over a crack length increment 
of 0.10 mm. In Fig. 5 the crack length versus cycles information obtained 
during this experiment is presented, while the crack length versus applied 
AK information is presented in Fig. 6. The load shedding procedure makes 
use of the following expression found in Ref 4 for gradually dropping the ap
plied AA" level 

AK = AKo exp [C(a - OQ)] 

where 

flo = initial crack length at beginning of AK shed, 
a — instantaneous crack length, 

AA'o = alternating stress-intensity factor at crack length ao, 
AK = alternating stress-intensity factor at crack length a, and 

C = decay constant. 

For the data shown in Figs. 5 and 6, the decay constant, C, was —2. In 
general, it has been found that decay constants up to — 7 will work satisfacto
rily. Therefore, when it is desired to drop the applied AK level, the crack 
length increment over which the applied AAT is to be dropped is determined 
and the resultant decay constant is calculated. If the decay constant is found 
to be greater than —7, the experiment is run; if it is less than —7, the crack 
length increment is increased and a new decay constant is calculated. 

The experience using this approach has been very good. The data pre
sented in these figures are typical of most tests conducted. 

Figures 7 and 8 present the results of a constant-load test conducted in 
288°C water on an SA-533 material with a sine wave loading frequency of 
0.017 Hz. Figure 7 presents the crack length versus cycles information ob
tained during this experiment while Fig. 8 presents the da/dN-vetsus-AK in
formation. The three solid lines in this figure represent the reference flaw 
growth curves found in Section XI of the American Society of Mechanical 
Engineers Boiler and Pressure Vessel Code for air, and for low and high R-
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FIG. 3—Crack length versus cycles information for three experiments conducted at a AK level 
of 44 MPa4)n on SA533B-1 material in a 288°C PWR water environment. 
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FIG. 4—Crack length versus cycles information for three experiments conducted at a AK level 
of 33 MPasfm on SA533B-1 material in a 288°C PWR water environment. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:05:26 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



VAN DER SLUYS AND FUTATO ON FATIGUE 139 

1.00 2.00 

CYCLES X 10-^ 

3.00 

FIG. S—Crack length versus cycles information obtained from a AK shedding experiment on 
SA533B-1 material in a 288°C PWR water environment. 
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FIG. 8—Cyclic crack growth rates determined from the crack length information presented in 
Fig. 7. 

ratios in a high-temperature water environment. The crack growth rate data 
plotted in this figure were obtained from the crack length versus cycles data 
presented in Fig. 7 using a modified secant method described later. 

Discussion of Test Results 

It is difficult to analyze the test results just presented in accordance with 
the ASTM E 647 standard. As in most automated testing procedures, it is the 
total crack length and not the change in crack length that is measured (in 
contrast to many manual techniques). Many more crack length measure
ments are made per extension interval than are required by E 647. The E 647 
procedure recommends that the crack length be measured at a constant in
crement of 0.25 mm or ten times the crack length measurement precision, 
whichever is greater. This crack length versus cycles information is then ana
lyzed using either the secant method or the incremental polynomial method to 
obtain the crack growth rate, da/dN, versus A/f, information. 

In order to meet these requirements, the investigator with an automated 
facility must develop a procedure to obtain crack length versus cycles infor-
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mation at constant increments of crack length rather than at constant incre
ments of cycles, which is more conventional with automated equipment. This 
means that crack length information is obtained on increments of cycles and 
discarded until the required crack length increment is reached, with all the 
crack length information obtained between the Aa increments being 
disregarded. 

This procedure seems inappropriate for three reasons. First, the crack 
length data which are discarded contain information about the random noise 
or statistical scatter in the crack length measurement technique being used, 
even if no physical crack extension has occurred between adjacent data 
points. Such information, when available, should not be ignored but should 
be used to minimize the effect of noise on the calculated crack growth rate. 
Secondly, by using the first crack length reading which exceeds the required 
grovrth increment to determine the cycles information, only the crack length 
information on the upper bound of the scatterband in crack length is being 
used in the rate calculation. This reduces the accuracy in the determination of 
the cyclic crack growth rate. Finally, the use of multiple crack length readings 
within the prescribed E 647 limits helps reduce the sensitivity of the calcu
lated crack growth rate to local variations in properties. By using numerous, 
closely spaced data points in the determination of one crack growth rate, the 
chance of a small number of locally deviant data unduly influencing the cal
culated crack growth rate is virtually eliminated. 

The cyclic crack growth information presented in this paper was not calcu
lated in accordance with E 647. In the case of the constant-A/iL data, a linear 
regression analysis of all the crack length information was used. For the con
stant cyclic load fatigue crack growth experiments, a procedure similar to the 
secant method was used. The secant method defines the crack growth rate as 
the slope of the line between two points on the crack length versus cycles curve 
spaced at the required Aa increment. The method used in this report was to 
fit a straight line to all the data obtained over the required Aa increment. For 
the data presented in Fig. 7, an increment of 0.5 mm was used. In this way, 
all the crack length information determined over the required increment is 
used in the rate determination. The procedures in E 647 should be modified 
in a way similar to this to take advantage of the large amount of information 
which can be obtained using automated procedures. 

It must be understood, however, that the ability to acquire more data over a 
smaller interval of crack extension with the automated procedure does not 
imply that the automated experiment can be adequately performed over small 
crack extension intervals. In fatigue crack grovrth testing in general (whether 
automated or manually performed), a problem exists in that it is difficult to 
determine how far to propagate a crack in order to insure that the experiment 
has sampled a true cross section of the specimen and has not been localized to 
one (possibly unrepresentative) region of the material. The automated con
stant AK experiments described in this report were performed with 2 to 2.5 
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mm of crack extension since most transients have been observed to occur well 
within this interval. Therefore data within these intervals can be assumed to 
be representative of the bulk material behavior. Likewise, in the constant-
load experiments described, the crack growth rates were calculated from data 
taken over an 0.5-mm increment in crack length (twice that required by E 
647) for the same reasons. In general, the investigator must verify for each 
test that sufficient crack extension has occurred to truly sample the material. 

Accuracy 

It is difficult to determine the accuracy to which the cyclic crack growth 
rate has been determined. There are two major variables which contribute to 
possible errors in the measured crack growth rate: errors in the measured 
crack length, and errors in the range in stress-intensity factor. These two vari
ables are not independent since the range in stress-intensity factor is a func
tion of the crack length, the range in applied load, and the geometry of the 
test specimen. Since the accuracy of the crack length readings has the biggest 
impact on the accuracy of the cyclic crack growth rates, the accuracy of the 
crack length reading was of prime consideration in the development of the 
automated testing system described herein. In developing the specifications 
for the hardware, a mathematical model was developed. A description of the 
model and the results of the analysis can be found in Refs / and 2. Briefly, the 
model was used to study the effect of electrical noise and A/D resolution on 
expected crack length accuracies. An example of the type of results obtained 
from the model is presented in Fig. 9. The data shown in this figure are the 
expected 95% confidence interval on crack length, assuming that the Saxena 
and Hudak [3] compliance expression is exact for a 2T compact fracture spec
imen with ratios in a/w of 0.5 and 0.8. It was assumed that there was ± 15 
mV of electrical noise on the load signal and ±50 mV of electrical noise on 
the deflection signal. These noise levels are fairly typical of the levels present 
in the autoclave testing system. The calibration of the load signal is 10 V rep
resenting 8900 N while with the displacement signal 10 V represents 0.18 mm 
of deflection. As can be seen in this figure, the resolution in crack length 
under these conditions is a strong function of a/w and the AK level. Figures 
10 and 11 present two examples of how well this model predicts the results of 
the experiments. In Fig. 10 is presented the results of an experiment con
ducted at a AK level of 33 MPaVm and an a/w of 0.51. Under these condi
tions, very little scatter is observed in the test data similar, as predicted by the 
model. The model predicted a confidence interval less than ±0.064 for the 
individual data points, which was in fact observed. 

In Fig. 11 the results of an experiment conducted at a AK level of 11 
MPaVm and an a/w of 0.50 are presented. Under these conditions, the scat
ter in the data is quite large, as was predicted (at least qualitatively) by the 
model. In this case, the model predicted a confidence interval of ±0.10 mm 
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FIG. 11—Crack length versus cycles data for fatigue crack growth experiment conducted at a 
constant-^K — 11 MPa-Jm on SA533B-1 material in 288°C PWR water environment. 

while the scatter in the figure is approximately ±0.20 mm. Such a discrep
ancy between the predicted and observed scatter is not unreasonable since the 
model is intended to predict the degree of scatter that would be observed if the 
test were conducted under the best possible conditions. Any deviation from 
the optimum conditions (such as an increase in thermal noise within the test 
system) will cause a corresponding increase in scatter. In this vein, it should 
be understood that the data in Fig. 10 were obtained at a frequency of 0.1 Hz 
while the data in Fig. 11 were obtained at 0.01 Hz, suggesting that thermal 
fluctuations (or other relatively low-frequency noise components) not in
cluded in the model could in fact have had a greater influence on the data in 
Fig. 11 than those in Fig. 10. 

It appears from this comparison that the model is a fair representation of 
what is occurring during the experiment. The results of this type of analysis 
are of little help in improving the data once the experiment has been con
ducted. However, such an analysis has proven to be very useful in developing 
specifications for the system hardware and in improving the possible resolu
tion of a system. 

The effect of this scatter in crack length measurements on the calculated 
crack growth rate and the consequences to the test procedure are clear from 
the results in Figs. 10 and 11. Note that while the data in Fig. 10 are clearly 
less scattered than those in Fig. 11, the 95% confidence intervals of the calcu-
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lated slopes (that is, crack growth rates) are proportionally the same in both 
cases. This is due to the fact that the analysis in Fig. 11 was performed on a 
sufficient number of data points (many times more than that shown in Fig. 
10) to average the scatter, as well as because the crack was propagated a dis
tance much greater than the degree of scatter in the data. In the case of the 
automated testing system described here, therefore, if experiments are to be 
conducted in the MC range below 10 MPaVm, either the crack has to be 
propagated a long distance in order to get a reasonable estimate of the cyclic 
crack growth rate (which is extremely time-consuming and expensive at these 
low AK levels) or the resolution in crack length measurement has to be im
proved. From the model discussed above the only way to improve the resolu
tion in the crack length measurement is to conduct the test at large a/w ratios 
or substantially reduce the electrical noise on the deflection signal. 

The other source of error in the determination of cyclic crack growth rates 
involves errors in the range in stress-intensity factor {AK). As was discussed 
earlier, AK is a function of crack length, the range in load, and the specimen 
geometry. Besides errors in crack length, errors in specimen geometry can 
also cause significant errors in AK. The straightness of the crack front is part 
of the specimen geometry from the K calibration standpoint. Crack front 
straightness can be a significant problem especially when fatigue crack 
growth experiments are conducted in aggressive environments. The proce
dures described in E 647 for correcting for crack front curvature only correct 
the crack length determination; they do not correct for the effect of a curved 
crack front on the expression for the stress-intensity factor. 

The error in cyclic crack growth rate due to crack front straightness can be 
significant because the stress-intensity factor at a point on the crack front is a 
function of the curvature, and the crack growth rate is proportional to the 
range in stress-intensity factor raised to a power close to four. 

Conclusion 

The following conclusions have been reached concerning the automation of 
the fatigue crack growth experiment. 

1. The automated fatigue crack growth experiment allows personnel not 
skilled in computer programming to run this type of test. 

2. Fatigue crack growth experimentation allows three different types of ex
periments to be conducted: 

• constant-load tests with increasing stress-intensity factor, 
• constant stress-intensity experiments, AK held constant, and 
• decreased stress-intensity experiments, AK decreasing. 

3. The automatic fatigue crack growth program automates the entire ex
periment from input of test condition through system checkout, actual test 
operation, and subsequent data analysis. 
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4. Test results indicate crack length measurements can be made with a rel
atively high degree of confidence. 

5. Experiments in the AK range of <11 MPaVm require a long crack 
propagation to achieve a reasonable estimate of cyclic crack growth rate. 

6. The straightness of the crack front is an important factor in crack length 
measurement. 
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ABSTRACT: A direct-current potential-drop crack monitoring technique has been modi
fied for use with test specimens having rectangular cross sections and semicircular crack 
starting notches, with radii as small as 0.075 mm (0.003 in.). An experimental program' 
was conducted to evaluate an analytical model which predicts the crack depth from the 
potential drop, crack aspect ratio, and potential probe spacing. The fatigue crack growth 
rates of Rene'95, an advanced nickel-base superalloy, were determined at room tempera
ture for three levels of gross section stress. There was extremely close agreement between 
the crack depths determined experimentally through post-test fractography and those 
predicted by the analytical potential-drop model. The critical barrier for fully automated 
monitoring of surface flaw crack growth with potential drop is the development of rela
tionships to predict the crack aspect ratios as a function of material and testing 
parameters. 

KEY WORDS: fatigue crack growth, test method, potential drop, surface flaws, super-
alloys 

An important part of the material characterization and life management of 
many high-strength materials is the accurate determination of the fatigue 
crack growth rates as described using linear elastic fracture mechanics. In 
many service applications, it is critical to understand crack growth behavior 
for high-stress/short-crack conditions. One specimen commonly used to eval
uate the fatigue crack growth rates in high-strength aircraft engine disk alloys 
[1-3] is known as the Kt specimen. This specimen geometry was originally 
developed by Johnson et al [/]. The Kb specimen has a rectangular-shaped 
gage section containing a semi-elliptical surface flaw, as shown schematically 

'Engineer, Materials Life and Methods, and research and development specialist, respec
tively, General Electric Co., Aircraft Engine Business Group, Cincinnati, OH 45215. 
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in Fig. 1. In previous studies [1-3], the growth of surface cracks from semi-
elliptical flaws was monitored using cathetometry. Tests conducted in a labo
ratory not staffed continuously often required test interruptions for periods 
up to two days, which occasionally resulted in small amounts of crack arrest. 

This paper will describe the adaptation of a direct-current (d-c) potential-
drop crack monitoring technique to this specimen geometry. The motivation 
for this study was to provide continuous monitoring of crack growth while 
increasing the quality and quantity of data, and reducing testing costs. 

Background 

The d-c potential drop-technique has been used for many years to monitor 
the crack growth rates in specimens with long cracks (that is, compact speci
mens) [4-6]. More recently, several investigators [7-9] have used the d-c 
potential-drop method to monitor cracks in specimens with short initial crack 
depths. Gangloff [7] initially developed a high-sensitivity potential-drop 
method to monitor the crack growth from 0.1016-mm-deep (0.004 in.) and 
1.4224-mm-wide (0.056 in.) chord-shaped electric discharge machined 
(EDM) defects in axisymmetric, 5.08-mm-diameter (0.2 in.) fatigue speci
mens. Subsequently, VanStone et al [8] modified the Gangloff approach and 
monitored crack growth from 0.1016-mm-radius (0.004 in.) semicircular 
EDM notches in 6.35-mm-diameter (0.25 in.) fatigue specimens. Both of 
these investigations demonstrated that the Roe-Coffin [10] potential-drop so
lution predicted short crack lengths within 15%. The solution was derived 
from an analytical fluid flow solution [11] using a half-ellipsoid-shaped dis-

FIG. I—Schematic drawing of Kb specimen. 
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continuity along a flat surface of an infinite fluid field. This situation more 
closely resembles the geometry of a surface crack in a Ki, specimen as shown 
in Fig. 1 than the surface crack in a round bar considered by Gangloff [7] and 
VanStone et al [8]. Thus, no difficulties were anticipated in accurately pre
dicting the crack depth using the Roe-Coffin solution. 

Experimental Approach 

The purpose of this investigation was to verify the applicability of a d-c 
potential-drop technique and the accuracy of the Roe-Coffin solution to pre
dict crack depth in Kh specimens. In order to minimize variables which are 
known to alter crack growth rates, a single material was evaluated using the 
same temperature, stress ratio (/?), and cyclic frequency. Restricting the eval
uation to a single material and temperature does not imply that this technique 
is restricted to this set of experimental conditions. Previous work using this 
potential-drop technique on axisymmetric specimens [7,8] has shown that 
this technique can be successfully used on a variety of materials at tempera
tures from room temperature to 649°C (1200°F). 

Material 

The material used for this study was powder-metallurgy Rene'95 which 
was compacted to full density using hot isostatic pressing (HIP). This alloy is 
an advanced nickel-based superalloy which is used in aircraft engine disk ap
plications. The specimens evaluated in this study were machined from a tur
bine compressor disk. A disk HIP container was loaded with — 140-mesh 
powder and HIP-compacted at 1121°C (2050°F) and 103 MPa (15 ksi). It was 
then solution treated at 1127°C (2060°F), quenched into 538°C (1000°F) 
salt, and aged at 871°C (1600°F) for 1 h followed by a 649°C (1200°F) age for 
24 h. Table 1 compares the composition of this disk with the Rene' 95 specifi
cation. This composition is within the specification limits. The room temper
ature 0.2% offset yield strength and ultimate tensile strength of the material 
are 1213 and 1660 MPa (176 and 241 ksi), respectively. 

Test Conditions 

The Kb specimens used in this study had nominal gage widths and thick
nesses of 15.24 and 6.35 mm (0.6 and 0.25 in.), respectively. Each specimen 
had a semicircular EDM notch introduced into the center of the large face of 
the gage section using a tantalum electrode. D-c potential probes were at
tached approximately 0.406 mm (0.016 in.) above and below the EDM notch. 
Figure 2 shows schematically the position of the EDM notch and potential 
probes. Also shown in this figure is the nomenclature used to describe the 
notch and potential probe spacing (Xp). The EDM notch depth (a„) and half-
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TABLE 1—Composition of Rene '95 material. 

Element 

Cr 
Co 
Mo 
W 
Al 
Ti 
Cb 
C 
Mn 
Si 
Fe 
P 
S 
B 
N 
H 
0 

Specification Limits, 
weight % 

12.0 to 14.0 
7.0 to 9.0 
3.3 to 3.7 
3.3 to 3.7 
3.3 to 3.7 
2.3 to 2.7 
3.3 to 3.7 

0.04 to 0.09 
0.15 max 
0.20 max 
0.50 max 
0.015 max 
0.015 max 

0.006 to 0.015 
0.005 max 
0.001 max 
0.010 max 

Check Analysis, 
weight % 

13.11 
8.06 
3.49 
3.47 
3.46 
2.42 
3.46 
0.06 
0.015 

<0.01 
0.15 
0.003 
0.004 
0.014 
0.002 
0.0008 
0.0066 

surface length (c„) are followed by the subscript n to indicate the initial notch 
dimensions. The same nomenclature was used to indicate crack depth (a) and 
half-surface length (c), except that the subscript was not used. 

A total of five/Ti specimen tests were conducted using conventional closed-
loop electrohydraulic test equipment. The tests were run in a constant-load 
control mode. The maximum gross section stress for the five specimens varied 
from 689 to 1034 MPa (100 to 150 ksi). The R stress ratio (minimum load/ 
maximum load) was zero and the specimens were cycled at 0.33 Hz (20 cpm) 
using a triangular wave shape. Each test was intentionally interrupted several 
times, and the specimen was heat tinted using induction heating. The pur
pose of this heat tint procedure was to mark the crack dimensions at several 
positions to allow post-test measurement of crack shape development. 

During these tests, the electric potential was monitored using the potential-
drop system shown schematically in Fig. 3. This system is identical to the one 
used by VanStone et al [8] and is similar to that used by Gangloff [7]. Direct 
current is passed through a specimen containing an EDM defect. Potential 
monitoring probes, located on either side of the defect, are used to measure 
the potential drop across the region containing the defect. The microcompu
ter is used to trip a transistor relay which applies voltage to the specimen. The 
current is turned off for one second during each fatigue cycle. This permits 
determination of the potential with and without applied voltage, and thus 
eliminates thermocouple effects. During each fatigue cycle, the microcompu
ter monitors these two values of potential and subtracts them to determine the 
potential difference (V). The maximum and minimum loads are also moni
tored for each fatigue cycle. At selected intervals the potential and load values 
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FIG. 2—Nomenclature of specimen notch, and potential lead dimensions. 

are averaged, printed at a teletype, and recorded on a magnetic tape for fu
ture analysis using a conventional time-sharing computer system. 

A current of 30 A was used on these specimens, resulting in an initial po
tential difference at the EDM notch (V„) of approximately 350 /iV. The po
tential increases as the crack emanating from the notch increases in area. The 
electrical potential difference (V) is normalized by the microcomputer to the 
initial potential difference at the notch (V„) to eliminate the effects of alloy 
resistivity, temperature, specimen cross-sectional area, applied current, and 
specimen insulation variables. The V/V„ values were also recorded on the 
magnetic tape for data analysis. 

Data Analysis 

In each of the tests performed in this investigation, approximately 1000 
data sets were acquired on magnetic tape. These data included cycle number, 
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FIG. i—Schematic diagram of d-c potential-drop system. 

loads, V, and V/V„. Comparison of the potential for the data set immediately 
preceding a heat tint with that for the subsequent data set often showed a 
small but significant increase in V/V„ as shown schematically in Fig. 4a. The 
change in V/ V„ was typically less than 0.5 %; however, multiple heat tints can 
result in changes of several percent during the test. This shift is probably 
caused by annealing of the potential lead probes and wires and by oxidation 
of the crack faces. To avoid the type of discontinuity shown in Fig. 4a, the V„ 
value used for the segment of data following the heat tint was modified so that 
the V/V„ values from the blocks preceding and succeeding the heat tint cycle 
were identical. This resulted in a V/V„-cycle relationship as shown schemati
cally in Fig. 46. 

Based on experience of potential-drop tests with axisymmetric specimens 
[7,8], it was desirable to reduce the total number of data points to approxi
mately 100. Previously [7,8], the potential and load values for a constant 
number of data sets were averaged; for example, a total of 1000 data sets were 
reduced to 100 sets by block averaging each increment of 10 data sets. As is 
typical for load-controlled crack propagation tests, the crack accelerates dur
ing the test. Averaging the test data on the basis of cycles results in increasing 
the difference in potential and hence crack depth between each block aver
aged data set. 

A more useful block averaging approach would be to average the load and 
potential data on the basis of increments in crack depth. This would result in 
decreasing block size with increasing crack depth. This procedure would also 
extend the range of stress intensity {AK) over which crack growth rate 
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FIG. 4—Schematic diagram showing (a) potential data and (b) adjusted potential data to 
eliminate heat tint transients. 

(da/dN) data would be determined when the seven-point sliding polynomial 
technique [ASTM Test for Constant-Load-Amplitude Fatigue Crack Growth 
Rates Above 10~* m/Cycle (E 647-81)] is used. The sliding polynomial ap
proach does not report da/dN or AK data for the first three or last three data 
points. If crack depth is not sampled frequently when a crack is growing rap
idly, exclusion of the last three data points may significantly reduce the range 
of available da/dN and AK data. For a semicircular-shaped crack, the nor
malized potential increases with an almost linear relationship with crack 
depth [8], particularly at larger values of crack depth. Thus, for the case of 
block averaging data, crack depth can be considered to vary linearly with nor
malized potential (V/V„). The variable block average procedure developed 
during this investigation is shown schematically in Fig. 5. The range of V/V„ 
was divided into n equal increments. In the first increment of data sets, n sets 
of load and potential data were averaged. In each of the subsequent intervals 
of V/V„, the number of data sets averaged was reduced by one, so that for the 
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FIG. 5—Schematic diagram showing the variable block averaging procedure. 

final increment of V/V„, the individual data sets were not averaged. The 
value of n was selected to result in approximately 100 datum points per test. 
These data were renormalized to V/V„ were the minimum potential differ
ence was considered to be V„ [8]. 

The next step in the data analysis is to convert the V/V„ potential data to 
crack length data using the Roe-Coffin solution. The total solution is de
scribed in Appendix I. Although this solution is complex and includes elliptic 
integrals, it can be summarized by 

V„ 
— f(a, c, a„, c„, b„, XJ (1) 

where/is the function of the appropriate notch dimensions (a„, c„, b„), the 
crack dimensions (a, c), and the potential probe spacing (Lp). Fixing V/V„, 
Lp, and the notch dimensions leaves both a and c as independent variables. In 
both the potential solution and A'-solution, the crack aspect ratio (c/a) is an 
independent variable. The previous studies [7,8] on monitoring the grovrth of 
short cracks assumed empirical relationships between c and a. In this investi
gation, the heat tinting procedure previously described was used to monitor 
the crack shape. Based on the work of Adams [12], for Kh specimens moni
tored by cathetometers, it was assumed that 

c = Ai + Aja -f ^ja^ (2) 
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where Ai, ̂ 2. and/la are adjustable coefficients. By definition, when c = c„, 
a = a„. Substitution of this boundary condition into Eq 2 results in 

Ai = c„- AjUn - A^al (3) 

Substitution of Eq 3 into Eq 2 yields 

c = Cn-\- Aiifi - a„) + Ai(a^ - al) (4) 

The values of A2 and A3 were determined by performing a least-squares re
gression analysis to the form of Eq 4 using the values of a„, c„, a, and c experi
mentally determined from post-test fracture surface measurements. 

Using the experimentally determined V/V„ data, regression analysis 
(Eq 4), and the Roe-Coffin potential solution (Eq 1), a value of crack depth is 
determined for each block averaged data set using an iterative solution tech
nique. The crack depth and cycle number data are then converted to da/dN 
data using the seven-point sliding polynomial technique (ASTM E 647-81). 

The /if-solution used during this investigation was that originally developed 
for the Kf, specimen by Johnson et al [i]. For completeness, this /f-solution is 
described in Appendix II. The appropriate /sT-values for the specimens evalu
ated in the present study were determined from the crack depths as defined in 
the seven-point sliding polynomial approach (E 647-81), the surface crack 
lengths as defined in Eq 4, and the /iT-solution in Appendix II. 

Results 

Table 2 lists the applied stress, EDM notch dimensions, final crack dimen
sions, and a summary of the heat tint data for the five Rene'95 specimens 
tested in this study. The correlation coefficients listed in Table 2 for the as
pect ratio relationship of Eq 2 are extremely high, indicating excellent agree
ment between the predicted and experimentally measured crack surface 
lengths. As an example, Fig. 6 shows the variation of c with a and the result of 
the regression analysis for Specimen 4. 

The final aspect ratio {c/a) data in Table 2 show that as the applied stress is 
increased, the crack tunnels into the specimen, resulting in diminished c/a 
values. Specimens 2, 4, and 5 were all cycled with a maximum stress of 689 
MPa (100 ksi) and had final crack aspect ratios {c/a) ranging from 0.96 to 
1.02. Specimen 3 with a maximum stress of 827 MPa (120 ksi) had a slightly 
lower aspect ratio. Specimen A5, the most highly stressed specimen, had an 
aspect ratio of 0.76. The variation of c/a with crack depth is shown in Fig. 7 
for all five specimens. The lines in Fig. 7 were constructed by substitution of 
the regression coefficients Aj, A2, And A3 into the algebraic manipulation of 
Eq2 
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cla = — -V Ai-\- Aja 
a 

(5) 

This figure illustrates the strong influence of applied stress on aspect ratio. 
Using these aspect ratio relationships, the Roe-Coffin analytical potential 

solution was used to predict the crack depths. Figure 8 shows the crack 
depths predicted from the potential solution as a function of the crack depths 
determined using post-test measurements of heat tint markings. The line in 
this figure has a slope of one. If the predictions were perfect, all the data 
points would fall on this line. It should be noted that the potential solution 
predicts the crack depth from V/V„, the notch dimensions, and the aspect 
ratio relationship with no other adjustable parameters. Statistical analysis of 
these data shows that the average error is —0.0203 mm (—0.0008 in.) with a 
standard deviation of 0.0406 mm (0.0016 in.). This extremely close agree
ment shows that the Roe-Coffin model accurately predicts crack depths from 
the potential data when the crack aspect ratio is known. 

The importance of the aspect ratio can be observed by plotting the analyti
cally-determined crack depth as a function of normalized potential as shown 
in Fig. 9. Specimens tested with a given stress had extremely similar relation
ships between potential and crack depth. This results primarily from the 
change in aspect ratio with applied stress. 

The fatigue crack growth rate data for all five specimens are shown in 
Fig. 10. No data are shown from crack depths within 0.0508 mm (0.002 in.) 
of the EDM notch because those data may be influenced by the notch geome
try. The AK values were calculated using the /sT-solution given in Appendix II 
and a cyclic yield stress of 1469 MPa (213 ksi). This value was estimated from 

TABLE 2—Summary of Rene '95 Kb specimen tests. 

Maximum stress, 
a„, in. 
c„, in. 
Lp, in. 
Oj, in. 
Cj, in . 

Cf/Of 

No. of heat tints 
Ax, in. 
A2, in./in. 
A3, 1/in. 

I(si 

Correlation coefficient 

Conversion factors: 1 

2 

100.0 
0.0042 
0.0040 
0.0160 
0.0375 
0.0383 
1.02 

3 
-0.001006 

1.210076 
-4.319042 

1.00000 

in. = 25.4 mm; 

3 

120.0 
0.0067 
0.0066 
0.0160 
0.0515 
0.0473 
0.92 

3 
-0.000695 

1.112276 
-3.508373 

0.99940 

Specimen No. 

4 

100.0 
0.0041 
0.0040 
0.0160 
0.0747 
0.0725 
0.97 

3 
-0.000467 

1.096120 
-1.589179 

0.99997 

; 1 ksi = 6.894757 MPa. 

5 

100.0 
0.0041 
0.0041 
0.0160 
0.0638 
0.0615 
0.96 

4 
-0.000370 

1.099421 
-2.220452 

0.99461 

As 

150.0 
0.0090 
0.0088 
0.0160 
0.0930 
0.0705 
0.76 

2 
-0.000711 

1.087968 
-3.465136 

1.00000 
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FIG. 6—Variation of half-surface length (c) with crack depth (a.) for specimen 4. 

the monotonic yield strength. There is very close agreement between these 
data even though there were substantial variations in applied stress and as
pect ratios. This close agreement results primarily from the ability to predict 
crack depth using potential drop as shown in Fig. 8. The use of a different K-
soiution may cause a relative shift in the crack growth data {13], but will not 
cause a major difference between the tests. 

Discussion 

These results have shown that the use of this potential-drop technique, 
combined with the Roe-Coffin potential solution, accurately predicts crack 
depths. The chief limitation of this potential-drop technique is the require
ment to determine crack shape changes with crack depth. This study used 
regression analyses of crack shapes determined from heat tints. Although this 
procedure worked well, it reduced testing efficiency and may, in certain 
cases, cause transients in crack growth behavior. An alternative approach 
would be to develop empirical crack aspect ratio relationships. This process 
has been used previously on other specimen geometry or EDM notch configu
rations [7,5,74]. 
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FIG. 7—Variation of crack aspect ratio (c/a) with crack depth (a). 

This study showed that crack shape is sensitive to the applied stress. These 
observations can be rationahzed based on recent analytical work of Trantina, 
deLorenzi, and Wilkening [15,16]. They performed three-dimensional elas
tic-plastic finite-element analyses of semicircular and semi-elliptical (c/a = 
1.4) surface flaws in a semi-infinite medium under the conditions of mono-
tonic loading. Under totally elastic conditions, where the maximum stress is 
less than 0.7 of the yield strength, K at the specimen surface exceeds that in 
the interior. At higher stress levels, the lack of constraint at the specimen 
surface results in a larger plastic zone size and lower K at the surface, as 
calculated from the J-integral, than that at the crack front on the crack sym
metry line. The lower K-va.\ue at the specimen surface relative to the interior 
position results in lower crack growth rates at this location. Thus, the c/a 
ratio is reduced as crack depth is increased. This is shown by the overall trend 
in Fig. 7 for the Rene'95 evaluated in this program. Trantina and co-workers 
[15,16] also showed that the stress intensity at the surface relative to that 
along the crack symmetry line diminished with increasing applied strain. 
Their results can be used to rationalize why the cracks tend to have reduced 
aspect ratios with increasing applied stresses. 
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FIG. 8—Comparison of analytic and measured crack depths. 
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FIG. 9—Variation of analytical crack depth (a) with normalized potential (V/V„). 
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FIG. 10—Fatigue crack growth rate data for Rene '95 at room temperature. 

The finite-element analysis [15,16] was based on monotonic loading while 
the observations of the Rene' 95 study were determined from cyclically loaded 
specimens. This difference may alter the magnitude of the diminished K at 
the specimen surface, but the diminished /iT-values due to loss of constraint 
from yielding are still likely to occur under fatigue loading. 

It may be possible to perform a finite-element analysis similar to that per
formed by Trantina et al [15,16] to predict the changes in crack shape during 
a test; however, this approach would require both monotonic and cyclic con
stitutive data for an accurate analysis. 

At the present time, neither an empirical aspect ratio relationship nor 
finite-element solutions have been developed to model the variations in crack 
shape. This is especially true for evaluation of crack growth rates of new ma
terials or new testing conditions of more well-characterized materials. An ex
ample of this type of test is the monitoring of crack growth under hold-time 
conditions where cracks tend to tunnel more than in continuously cycled tests 
[17]. This presumably results from reduced constraint at the specimen sur-
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face resulting from creep deformation within the crack-tip plastic zone. Due 
to these concerns, near-term testing oiKf, specimens with potential drop will 
use heat tinting to define the aspect ratio. 

This investigation has shown that the potential-drop technique can be used 
to rapidly and accurately determine the Region II or Paris Law portion of a 
fatigue crack growth curve in Kb specimens. This test method is not well 
suited for determination of the Region I crack growth rates for several rea
sons. Figure 9 shows that at short crack depths, small increases in crack 
depth do not significantly alter the normalized potential. This response is typ
ical for cracks with aspect ratios close to unity [8]. A much higher potential 
sensitivity is observed for cracks with high c/a ratios, such as the chord-
shaped defect in axisymmetric specimens [7,8]. Even with the low potential 
sensitivity at short crack lengths, other techniques to determine near-thresh
old crack growth, such as /L-shedding [9], could be used. This approach is 
complicated in specimens containing semi-elliptical cracks due to the change 
in aspect ratio with applied stress. This is especially true for near-threshold 
crack grovrth due to the strong effect of crack closure. 

Conclusions 

The Roe-Coffin model accurately predicts the variation in crack depth in 
Kb specimens containing semi-elliptical cracks from d-c potential-drop data. 
This test method results in an accurate and relatively inexpensive way to mon
itor Region II fatigue crack growth rates. The major limitation of this test 
technique is the documentation of the changes in crack aspect ratio with 
crack size. This crack tunneling behavior most likely results from retarded 
crack growth rates at the specimen surface. At this location, the lack of con
straint permits a larger plastic zone size and thus a reduced value of K. 
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APPENDIX I 
This Appendix describes the Roe-Coffin potential solution for a semi-elliptical flaw 

having the geometry shown in Fig. 2. This solution was used to determine the crack 
geometries from the normalized potential. The potential (V) 

[Vl - k^ sin^ e/(tan 9)] -I- E{k, 6) - Q 
^ "^P E(k, 7r/2) - Q 
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where 

Vo = remote potential, 

Ei&uh)^ (1 - 6? sin^ 0)'̂ 2 ^0_ 
Jo 

e - tan-HV«), 
$0 - tan"'(A/|3), and 

Q = E(k, Bo) + 
b0^ 
acy 

There are two solutions for a, (3, 7, and k depending on whether the crack aspect 
ratio is greater or less than unity. Within those two solutions the value of a varies 
depending on the relative difference between crack dimensions and probe spacing. 
The parameter z is the dimension by which the probe spacing is off the centerline of 
EDM defect. As in previous studies [7,8,13], it was assumed that z equals 0.0127 mm 
(0.0005 in.). 

For c > a > b 

lfLl + z^>y^ 

1 
" = 2 

Ifi^ + ẑ  < 7̂  

4 + ẑ -
L 0' 

02 ^ „2 _ ^2 

7^ = c2 - b' 

k^^l- 0^/y^ 

•^^^{^ 

l-i^L^ 

r^^j¥^¥^) ' 4 7 ^ + • 

For a > c > b 

ULl + z^ 2^2 

1 
" ^ 2 

Ll + z' 
I 0' 

02 = £.2 _ „2 

y^^a'- b' 

- J ( ^ - _ 1 + J±£. 

) 0" 
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If Z^ + ẑ  < /32 

'-H^^i^^m'^f 
The only unmeasured parameter in this solution is Vo; however, the potentials are 
normalized by V/V„ so Vb can be eliminated. 

Close to the EDM notch, the influence of the height (b) of the EDM notch was 
considered. The algorithm used is that described by Gangloff [7] where the total po
tential V is a function of the potential solution for a crack (Vca). the potential of a 
notch (V„), and the potential of a crack having the size of the notch (Vc„): 

For a„ > a > 2a„ 

For a > 2a„ 

V = y^ + Q(v„ - vj 

Q = | 2 - i 

Q = 0 

The value of b used to calculate V̂a and Vc„ was zero. The experimentally measured b 
was used to calculate V„. 

APPENDIX n 

/f-Solntion for Ki, Specimen 

The A -̂solution used to calculate the values of K shown in Fig. 10 is primarily that of 
Johnson et al [/] for the case of the maximum crack depth (a) within the specimen. 
The nomenclature used here is identical to that shown in Fig. 2 

_ (rJra „ r r- r 

where 

* = elliptic integral of second kind, 
JFI = front surface correction, 
F2 = loss of load-bearing area correction, 
Fi = plastic zone correction, and 
F4 — back surface correction. 

The equations for these corrections are 

Fi = 1.1 - 0.07 f-
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F2=-{3 + 
A-A, 

0.05 

F, = \ l -

F^ = 1.0 + 
2.5 

exp -2 .5 -

where 

t = specimen thickness, 
yv = specimen width, 
A = specimen area = tw, 

Ac = crack area = itac/l, and 
Oy = cyclic yield stress. 

The relationship for F2 is slightly different than that used by Johnson et al [i ]. The F2 
relationship just given uses the expression proposed by Williams and Isherwood [18]. 
The approximations used to estimate are 

For a/c > 1.0 

For a/c < 1.0 

f [1.0 +0.5708 ( f ) " " ' ' 

* = 1.0 + 0.5708 
1.42 
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L. R. Kaisand, and J. H. Underwood, Eds., American Society for Testing and Materials, 
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ABSTRACT: A microcomputer-based system has been developed to perform near-
threshold fatigue crack growth testing. The crack length is measured by both potential-
drop and compliance techniques. The potential-drop technique has a resolution of 0.0005 
W and is used for real-time load control. The compliance technique has a resolution of 
0.002 W and is used for comparative reference. The potential-drop system uses d-c cur
rent and has multiple voltage probes (located remote from current input points) to mini
mize the effects of current variation and resistance changes. The potential-drop measure
ments are made with and without excitation to minimize thermal offset problems. 
Compliance and potential-drop measurements are determined at specified load points 
during a cycle to minimize the effects of crack closure. 

The system is programmed to control the rate of A/̂  change (for increasing or decreas
ing \K tests) to 3 user-selected value. As the applied load is changed, the sample points 
(for measuring compliance and potential drop) during the cycle are changed automati
cally. A real-time sliding-seven-point fatigue crack growth rate calculation is performed 
for each sample. The sampling frequency is adjusted by the system during the test to 
maintain measurement accuracy. The microcomputer records crack lengths, loads, cycle 
number, and specimen temperature on floppy disks for post-processing. 

Near-threshold fatigue crack growth results are presented for Type 304 stainless steel at 
both 24 and 538°C. 

KEY WORDS: fatigue crack growth, microcomputer, fracture mechanics, threshold 

Nomenclature 

a Crack length 
B Specimen thickness 

'The University of Alabama, College of Engineering, Tuscaloosa, AL 35486. Author Mc
Gowan is now a research engineer with the Oak Ridge National Laboratory, Oak Ridge, TN 
37831. 
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da/dN Crack growth rate 
E Young's modulus 
eo Potential from lead aXx/W = 0.0 

eo.2S Potential from lead &Xx/W = 0.25 
A/f Range of stress-intensity factor 
Pmin Minimum load 
^max Maximum load 

R Load ratio, PminZ-Pmax 

Te Potential trigger load 
Tu> Low-compliance trigger load 
JHI High-compliance trigger load 
W Specimen width 
X Distance measured from load line on specimen 

All structures contain some imperfections or cracks, although flaws in 
modern structures are very limited in size due to advanced melting, welding, 
and inspection practices. The concepts of fracture mechanics are used rou
tinely to guarantee that these small flaws do not grow to a dangerous level 
during operation of the component. The rate of crack growth per cycle {da/ 
dN) is correlated by the range of the stress-intensity factor (A/C). The largest 
fraction of the life of the component takes place with low crack growth rates 
{da/dN = 10~* m/cycle) with corresponding low AA" levels. Therefore, it is 
this near-threshold crack growth region which has the most importance to the 
designer. 

This region of crack growth is also the most difficult to obtain, as described 
by Bucci [/] . The primary reasons for this are (1) the need to reduce loads as 
the crack grows, and (2) the long duration of the tests. The load must be 
reduced at a controlled rate so as to eliminate transient conditions and thus 
erroneous results. Automatic, continuous load reduction using digital com
puter control yields accurate results in an efficient manner as described by 
Saxena et al [2]. This system requires little attention and can operate unat
tended for long periods. 

This paper describes a relatively inexpensive microcomputer system which 
continuously reduces the load and performs real-time data analysis. The sys
tem utilizes d-c potential and compliance techniques for crack length mea
surement. Pertinent data are recorded on floppy disks for post-processing 
and plotting. 

Remote Crack Length Measurement 

One of the most important aspects of the microcomputer testing system 
was the remote measurement of crack length. The measurement techniques 
were required to be accurate, stable, and compatible with the microcompu
ter. Based upon a previous study conducted by Garden [3], two such measure-
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ment techniques were selected: d-c potential and crack-opening displacement 
(COD). Both systems have been extensively studied for remote crack length 
measurement. These two systems are sensitive to the average crack length and 
are generally unaffected by crack tunneling. 

Direct Current Potential System 

A fairly comprehensive review and assessment of potential systems has 
been compiled by Wei and Brazill [4]. In this review both a-c and d-c systems 
were studied. Either system was found to be satisfactory, each with its own 
peculiarities. Because of the availability of components and general simplic
ity, the d-c system was selected for use with the microcomputer. The d-c sys
tem described by Wei and Brazill used a fixed reference signal and one set of 
potential sense leads located on the front face of the specimen. This system 
required a precision, highly stabilized power supply and assumes a constant 
specimen resistance. For high-temperature testing, the resistivity can vary 
widely; therefore. Garden [3] advocated use of a signal from a reference speci
men with the same temperatures and current as the test specimen. Ratioing 
the signal from the reference and test specimens gave a result that was inde
pendent of input current and temperature variations. Garden [3] also investi
gated the placement of the potential leads at points along the line of symmetry 
as shown in Fig. 1. In the present study the authors used two sets of leads on 
the test specimen to give an active potential reference. The two sets of leads 
are located as shown in Fig. 2, one at x/W = 0% and the other at x/W = 
25%. Using data from Fig. 1 the crack length is determined from the ratio CQ/ 
(CQ — eo.25) as shown in Fig. 3. Note that the correlation is nearly linear 
throughout the entire data range and is usable up toa/W = 85% 

A d-c system is generally sensitive to thermal electromotive force (emf) and 
other zero shifts. However, this problem is avoided by subtracting the poten
tial reading at zero current. (Zero current readings are performed 20 s before 
each active reading.) As mentioned by Wei and Brazill [4], crack closure dur
ing fatigue can yield erroneous estimates of crack length as shown in Fig. 4. 
This error is avoided by measuring the potentials at some trigger load {TJ 
when the crack is open. The resulting resolution of the d-c potential system is 
5 X lO"* W. (The resolution was determined by several hundred replicate 
readings at the same crack length.) 

Crack-Opening Displacement System 

Methods for using COD to determine crack length are well documented 
[5,6] and are used routinely in R-curve development [ASTM Standard Test 
fory,c, A Measure of Fracture Toughness (E 813-81)]. Due to the potential 
instrumentation and high temperature application, the COD measurement 
points were located at 0.625 W in from of the load line as shown in Fig. 2. 
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FIG. 1—Variation of d-c potential with crack length and probe location. 

DC Current 
Input Leads 

LVDT Linkoge 

FIG. 2—Test specimen geometry with LVDT linkage and potential probes indicated. 
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FIG. 3—Direct-current potential versus crack length calibration. 
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FIG. 4—Schematic of load versus d-c potential trace with trigger level indicated. 

(The COD is measured by a linear variable differential transducer (LVDT) 
attached to rods away from the specimen). The calibration of EB{COD)/P 
versus a/W was developed from the Ref 6 and is shown in Fig. 5. 

As discussed by Yoder et al [7], the load displacement trace is generally 
nonlinear due to crack closure as shown in Fig. 6. To minimize errors due to 
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FIG. 5—Compliance versus crack length calibration. 

Displacement, COD 

FIG. 6—Schematic of load versus crack-opening-displacement trace with trigger levels indi
cated. 

crack closure, the compliance [(COD)/P] is determined by sampling the 
COD and P at two trigger loads (THI and Tu,) above the crack-opening load. 
Since the COD versus P is linear above the closure load, then the compliance 
is simply COD/P = (CODHI - CODLo)/(PHi - Pu>)- The trigger levels are 
controlled by the microcomputer and the compliance is determined automati
cally by an MTS Model 438 Crack Correlator. 
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Microcomputer Control System 

The control system utilizes an Apple 11+ 64K system with Tecmar 12 bit 
analog/digital (A/D) and digital/analog (D/A) peripherals. The schematic 
of the system is shown in Fig. 7. The d-c potential crack length measurement 
system is composed of the low-voltage power supply and the high-gain ampli
fier. The D/A converter is used to turn the power supply on and off so that 
thermal emf can be offset. The MTS Crack Correlator is used to determine 
the specimen compliance. The COD and P signals are received from the MTS 
442 Controller, and the load trigger levels come from the D/A converter. An 
MTS 442 Controller is used to regulate the specimen load and to provide full-
scale control signals. The magnitude of the steady-state load (Pmean) and alter
nating load (AP) is controlled by the D/A converter. The Tecmar A/D con
verter takes 0 to 10 V analog signals from the high-gain amplifier, 
temperature indicator, cycle counter, and MTS Crack Correlator, and feeds 

Printer 

X 
Disk 

Drive 

Apple II4' 

Microcomputer 

D/A 
Converter 

MTS Cracl( 
Correlator 

A / D 

Converter 
Cycle 

Counter 

W I I 

MTS 4 4 2 
Controller 

H 6 
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•F 

Specimen 

w 
DC Power 
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FIG. 7—Schematic of microcomputer control system. 
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the corresponding digital signal to the Apple 11+. The A/D converter is syn
chronized to measure the d-c potential after the crack is open as shown in Fig. 
4. The Tecmar D/A receives digital signals from the Apple 11+ and passes 
the corresponding analog voltage to the MTS 442 Controller for AP and 
jPmean. and tp the MTS Crack Correlator for JHI and Ty,. The Apple 11+ mi
crocomputer receives information from the Tecmar A/D and issues com
mands through the Tecmar D/A. 

Initial input information from the keyboard includes specimen dimen
sions, initial \K level, load ratio, and trigger load levels (THI and T^,), final 
A/f level, and AK decay rate. The microcomputer determines the necessary 
load levels and calculates the crack growth rates. Sampling frequency is de
termined by the actual crack growth rate so that the required measurement 
accuracy [ASTM Standard Test Method for Constant-Load-Amplitude Fa
tigue Crack Growth Rates Above 10~* m/Cycle (E 647-81)] is maintained. 
The loads are determined continuously to control AK and the AA" decay rate 
desired. A seven-point "incremental polynomial" curve fit [7] is used to deter
mine the fatigue crack growth rate as the test is performed. The load trigger 
levels for compliance are fixed at a percentage of P^ax and are adjusted auto
matically as the maximum load changes. The microcomputer prints and re
cords on floppy disks the crack lengths, loads, cycle number, and tempera
ture as the test proceeds. 

The microcomputer system is well adapted for near-threshold fatigue crack 

AK, MPa /HT 

I I 

10"- 10' 
AK, Ksi/irT 

10' 

FIG. 8—Direct-current potential-based fatigue crack growth rate results for Type 304 stain
less steel atR = 0.1 and 24°C. 
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FIG. 9—Compliance-based fatigue cracic growth rate results for Type 304 stainless steel at R 
-0.1 and24°C. 
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FIG. 10—Fatigue crack growth rate data produced by microcomputer control system. 
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growth measurement because it can decrease AK in any way desired. For 
demonstration purposes, Type 304 stainless steel was studied at 24 and 
538°C. Sample microcomputer-generated crack growth plots of one specimen 
at 24°C are shown in Figs. 8 and 9 for d-c potential and COD methods, re
spectively. Note that the scatter for the d-c potential method is very small, 
while that for the COD method is much higher. This is primarily because the 
sampling frequency and system control was based upon the d-c potential reso
lution. Typical data generated at 24 and 538°C from several specimens are 
shown in Fig. 10 for the d-c potential method. 

Conclusions 

A microcomputer system has been developed to measure near-threshold 
fatigue crack growth. The system monitors crack length by both compliance 
and d-c potential methods, controls ^K decay rate to a user-specified level, 
and calculates the crack grovrth rate as the test progresses. The crack lengths, 
loads, and temperatures are stored on disks for post-processing and plotting. 
The testing system has operated at temperatures up to 538° C. 
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ABSTRACT: Bondable Krak-gages were utilized to monitor fatigue crack growth rates 
(FCGR) of various steels in air and salt water at 24°C and in wet hydrogen at 80°C. The 
FCGR data generated via bondable Krak-gages were consistent with those generated via 
either the compliance technique or optical measurements. Moreover, Krak-gages were 
effective in monitoring short crack extension. 

Using atomic fusion technology, Krak-gages were sputtered on specimens so as to per
form high-temperature (288 and 427°C) FCGR experiments. The FCGR results obtained 
with the sputtered Krak-gages were in good agreement with those obtained by the compli
ance method. 

The Krak-gages were found to be a valuable addition to fracture mechanics testing. 
They readily interface with computers for fully automated FCGR experiments. 

KEY WORDS: Krak-gage, Fractomat, fatigue crack growth, propagation, automated, 
computer, environment, sputter, compliance, atomic fusion, bondable, corrosive, air, 
fracture mechanics, data acquisition and analysis, short crack 

Fracture mechanics has been a useful tool in life prediction and failure 
analysis of machine hardware. In order to accurately determine the fatigue 
life of a structural component, it is necessary to develop the fatigue crack 
growth rate (FCGR) properties of the materials of interest in their actual ser
vice environments. Due to the different configurations of machine compo
nents and their various operating conditions, fracture mechanics scientists 
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178 AUTOMATED TEST METHODS FOR FRACTURE 

are constantly searching for new techniques to monitor crack extension. In 
this paper, we have reviewed our experience in applying Krak-gages to FCGR 
testing. Over the past few years, bondable as well as sputtered Krak-gages 
have been used in several environments at the Westinghouse R&D Center. 
The Krak-gages were used to monitor both long and short fatigue crack 
growth behavior. The Krak-gages were interfaced with a computer for auto
mated data acquisition and analysis. 

Principle of the Krak-Gage 

The bondable or sputtered Krak-gage is principally an indirect d-c poten
tial measurement technique. Details of the Krak-gage theory were previously 
documented [1-4]. Following are brief descriptions of the bondable and sput
tered Krak-gages. 

Bondable Krak-Gage 

The gage is a bondable, thin, electrically insulated metal foil of certain di
mensions, photo-etched from a constantan alloy. The gage backing is a flexi
ble epoxy-phenolic matrix providing the desired insulation and bonding sur
face area. By a suitable choice of gage size, gage material, adhesive bonding 
and backing, a crack will simultaneously propagate in both the bondable 
Krak-gage and the test specimen. 

A constant current source of approximately 100 mA is employed to excite 
the low-resistance Krak-gage, Fig. la. A propagating crack produces a large 
change in the resistance of the gage and results in a high d-c output that is 
proportional to crack length. The output voltage (AV) of the gage, 0 to 100 
mV, is further amplified to 10 V d-c full scale as shown in Fig. lb. Overall 
system accuracy was found to be 2% or better of the gage full-scale rating, 
while the incremental crack extension (Aa) measurement was reported to be 
accurate within 0.1% [5]. The accompanying Fractomat instrumentation 
provides the necessary excitation and conditioning circuitry (Fig. lb). The 
measured crack length data can be directly displayed on a digital voltmeter 
calibrated in millimetres. Furthermore, analog outputs are supplied to read
ily interface with all conventional recording instrumentation, data acquisition 
systems, and computers to allow automated crack propagation experiments. 
Figure 2 illustrates a 20-mm Krak-gage bonded to a compact-type specimen. 

Sputtered Krak-Gage 

Adhesives and organic insulating backings used in the bondable gage de
grade in certain corrosive or high-temperature environments above 200 to 
230°C. Atomic bonding, for example, sputtered coating, is more resistant to 
degradation in severe testing conditions. A gage atomically bonded to a test 
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FIG. 1—Krak-gage/Fractomat schematic. 
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FIG. 2—Specimen with bondable Krak-gage. 
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specimen may be obtained by sputter-depositing a conductive coating on the 
specimen. The details of the development of the sputtered gage were previ
ously reported [4]. 

Briefly, a thin quartz film was first sputtered on a test specimen to provide 
an insulating layer (Fig. 3). Secondly, a metal film compatible with the test 
material, such as an nickel-chromium alloy, was sputtered on the quartz 
layer. A photolithographic technique was used to etch the conductive coating 
into a desired gage configuration. The photo-etching process is illustrated in 
Fig. 3. Frame A presents the photosensitive resin, commonly referred to as 
photoresist, being exposed to ultraviolet light through a photographic mask 
of the gage pattern. Frame B illustrates the specimen after exposure to light 
and development, where the exposed areas of the photoresist remain and 
shield the desired conductive gage film areas. The unexposed areas are dis
solved in the developing process, leaving the areas where the conductive coat
ing is to be etched away. Frame C presents the test specimen after processing 
in the etching solution, and Frame D shows the final etched gage pattern after 
the removal of the remaining photoresist. Figure 4 shows a test specimen with 
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FIG. 3—Photo-etching sequence of a sputtered Krak-gage. 
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FIG. 4—Specimen with sputtered Krak-gage and lead wire terminals. 

a sputtered Krak-gage and a specially designed lead wire system for high-
temperature testing. It should be noted that the basic operating principle of 
the sputtered Krak-gage is the same as that of the bondable gage. 

Experimental Procedure 

Material and Environment 

Bondable Krak-gages were used to develop FCGR data in several environ
ments; that is, laboratory air and salt water at 24°C and wet hydrogen (plus 
5% air) at 80°C. The materials investigated included an ASTM A508 CI 2a 
automatic submerged-arc weldment, an HY 80 steel, and an manganese-
chromium steel for air, salt water, and wet hydrogen environments, respec
tively. The saltwater environment contained 3.5% sodium chloride. 

The short fatigue crack growth rate testing was conducted in the wet hydro
gen (plus 5% air) environment. To provide the wet hydrogen environment, 
water was placed at the bottom of the chamber. The hydrogen gas pressure 
was maintained at 655 kPa. A heating tape wrapped around the chamber was 
used to maintain the desired temperature of 80° C. 

Sputtered Krak-gages were utilized to perform 288 and 427°C air environ-
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ment FCGR tests on ASTM A508 CI 3a and ASTM A470 (chromium-molyb
denum-vanadium) steels, respectively. A resistive heating furnace provided 
the test temperature. 

The chemical compositions, heat treatments, and mechanical properties of 
the materials investigated are summarized in Tables 1, 2, and 3, respectively. 
Table 4 lists each material and the associated test environment. 

TABLE 1—Chemical compositions (weight %). 

Steel 

ASTM A508 CI 2a" 
HYSO 
Mn-Cr 
ASTM A508 CI 3a 
ASTM A470 

C 

0.11 
0.14 
0.56 
0.21 
0.30 

Mn 

0.62 
0.28 
18.2 
1.30 
0.80 

P 

0.006 
0.05 
0.023 
0.008 
0.009 

s 

0.011 
0.017 
0.002 
0.009 
0.002 

Cu 

0.11 

Si 

0.33 
0.20 
0.45 
0.29 
0.20 

Ni 

0.60 
2.21 
0.14 
0.62 
0.30 

Cr 

<0.10 
1.23 
4.77 
0.18 
1.20 

Mo 

0.45 
0.24 
0.04 
0.59 
1.20 

V N 

<0.12 . . . 
0.003 . . . 
0.30 o.i: 
0.10 . . . 
0.25 . . . 

"Automatic submerged-arc weldment. 

TABLE 2—Heat treatments. 

Steel Heat Treatment 

ASTM A508 CI 2a° austenitized at 860°C, water-quenched, 
tempered at 666°C, furnace cooled, stress-
relieved at 607°C 

HY 80 quenched from 899°C, tempered at 693°C 
Mn-Cr solution-treated, water-quenched, cold-expanded 
ASTM A508 CI 3a austenitized at 87rC, water-quenched, 

tempered at 666°C, air-cooled 
ASTM A470 austenitized at 950°C, air-cooled, tempered at 

680°C 

"Automatic submerged-arc weldment. 

TABLE 3 -

Steel 

ASTM A508 CI 2a" 
HYSO 
Mn-Cr 
ASTM A508 CI 3a 
ASTM A470 

-Mechanicalproperties at 24°C. 

0.2% Offset 
Yield Strength, 

MPa 

601 
620 

1120 
638 
662 

Ultimate 
Tensile Strength, 

MPa 

669 

1280 
766 
775 

"Automatic submerged-arc weldment. 
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Fatigue Crack Growth Testing 

Crack propagation experiments were conducted using an automated MTS 
electrohydraulic fatigue machine [6]. Compact-type (CT) specimens were em
ployed to generate FCGR data. Dimensions of the test specimens are pre
sented in Table 4. Prior to testing, the CT specimens were precracked in ac
cordance with the ASTM Test Method for Constant-Load-Amplitude Fatigue 
Crack Growth Rates Above 10"* m/Cycle (E 647-81). The short crack growth 
experiment was performed on a CT specimen containing a blunt notch, Fig. 
5. The short crack initiated from the root of the blunt notch. Details of the 
short crack work can be found in Ref 7. 

The Krak-gages used in this investigation had a gage length of 20 mm. The 
gage was bonded slightly ahead of the notch tip toward the front face of the 
specimen. In some cases, Krak-gages were mounted on both sides of the test 
specimen. 

At the beginning of each test, the output voltage of the gage was nulled by 
adjusting the calibration controls on the Fractomat instrument. A razor blade 
was then pressed into the tip of the specimen notch. Consequently, an initial 
reference reading was established on the digital display of the readout instru
ment. As the test progressed, the fatigue crack length was equal to the change 
of the reading (from the reference) plus the depth of the specimen notch. 

In order to verify the crack length data developed by the Krak-gages, a clip 
gage mounted on the front face of the specimen was used to monitor crack 
length by a compliance technique [8]. Moreover, an optical microscope with a 
X10 magnification was utilized to visually monitor crack extension. To con
firm the short crack growth rate results obtained by the Krak-gage, striation 
spacings on the specimen fracture surface were carefully measured using 
scanning electron microscopy (SEM). 

Test frequencies in the saltwater and wet hydrogen environments were 0.5 

U 

1- 50.8 

K- H 15.2 

^ > - ^ _ ^ (-Small Crack 

^ - ' ^ ^ l ? . / Dia. 

. 6J.5 J 

61 

Thickness = 6,35 
Unit-.mm 

FIG. 5—Specimen geometry of short crack growth testing. 
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and 0.02 Hz, respectively, while the air environment test frequency equaled 
10 Hz. In this investigation a sinusoidal waveform was utilized at load ratios 
(R = Pmin/Pmax where P„i„ and Pmmx were the applied minimum and maxi
mum loads, respectively) of 0.1 and 0.2 (Table 4). Each FCGR test was con
ducted under a constant applied load range (AP = Pmax ~ ^mm)-

Automated Data Acquisition and Analysis 

The MTS electrohydraulic fatigue machine interfaced with a PDP11/34A 
computer was used for the automated FCGR experiments. Details of the 
computerized FCGR test technique were previously reported [6]. A schematic 
of the computerized fatigue testing hardware is presented in Fig. 6. The ana
log outputs of the Krak-gage/Fractomat instrument and the clip gage were 
wired to the computer for automated data acquisition and analysis. 

Signals from the load cell were used as feedback signals for crack propaga
tion testing; thus the test machine was under load control. The command 
signals were developed by a function generator under direct program control 
using the PDPl 1/34A computer. The interface between the test stand and the 
computer consisted of analog-to-digital (A/D) conversion and timing cir
cuitry, and a function generator. The analog-to-digital conversion was 
achieved by a 12-bit A/D converter. Using this computerized test system, in
creasing, decreasing and constant-AA" fatigue crack propagation testing can 
be easily performed [6,8,9]. 

The data acquisition and analysis commands were expressed in BASIC lan
guage. Using the clip gage, crack length was measured by the compliance 
technique in which the load-versus-displacement data points were least-
squares fitted by the computer [6]. The seven-point incremental polynomial 
method was utilized to convert crack length (a) versus elapsed cycle (N) to 
crack growth rate (da/dN) [10]. During the experiment, the graphics termi
nal of the computer displayed the loading cycles, applied loads, and the in
stantaneous da/dN-vers\is-AK results determined by either the Krak-gage or 
the clip gage. The visual measurements of crack length were periodically re
corded in the computer for comparison with the results developed by the 
Krak-gage or clip gage. 

Results and Discussion 

Bondable Krak-Gage 

Figures 7 and 8 present the crack length (a) versus loading cycle (.N) data in 
air and saltwater environments at 24°C. The crack lengths determined by the 
Krak-gage, compliance, or visual technique are in excellent agreement in 
both environments. The FCGR data, da/diV versus A/if, are shown in Figs. 9 
and 10. The growth rates developed by the Krak-gage are identical to those 
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ASTM A508 CI 2a Pressure Vessel Steel 
Weldment 
In Air, R = 0.2, Temperature=24"'C 

o KRAK-GAGE 
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FIG. 7—Crack length versus number-of-cycles data of a pressure vessel steel weldment in air 
at 24°C. 

generated via either the compliance or visual method. These results suggest 
that Krak-gages can be effectively used to monitor crack extension when de
veloping the FCGR properties of various materials in air and saltwater 
environments. 

The short FCGR results in 80°C wet hydrogen are illustrated in Fig. 11, 
where da/dN is plotted versus f (crack length), the distance from the root of 
the blunt notch (Fig. 5). It was observed that the rates of short crack propaga
tion initially decreased with increasing £, then increased with a further in
crease in i. Identical short crack growth characteristics were previously re
ported [11-18]. 

The fracture surface of the short crack growth specimen was carefully ex
amined by SEM. The mode of fracture was transgranular with the presence of 
fatigue striations regardless of crack length (see Fig. 11). The striation spac
ing was found to decrease with increasing i and then increase with further 
increasing t This behavior was consistent with small crack growth rate results 
determined by the Krak-gage. Moreover, striation spacings were measured 
and plotted against 2, as illustrated in Fig. 11. It was found that striation 
spacings were reasonably consistent with the crack growth rate data predicted 
by the Krak-gage. These results indicate that Krak-gages can be used to mon
itor small crack extension. 
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FIG. 9—Fatigue crack growth rate data of a pressure vessel steel weldment in air at 24°C. 

As mentioned before, accuracy in the incremental crack length measure
ments by Krak-gages was reported to be better than 0.1 % of the gage length. 
In the present short crack propagation investigation the gage length equaled 
20 mm, which gave an accuracy level of better than 0.02 mm in measuring 
short crack extension. A proper choice of gage size is important in short crack 
growth studies. The smallest currently available Krak-gage has a gage length 
of 5 mm, which can easily detect a crack growth increment of less than 0.005 
mm. Recently, Berchtold [19] employed a minicomputer-automated reso
nance-type test system to determine fatigue threshold stress-intensity range 
on small Charpy specimens using 5-mm Krak-gages. A system sensitivity of 
0.000125 mm was reported to represent one minor digit with the 12-bit A/D 
converter. This further suggests a very high resolution of the Krak-gage for 
small crack growth testing into the fatigue threshold region of 2 X 10~" m/ 
cycle. Successful application of Krak-gages to near-threshold fatigue crack 
propagation testing was also confirmed by Jablonski [20]. 

Sputtered Krak-Gage 

Results of crack length measurements using sputtered Krak-gages are pre
sented in Figs. 12 and 13. For the 288°C test, Krak-gages were sputtered on 
both sides of the test specimen. Crack lengths measured by these two gages 
were in good agreement. Furthermore, crack length measurements by the 
Krak-gages and the compliance technique were consistent. At 427°C, the 
crack length data generated by the Krak-gage and the compliance method 
were comparable. 
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FIG. 11—Comparison of crack growth rates determined by Krak-gage and striation spacing 
measurements in manganese-chromium steel. 
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FIG. 12.—Crack length versus number-of-cycles data of a pressure vessel steel in air at 288°C. 
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FIG. 13—Crack length versus number-of-cycles data of a chromium-molybdenum-vanadium 
steel in air at 427°C. 

At 288 and 427°C, the FCGR results determined by the Krak-gages were 
reasonably consistent with those developed via the compliance technique; see 
Figs. 14 and 15, respectively. The maximum deviation in the FCGR measure
ments between both techniques was within a factor of 1.5, which was less than 
the typical scatter factor of 2 in FCGR testing [10]. It should be noted that at 
288°C there was excellent agreement in the cfa/rfiV-versus-AA" data between 
the two Krak-gages (see Fig. 14). 

Based on the results presented in Figs. 7-15, the bondable and sputtered 
Krak-gages are valuable additions in developing the FCGR properties of 
structural materials. Moreover, Krak-gages proved useful in detecting small 
crack extension. The bondable Krak-gages performed well in air and salt wa
ter at 24°C and in an 80°C wet hydrogen environment while the sputtered 
Krak-gages proved successful at monitoring crack extension at the relatively 
high temperatures of 288 and 427°C. 

Advantages and Limitations of Kralc-Gages 

Advantages 

1. Krak-gages can easily replace the clip gage for fully computer-controlled 
FCGR testing [6,9]. 

2. It is feasible that the sputtered Krak-gage will extend the effective range 
of applicability of this technology to 1000°C. Furthermore, it is suggested 
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FIG. 14—Fatigue crack growth rate data of a pressure vessel steel In air at 288°C. 

that the sputtered gage may be applicable to cryogenic temperature fracture 
mechanics testing. 

3. It is expected that Krak-gages can be directly sputtered onto noncon-
ductive materials such as glass, ceramics, and plastics for fracture-type test
ing at very high crack velocities approaching 3000 m/s [21]. 

4. The geometry of the Krak-gage can be easily altered to accommodate 
the configuration of a structural component. Recently, a gage with a 200-mm 
crack length was developed for automated FCGR testing on 1219-mm-wide 
center-notched airframe test panels. 

Limitations 

1. Unfortunatelyi Krak-gages can only be utilized to measure surface 
crack lengths. If severe crack tunneling is experienced in some type of frac
ture mechanics testing (for example, stress-corrosion cracking experiments), 
Krak-gages are not suitable for monitoring crack length. 

2. The duration capability of Krak-gages subjected to highly corrosive en
vironments is still unknown. On one occasion, sputtered gages were employed 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:05:26 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



1 9 4 AUTOMATED TEST METHODS FOR FRACTURE 

10 ,-6 

I 

rV 
10 

1 1 1 1 1 1 
"ASTM A470Class 8 (CrMoV) Steel 
" I n Air,R = 0.1. Temperatures^T^C 

~ a Sputtered KRAK-GAGE A 
- (One Side Only) 

A Compliance 

1 

A 

A 

A 

A 
A 

°A 

A 
Cto. 

ait 
A 

A 

^ A 
A 

a A 

A 
A 

A 

1 1 1 1 1 

1 • 1 ' 

— 
-
-

1 1 

20 30 40 SO 
AK(MPaYlm) 

fiO 70 80 90100 

FIG. \S—Fatigue crack growth rate data of a chromium-molybdenum-vanadium steel in air at 
427''C. 

to develop the FCGR properties of pressure vessel steels in a pressurized water 
environment (temperature 288°C, pressure 13.8 MPa). The test frequency 
was slow, that is, 1 cpm, such that the FCGR tests often lasted from one to 
two months. By the end of the experiments the sputtered gages were found to 
be pitted and nonoperative. Therefore, further research is needed to refine 
the sputtering technique such that improved Krak-gages can be made avail
able for long-term corrosion FCGR testing. 

Conclusion 

Bondable Krak-gages have been successfully utilized in determining FCGR 
properties in ambient air and corrosive environments. The crack growth rate 
data developed by Krak-gages proved to be consistent with those developed 
via either the compliance technique or visual measurements. Furthermore, 
the rates of short crack growth can be monitored by these gages. Moreover, 
the sputtered Krak-gage proved to be useful in developing high-temperature 
FCGR data. 

The development of the Krak-gage provides a valuable addition to fracture 
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mechanics testing. The gage lends itself readily to automated data acquisition 
and test analysis and, therefore, can save costly labor associated with FCGR 
testing. Moreover, Krak-gages can be interfaced with a computer for direct 
machine control in performing fully automated FCGR experiments. 
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1985, pp. 197-212. 

ABSTRACT: An automated system for fatigue crack growth and fracture toughness mea
surements has been developed for irradiated stainless steels tested at temperatures up to 
925 K. The system, including a microcomputer, is based on the d-c potential-drop tech
nique for crack extension measurements. Specimens of the compact-tension type are used 
for the experiments. A description is given of the potential-drop method and the auto
mated data acquisition system. The method of collecting N-a data pairs is given as well as 
the calculation and analysis of the fatigue crack growth rate (da/dN) and stiess-intensity 
factor (AK). The measurement of load, deflection, and crack extension data to determine 
the J-versus-Aa curves is also discussed. 

Calculations and interpretations of the results are in good agreement with the ASTM 
standards. 

The system for crack growth experiments has proven to be very reliable, with a high 
resolution and accuracy. 

In practice, good experience has been gained using the system for testing irradiated 
specimens under remote handling conditions. 

KEY WORDS; fatigue, fatigue crack growth, fracture toughness, stainless steel, electric 
potential, data analysis, data acquisition system, irradiation, high temperature 
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For several years fatigue crack growth and fracture mechanics experiments 
have been performed at the Materials Department of the Netherlands Energy 
Research Foundation (ECN). 

The tests are conducted on irradiated specimens at temperatures up to 
925 K, using a heat-resistance split furnace, allowing the d-c leads to come 
out of the furnace, which is provided with a quartz window for optical obser
vation of the crack. 

The data are used in the design and safety analysis of Liquid Metal Fast 
Breeder Reactor (LMFBR) primary components, such as reactor vessel and 
grid plate. Further, the experiments provide information contributing to the 
understanding of physical mechanisms affecting the fatigue life. 

Continuous monitoring of crack length measurements is required because 
the test duration often exceeds working hours. It is achieved using a d-c po
tential-drop technique. This technique has gained acceptance as a reliable, 
accurate, and cost-effective method for measuring crack lengths in fatigue 
specimens [1,2], 

The d-c equipment has been integrated into a microprocessor-based data 
acquisition system to provide for the required data processing and analysis. 
The results are presented in tables and graphs. 

A description of the d-c potential-drop system and the equipment to auto
mate it is given herein. The measuring method as well as some results are also 
discussed. 

Equipment and Measuring Method 

D-C Potential Drop System 

A d-c potential-drop system was adopted by the Mechanical Testing 
Group, ECN Materials Department. 

Since irradiated compact-tension (CT) specimens (Fig. 1), with and with
out attachment points for the potential leads, have to be tested, a suitable 
joining method applicable for hot-cell handling had to be developed. The 
connection of the leads to the specimen is achieved by screwing threaded ends 
into the specimen. The leads are also provided with brazed nuts for remote 
handling purposes. 

The holes in the specimens are drilled using a template, thus allowing a 
good reproducibility of the contact area and contact resistance. The current 
and potential leads are both 3 mm in diameter. 

The potential differences, which are measured from a test specimen, are 
dependent upon the magnitude of the current, specimen shape and size, spec
imen resistivity, and the positions of the current leads and potential probes. 

Performing tests in a hot cell compels, irrespective of any measuring 
method, certain restrictions. A main restriction is, for instance, accessibility 
to the setup using optical devices at high temperature. Since a hot cell is a 
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FIG. 1—Dimensions in mm of compact-tension specimen used for fatigue crack growth exper
iments (above) and fracture toughness tests (below) showing current lead and potential probe 
attachment points (A). 

shielded and conditioned facility, the temperature is very stable. Therefore, 
no influence of the environment temperature on the d-c potential will be ob
served. From the literature it is known that a welded joint for the d-c leads is 
most preferable. However, a good reproducibility of the positions of the leads 
under remote handling conditions cannot be guaranteed. Therefore, the posi
tion of the leads is a compromise between the most favorable position as 
known from experience and the literature [1,2] and the requirements in con
nection with practical realization in hot cells. Additional care is given with 
respect to the threaded connection that a maximum metallic contact is ob
tained. The junctions from potential leads to measuring instruments are situ
ated outside the furnace and are easy accessible. 
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200 AUTOMATED TEST METHODS FOR FRACTURE 

The adopted d-c system consists basically of a direct-current supply and a 
device to measure the potential differences across the crack plane. Since these 
components are fully digital, the connection to a computing system is very 
easy. The block diagram of the complete system is shown in Fig. 2. The d-c 
potential-drop system consists of a Kepco d-c supply unit, Type JQE 25-40 
M(Y), and a Fluke digital multimeter (DMM), Type 8502 A, including an 
IEEE 488 interface. 

Prior to using the potential-drop system for crack length measurements, 
the relationship between d-c potential and crack length must be calibrated, at 
the respective testing temperatures. This was done under static as well as dy
namic conditions. During static calibrations, without applying loads, the d-c 
signal was measured on CT specimens with different mechanically prepared 
notches. 

During crack growth (dynamic calibrations), optical crack length incre
ments on both sides of the surface are measured. 

A frequency marking technique is used to determine the actual crack 
length. In this way it is possible to correlate the d-c signal with the average 
crack length, including crack front curvature, to determine the relationship. 

Although no "crack front tunneling" has been observed during our fatigue 
crack growth experiments, this method can also be applied to correct for such 
a phenomenon. 

Calibration data obtained with the d-c system are shown in Fig. 3. The 
resolution of the system according to the calibration was found to be better 
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FIG. 2—Block diagram of the data-acquisition system for fatigue crack growth including d-c 
potential drop system and machine control unit. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:05:26 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



TJOA ET AL ON IRRADIATED STAINLESS STEELS 201 

1.3-

1.2 

1.1 

> 

1.0 

o static cal. at 823 K 
X » , at RT 
• dynamic cal. at 823 K 

V - potential gradient 
along the uncracked 
ligament 

V - potential difference 
at the measurement 
points for crack 
length. 

1 — 

0.4 

a/W 

0.5 0.6 

FIG. 3—Results of static and dynamic calibrations on CT specimens. 

than 0.05 mm. The sensitivity ranges from 48 >iV/mm at room temperature 
to 62 H/mm at 823 K. 

Data Acquisition 

A fatigue crack growth experiment, especially at low frequencies, is time-
consuming and many have to be continued without interruptions for several 
weeks. Therefore, a microcomputer-based data acquisition system was 
developed. 

Essential for application of this system is the high stability and reliability of 
the d-c current supply and the accuracy of the digital voltmeter. 

Apart from the 8000-type and 1251-type servohydraulic fatigue testing ma
chines manufacturing by Instron and the d-c potential-drop equipment, the 
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data acquisition system consists of a Tektronix 4052 Graphics Computing 
System. For the fatigue crack growth experiments this system is completed by 
a homemade trigger unit as well as a copy unit (Fig. 2). To perform elastic-
plastic fracture toughness experiments, the crack measuring equipment was 
combined with a load and deflection measuring system. The deflection is 
measured with a ±5-mm displacement transducer. The specially developed 
extensometer is adapted for high-temperature testing and remote handling. 
The load-line displacement is derived from the relative displacement of the 
clevises. The clevis displacement is transmitted by an extension rod to a linear 
variable differential transformer (LVDT) type transducer, located near the 
bottom of the lower puUrod. The transducer is situated outside the furnace 
and is thermostatically water-cooled. The crack extension is measured with 
the same equipment as used for the fatigue crack growth experiments. Load 
and deflection signals are measured by an HP 3497 A scanner including a 
51/2-digit digital voltmeter (DVM). 

Measuring Method 

Fatigue Crack Growth 

A constant current of 10 A is supplied by the current supply unit and mea
sured accurately through a shunt. Measurement of the potential drop in a CT 
specimen is done directly by a 6V2-digit d-c voltmeter. This device is inter
faced with a TEK 4052 Graphics Computing System by means of the IEEE 
488 bus. All DMM functions are addressable on a software level over this bus. 

The crack length is measured at predetermined numbers of cycles by 
means of a connection between the trigger input of the DMM and the cycle 
counter unit of the testing machine. The trigger unit collects a transistor-
transistor-logic (TTL) pulse from the testing system. This galvanically sepa
rated pulse is transmitted to frequency dividers, resulting in the respective 
outputs of the trigger unit after 1, 10, or 100 cycles. 

The data logging frequency can thus be adjusted for the particular frequen
cies ranging from 0.01 to 100 Hz. An option to stop the testing machine at a 
predetermined crack length is also operational. Signal averaging is done to 
avoid discontinuities from noise, slight drifts of the signal due to the load 
cycle, or time response effects of the equipment. 

The N/a curve can be visualized instantaneously. After each experiment 
da/dN-versus-AK values are calculated and the data are analyzed by regres
sion analysis. 

Fracture Toughness Tests 

The fatigue precracking data are measured using the same equipment as 
for the crack growth experiments. For ductile crack growth, calibration pro-
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cedures are used based on multispecimen technique and actual crack length 
measurements. 

The load and deflection signals are scanned by an HP 3497 A. Both the 
scanner and DVM are connected to the TEK 4052 microcomputer (Fig. 4). In 
this way the relevant data to calculate the area under the load/loadline dis
placement curve are continuously available. 

After processing, these data are stored in the microcomputer. 

Data Processing and Analysis 

Fatigue Crack Growth 

The total software package consists of three programs: FATCRAG (fatigue 
crack growth), CRAGRAN (crack growth analysis), and CRACKSORT 
(crack growth sorter). A short description of these programs is now given as 
well as some results. 

FATCRAG 

The number of cycles {N) and the crack length (a) are stored using this 
program. The determination of crack length is based on the output of the d-c 
potential and calibration data. As previously mentioned, the sampling fre
quency is dependent on the test frequency. If an increase of crack length of 
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FIG. 4—Block diagram of data-acquisition system for fracture toughness tests. 
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0.1 mm is found, the match number of cycles and crack length is stored. In
stantaneously a curve showing N versus a can be displayed. 

CRAGRAN 

Prior to the computing and data analysis, the validity of the crack length 
measurements is determined from the final crack length as optically mea
sured on the fracture surface of the tested specimen. If necessary, the differ
ences found between this measurement and the values determined by the d-c 
potential-drop system, using FATCRAG, can be corrected for. 

New N-a data pairs then appear and are used to calculate da/dN-vetsas-
AK values, for which the A.K calculations are done according to the ASTM 
Test Method for Constant-Load-Amplitude Fatigue Crack Growth Rates 
Above 10~* m/Cycle (E 647-83). The crack growth rate calculation is per
formed according the seven-point polynomial method described in Ref 3. 

An output of the collected data and the calculated values is given in 
Tables 1-3. 

Next, statistical analyses are performed, based on the Paris formula using 
linear regression analysis [4.5]. 

In the end, three graphic presentations are given, showing the iV-versus-a 
curve, da/dN-\ersus-A.K curve, and a curve of the regression line including 
the 95% confidence band (Figs. 5-7). 

CRACKSORT 

The data of every test are stored in data files. A preselection is done for test 
temperature and material condition (reference or irradiated). By this data 

TABLE 1—Printout of specimen identification and test parameters by 
CRAGRAN. 

Cassette code 
Data file number 
Number of data pairs 
Date of experiment 
Specimen code 
Material 
Condition 
Temperature 
Frequency 
P-max, max load 
1?-ratio 
W-value width 
B-value thickness 
ao-crack length 
Dc-calibration value 
Uo-DC start value 
Measured interval 

(K) 
(Hz) 
(kN) 

(mm) 
(mm) 
(mm) 

(nV/0.1 mm) 
(uV) 

(10 100) 

Fl 
36 
100 
21 OKI. 1981 
C25 
SS type 304 
irradiated plate 
823 
10 
4.7 
0.05 

50.00 
12.50 
20.50 
6.5 

0 
100 
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TABLE 2—Printout of measured and calculated data by CRAGRAN. 

Cycles 

2 720 
6 420 
9 420 

12 720 
16 120 
18 820 
21820 
24 620 
27 020 
29 520 
32 220 
34 820 
37 120 
39 420 
41 720 

128 120 
128 420 
128 920 
129 420 
129 720 
130 220 
130 620 
131 020 
131 320 
131 720 
132 120 
132 420 
132 820 
133 020 
133 420 
133 720 
134 020 

Crack Length 
Measured, 

mm 

20.60 
20.70 
20.81 
20.90 
21.00 
21.10 
21.20 
21.32 
21.41 
21.50 
21.60 
21.71 
21.81 
21.91 
22.00 

28.91 
29.00 
29.11 
29.22 
29.31 
29.41 
29.51 
29.64 
29.71 
29.80 
29.92 
30.01 
30.12 
30.21 
30.33 
30.42 
30.54 

Crack Length 
Calculated, 

mm 

20.90 
21.01 
21.10 
21.21 
21.31 
21.40 
21.50 
21.61 
21.71 
21.81 
21.90 
22.00 

28.92 
28.99 
29.11 
29.23 
29.29 
29,42 
29.52 
29.62 
29.71 
29.81 
29.92 
30.01 
30.13 
30.20 

da/dN, 
mm/cycle 

3.2£:-005 
3.3£'-005 
3.5£-005 
3.7£'-005 
3.8£-005 
3.8£:-005 
3.9£-005 
4.0£-005 
4.1£-005 
4.1£:-005 
4.2£-005 
4.2£'-005 

2.4£'-004 
2.4£:-004 
2.4£-004 
2.4£:-004 
2.4£-004 
2.5£-004 
2.6£-004 
2.6£-004 
2.7£-004 
2.7£-004 
2.9£-004 
3.0£:.004 
3.1 £-004 
3.2£-004 

AA:. 
MNm-̂ 2̂ 

12.2 
12.3 
12.3 
12.4 
12.5 
12.5 
12.6 
12.7 
12.7 
12.8 
12.9 
13.0 

20.1 
20.2 
20.4 
20.6 
20.7 
20.9 
21.0 
21.2 
21.3 
21.5 
21.7 
21.8 
22.0 
22.2 

reduction procedure an efficient use of the magnetic storage tapes is ob
tained. Within the preselected collection a sorting operation can be per
formed on alloy, test frequency, or ̂ -ratio. 

Fracture Toughness 

Prior to the monotonic loading test, the specimen is fatigue precracked. 
Based on the FATCRAG program, the final fatigue crack length is deter
mined. Afterwards, monotonic loading is performed under ram displacement 
control at a constant displacement rate. Data collection, computation, and 
analyses are done with the program JTENS (tension test prior to / determina
tion) and JCALC (calculation of/), respectively. 
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TABLE 3—Results of Paris and statistical analysis as calculated 
by CRAORAN. 

Paris Analysis: 
Constant: 2.439861252E-9 
Exponent: 3.79769380344 
Equation: 

da/dN = 2.4£-009* (/f^a. " /̂ min) ''3.8 
da/dN in mm/cycle 
AA- in MNm-3'2 

Statistical Analysis: 
Number of analyzed data pairs 
Domain of data A/fmin 

A^m„ 
Center of data ^K 

da/dN 
Coefficient of determination 
Estimated standard error 
Vertical half-width of 95% confidence: 0.0414739768003 

94 
12.2 
22.2 
16.4 
l.OE-004 
0.994930716336 
0.0282620011888 

34 
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FIG. 5—Graphic presentation of a versus N as performed by CRAGRAN. 

JTENS 

The load-deflection data logging is based on the requested total deflection 
and total testing time, resulting in 100 data pairs for 1-mm deflection. Crack 
extension data are collected from the potential system, based on a detection 
limit of 0.1 mm. Thus every stored value will be a multiple of 0.1 mm. The 
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FIG. 6—dsi/dN-versus-AK plot derived from a/N data. 
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FIG. 7—Calculated regression line with upper and lower confidence band. 
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crack extension data are matched with the corresponding load-deflection 
data pairs. The load-deflection data and the crack extension-deflection data 
are graphically presented in combination, as shown in Fig. 8. 

JCALC 

For the early stage of the test the deflection values are corrected to load-line 
displacement values using a linear regression analysis of the early deflection 
data and the theoreticaly compliance of the specimen according to the mea
sured final fatigue crack length. The area under the load/load-line displace
ment curve is calculated for the matched crack growth and load-deflection 
data pairs. Corresponding /-values are calculated using the formula for a 
growing crack as given in the ASTM Test Method for/,c, a Measure of Frac
ture Toughness (E 813-81). 

The results are given in tabulated and graphical form. Then the crack 
growth resistance curve can be analyzed according to the ASTM recommen
dations. An example is given in Fig. 9 showing JQ determination using the 
actual measured blunting line. 

Discussion 

The static calibration method using a sawcut to represent a crack can lead 
to an underestimation of the crack length. This is shown in our figures and 
recently discussed by Wilson [6]. 

4 6 8^ 
displacement (mm) 

FIG. 8—Computer plot of the load-deflection diagram and the crack extension (potential-
drop) deflection diagram. 
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FIG. 9—Single-specimen potential-drop J R curve. 

On the other hand, caHbrations based on optical crack length increments 
can underestimate the true crack length when crack front curvature is not 
taken into account. By using marking techniques after each increment of 
crack growth, the exact average crack lengths can be determined. For the very 
first stage of the development of the fatigue crack, the linear relationship 
(within the applied a/W range) between V/Vo and a/W does not exist. The 
crack length data are based on "original" a^ + Aa where Aa is defined by the 
constant calibration value from the assumed linear V/Vo-versus-a/W rela
tionship for narrow a/W ranges. 

The development of crack front curvature is partly taken into account in 
the testing procedure by starting the AA measurements after a crack exten
sion of 1 mm is reached. 

Corrections for crack front curvature can be applied. Final crack length is 
measured optically on the fracture surface after completion of the test. From 
this measurement corrections for crack front curvature can be obtained. 

The AA" calculations are carried out using the equation mentioned in 
ASTM E 647-83. The accuracy of the CT specimen dimensions is within the 
specification of this standard. The relative error in AP is the sum of the static 
load calibration accuracy and that due to the dynamic load response of the 
testing machine. The total possible error in AP amounts to 0.3%. To esti
mate the accuracy of the calculated A/i-value, an additional factor has to be 
taken into account, namely, the inaccuracy of the crack length measuring 
system. 

The total possible error of specimen W and clevis holes adds up to about 
0.6% W and about 0.1% for the crack length a. Further, it is evident that the 
as-fabricated specimen dimensions are important. If this procedure is fol
lowed, the total error in AA" can be reduced by a factor 2. 
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The difference between deflection and load-line displacement can cause an 
error of about 100% for the area calculations during the early stage of the 
monotonic loading load-deflection curve. Therefore, the correction procedure 
is incorporated in the JCALC program. A selection criterion for using cor
rected load-line displacement values was based on the criterion of 5% differ
ence between areas under the noncorrected and corrected curves. As soon as 
the difference is reduced below 5%, this correction, which can be ultimately 
applied up to maximum load, is ignored. This 5% criterion was chosen taking 
into account the ASTM accepted standard deviation of 17.4. 

Other sources of error (extensively discussed in Refs 1 and 2 for which pre
cautions were taken are secondary current paths, thermal effects, crack clo
sure, and plasticity. To avoid random disturbance, caused by secondary cur
rents, it is necessary to insulate the specimen from the loading device or 
machine frame. Insulation is achieved by using a trifluoroethylene plate be
tween a pull rod and load cell. Thermal effects can be reduced by using poten
tial probes of the same alloy as the tested specimen. At high temperature, 
symmetrical location of specimens and probes in the furnace as well as good 
temperature stability can also minimize this effect. 

Crack closure can cause fluctuations in potential readings due to decreas
ing resistance over the remaining ligament. Using a computer-controlled 
data-acquisition system the potential measurement can be performed at max
imum load, thus reducing the effect of crack closure. Plasticity is not impor
tant for linear elastic fracture mechanics crack growth experiments since 
plasticity is limited to a very small area ahead of the crack tip. Consequently, 
no corrections are necessary for fatigue crack growth experiments. However, 
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FIG. 10—Comparison of crack extension values measured with the potential-drop method and 
the heat-tinting technique. 
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if there is considerable plasticity as in the case of the elastic-plastic fracture 
toughness tests (/-tests), then these effects do contribute to the potential-drop 
signal. In that case it is always necessary to check the final crack length on the 
fracture surface and to correct for plasticity effects by empirical calibration 
based on data from multispecimen tests with different crack lengths, as 
shown in Fig. 10. 

Results of experimental programs using the equipment and procedures 
mentioned in this paper were reported recently [7,8]. Irradiation effects on 
the post-irradiation fatigue crack growth and fracture toughness properties 
were measured with a high resolution thanks to the accuracy and reliability of 
the measuring technique and data analyzing procedures. In addition, the 
testing method has proven to be very useful and easy to handle for remote 
testing of irradiated specimens. The efficiency can be further explored when 
the same standard specimens (V2T and IT CT type) are used for different 
experimental programs. 

Conclusions 

1. The system for crack growth experiments has proven to be very reliable, 
with a high resolution and accuracy. The resolution of the system according to 
the calibration results was found to be better than 0.05 mm. 

2. The automated data system is fast, and standardized data analysis is 
performed with high accuracy and reliability. Calculations and interpreta
tions of the fatigue crack growth results are in good agreement with ASTM 
Method E 647-83. 

3. The calibration figures given in this paper apply only to the given speci
men geometries, current lead and probe wire configurations, and actual al
loy, and are not valid in general. 

4. Effects of irradiation on the testing parameters can be measured with a 
high resolution, thus improving the database and knowledge of the observed 
phenomena. 

5. In practice this system has been shown to work satisfactorily for testing 
irradiated specimens at high temperature under remote handling conditions. 
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ABSTRACT: An automated fatigue crack growth rate (FCGR) test system has been de
veloped that can be used for tests of constant-load-amplitude FCGR above 10~* m/cycle 
[ASTM Test Method for Constant-Load-Amplitude Fatigue Crack Growth Rates Above 
10"* m/Cycle (E 647-83)] at normal (~ 10 Hz) or low (~ 0.1 Hz) cyclic frequencies and for 
tests of near-threshold and variable-load-amplitude FCGR. The test system consists of a 
minicomputer, a programmable arbitrary waveform generator, a servo-hydraulic test 
frame, and a programmable digital oscilloscope. The crack length is measured using the 
compliance technique; the FCGR and the stress-intensity factor range are calculated and 
plotted automatically during the test. 

KEY WORDS: automated test system, compliance technique, fatigue crack growth rate, 
fatigue of materials, near-threshold fatigue test, variable-load-amplitude fatigue test 

Fatigue crack growth rate (FCGR) data are used for material characteriza
tion and for fracture mechanics reliability analysis of structures subjected to 
cyclic loading. A standard test method for measuring such data above 10~* 
m/cycle under constant-amplitude loading has been developed and published 
in the 1983 Annual Book of ASTM Standards under the designation ASTM E 
647-83. 

With the increased interest in near-threshold FCGR [1,2] and FCGR under 
environmental influences at low cyclic frequencies [3], the demand for FCGR 
measurements has increased. Obtaining such data can be tedious and time-
consuming. An automated FCGR test system, such as that described in this 
paper, allows testing to proceed, data to be taken, and loads to be altered in 
the absence of an operator. 

'Metallurgist and physicist, respectively. Fracture and Deformation Division, National Bu
reau of Standards, Boulder, CO 80303. 

213 

Copyright® 1985 by ASTM International www.astm.org 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:05:26 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



214 AUTOMATED TEST METHODS FOR FRACTURE 

The automated test system minimizes testing time and operator attention. 
Data scatter is reduced owing to higher precision in crack length measure
ment and better control in data point spacing [4]. Because the testing is inter
active and automatic in nature, the procedure is relatively easy to follow and 
requires minimal operator training. Finally, this approach eliminates subjec
tive interpretation and influence of the experimenter. 

The FCGR Test Method 

The sequence of the FCGR test is: First, obtain the raw data, namely, fa
tigue crack length, a, versus elapsed fatigue cycles, N; then, reduce a and JV 
data to a plot of da/diV versus AA", where da/dN is the FCGR in m/cycle and 
AAT is the crack-tip stress-intensity factor range in MPa m'̂ .̂ Typical outputs 
are presented in Fig. 1. 

The number of elapsed fatigue cycles can be obtained from counters (elec
tronic or mechanical) or conversion from time elapsed at the actual testing 
frequency. The methods of crack length measurement are complicated and 
have been a subject of extensive study [5,6]. Although several methods of 
crack length measurement have been developed, some require specialized 
equipment not commonly available in mechanical testing laboratories. The 
compliance technique, however, requires only monitoring of the load cell and 
the clip gage outputs, which is routinely achieved in mechanical testing. Com
pliance is defined as the specimen deflection per unit load, which is a function 
of crack length for a given material and specimen geometry. The load and 
deflection signals (voltages) can be interfaced to a computer. Because of the 
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FIG. 1—Data outputs from the automated FCGR test 
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simple instrumentation and the need in our laboratory for environmental 
chambers for cryogenic temperature and saltwater corrosion-fatigue tests, the 
compliance technique was chosen to measure the crack length. 

Equipment for the Aatomated FCGR Test System 

A schematic of the automated FCGR test system is shown in Fig. 2, which 
also shows the sequence of operation and interaction between various compo
nents. The test system consists of a closed-loop servo-controlled hydraulic me
chanical testing machine, a programmable digital oscilloscope, a program
mable arbitrary waveform generator, and a minicomputer. 

The machine control unit, which is included in the hydraulic mechanical 
test machine, includes a servo-control system, a feedback system, two d-c 
conditioners, and a valve drive. A nonprogrammable function generator with 
an electronic pulse counter is usually built into the machine control unit of a 
commercially available mechanical testing machine. Signal amplifiers and a 
load cell are also included in the mechanical testing machine. 

The programmable digital oscilloscope contains two 15-bit 100-kHz digi
tizers and it serves as an analog-to-digital (A/D) converter. In addition to its 
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FIG. 2—Schematic of the automated FCGR test system. 
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high-speed A/D conversion rate, this oscilloscope features the ability to in
stantaneously freeze and hold data in memory. The problems encountered 
with slower A/D converters, such as interruptions during the test [7] and low 
test frequencies [8], are eliminated because of the high A/D conversion rate 
and the freeze-and-hold ability of this oscilloscope. For the near-threshold 
and the variable-load-amplitude FCGR tests, load levels vary with time and a 
programmable function generator is needed. For these tests, the programma
ble arbitrary waveform generator is used. The present programmable wave
form generator is not connected to a cycle-counting device and the fatigue 
cycle counts are inferred from the cyclic frequency^ and the time elapsed, as 
given by the computer. For the constant-load-amplitude FCGR test, the 
built-in function generator is used. 

Included in the minicomputer are a cathode-ray-tube (CRT) terminal, a 
line printer, a dual floppy disk storage unit, and a digital plotter. The mini
computer uses the 16-bit word and has 128K words of memory. The minicom
puter also contains an internal clock that reads to 1/60 s. The IEEE-488/ 
GPIB is used for the interface between the computer and the programmable 
digital oscilloscope and between the computer and the programmable arbi
trary waveform generator. 

Applications 

In the following discussion, attention is focused on how the test system de
scribed above is used to conduct the FCGR tests. Requirements on grips, fix
tures, specimen design, and specimen preparation are detailed in ASTM E 
647-83 and other proposed standards [3,9] and are not discussed in this pa
per. 

Constant-Load-Amplitude FCGR Test 

The test system described in the previous section can be programmed to 
run the constant-load-amplitude FCGR test. The operational details, imple
menting the procedures set forth by ASTM E 647-83, are described in this 
subsection. 

As shown in Fig. 3, the input parameters are fed by the operator into the 
computer through the CRT terminal. The input parameters include specimen 
identification, specimen dimensions. Young's modulus, selected time interval 
for measuring crack length, minimum load level for compliance measure
ment, load levels, and test frequency. The time interval for measuring crack 
length must be kept to a value small enough that every increment of crack 
growth will not exceed the recommended values as prescribed in ASTM E 

^The frequency used for cycle calculations is checked with a frequency meter; the typical error 
in frequency is 50 ppm. 
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FIG. 3—Summary flow chart of the automated canstant-load-amplitude FCGR test-

647-83. The minimum load level for compliance measurement is used to elim
inate the possible crack closure effects [10], which have a significant effect on 
the accuracy of crack length measurement. 

The precracked specimen is fatigue cycled under the prescribed loading 
conditions and cyclic frequency. A typical frequency is 10 Hz. When the pre
selected time interval (typical value is 1 min) for crack length measurement is 
reached, the computer requests the load-versys-deflection data from the pro
grammable digital oscilloscope, which freezes the load-deflection data in the 
memory instantaneously, and correlates the data to a straight line using a 
linear least-squares fit. A linear correlation coefficient of 0.999 or better is 
usually obtained. From the resulting compliance, the instantaneous crack 
length is computed using the appropriate expression for the compliance call-
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bration of the specimen [11]. The precision of the crack length measurement 
is typically within 0.04 mm. 

The inferred crack length, which is obtained from the measured compli
ance, published compliance calibrations, and published Young's modulus, 
usually does not agree exactly with the actual crack length for a given material 
and specimen geometry. The exact reasons for the discrepancy between the 
inferred and the actual crack lengths are not clear and have been discussed in 
Refs 12 and 13. Correction factors to the compliance calibration have been 
used to obtain more accurate physical crack length predictions. 

An alternative way of correcting the mismatch between the inferred and the 
actual crack lengths is to adopt an "effective modulus" for the material. The 
effective modulus, E^ff, is deduced from a known crack length in a given spec
imen geometry and compliance calibration. Typically, E^ff is deduced from 
one well-defined crack front that is visible on a post-test fracture surface. The 
crack front at the end of fatigue precracking or at the final fatigue crack 
length is generally used. The effective modulus approach, which is used in our 
laboratory, thus forces agreement between the inferred and the actual crack 
lengths and compensates for any errors regardless of source [13], 

The portion of the load-versus-deflection curve used for compliance calcu
lation is from the specified minimum load level to a value corresponding to 
95% of the maximum load. The typical minimum load level used for compli
ance calculation is the mean load (load signal midpoint). It should be noted, 
however, that the specific value of the minimum load level used for a given 
material, specimen geometry, and load ratio must be larger than crack clo
sure loads. The reason for excluding the upper 5% of the load for calculation 
is that the clip gage tends to vibrate, and noise in the clip-gage signal in
creases at the maximum load during the high-frequency test. 

The increment of crack growth (the difference between the current mea
sured crack length and the last recorded crack length) is checked against 
specified values which are within the recommended values of ASTM E 647-
83. A value of 0.5 mm is typically specified for a 25.4-mm-thick standard 
compact-type specimen. If the increment of crack growth is equal to or 
greater than the specified value, the computer calculates N, AK, and da/dN; 
the digital plotter plots the data points (a, N) and {da/dN, AK) on the a-
versus-iV and on the da/dJV-versus-A/C graphs, such as shown in Fig. 1; the 
line printer prints the value of calculated compliance, the linear least-squares 
correlation coefficient, a, N, da/dN, and AK results. All the resulting data 
are stored on floppy disks for post-test analyses. 

During the test, the point-to-point data reduction technique is used to cal
culate A/C and da/dN from a and N. Usually the results are consistent with 
minimum scatter, as those shown in Fig. 1. If the results of AK versus da/dN 
scatter, the seven-point incremental polynomial method is used to smooth the 
results after the test is completed. 
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The computer programs for post-test analyses include the following capa
bilities: 

1. reducing a-versus-TV̂  data to AK-versus-da/dN by the seven-point incre
mental polynomial method, 

2. converting units, 
3. plotting data in desired units, 
4. plotting data in desired coordinate ranges, 
5. plotting data for several different specimens on one graph (for compari

son), and 
6. calculating the material constants C and n in the Paris equation [14], 

da/dN = C (A/sT)", and drawing the regression line through the data. 

All computer programs, including the data acquisition routines, were writ
ten in the PDP-11 FORTRAN language. 

Near-Threshold FCGR Test 

The computer programs used in the constant-load-amplitude FCGR test, 
with some modifications, can be used for near-threshold FCGR tests. The 
major difference in procedures between the two tests is that the load levels in 
the near-threshold FCGR test decrease according to the initial Aif-value (in 
the /iT-decreasing test technique). The load levels are calculated from the fol
lowing equations [9] 

AK = A/sToexp [C'(a - ao)] (1) 

AP = BW^'^AK/fiia/W) for compact-type specimen (2) 

AP = B AK/fiia/ W) for center-cracked-tension specimen (3) 

P„ax = AP/(1 - R); P„i„ = P„„ R (4) 

where 

m̂ax = maximum load, 
m̂in = minimum load, 

*^ -• min' - 'max) 

B — specimen thickness, 
W = specimen width, 
a = current crack length, 

flo = crack length at beginning of test, 
fiia/W) = [2 + (fl/Vy)] [0.886 + 4.64(a/W) - 13.32(a/W')2 + 

14.72{a/Wy - 5.6(a/Wy]/ll - (a/W^-^], 
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f2ia/W) = [{Tra/W^)sec{7ra/W)Y^\ 
AK = current crack-tip stress-intensity range, 

A/Co = crack-tip stress-intensity range at beginning of test, and 
C = negative constant. 

A typical value of C is —0.08 mm"', which gives satisfactory results with no 
apparent anomalous crack growth for AISI 300-series stainless steels. 

A flow chart describing the automated near-threshold FCGR test is sum
marized in Fig. 4. After each crack length measurement, the crack length is 
compared with the last stored crack length to ensure that a specified measur-
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FIG. 4—Summary flow chart of the automated near-threshold FCGR test. 
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able small amount of crack growth has occurred. If this is not done, then 
some unnecessary load level adjustments will take place because of scatter in 
the crack length measurement. After the crack length has increased a certain 
amount (for example, 0.13 mm), the new AÂ  is calculated according to Eq 1 
and the new crack length is stored. The load levels are then adjusted using 
Eqs 2, 3, and 4. 

In high-frequency fatigue testing, which is desirable in the near-threshold 
FCGR test, hydraulic lag might be a problem. This results in the specimen 
not being actually subjected to the load range commanded by the computer 
(or waveform generator). The problem is usually corrected by using proper 
signal conditioners and gain settings. However, overprogramming is some
times necessary to overcome the persistent hydraulic lag. During the overpro
gramming process, which is done by trial-and-error method, the computer 
monitors the values of P^ax and Pm„ through the programmable digital oscil
loscope and makes necessary changes to achieve the desired values of P^^^ 
and Pmi„. The overprogramming is done whenever there is a hydraulic lag 
problem. 

If the measured crack-growth increment, which is the difference between 
the current measured crack length and the last recorded crack length, is 
equal to or greater than specified values, which are within the recommended 
values [8], the values of ̂ , \K, and da/dN are calculated and the results are 
printed, plotted, and stored. A value of 0.5 mm is typically specified for a 
25.4-mm-thick standard compact-type specimen. The previously mentioned 
computer programs for post-test analyses are also applicable for analyzing 
the data obtained in the near-threshold FCGR test. 

Variable-Load-Amplitude FCGR Test 

The automated FCGR test system is also used in the variable-load-ampli
tude FCGR test. The procedures used in this application are similar to those 
described in the previous two subsections. 

The computer reads the prerecorded load-time history from the floppy 
disks and controls the hydraulic machine through the programmable wave
form generator. At a preselected time interval, the crack length is measured. 
A typical interval is 30 min for an average test frequency of 0.1 Hz. The de
sired output in the variable-load-amplitude FCGR test is time versus crack 
length. The results are printed, plotted, and stored for post-test analyses. 

The present system has two limitations in the application of variable-load-
amplitude FCGR testing. One is that the waveform generator needs about 0.1 
s for changing one command to another, and this limits the average frequency 
to about 1 Hz. This will result in a situation of holding about 0.1 s at the peak 
loads when higher test frequencies are used. In a corrosive or a high-tempera
ture environment, in which hold time at peak load is important, this might 
introduce anomalous fatigue crack growth. The other is the limited storage 
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capacity of the floppy disks, which can store only a certain amount of load-
time pairs. The present system uses soft disks, which can store about 18 000 
load-time pairs. If longer load-time histories are desired, other means of stor
age devices such as hard disks must be used. 

Sammaiy 

An automated FCGR test system has been developed that can be used for 
tests of constant-load-amplitude FCGR above 10"^ m/cycle (ASTM E 647-
83), near-threshold FCGR, and variable-load-amplitude FCGR. The test sys
tem offers considerable time savings in data acquisition and in data reduc
tion. The test procedure is relatively easy to follow and enables technicians to 
produce data with less scatter (with respect to the non-computer-aided tech
nique), because higher precision in crack length measurement and better 
control in data point spacing are obtained, while manual data interpretation 
and data fitting are eliminated. 
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ABSTRACT: The application of J-integral methods to fatigue crack growth testing was 
first presented by Dowling and Begley [1], They demonstrated that under certain condi
tions the J-integral range (AJ) applied to a cracked body correlates well with the measured 
crack growth per cycle in tests performed in the elastic-plastic regime. This paper 
presents an automated test system for computer-controlled low-cycle fatigue crack growth 
evaluation of ductile materials using cyclic-/, and details the procedure for this technique. 
The system consists of a hydraulic test machine, a minicomputer, and a microcomputer. 
The test machine is controlled in either clipgage or stroke mode with the control signal of 
the minicomputer channeled through a digital-to-analog converter. The microcomputer 
is dedicated to compliance calculation. Analysis of crack length, closure load, and ap
plied A/ is performed each cycle and the control signal is adjusted to achieve the desired 
/•range. Crack growth results are periodically stored on disk along with load-crack open
ing displacement data for the cycle. 

This automated system has been utilized for rising/-range, /-range shedding, and con-
stant/-range tests using compact tension specimens of two high-strength structural steels. 
Results from these tests show agreement with the linear extrapolation of crack growth 
data obtained under linear-elastic conditions, and demonstrate the promise of such an 
approach for low-cycle fatigue crack growth characterization. 

KEY WORDS: low-cycle fatigue crack growth, cyclic /, J-integral range, elastic-plastic 
fracture, automated testing, crack propagation 
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The application of J-integral methods to fatigue crack growth rate testing 
was first presented by Dowling and Begley [/]. They demonstrated that under 
certain conditions, the J-integral range applied to a cracked body correlates 
positively with the measured crack growth per cycle in tests performed in the 
elastic-plastic regime. Tanaka and co-workers [2] used the J-integral range to 
study the effect of loading condition and specimen geometry on elastic-plastic 
fatigue crack growth in low-carbon steel. Using thin specimens and applying 
high cyclic stresses they reported a significant acceleration in crack growth 
which deviated from the stable relation between growth rate and J-range. 
This acceleration coincided with the spread of plastic yielding across the liga
ment of the specimen. They found that the beginning of crack growth acceler
ation at high cyclic stresses could be predicted by correlating maximum load 
to limit load. El Haddad and Mukherjee [3] performed cyclic /-range tests in 
load control and in deflection control. Controlled at constant load amplitude, 
the crack growth rate increased, while for constant displacement amplitude 
the crack growth rate decreased. The displacement-controlled tests produced 
macroscopic crack closure, and the /-range was determined from the area 
under the load-displacement curve, above the crack opening load. El Haddad 
and Mukherjee attributed their success in correlating increasing crack 
growth rates with decreasing crack growth rates to proper accounting for 
crack closure in the J-integral analysis. Although questions remain regarding 
the applicability of the J-integral to the characterization of the fatigue crack 
growth process [4], this fracture parameter provides valuable information on 
the intensity of the stress and strain fields near the crack tip of a crack loaded 
in tension, and if cycling effects do not become dominant, these fields should 
control the crack growth resulting from individual cycles. Other advantages 
of a J-integral based methodology are that this parameter can be easily mea
sured in the laboratory for simple specimen geometries, and can be evaluated 
for flawed structures and structural elements. 

The objective of this paper is to describe an automated test system for 
computer-controlled low-cycle fatigue crack growth using the J-integral, and 
to present preliminary test results. In this system, the computer is used to 
control the applied/-range so that conditions of increasing/-range, constant 
/-range, and decreasing /-range can be applied to the test specimen as de
sired. This system shows promise of being a powerful tool for evaluation of 
crack growth rates in the elastic-plastic regime, but it will also be useful in 
determining specimen size limitations and history/sequence effects on 
elastic-plastic fatigue crack growth rate. 

Test Procedure 

Materials 

Two nickel alloy steels have been tested to date, HY-80 and HY-130. Plate 
supplied in 50-mm (2 in.) thickness was used for all tests. The chemical com-
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positions and mechanical properties of the plates are presented in Tables 1 
and 2, respectively. 

J-Integral Analysis 

The specimen geometry used exclusively in this work has been a compact 
specimen for which the J-integral can be calculated using the analysis of 
Merkle and Corten [6] from the expression 

where 

a = crack length, 
B — specimen thickness, 
b = uncracked ligament dimension, 
A = area under load (load point displacement curve), 

and 3 is obtained from a modified form of the Merkle-Corten analysis by 
Clarke and Landes [5] as 

P = 2[(1 + a)/(l + a )̂] (2) 

with 

a = {[2(a/A)]2 + 2[2(a/b)] + 2}'^^ _ [2(a/b) + 1] (3) 

The area under the load displacement curve used for / evaluation is that 
present above the crack closure load as depicted by the hatched region in the 
schematic of Fig. 1. An accurate determination of this closure load is a very 
important aspect of determining the /-range applicable during a fatigue cy-

Material 

HY-SO 
HY-130 

Material 

HY-80 
HY-130 

TABLE \-Chem 

C Mn P 

0.15 0.33 0.010 
0.12 0.78 O.OOS 

TABLE 2 -

0.2% Yield 
Strength, 
MPa (ksi) 

607 (88) 
944 (137) 

tical compositions (weight %). 

S Si Ni Cr 

0.014 0.21 2.10 1.25 
0,005 0.30 4.97 0.58 

• Mechanical properties. 

Mo 

0.24 
0.59 

Ultimate 
Tensile Elongation, 

Strength, % in 50.8 mm 
MPa (ksi) (2 in.) 

717(104) 20 
1006(146) 19 

V Al 

0.003 . . . 
0.06 0.04 

Reduction 
of Area, % 

65 
63 
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FIG. 1—Schematic showing area of toad-COD record used to calculate the applied i-range 
and the slope method for determining closure load. 

cle. The technique used in this work is to locate the point on the loading side 
of the cycle at which the slope of the load displacement curve falls to the value 
of the slope found over the first region of unloading of the previous cycle, 
labelled A* in Fig. 1, It is demonstrated in the discussion to be presented later 
that this closure load can vary from minimum load to within 20% of the maxi
mum load depending on the applied/-range, whether the applied J-range is 
increasing or decreasing, and on the crack length. 

The basic concept of J-integral in fatigue crack growth is that the applied 
/-range during a cycle of loading will produce a repeatable amount of fatigue 
crack growth in a given material—and different amounts of crack growth in 
different materials. Following work done in the elastic regime, crack growth 
rate is plotted against the applied/-range to give a relationship similar to the 
Paris law, implying a correlation of the form 

da 
dN 

= A(A/)« (4) 

Data of this type was obtained for ASTM A533B steel by Bowling and Begley 
[1\ in their early work. Other investigators [7-10\ have applied this empirical 
relationship to model crack propagation in a variety of ductile materials. 
Many questions were left unanswered in the early work by Bowling and Beg-
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ley. Principal among them were whether crack growth rate data in the elastic-
plastic region was really geometry independent, whether it was dependent on 
the average 7-level, what the limits on / might be for a particular geometry, 
and the effects of nonsinusoidal loading. All of these questions must be an
swered before serious attempts can be used to apply the J-integral method to 
practical engineering problems. 

The major thrust of this work is to study the geometry dependence of the 
J-integral, but before even this can be undertaken, an experimental method
ology for evaluating data under/-integral control was required and this meth
odology is the subject of the remainder of this report. 

Experimental Description 

The specimens used in these tests were compact specimens with a 2T plan 
configuration as shown in Fig. 2. As is common in J-integral testing, the spec
imen was notched to allow the measurement of crack opening displacement 
(COD) on the load line. Razor blade knife edges were fixed on the load line on 
all specimens to reduce the hysteresis and to allow accurate COD, compli-

X = 0.5, 1.0, or 2.0 
All dimension in inches 
(1 inch = 25.4 mm) 

FIG. 2—Specimen drawing of 2T compact tension specimen. 
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ance, and hence crack length measurements. Three specimen thicknesses 
were available—13, 26, and 52 mm ('/:, 1, and 2 in.)—so that an initial study 
of specimen size effects could be made. All specimens were fabricated in the 
transverse-longitudinal (T-L) orientation. Fatigue crack growth tests were 
conducted in a computer-controlled hydraulic test apparatus, shown sche
matically in Fig. 3. Two separate test machines have in fact been utilized in 
this investigation. One is a standard MTS Model 810 Automated Test System 
utilizing a PDF 11/34A minicomputer and BASIC language software. The 
system has a 100-kN capacity. The second system includes a 1330 kN Wiede
mann hydraulic test machine controlled via a Tektronix 4052 microprocessor 
system, also using the BASIC language. Because of the limited processor 
speed of the second system, an additional Z80 microprocessor is utilized to 
measure the specimen compliance over a specified load range and to transfer 
this value to the 4052 controller when requested. The schematic of Fig. 3 
shows the two-processor system. 

All fatigue cycles were of the displacement-control type, with the test ma
chine returning to an initial COD setting as the zero point at the start of the 
test. The MTS system controls on the COD signal while the Wiedemann sys-

FlOPPy DISK 
DATA STORAGE 

FIG. 3—Schematic of automated low-cycle fatigue crack growth rate test system. 
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tem controls on the stroke signal. During an individual cycle, the minicompu
ter reads load-COD data at fixed time intervals for the complete cycle, with a 
cycle taking between 20 and 40 s to complete. Load-COD data, involving ap
proximately 45 data pairs, are taken over the first portion of the load cycle for 
subsequent calculation of a crack closure load. High-density data involving 
more than 2000 data pairs are taken by the microprocessor over the first por
tion of the unloading for subsequent calculation of the specimen crack 
length. The upper portion of the hysteresis curve (the loading side) and the 
lower portion (the unloading side) are scanned with only enough points—ap
proximately 27 in each case—to give accurate measurement of the area 
needed for/calculation. At the completion of each cycle, the computer calcu
lates the present crack length, determines the crack closure load, and then 
calculates / from the area under the load-COD curve but above the closure 
load line as shown in Fig. 1. At this point, control parameters are changed if 
necessary to hold the test near a desired target /-range. Data are stored on 
magnetic disk if crack growth has occurred. The test can be stopped if shutoff 
values have been exceeded, or another cycle can be initiated. By varying the 
control parameters, specifically COD or stroke as applicable, the system can 
obtain conditions of slowly increasing A/, constant A/, decreasing A/, or 
stepped A/. 

In the start-up program menu, the operator designates the increment by 
which the /-range will be changed for an increment of crack extension. For 
the two materials in this paper the /-range increments were approximately 
2.63 kPa-m (15 in. -lb/in.^) and this increment of change was applied to the 
target value each time there was measured crack growth of 0.1 mm 
(0.004 in.). 

The specimen crack length is obtained from the compliance r>°^sured over 
the first 30% to 40% of load drop during each cycle. This lower limit on data 
used for crack length estimation can be raised somewhat by the program if 
the crack closure load is found to move close to this level. The crack closure 
point is found by fitting a quadratic polynomial to a "window" of uploading 
data, and then calculating the load and COD value within the window at 
which the specimen loading compliance equals the compliance measured (as 
described above) over the first 30% to 40% of unloading. For the first cycle 
the window includes the minimum load; thereafter it adjusts automatically to 
keep the detected crack closure point near the window center. If the load-
COD record is very nearly elastic with no discernible curvature, the program 
designates the closure point at the minimum load measured. 

Both Dowling and Begley [/] and Mowbray [11] defined the crack closure 
load using an inflection point obtained on the unloading side of the load-COD 
hysteresis loop. The inflection was found by inspection and was, therefore, 
very subjective. Application of a similar method was used in some cases here 
in which the computer fit a cubic polynomial to the unloading side of the 
load-COD hysteresis loop and identified the inflection point as the point 
where the curvature of the cubic polynomial was equal to zero. 
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Test data are stored on computer disk approximately every fourth cycle 
when crack growth is slow, and the storage frequency increases to every cycle 
when crack growth is rapid. This includes load-COD data pairs for the com
plete fatigue cycle, as well as the calculated compliance value, crack length, 
closure load, A/, and the cycle number. These data are subsequently ana
lyzed using an iterated polynomial curve-fitting and differentiation scheme 
similar to that used in linear-elastic fatigue data reduction [12] which calcu
lates the crack growth per cycle as a function of the cycle count. A/, crack 
length, or whatever, producing an output file for computer graphics display 
of the final results. A series of results obtained by this process is presented in 
the following section. 

Discussion of Results 

This automated test system has been developed as a research tool to allow 
determination of the applicability of the J-integral to elastic-plastic fatigue 
crack growth. For this reason, many parameters can be varied. For example, 
the type of test control can be selected, including increasing AJ, constant A/, 
decreasing A/, stepped AJ, and simple spectra of applied AJ. Other quanti
ties which can be varied include the rate of AJ adjustment and the rate of 
cyclic loading. 

Uniformly Varying AJ 

In the first application of this test to materials characterization, crack 
growth rate tests were conducted with slowly varying AJ conditions, sweeping 
from elastic to nearly fully plastic loading conditions. Results of two such tests 
on the materials used in this study are shown in Figs. 4 and 5. Both AJ in
creasing and AJ decreasing data are displayed in these figures, along with 
baseline fatigue crack growth rates obtained under linear-elastic conditions 
using high cycle fatigue crack growth rate test procedures. Good agreement 
exists between the linear-elastic high-cycle data and the AJ decreasing 
results. However, there is a distinct deviation of the A J decreasing crack 
growth rate from the A J increasing. This is believed to result from inaccurate 
calculation of the applied J-integral range for the condition of AJ increasing 
in which the load-COD record was so nearly straight that no slope (or inflec
tion point) defined crack closure point was determinable. In this case the clo
sure load was taken as the minimum load for the cycle, thereby overpredicting 
the applied J-range. Therefore, the actual applied J-range for AJ increasing 
tests of Figs. 4 and 5 is less than that shown. 

To demonstrate this point further, the same specimens tested in Figs. 4 and 
5 were tested a second time under AJ increasing conditions. The results are 
presented in Figs. 6 and 7. This time a large plastic zone had to be overcome 
on each cycle to return to the initial displacement setting. The compressive 
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FIG. 4—Cracfc growth rate data for HY-80 steel using the automated test system with A J 
increasing followed by AS decreasing. 

loads needed to overcome the plasticity at the crack tip produced the "knee" 
in the unloading side of the hysteresis loop, as shown in Fig. 1. As a result, 
distinct closure loads were identified for each cycle and, after an initial retar
dation associated with low initial/-range, the crack growth rates for the sub
sequent A J increasing tests of Figs. 6 and 7 correspond well with the A J de
creasing results of Figs. 4 and 5, respectively. This emphasizes the 
importance of a distinctly definable closure load fqr the accurate determina
tion of the applied J-integral range. 

Hysteresis loops demonstrating distinct apd indistinct crack closure loads 
are shown in Figs. 8a-8c. For the initial A/ increasing case shown in Fig. 8a 
the load-COD hysteresis loops are very symmetricJil and show no "knee" 
which can be related to crack closure. Only when A/ exceeded 227 kPa-m 
(1300 in.-lb/in.^), corresponding to crack growth rates of 0.05 mm/cycie, did 
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. 2 3 5 7 2 3 5 7 
18* IJ* «5 

ORMCE (Pcta) 

2 3 5 7 
Ulli 

FIG. 5—Crack growth rate data for HY-130 steel using the automated test system with A J 
increasing followed by A] decreasing. 

the program detect a closure load by the slope method described above. The 
AJ quantity used for this test by the computer was based on minimum load, 
but a more correct closure load appears to exist between the minimum load 
and zero load. For the two tests with load-COD hysteresis loops shown in 
Figs. 8i and 8c crack closure loads were always available to the computer and 
for these tests good agreement in crack growth rate exists between the A/ 
decreasing and the A J increasing tests. 

Even further support of this point is demonstrated by a reanalysis of the 
initial A/ increasing data shown in Fig. 5 using zero load as the crack closure 
load for A/ calculation. The result is shown in Fig. 9 where the original crack 
growth rate data and the new calculation based on zero crack closure load 
bracket the A/ decreasing results of Fig. 4. This is thought here to demon-
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FIG. 6—Crack growth rate data for HY-80 steel for the specimen of Fig. 4 subjected to a 
second A J increasing test. 

strate that a crack closure load does exist for the initial A/ increasing test at a 
value between the minimum load encountered on a given cycle and zero load. 
The two choices of crack closure point, zero load and minimum load, used for 
A/ increasing tests bound the real crack closure point and give da/dN versus 
A/ results on opposite sides of the A/ decreasing results. This closure load 
does not, however, appear to be obtainable from load and COD data alone. 

Because the closure load was not defined by the slope method described 
above during the early cycles of A/ increasing tests, the inflection point 
method was tried. Results showed that the inflection point method also failed 
to define closure loads when nearly symmetrical load-COD hysteresis loops 
were present, which is the case during A/ increasing tests. The slope method 
proved to be more sensitive in defining the crack closure load than the inflec-
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FIG. 1—Crack growth rate data for HY-130 steel for the specimen of Fig. 5 subjected to a 
second A J increasing test. 

tion point method in that it consistently picked up a closure load other than 
minimum load as soon as small amounts of nonsymmetry were present. Once 
both methods identified closure loads, excellent agreement existed between 
the results of the two methods. 

Constant AJ 

The crack length versus cycle count output data for a specimen controlled 
at a constant A/ = 92.8 kPa- m (530 in. • Ib/in.^) are shown in Fig. 10. Ideally 
one would expect a straight line here, but what is found is a piecewise linear 
plot with three distinct slopes. This result is a further demonstration of the 
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e e.2 e.4 e.a a.e i i.z 1.4 i.s i.a z z.z 2.4 z.s z.s 3 

a a.4 a.a i.z i.a z 2.4 2.a 3.2 s.a 4 

FIG. 8—Load versus load-point displacement for a compact specimen of HY-130 steel for 
which (a) i-range was uniformly increased, (b) then uniformly decreased, then (c) subsequently 
increased again. 
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FIG. 'i—Crack growth rate data for HY-130 steel showing that slope-defined closure load is 
between P,,,,,, closure load and a crack closure toad of zero. 

difficulty in defining the crack closure load discussed in the previous section. 
The distinct change in slope shown at TV = 730 cycles corresponds to the cycle 
at which the load-COD records developed a slope-definable crack closure 
value. 

Figure 11 shows a series of cycle load-COD plots for this specimen. For the 
first few cycles the minimum load was very close to the zero load and thus the 
crack closure load was well defined and a correct J-range was determined and 
used. By about 50 cycles, however, the minimum load had become distinctly 
compressive, but a closure load other than the minimum load was not dis
cernible by the slope method. Using successively greater compressive closure 
loads caused the area calculation for the cycle to increase, and this in turn 
resulted in increasing calculated values of A/. To adjust to the target A/, the 
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fN 
0 \ 

II 
<1 

^ 

<1 
? 
a 

»• 8 
a 
'^ 
1 

•i) 

>̂  

c 
? 

•S 
bi-
"3 

ts 
a 

a 

^ 
•̂  
c 
•̂  
^ 
a, 
-2 
^ 4> 

i 
2 
•fl 
o 

f 
e 
is 
•s 
s 
? 
^ ? 13 

• ^ 

"T3 
Q 
1 
?» 

g-s 

I 
M ( f r |{ i 11 ' |{ i i ' f Si 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:05:26 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



JOYCE AND SUTTON ON COMPUTER CONTROL 243 

computer reduced the control COD range, producing the lower crack growth 
rate seen in Fig. 10, which is the result of the lower appliedZ-range. As cycling 
continued, crack-tip plasticity increased, and the load-COD loops slowly de
veloped a larger hysteresis loop and a slope-defined crack closure point be
came measurable (Fig. 11). The program then automatically adjusted the 
COD to larger values since the higher closure load resulted in calculated 
7-range values lower than the target /-range. A higher crack growth rate re
sulted from increasing the applied /-range to the target /-range, and from 
approximately cycle 730 onward the correct closure point and corresponding 
correct/-range were always used. This produced a very constant crack growth 
rate as the crack grew across the major part of the specimen, that is, from 
a/W= 0.6toa/W' = 0.9. 

Stepped J 

Figure 12 shows crack length plotted versus cycle number for a test in 
which A/ was held constant for set amounts of crack extension and then in
creased stepwise three times by a relatively large amount, and then reduced 
stepwise in the same size steps. The step size was on the order of 50% of the 
initial/-range of 52 kPa-m (300 in. -Ib/in.^). Tic marks show the cycle num
bers where the target A/ was changed; however, it took between 10 and 50 
cycles beyond this before the applied A/ range reached the new target value. 
The crack growth rates were independently determined (using a least-squares 
routine) for each segment of the a-^ curve of Fig. 12. The growth rates corre
sponding to each step in the test are shown on the a-N trace. 

Figure 13 presents the crack growth rate data for the constant /-range test 
of Fig. 10 and the stepped/-range test of Fig. 12. The baseline data are repre
sented by the dashed line and are taken from the high-cycle linear-elastic data 
combined with the elastic-plastic data from the /-range decreasing test of 
Fig. 5. The constant / test of Fig. 10 produced two distinct crack growth 
rates, one where the applied /-range was overpredicted, and a higher growth 
rate once closure load and applied /-range were accurately evaluated. In 
Fig. 13 these growth rates are consistent with / increasing and / shedding 
data, respectively. Also shown in Fig. 13 are the crack growth rate results of 
the stepped/-range test of Fig. 12. The first four/-range increasing steps are 
seen to correspond to the previous/-range increasing data while the next three 
/-range decreasing steps show a transition back toward the /-range baseline 
data. These results are consistent with the previous observations that for A/ 
increasing tests accurate closure loads cannot be obtained by slope or inflec
tion techniques from the load-COD record alone and that use of minimum 
load in these cases for the A/ calculation leads to an overestimate of the true 
applied A/. As plasticity develops or as the/-range is shed, accurate closure 
loads become measurable and the measured crack growth rate results again 
become consistent with baseline data. 
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FIG. 13—Crack growth rate versus J-range for HY-130 steel comparing stepped i-range 
results and constant i-range results with the baseline data. 

Summaiy 

The principal objective of this paper was to describe an automated test sys
tem for computer-controlled low-cycle fatigue crack growth, and present 
results which show the degree of success achieved with this system. This auto
mated system calculates the J-integral range in real time and adjusts the test 
machine control quantity (stroke or COD) to produce test conditions close to 
the/-range desired. With this automated test method the target/-range can 
then be held constant or varied in a number of ways to allow the researcher to 
investigate a wide range of effects. 

The test system described herein was used to produce results for two types 
of steel, and the agreement with growth rate data in the linear elastic range 
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was demonstrated. During testing and data analysis the following key obser
vations were made: 

1. Calculation of the correct applied J-integral range requires accurate de
termination of the crack closure load. 

2. Crack closure load can be identified for the load-COD hysteresis loop 
using either the slope method or an inflection point method in most instances. 
However, for A/ increasing tests where plasticity at the crack tip is minimal 
or nonexistent and the corresponding hysteresis loop is very symmetrical, nei
ther method clearly identifies the correct closure load. In these instances the 
use of the minimum load for calculation of /-range introduces appreciable 
error with the result that the actual applied J-integral range is substantially 
lower than the calculated/-range. 

3. Decreasing/-range tests are consistent with linear-elastic crack growth 
rate results obtained by standard high-cycle fatigue crack growth rate testing. 
This is attributed to the success in identifying the closure load once significant 
plastic deformation is overcome at the crack tip during the unloading side of 
each cycle. 

4. /-range increasing tests (performed with specimens previously tested in 
a /-range decreasing mode) for which crack closure loads were obtained by 
the slope procedure gave crack growth rate results consistent with high-cycle 
linear-elastic results and elastic-plastic/-range decreasing results. 
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ABSTRACT: The crack growth resistance curve (R-curve) appears to be a viable ap
proach to elastic-plastic fracture analysis. An automated technique for R-curve testing 
and analysis provides the opportunity to enhance accuracy and resolution while reducing 
variability due to influences of the test operator and data analyst. A microcomputer-based 
test control, data acquisition, and analysis system is described. Details of the test hard
ware, procedures utilized for the conduct of R-curve experiments, and methods for the 
analysis of the data are presented. The results demonstrate the quality and reproducibility 
obtained by the technique. 

KEY WORDS: fracture mechanics, elastic-plastic fracture, R-curve, data acquisition 

Requirements for the development of a practical methodology for the pre
diction of crack growth initiation, stable extension, and instability include the 
accurate characterization of material resistance to fracture under nominally 
inelastic conditions. This requires the determination of an appropriate elas
tic-plastic fracture parameter [such as J or crack-tip opening displacement 
(CTOD)] as a function of stable flaw growth. Such an R-curve concept ap
pears to be a viable approach to ductile fracture analysis. 

R-curve testing and analysis has received great attention, and results 
abound in the literature. Observation of the results indicate that in many in
stances considerable scatter occurs both in the data within a single R-curve 
and in test replication. Accurate determination of the initiation toughness is 
often difficult. This is primarily due to the test procedure utilized, such as the 
uncertainty associated with crack length measurements using unloading com
pliance, and the method of data acquisition and analysis. 

'Head, Fracture Mechanics Section, Naval Research Laboratory, Washington, DC 20375. 
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An automated technique for R-curve testing and analysis which overcomes 
these difficulties has been developed. In addition, the procedures allow the 
simultaneous determination of a number of fracture parameters and R-curve 
presentations from a single test record. The technique uses hardware and test 
procedures to maximize accuracy and resolution while the automation en
sures minimization of variability due to influences of the test operator and 
data analyst. The technique utilizes a microcomputer-based test control, data 
acquisition and analysis system which includes an eight-inch (20 cm) floppy 
disk for data storage, cathode ray tube (CRT) and plotter graphics, relay ac
tuator for test equipment activation control, and 16-bit digital voltmeter and 
12-bit analog-to-digital conversion for data acquisition. The test procedures 
include the monitoring of load measured by a standard load cell, crack sur
face displacement measured by a capacitance displacement transducer, and 
direct-current electric potential measurement for quantifying crack extension 
and determining the point of crack growth initiation. In the sequel, the hard
ware, test procedure, and method of data analysis are described and exam
ples of results presented. 

Computational Considerations 

In order to complement and provide background appropriate for later dis
cussions of procedure and hardware selection, a review of computations used 
to establish an R-curve is appropriate. 

Crack Extension 

Direct-current electric potential is used to quantify crack extension. As 
shown in Fig. 1, the current is introduced at the midwidth of the specimen 
and the potential measured at the front face just above and below the notch. 
This is the optimum configuration after considering accuracy, sensitivity, and 
reproducibility [/], and allows simply computation of the crack length from 
the measured potential, V̂  by [2] 

IW , cosh (ir3;/2W )̂ 
rt zrz COS - — • ( I I 

X cosh{(V/Vo)cosh-'[cosh(Tj;/2W)/cos(7rao/2W)]} ^ ' 

where the initial voltage, Vb. is measured at known crack length UQ and the 
remaining geometric parameters are defined in Fig. 1. The accuracy of this 
approach and its applicability to both compact and single edge-notched bend 
specimens have been demonstrated [3] and reconfirmed by the author. 

Crack-Tip Opening Displacement 

The CTOD is computed from a record of load versus crack surface dis
placement. The crack surface displacement appropriate for analysis of a com-
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FIG. 1—Test configuration for the (a) compact tension and (b) single-edge-notched bend 
specimens. 

pact specimen is the load-line displacement, while a single edge-notched bend 
specimen requires crack mouth displacement. Then, using the approach of 
BS 5762, "Methods for Crack Opening Displacement Testing" 

6 = 
K^ 

+ 
QAb 

ME' a + 0.4Z) " 
(2) 

where 

E' = E for plane stress or £ ' = £ / ( ! — v'^) for plane strain, 
00 = flow stress defined to be the mean of the yield and ultimate tensile 

stress, 
E = modulus of elasticity, 
K = stress-intensity factor computed from Ref 4 

K 
P (2 + a) 

g]yin (1 _ ^)3/2 (0.886 + 4.64a - 13.32a^ + UJloc^ - 5.6a'') 

(3a) 
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for the compact specimen, or 

PS 3ai/2[i_99 _ „(i _ c,)(2.15 - 3.93a + 2.7a^)] 
K = 5 ^ 3 / 2 2(1 + 2a)(l - a)-— ^\3/2 

(3i) 

for the bend specimen, where a is the relative crack depth, a/W, and Vp is the 
plastic component of the crack surface displacement which, with reference to 
Fig. 2, may be written as 

Vp = v - P \ (4) 

where X is the compliance determined from the initial linear portion of the 
load-displacement record. 

Thus, computation of the CTOD requires knowledge of the load versus 
crack surface displacement record as well as the current crack length. 

J-Integral 

The parameter J^ [5] is computed by 

(5) 

i 

CRACK SURFACE DISPLACEMENT, v 

FIG. l^Load-displacement record analyzed to determine &. 
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where the terms Jo and A/ are evaluated incrementally from the load versus 
crack surface displacement record by 

/z),+, = [Joi + (Tj/i),(M,,,+i/fi)][l - (7/fe),(a,+, - a,)] (6) 

AJ,+1 = A/,- + (n/bUJoi - K]/E' )(a,+,- - a,) (7) 

where 6 = W — a, the remaining ligament dimension, A^+i is the incremen
tal area under the load-displacement curve as shown in Fig. 3, and, for the 
compact specimen 

»/ = 2 + 0.522 b/W 

7 = 1 + 0.76 6/W 

while for the bend specimen 

6 = W /̂(a + 0.4fe) 

7 = 1 

(8a) 

(86) 

i 

CRACK SURFACE DISPLACEMENT, v 

FIG. 3—Load-displacement record analyzed to determine I. 
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The term /3 is a geometric parameter which transforms crack surface dis
placement to load-point displacement by assuming rigid rotation of the crack 
surfaces about a point a fixed relative distance (equal to OAb) ahead of the 
crack tip [6]. 

Thus, computation of /« and the more commonly applied //> requires 
knowledge of the load versus crack surface displacement record as well as the 
current crack length. 

Additional Fracture Parameters 

It is apparent, from the foregoing discussion, that the determination of 6, 
JM, or JD and the resulting R-curves requires triads of load, crack surface 
displacement, and electric potential data. Then, any additional parameter 
appropriate for fracture toughness characterization that is computed from 
these quantities may be also easily determined. 

Plasticity-corrected stress-intensity factors are calculated by adding a plas
tic zone correction to the physical crack length and using this effective crack 
length in Eq 3 to compute KR. An alternative approach is to use Kj = yfJE' 
as a plastic zone corrected stress-intensity factor. 

Fracture toughness parameters such as Ki^ and /^ may be computed using 
the analyses described in the ASTM Test Method for Plane-Strain Fracture 
Toughness of Metallic Materials (E 399-83) or the ASTM Test Method for /le, 
A Measure of Fracture Toughness (E 813-81). New parameters and analysis 
procedures may be easily accommodated as they are developed by adding a 
few program lines in the analysis software. Thus, a single fracture test can be 
conducted to obtain any of a number of desired fracture toughness charac
terizations. 

Hardware Considerations 

A judicious selection of hardware is essential to the establishment of a sys
tem and procedure which results in high accuracy, resolution, and repeatabil
ity. The test specimen and instrumentation cluster are shown schematically in 
Fig. 4. Twelve-bit analog-to-digital conversion, providing 5-mV signal resolu
tion, is used to acquire load and displacement data. The amplified load sig
nal, 10 V full scale, provided by the test machine yields load resolution of 
0.05% full scale. The amplified displacement signal is 4 V at the full scale of 
5.08 mm. Thus, the displacement resolution is 6.35 ̂ m. These resolutions are 
sufficient for the accurate determination of quantities computed from the 
load-displacement record. 

The most sensitive measurement is electric potential. For a typical fracture 
specimen with an initial relative flaw depth QQ/W = 0.5 and an applied cur
rent resulting in an initial potential Vo = 200 /tV, a crack extension of 25 /tm 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:05:26 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



254 AUTOMATED TEST METHODS FOR FRACTURE 

DC POWER 
SUPPLY 

"• SPECIMEN J 

LOAD 

PROXIMIC® 
AMPLIFIER 

12BITA/D 16 BIT DVM 

FIG. 4—Test specimen and instrumentation cluster. 

results in an increase in the electric potential of only 0.1 /xV. Thus, a 16-bit 
digital voltmeter is required to provide the necessary resolution. 

Signal noise often becomes the factor which limits effective resolution when 
dealing with such low level signals; thus, care must be exercised to reduce 
pickup in the potential leads. However, an additional source of noise is the 
power supply. A typical constant current source may produce a ripple of 
50 mA. This would result in an apparent peak-to-peak noise, which depends 
on the resistivity of the test specimen, of 0.5 /itV for a typical steel specimen. 
Thus, selection of a power supply requires significant attention to the appro
priate specifications. 

The remaining required hardware is less restrictive in requirement and se
lection. The computer must have sufficient speed and memory to execute the 
required programs, support graphics programming for effective display of 
data and results, and be easily interfaced with a wide selection of peripherals 
and instrumentation. 

A schematic of the computer hardware and instrumentation cluster is 
shown in Fig. 5. The disk drive provides rapid storage of data and results; the 
digital plotter complements CRT graphics, which may be dumped to the 
printer; the graphics tablet allows digitizing photographs of fracture surfaces 
for crack length measurement; and the relay actuator activates the start, 
hold, and reset controls of the function generator for computerized test con
trol. Such a configuration permits a sophisticated test procedure to be devel
oped and easily implemented. 

Procedure 

The procedure developed for R-curve testing and analysis may be summa
rized as follows: 
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(1) Enter test information and perform test. 
(2) Determine the through-thickness-average initial and final crack 

lengths. 
(3) Identify the point of crack growth initiation and complete analysis. 

Software has been written to accomplish these tasks with minimum manual 
intervention. General information, specimen dimensions, and test parame
ters are entered with the computer keyboard in response to prompts for infor
mation. Graphics are established to provide real-time load versus crack sur
face displacement and R-curve displays on the CRT and potential increase 
versus crack surface displacement on the plotter. A test information summary 
and data table are established on the printer. Disk files are created for data 
storage and instrumentation prepared for data acquisition. The operator may 
then begin the test. Triads of load, crack surface displacement, and electric 
potential data are acquired, stored, and printed. The apparent crack exten
sion is computed by Eq 1 where the net potentials, the difference of the mea
sured potentials, and the zero current or thermal potential are used. The frac
ture parameters are computed and the graphics updated. The computer 
terminates the test if the load rapidly reduces signifying instability, a trans
ducer limit is attained, or the disk data file is full. The operator may also 
pause or terminate the test at any time. 

Subsequent to testing, the final crack length is marked by heat tint or fa
tigue and the specimen fractured. The fracture surface is photographed and 
the print mounted on the graphics tablet. Typical photographs, shown in 
Fig. 6, demonstrate that sufficient contrast is achieved to accurately mark the 
flaw borders. The initial and final flaw borders are traced and the nine-point 
through-thickness-average crack lengths computed for incorporation in the 
final analysis. 

The point of initiation of crack extension is determined using a graph of 
electric potential increase versus crack surface displacement, as shown in 
Fig. 7. The start of the rapid increase in the electric potential coincides with 
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RELAY 
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FIG. 5—Computer hardware and instrumentation cluster. 
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LOAD LINE DISPLACEMENT (in.) 

FIG. 1—Electric potential blunting line for determining point of crack growth initiation. 

the initiation of crack growth [7]. A computer-assisted procedure displays the 
plot on the CRT, establishes the "blunting line," and allows the operator to 
identify the initiation point using a light pen. Experience has demonstrated 
this approach to be simple, reliable, and reproducible. 

Crack lengths are computed using Eq 1 where Vo is the potential at the 
point of initiation and ao the corresponding through-thickness-average initial 
crack length. A linear correction is employed to ensure that the final crack 
length computed from the electric potential data is equal to the final crack 
length measured on the fracture surface [<?]. Then, the crack extension is 

Ac = Aa 
hat 

" Afl •P/ 
(9) 

where the subscripts p refer to electric potential computations and/to final 
conditions. The ratio Laf/^pf has been observed to depend on the extent of 
crack front curvature and thus on material, specimen thickness, and side 
grooving conditions. 

The fracture parameters are computed as previously described. Plane-
stress conditions are assumed for smooth specimens while plane-strain condi
tions are assumed for side-grooved specimens. The data are edited such that 
points on the R-curves are arbitrarily spaced at least 25 jum of crack extension 
apart. The results are printed in both tabular and graphical form. 

Results and Conclusions 

Typical replicate R-curves obtained by the technique are shown in Figs. 8 
and 9. Figure 8 presents 6-R curves for compact specimens of 2024-T351 and 
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7075-T651 aluminum alloys while Fig. 9 presents J-R curves for single edge-
notched bend specimens of HY-80 and HY-130 steels. It is observed that little 
scatter is exhibited within each result and that the results are reproducible. 
Note that since the point of crack growth initiation is used as the reference 
point in the analysis, a blunting line is eliminated from the R-curve providing 
a relation between the fracture parameter and true physical crack extension. 

Thus, an automated technique for R-curve testing and analysis has been 
established. The procedure is simpler than conventional techniques by re
quiring only monotonic loading, minimizes required manual intervention, of
fers greater accuracy and resolution, permits precise determination of the ini
tiation toughness, and allows a single fracture test to be utilized for numerous 
fracture toughness characterizations. 
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ABSTRACT: A computer-interactive fracture toughness testing system is described. The 
system reliability is shown to meet the requirements of the proposed standard test proce
dure. Exemplary test results for compact testing, round compact testing, and three-point 
bend specimen geometries are presented. Based on the experiences gained, some minor 
additions are proposed to the standard test procedure. 

KEY WORDS: fracture toughness testing, elastic-plastic fracture toughness, unloading 
compliance, fracture resistance curves 

Design against fracture, be it brittle or slow-stable, has become or is be
coming mandatory in offshore, arctic, and nuclear technology. This has re
sulted in increasing demand for fracture mechanics testing capacity. 

As a measure of materials resistance against slow-stable crack growth, the 
plane-strain Jj-R curve [/] is probably the most widely accepted one. In mea
suring a Ji-R curve, the main experimental problem is to reliably detect the 
amount of crack extension during the test. The single-specimen elastic com
pliance method described in the tentative test procedure for plane-strain JpR 
curve (Albrecht et al [/]), was found in a round-robin test program [2] to be 
satisfactory in this respect. 

'Research officers, Metals Laboratory, Technical Research Center of Finland, Espoo, 
Finland. 

^Research officer, Academy of Finland, Espoo, Finland. 
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The elastic compliance method, besides being relatively easily automated, 
has the additional advantage of making possible the study of the influence of 
macroscopic material inhomogeneities on fracture resistance. This is because 
a complete JpR curve can be extracted from one specimen, and thus differ
ences in JpR curves reflect variations in macroscopic material properties. 

In this paper a computer-interactive testing system based on the single-
specimen elastic compliance method is described. Some suggestions are made 
regarding the use of the recommended [1] pin-loaded compact and three-
point bend specimens as well as the round compact and precracked Charpy 
specimens. 

Description of the Testing System 

The block diagram of the testing system is shown in Fig. 1. The measure
ment-control loop is as follows. The computer triggers the function generator 
via a relay actuator to send an increasing, decreasing, or constant signal to 
the control circuit of the servohydraulic testing machine. As the test is per
formed under clip gage feedback control, the servo valve is then adjusted so as 
to have equal output signals from the clip gage and the control circuit. The 
resulting changes in the load and displacement signals are recorded by a digi
tal voltmeter. This measurement is again controlled by the microcomputer 
through a multichannel controller unit. All data are stored on a magnetic 
floppy disk. 

During the test, plotters are used to show graphically the load-displace
ment curve and the Ji-R curve as the test proceeds. These plots are used as a 
basis for decision-making during the test. The decisions are then carried out 
using preprogrammed special function keys of the computer. The decisions 
can also be carried out automatically by the computer. 

The testing system as such conforms in detail to the requirements of the 
ASTM Test Procedure for/i^, a Measure of Fracture Toughness (E 813-81) as 
well as to those recommended by Albrecht et al [/]. 

The specimen size can vary freely between 10- and 100-mm thickness and 
the test can be performed at any temperature from — 100°C to +300°C. 

Experiences on Various Specimen Geometries 

Compact Testing Specimens 

Figure 2 shows a comparison of the physical crack extension and that pre
dicted by the above-described testing system for some 30 tests. The tests were 
performed with 25-mm-thick compact testing (CT) specimens at various tem
peratures. As seen, the results lie rather well between the broken lines, which 
represent the ± 15% relative maximum error allowed [/] for a test to be quali-
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PHYSICAL CRACK EXTENSION (nun) 

FIG. 2— Comparison of predicted and measured values affinal crack extension. Broken lines 
show the maximum error allowed by the standard test procedure. 

fied as valid. Thus, at least for CT specimen geometry, the recommended test 
practice leads to acceptable results. 

The recommended test practice [/] gives very broad limits for the loading 
rate to be used for initial crack length measurements. Also, during the actual 
test, unloading rates as slow as desired can be used. In our experience, chang
ing the unloading rate can in some cases result in marked differences in the 
measured compliance. For a typical 25-mm-thick CT specimen, the recom
mended minimum and maximum loading rates for initial crack length mea
surements are about 0.02 and 2 mm/min, respectively. Figure 3 shows the 
results of repeated initial crack length measurements when different loading 
rates were used with a nearly constant unloading load drop range. Figure 4 
shows the corresponding effect of the loading rate on the linear regression 
analysis correlation coefficient. During every unloading a total of 40 load-
displacement points were used for the compliance calculation, and five un-
loadings were performed with each loading rate. As seen, the scatter is largest 
for the lowest loading rate, although the requirement of the tentative test pro
cedure is met for all loading rates. It seems that for initial crack length deter-
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FIG. i—Effect of loading rate on the predicted initial crack length of a 25-mm CT specimen. 
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minations the loading rate does not have a major effect on the calculated com
pliance. However, it seems justifiable to suggest that a requirement of 
constant loading rate during the test should be added to the tentative test 
procedure. 

Round Compact Testing Specimen Geometry 

The round compact testing (RCT) specimen geometry shown in Fig. 5 is 
slightly different from the one discussed by Newman [3]. The present geome
try with machined sharp edges at specimen load line is better suited for JpR 
curve testing with irradiated specimens. Finite-element calculations showed 
[4] that the compliance of the present geometry was only slightly different 
from that given by Newman. The resulting compliance curve for 0.4 < a/W 
< 0.85 is of the form 

a/W= 1.015 + 3.206 • U, - 43.986 • Ul + 83.179 • U^ 

where U^ = l/[LOG(BEV/P) + 1], and V/P is the elastic compliance. 
Besides establishing a sound crack length-compliance calibration curve, 

the only other difficulty encountered in testing RCT specimens has been the 
limited space reserved for the clip gage (see Fig. 5). In our experience, a clip 
gage touching the notch face even slightly results in very abrupt changes in 
the measured compliance during the test. As these changes are nicely repeat-
able, it should not take too long to figure out where the problem is. 

As shown in Fig. 6, the Jj-R curves measured with a 12.5-mm RCT speci
men coincide well with the ones measured with a 25-mm CT specimen. 

[g-, 

. j ^ 

12.5±0,05 

0.05 A 

" ^ |0,05|/ 

FIG. 5—Round compact testing (RCT) specimen dimensions. 
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Three-Point Bend Specimen Geometry 

Three-point bend (3PB) specimen geometry had advantages over CT and 
RCT geometries in that interpretation of the test record in terms of the 
J-integral is on a much more sound basis. However, from the experimental 
point of view, the 3PB geometry has some serious disadvantages. Possible 
plastic indentation at load points gives uncertainty to the measured load-
point displacement and accordingly to the calculated/-value. Freely moving 
roller pins, on the other hand, allow for possible changes in the span width 
during the test, which then induces errors in the crack length prediction. 

Tests were conducted with both the recommended 3PB geometry [/], using 
a thickness of 15 mm, and the Charpy-V specimen geometry. During both 
tests, the span width was measured after every unloading using a device the 
accuracy of which was ±0.10 mm. In addition to the load-point displace
ment, the crack-opening displacement at the front face of the specimen was 
measured with a clip gage. The crack-opening displacement was used to cal
culate the crack length from the compliance curve given by Joyce et al [5]. 
Possible errors in J-values produced by plastic indentation were not corrected 
for. 

The resulting JpR curves are shown in Fig. 6. No significant geometry de
pendence of Ji-R curves was found. During the 15-mm 3PB specimen tests, 
the 12.5-mm-diameter roller pins drifted outward almost 1.5 mm each, but as 
the contact points moved inward exactly the same amount, the span width 
remained constant to a high degree. 

The JpR curve derived from the Charpy-V specimen differs somewhat from 
all the others. In this case, using 8-mm-diameter roller pins, the span width 
first remained constant to a load-point displacement of about 2.0 mm, and 
then steadily decreased from 39.7 to 38.3 mm. 

It should be noted that no "apparent negative crack growth" has been 
found when the crack length has been calculated based on the crack-opening 
displacement. Neale [6], using a compliance calibration curve based on load-
point displacement, found negative crack growth extending up to about 0.5 
mm for a Charpy-V specimen. The use of a clip gage for compliance measure
ment and a separate displacement gage for measuring the load-line displace
ment, as also recommended by Albrecht et al [/], offers no indication of nega
tive crack growth. 

Summary and Conclusions 

Automated testing systems provide an adequate solution to the problem of 
increasing demand for advanced materials testing. For the particular case of 
Ji-R curve testing, the single-specimen elastic compliance method has been 
most thoroughly investigated and found reliable. In this paper, one success
fully operating testing system utilizing this method has been described. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 14:05:26 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



268 AUTOMATED TEST METHODS FOR FRACTURE 

With CT and RCT specimen geometries, the recommended testing practice 
[1] was found detailed enough. However, a requirement of constant crosshead 
speed during the test should be added. With 3PB specimen geometry, such 
details as roller pin and loading head diameters probably control the extent of 
span width changes during the test. More specific limits should be given to 
these diameters so as to make tests performed with different test fixtures more 
readily comparable. 
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ABSTRACT: A computer-controlled test system was developed to measure J-R curves 
and Jic on compact tension and three-point bend specimens. The crack length was mea
sured by unloading compliance. Improved crack length accuracy was obtained by ampli
fying the load and crack opening displacement (COD) signals by factors of 10 to 20 before 
the unloading. Crack length accuracy was further improved by collecting 500 data pairs 
on unloading using a fast data acquisition method. In the compact tension specimen, 
crack length and load-line displacement were measured with a load-line COD gage. In the 
three-point bend specimen, load-line deflection was measured using the crosshead deflec
tion corrected for specimen and test fixture stiffness. An error analysis was performed to 
determine the crack length errors. The analysis showed the beneficial effect of using load 
and COD ranging to reduce the crack length errors. 

J-R curves were measured on 17-4-Ph stainless steel heat treated to 948 MPa yield. The 
J-R curves were measured on two specimen geometries, compact tension and three-point 
bend, using four starting a/w ratios from 0.65 to 0.80 and three side groove depths, 0%, 
12.5%, and 25%. The test results showed that in specimens with side grooves of 12.5% 
and 25%, the measured /ic-values were independent upon both specimen geometry and 
starting a/w ratio. The material tearing modulus, r„aie,i,i, was found not to be a material 
property since its value depended upon specimen geometry. 

KEY WORDS: J-integral, J^, Tmnei<i\, J-Resistance curve, fracture mechanics, elastic-
plastic, unloading compliance, crack length error, automated test methods, computer 
control, 17-4-Ph stainless steel 

'Materials scientist, Instron Corp., Canton, MA 02021. 
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Nomenclature 
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Area under load: load-line deflection curve 
Area under load: load-line deflection curve between ith and i + 1 
loadings 
Crack length 
Initial crack length 
Error in crack length 
Physical crack advance 
Specimen thickness 
Effective thickness [B - {B 
Net thickness 
Uncracked ligament (W — a) 
Test machine and fixture compliance 
Crosshead displacement 
Element of displacement along path S 
Modulus of elasticity 
Plane-strain modulus [E/{1 — v^)] 
Error in modulus measurement 
Dimensionless coefficient used to calculate / 
J-integral 
J-integral corrected for crack advance 
Fracture toughness 
Provisional value of J\c 
Stress-intensity factor 
Load 
Error in load measurement 
Span width of three-point bend fixture 
Standard error estimate of slope 
Covariance of x and y 
Variance of x 
Variance of y 
Traction vector along path S 
Material tearing modulus 
Displacement vector 
Transfer function for compliance 
Crack opening displacement (COD) 
Error in COD measurement 
Specimen width 
Energy density 
Intercept in regression analysis {y = mx + 0) 
Load-line deflection 
Dimensionless coefficient used to calculate J 
Yield strength 
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Of Flow strength 
V Poisson's ratio 
r Path used to calculate J-integral 

The use of the J-integral in materials evaluation has become increasingly 
important since the original work by Eshelby [1], Hutchinson [2], and Rice 
[3,4] showed that the J-integral describes the stress field in a cracked body 
under elastic-plastic conditions. Due to the many shortfalls in the K^^ test in 
measuring a materials resistance to static cracking, the J-integral approach 
was applied to various test specimens to determine a J-integral fracture crite
rion. As a result of the work by many researchers a standard J\^ fracture test 
was developed by ASTM [5]. The experimental and theoretical work that was 
the basis of the ASTM standard came mainly from the work in Refs 6-9. The 
objective of the ASTM method is to determine the value of / at the initiation 
of crack growth. The resistance of a material to crack growth is described by a 
J-R curve, which measures J as a function of physical crack advance. The J-R 
curves are assumed to be bilinear for small amounts of crack extension with 
the initial linear section defining the crack-tip blunting (/ = lOfAa) and the 
second linear section defining the growth of a crack from the blunted notch. 
The intersection of these curves defines J|c, the fracture toughness value. 

Two test techniques are used to determine the J-R curve: the multiple-
specimen technique and the single-specimen technique. The single-specimen 
technique is potentially superior to the multiple-specimen technique since an 
entire J-R curve is generated with the same specimen. The single-specimen 
technique eliminates the effect of material variability on the J-R curve. The 
technique is far more efficient in the use of test material, which is generally 
not very plentiful. The greatest problem in the single-specimen technique is 
the accurate measurement of crack length. Many of these problems of obtain
ing accurate crack length measurements have been discussed by Clarke 
[8-10], Jones [//], and Hewitt [12]. The most common method to determine 
crack length is by unloading compliance, in which the unloading is limited to 
10% of the current load to prevent crack growth by fatigue processes and any 
subsequent effects of the unloading on the R-curve development. In typical 
test machines, full-scale equals 10 V; thus the load signal available for the 
unloading compliance measurements is 1 V or less and the COD signal is 
usually smaller than the load signal. Care must be exercised to accurately 
measure the slope of these low-level signals or the crack length measurement 
will not be accurate. A practical solution to this problem is to use a computer 
system for data collection or test control or both. A computer-assisted single-
specimen /ic test was developed by Joyce [13] using a Tektronix-based com
puter system in which the computer was used for data storage and analysis. A 
more sophisticated test system was recently developed by Van Der Sluys et al 
[14], Their system contained both computer control with data storage and 
analysis using a Digital Electronics Corp.-based system. In this system, crack 
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length accuracy was improved by computer-controlled ranging and zero sup
pression. In both computer-assisted and computer-controlled test systems, 
excellent results and good agreement were obtained compared with tests per
formed using the multiple-specimen technique. 

An additional method which should improve the accuracy of crack length 
by the unloading compliance technique is to collect a large quantity of data 
points (500 to 1000) during each unloading and allow the statistics of the sig
nal noise to improve the slope resolution. The primary objective of this study 
was to develop a computer-controlled single-specimen Jy^ test system utilizing 
a fast (10 ms) data acquisition method. A crack length error analysis method 
was developed to determine the usefulness of load and COD ranging in reduc
ing the crack length error. The secondary objective was to measure J-
resistance curves for 17-4-Ph stainless steels studying the effect of specimen 
geometry (three-point bend and compact tension), side groove depth, and 
starting crack length to width ratio. Previous work has shown varying results 
with respect to the effect of these parameters on J-resistance curves {7-9,15-
21]. Test results were focused not only on Jic, but also on the value of material 
tearing modulus Jmateriai- Published work on the tearing modulus [9,22-25] 
did not seem to adequately show geometry and size independence of Tmateriai-
The test results were focused on the validity of Jic as a fracture parameter and 
on the validity of the tearing modulus as a true material property. 

Experimental Procedure 

Material and Specimen Geometries 

The material used in this investigation was a precipitation-hardened stain
less steel 17-4-Ph. A typical chemical composition of this alloy is listed in Ta
ble 1. The alloy was obtained in the solutionized condition and was subse
quently aged at 620°C for 4 h. The measured room temperature mechanical 
properties are listed in Table 2. Two specimen geometries were used for this 
investigation, the three-point bend geometry and the compact geometry. The 
specimens were machined according to the ASTM Test Method for /jc, a 
Measure of Fracture Toughness (E 813-81), with the longitudinal-transverse 
(L-T) orientation as described in the ASTM Test Method for Plane-Strain 
Fracture Toughness of Metallic Materials (E 399-83). The specimen dimen
sions used in these experiments are listed in Table 3. Some of the specimens 

TABLE 1—Typical composition of 17-14-Ph stainless steel (weight %). 

c 
0.04 

Mn 

0.40 

Si 

0.50 

Cr 

16.5 

Ni 

4.25 

Cb 

0.25 

Cu 

3.60 

Fe 

bal 
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TABLE 2—Room temperature mechanical properties 
of 17-4-Ph stainless steel. 

Yield strength 
Ultimate tensile strength 
Flow stress 
Fracture strain 
Modulus of elasticity 
Poisson's ratio 
Plane strain modulus 

948 MPa 
1020 MPa 
984 MPa 

14.7% 
193 GPa 

0.27 
207 GPa 

TABLE 3—Specimen dimension for J-integral specimens. 

Machined 
Thickness, Width, Notch Length, 

Specimen Type B, mm W, mm a, mm 

Compact 25.4 50.8 12.7 
Three-point bend" 12.7 25.4 6.35 

"Span width = 101.6 mm (4w). 

were side grooved with an included angle of 90 deg. Side grooves which re
sulted in either 12.5% or 25% reduction in thickness were used. 

The COD gage was attached to the specimens by the use of knife edges 
machined in the specimen. Knife edges were made by a 9.5-mm hole which 
was drilled 4.0 mm off center. This hole then provided a 5.0-mm opening for 
attachment of the COD gage. In the compact specimen the COD gage was 
located at the load line whereas in the three-point bend specimen the COD 
gage was located on the surface of the specimen adjacent to the machined 
notch. 

Computer Hardware and Test Equipment 

Fatigue precracking of specimens was done on an Instron computer-
controlled servohydraulic test system using the fatigue crack propagation 
program. Details of this equipment and procedure are described elsewhere 
[26], Fatigue precracking was done using a constant-A" test with a delta-A^ of 
23 MPAVnT. Fatigue precracks were extended to a/w'% from 0.65 to 0.80 
from an initial machined notch a/w of 0.50. The fatigue precrack procedure 
was performed to conform to ASTM Method E 813, Section 7.6. 

The J-integral tests were done on a computer-controlled Instron Model 
1125 electromechanical test system. The electromechanical test system was 
preferred over the servohydraulic test system because of the superior displace
ment control of the electromechanical test system. A block diagram of the test 
system is shown in Fig. 1. The zero suppression of load and COD was accom-
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plished using a ten-step zero-suppression module. The computer system used 
was a DEC PDP 11/23 with 128K word memory and a floating point proces
sor. A large disk storage capacity of 20M byte was used. The disk storage 
system consisted of one RL02 and two RLOl hard disks. In each J-integral test 
the raw test data, some 40 000 data triplets of load, COD, and load-line de
flection, were stored on the disk to allow data reduction by various tech
niques. The load and COD signals were input to the computer system by use 
of a 12-bit analog-to-digital (A/D) converter. The crosshead extension was 
measured by use of an optical encoder whose output was measured with a 
digital counting circuit in the Machine Interface Unit (MIU). The extension 
was measured by the computer by reading a digital 16-bit word through an 
80-bit parallel input/output (I/O). The parallel 1/0 was used for machine 
control and status and for the measurement of extension. The MIU was fitted 
with a computer-controlled variable-speed option which allowed the com
puter to command any crosshead velocity within the capability of the test 
instrument. 

The crack opening displacement was measured with Instron Model 2670 
COD gages. The grips used for compact specimens were Instron Model 2750 
fracture mechanic grips. The grips used for three-point bend specimens were 
Instron Model 2810 bend fixture. 

Software Description 

A program called JRTEST was developed to perform real-time control, 
data acquisition, and data analysis for the J-R test. The test system software 
was designed to test either a compact specimen or a three-point bend speci
men according to the single-specimen /jc test procedure using periodic un
loading to determine crack length. The operating system software was 
RSXllM, which was designed for multitasking and multiprogramming envi
ronments. The J-R test program was written in BASIC-plus 2 (compiled 
BASIC) to take advantage of the flexibility of a high-level language. The In
stron machine driver (IMD), which is a collection of macro-subroutines, was 
used to perform all of the machine control and data acquisition tasks. The 
IMD was built to link to the executive I/O page directly and thus receives 
high priority for machine control tasks. 

There are four tasks included in the J-R test software: CALEM, JRTEST, 
/]<., and EZGRAF. The interaction of the various tasks and their use of disk 
files are shown in Fig. 2. The CALEM task measures computer calibration 
constants and stores them in a disk file. The computer calibration constants 
are used by the IMD to convert A/D readings to physical units of force and 
displacement. JRTEST is the main program which inputs the necessary test 
parameters, runs the real-time test, analyzes the results, and outputs the 
results to the terminal and disk files. The Jic task takes the stored reduced 
data of (J, Aup) and calculates Tic, ^material, and checks the validity of the test 
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FIG. 2—Interaction of program tasks and data files for automated J/̂  test system. 

results. The EZGRAF task plots the test results of both (/, Aop) and (Load, 
COD) on Tektronix plotters. 

A simplified flow diagram of JRTEST is shown in Fig. 3. The brackets on 
the side of the diagram indicate the function of each segment. The program 
can be divided into three sections; test parameter input, real time control with 
data acquisition, and data analysis. During the real-time control section, 
there are many simultaneous checks performed to assure the test is running 
properly. The software constantly monitors the feedback signals and will stop 
the machine if they are greater than full-scale values. During the monotonic 
loading section the COD is constantly monitored and the test is stopped when 
the COD passes the prescribed COD value. During the monotonic unloading 
the load is constantly monitored and the test machine stopped when the load 
reaches the lower load value. In either case in the monotonic loading or un
loading sections, data are constantly collected at either 10- or 20-ms intervals 
and stored in a disk file. The data collected consisted of load, COD, and load-
line deflection. The load-line deflection for the three-point bend specimen 
was obtained by the following equation 
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d = CHD - C„P (1) 

The load-line deflection for the compact specimen was equal to the COD 
since the COD was measured at the load line. The value of C„ was measured 
using an uncracked specimen. The C^-value was a function of the load cell 
capacity used for the test. The higher the load cell capacity, the lower the C„ 
value. For this experiment the value of C„ was 1.496 X 10~^ mm/N for the 
22 240 N capacity load cell and 1.13 X IQ-^ mm/N for the 88 960 N capacity 
load cell. A drop in the load was observed when the specimens were held at 
constant displacement near maximum load. This load relaxation has been 
reported to cause a substantial error in the calculated crack length if incorpo
rated into the unloading [9,14]. The unloading was delayed until the load 
relaxation rate was less than a user-specified value (default 2.0 N/min). This 
delay was accomplished by software data collection and analysis loop. 

In many of the specimens it was desirable to measure the J-R curve for large 
crack advances (Aop > 2.5 mm). This caused some problem in that generally 
by the time the crack had propagated 2.5 mm, the linear range of the COD 
gage had been used up. This problem was solved by changing the COD gage 
to one with a larger gage length and having the software keep track of the 
absolute value of the COD and load-line displacement. 

It was felt that a real-time data analysis was unnecessary, so the raw data 
were stored on a disk file, making it possible to analyze the same data many 
times using different techniques. 

Analysis of Raw Test Data 

The details of the J-integral can be found in Refs 2-4 and 27. The J-integral 
is a path-independent line integral which may be calculated by using any path 
which encompasses the crack tip. The expression for J-integral is 

— 3ii 
J= I W,dy-T — ds (2) 

The expressions used to approximate / for the compact tension and three-
point bend specimens for a/w > 0.50 are 

J = A/Bb -fiao/w) (3) 

for three-point bend 

f(ao/w) = 2.0 
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FIG. 3—Flow diagram of automated J-R test program. 
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for compact tension specimen [4,27] 

f(ao/w) = 2[(1 + a)/( l + a^)] 

a = [(2ao/*F + 2(2ao/b) + 1^'^ 

2ao/b = 2ao/(w — ag) 

(4) 
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The expression for / , Eq 3, does not account for physical crack advance. / 
is corrected for physical crack advance by [4,10] 

'f{a/w)\ A,-,,+, 

where 

7, = 1 for three-point bend, and 
7, = 1 + 0.76(w — a/w) for compact tension. 

The tearing modulus of the material was defined by the following equation 

dJ E 
• material da Of! (6) 

The slope of the J-integral curve between {J/Iof + 0.15) and (J/2o/ + 1.5) 
was used to define dJ/da. 

Determination of Crack Length by Unloading Compliance 

The crack length in a specimen can be determined by elastically unloading 
a specimen and measuring the compliance VQ/P. Saxena and Hudak [28] 
have determined polynomial relationships between compliance and crack 
length for compact tension, wedge opening loading (WOL), and center-
cracked specimens. Jablonski [29] has determined similar relationships for 
three-point bend specimens. The crack length is determined by the following 
relationship 

a/W = Co + CiU + C.U^ + C.U^ + C^W + CsU^ (7) 

where 

U = 1 

5eff — 

E'VoB^ffY^ 
+ 1 

B 
iB - B„e.)2 

B 

(8) 

(9) 

The coefficients used in Eq 7 are listed in Table 4. The effective thickness, 
Brff, was used in place of the specimen thickness, B, based upon the results 
obtained of Shih and deLorenzi [30] on side-grooved specimens. The compli
ance VQ/P was found by a linear regression analysis of the unloading load-
COD data. In this analysis, only part of the unloading data was used to deter-
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TABLE 4—Crack length coefficients for various geometries. 

Geometry 

Compact" 
Three-point bend*" 

Co 

1.0002 
0.994516 

c, 
-4.06319 
-3.6925 

C2 

11.242 
-1.70627 

Cj 

-106.043 
36.472 

c, 
464.335 

-106.443 

Cs 

-650.677 
125.51 

"COD measured at load line 
'COD measured at surface. 

mine the slope because of nonlinear behavior due to transducer hysteresis. 
Compliance calculations were done using the slope of the unloading curve 
between the upper and lower limits. The limits were defined as percentages of 
the maximum and minimum load. Typical limits were 70% and 15%. During 
each unloading 500 to 1000 data pairs were collected in order to determine the 
slope V^/P accurately. 

Calculation of ijc ^nd Validity Checks 

The value of /[^ was determined according to the methods described in 
ASTM Method E 813. The R-curve was obtained by a linear regression curve 
of qualified data. The following validity checks were performed 

(H^-

B 

"net 

> 25 Jq/Of 

> 25 JQ/Of 

- flo) > 25 JQ/OT/ 

dJ 
da <0f 

The data used to calculate the R-curve were checked such that B,b, and 
5„et were greater than 15//ory; data with values lower than 15//ay were re
jected for the R-curve analysis. 

Results 

A series of experiments was conducted to evaluate the influence of a variety 
of parameters on the J-resistance curves of 17-4-Ph stainless steel. The pa
rameters studied included starting a/W ratio, side groove depth, and speci
men geometry. A typical plot of load versus COD for these experiments is 
shown in Fig. 4. The COD increment was fixed at the beginning of the experi
ment and unloading was always 10% of the current load. The COD increment 
was chosen so that a minimum of eight qualified data points would be ob
tained for determining the R-curve. 
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FIG. 4—Load versus COD for three-point bend specimen with a/W = 0.70, 12.5% side 
grooves. 

The effect of side groove depth on the J-resistance curves is shown in 
Figs, 5-7. In the J-resistance plots the dashed line represents the calculated 
blunting line from the expression / = lajAa. The side groove depth had very 
little effect on the J-resistance curves for compact tension specimens. The side 
groove depth had a substantial influence on the J-resistance curves in the 
three-point bend specimens. In the bend specimens the J-resistance curves 
with no side grooves had a substantially steeper slope than those for speci
mens with side grooves of 12.5% and 25%. In the bend specimens the J-
resistance curves were identical for specimens with 12.5% and 25% side 
grooves. 

The effect of starting a/W ratio on the J-resistance curves is shown in 
Figs. 8-11. In Figs. 8 and 9 the data for specimens with 25% side grooves are 
plotted and in Figs. 10 and 11 the data for specimens with 12.5% side grooves 
are plotted. There are no consistent trends in the data to correlate with the 
starting a/W ratio. In Fig. 10 there appears to be an ordering of the curves 
with respect to decreasing J with increasing a/W. An examination of the data 
showed the test with a/W = 0.80 was not valid, failing the criteria that 
(W- a)> ISJ/oy. 

In Fig. 11 the data lot a/W = 0.65 were considerably different than those 
obtained at a / W ratios of 0.70, 0.75, and 0.80. A reason for the change in the 
J-resistance curve at a/W = 0.65 has not been found, but it is suspected that 
this difference was caused by a material variation. 
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FIG. 5—Effect of side grooves on the J-R curve with CT geometry. a/W = 0.70. 
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FIG. 6—Effect of side grooves on J-R curve with bend geometry, a/W = 0.70. 
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FIG. 7—Effect of side grooves on J-R curve with bend geometry, a/W = 0.80. 
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FIG. 11—Effect of a/W ratio on theJ-R curve of bend geometry. 12.5% side grooves. 

Comparisons were made between the measured blunting line and the calcu
lated blunting line. These comparisons showed that in all cases the experi
mental and calculated blunting line coincided with the three-point bend spec
imens. In the compact tension (CT) specimens the measured blunting line 
always had a greater slope than the calculated blunting line. An examination 
of J-resistance curves of CT specimens that have been published in the litera
ture [7,8,11,13,15,16,21] has shown that they all have an initially steeper 
blunting line than that calculated by / = 2a/Aa. The calculated blunting line 
appears only to estimate the blunting line correctly for the three-point bend 
specimens. 

Values of Jic and Tmateriai are listed in Tables 5 and 6 for the compact ten
sion and three-point specimens. The average value of Ji^ was similar for both 
geometries, varying from 195 kPa-m for the compact tension specimens to 
205 kPa-m for the three-point bend specimens. Jjc-values for non-side-
grooved three-point bend specimens exhibited a wide variation, from 205 to 
283 kPa-m. The /ic-values for non-side-grooved CT specimens were less var
ied, from 180 to 193 kPa-m. The crack front in the non-side-grooved bend 
specimens exhibited substantial tunneling, and shear lips occupied 35% of 
the fracture area. The stress state was not uniform across the fracture surface 
with only the center 65% being under plane-strain conditions. Tmatenai was 
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TABLE 5—/-/? data on compact tension 17-4-Ph stainless steel. 

Specimen 
No. 

5517-4-1 
5517-4-2 
5517-4-3 
5517-4-6 
5517-4-4 
5517-4-7 
5517-4-9 
5517-4-8 

% Side 
Grooves 

0 
0 

12.5 
12.5 
12.5 
25 
25 
25 

ai/W 

0.65 
0.70 
0.70 
0.75 
0.80 
0.70 
0.75 
0.80 

Jlc, 
k P a m 

193 
180 
195 
231 
170 
208 
209 
190 

-* material 

27.34 
23.00 
18.56 
17.18 
18.54 
20.00 
16.31 
16.20 

AvgJ„= 194.5+18.5. 
Avg r^ieriai = 17.8 ±1.5 (see Note 1). 
Note 1: does not include data for 0% side-grooved specimens. 

TABLE 6—J-R data on three-point bend 17-4-Ph stainless steel. 

Specimen 
No. 

5517-4-16 
5517-4-17 
5517-4-24 
5517-4-22 
5517-4-23 
5517-4-25 
5517-4-20 
5517-4-21 
5517-4-19 

% Side 
Grooves 

0 
0 

12.5 
12.5 
12.5 
25 
25 
25 
25 

ai/W 

0.70 
0.80 
0.65 
0.70 
0.75 
0.80 
0.70 
0.75 
0.80 

.^IC! 

kPa-m 

283 
204.7 
264 
215 
195 
160.4" 
237 
193 
174 

-* maievial 

50.28 
44.26 
28.10 
24.30 
23.65 
30.96 
22.52 
27.80 
26.53 

"Not valid W-o, criteria not met. 
Avg y,e = 205.5 ±36.0. 
Avg r„„eriai = 26.27 +2.96 (see Note 1). 
Note 1: does not include data for 0% side-grooved specimens. 

used to characterize the slope of the R-curve. Tmateriai for non-side-grooved 
three-point bend specimens had values of 47.0 and side-grooved specimens 
had values of 26.0. The value of Jmateriai was found to depend upon specimen 
geometry. The average tearing modulus for compact tension specimens was 
17.80 whereas the average value for three-point bend specimens was 26.3. 
The tearing modulus on average was 47% higher for three-point bend speci
mens compared with CT specimens. In either specimen geometry the tearing 
modulus was independent upon starting a/VF ratio when side groove depths 
of 12.5% and 25% were used. Thus it appears that the material tearing mod
ulus should be referred to as rmateriai.geometry since it appears not to be a mate
rial property. 

Data in Figs. 5-11 and Tables 5 and 6 show that J\c is a valid fracture 
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parameter since its value is independent of specimen geometry and starting 
crack length as long as plane-strain conditions are met. Plane-strain condi
tions are obtained in the three-point bend geometry by the use of side grooves 
of either 12.5% or 25% depth. In the compact tension specimens the plane-
strain conditions are met even when side grooves are not used. The fact that 
the thickness and width of the CT specimens were twice that of the three-
point bend specimen was probably responsible for plane-strain conditions to 
be maintained in the CT specimens even when side grooves were not used, 
whereas the three-point bend specimens required side grooves to maintain 
plane-strain conditions. 

Discussion 

The accuracy of the crack length measurement obtained by unloading elas
tic compliance depends upon many variables. Effects of friction in the load 
train and friction in the knife edge attachment have been examined by Hewitt 
[12]. Hewitt found that by reducing the pin friction by the use of needle bear
ings, the crack length error could be reduced from 0.05 to 0.03 mm. The 
effect of knife edge friction was determined to be small. Four other factors 
which will effect the crack length accuracy are the error in load measurement, 
the error in COD measurement, the error in modulus measurement, and the 
error in the fit of crack length with compliance. Assuming that the polyno
mial fit of crack length versus compliance is good, one can neglect this error. 
The error in crack length can be estimated by forming the partial differential 
of Eq 7. The error in crack length Aaen-or is given by [31] 

Aa. Mm 9t/ , ^ V , /a t / , „ 
- - A^er + -rrr APe 
BE \dP + 

dU \2 
^ A V o e . (10) 

where U is defined by Eq 8, 
Performing the appropriate partial differentiation and defining the vari

able z as 

E'VoB^nY^ 

1 -f E'VoB^y 
(11) 

Eq 10 may be reduced to 

W-z 
[Ci + 2C2U + 3C3C/2 + AC^U^ + 5CsU^] 

AE, 
+ Vo + 

APer^^ 1/2 
(12) 
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In order to evaluate Eq 12 a computer program was written to apply this 
equation to actual J-resistance test data. The load and COD errors were de
fined in terms of a percentage error of the test range used. A typical error was 
on the order of 0.10% of the test range. Since not all of the unloading data 
were used to calculate crack length, but rather only the section of the load-
COD curve that was between the upper and lower limits, the amount that this 
reduced the load and COD signals was included in the analysis. The influence 
of load and COD ranging was included in the analysis by the amount that 
ranging changed the relative load and COD errors. 

The results of the error analysis was a tabular output and a graphic output 
in which error bars were placed on /-Aflp data pairs. The program was run to 
determine the effect of load and COD ranging on crack length error. In the 
three-point bend specimens the use of load and COD ranging reduces the 
average crack length error from 0.10 to 0.007 mm. In the compact tension 
specimen the average crack length error is reduced from 0.28 to 0.03 mm by 
the use of ranging. The analysis has also shown that crack length can be de
termined more accurately in the three-point bend specimen than in the CT 
specimen. 

An alternative estimate of the error in crack length measurement by un
loading compliance was determined using a statistical analysis of the load and 
COD data. The crack length was determined from the slope of the COD-load 
curves; thus any error in determining the slope of the curve would result in an 
error in the crack length. The slope of the COD-load curve was determined by 
a linear regression analysis of the data. The error in the least-squares slope 
was determined by the standard error estimate of the slope, 5* [32,33]. The 
standard error estimate determined the variability in the slope due to the dis
tribution of data points about the least-squares fitted line. The standard error 
estimate would be large when there is a loose dispersion of data points about 
the regression line, whereas the standard error estimate would be small when 
there is a tight dispersion of data points about the regression line. The stan
dard error estimate is defined by the following expressions 

S>. = v 4 ^ (13) 
5,v« ~ 1 

where 

5.= . ^ ..[nLx^-illxy] (14) 
n(n — 1) 

S,^y = ̂ ^-^r (Sj - ^^Si) (15) 
n — 2 
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The error in crack length caused by the distribution of data about the fitted 
line can be estimated by 

Aae„or = Co + C, t/eff + Cji/^f, + QUiff + C.U^i + Csf/lf, (17) 

The transfer function, U^tf, is an effective transfer function which includes 
the measured slope VQ/P and the estimate of the error in this slope, Sh- The 
effective transfer function is defined by 

C / e f f - r 
1 

E'Beff ( — + 5* 
172 (18) 

+ 1 

The error analysis was performed in the real-time test program JRTEST for 
every unloading compliance measurement. This analysis was referred to as 
the on-line error analysis, whereas the previous analysis was referred to as the 
theoretical error analysis. 

The errors obtained using both analyses are compared in Table 7. Errors 
reported are the average error for all the unloading compliance measure
ments within a given test. The +/— error is the standard deviation for that 
particular average. A number of interesting comparisons can be made with 
reference to Table 7. First, consider the effect of load and COD ranging on 
the magnitude of crack length error. Both error analyses show that the crack 
length error is reduced substantially by the use of ranging, though the theo
retical analysis shows that the difference is far greater than the on-line analy
sis shows. A comparison can also be made with regard to the effect of speci
men type on the crack length error. The on-line analysis showed that the 
crack length error was similar for the two types of specimens, whereas the 
theoretical analysis shows that the three-point bend specimen has less error. 

The reasons for the differences in the results of the two types of error analy
sis are due to the differences in how the error was calculated. In the on-line 
analysis, error was determined by the repeatability and the amount of noise in 
the measurement. Thus a measurement in which all the load-COD data fall 
exactly on the fitted regression line would give an error of zero. This analysis 

TABLE 7—Comparison of crack length errors using two types of analysis. 

Specimen Ranging On-Line Error Analysis Theoretical Error Analysis 
Type Used Crack Length Error, mm Crack Length Error, mm 

Bend 
Bend 
CT 
CT 

yes 
no 
yes 
no 

0.0135 ±0.0055 
0.0445 ±0.0275 
0.0165 ±0.0055 
0.0440 ±0.018 

0.00695 ±0.00145 
0.108 ±0.035 
0.028 ±0.008 

0.2835 ±0.0815 
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does not consider the absolute accuracy of each measurement but rather only 
the amount of noise on the measurement. In contrast to this analysis, the 
theoretical analysis neglects noise on individual data points and concentrates 
on the accuracy of the individual load and COD signals. The theoretical anal
ysis should give a better estimate of the crack length error, since the source of 
the crack length errors is used in the analysis. 

A graphical representation of the effect of load and COD ranging on the J-
R curve is shown in Figs. 12 and 13. In these figures error bars were placed on 
the physical crack advance data using Eq 12 to calculate the error. Figure 12 
shows the results for a test which used ranging. The crack length error is 
greatest at the beginning of the test when the loads are the smallest. In Fig. 13 
the results are plotted for two cases. In the first case, labeled "theory," the 
test data from a specimen which used ranging were input into Eq 12 and the 
error was calculated assuming ranging was not used. The curve labeled "ex
perimental" contains test data from a specimen in which ranging was not 
used in the real-time test. This figure compares the experimentally measured 
error with the calculated error. The results show that the variation of crack 
advance seen in experimental data falls within the theoretically calculated er
ror bars. The comparison is clearest along the blunting line. 

600 

460 

360 

150 

100 

S0 

0 

-0.60-0.90-0.10 0.10 0.90 0.60 0.70 0.00 1.19 1.90 1.60 

PHYSICAL CRACK AOVANCe C M } 

FIG. 12—J-R curve for 17-4-Ph stainless steel with 0% side grooves using XlOloadand X20 
COD ranging with error bars calculated by Eg 12. 
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FIG. 13—Comparison of theoretical and experimental errors on the J-R curve of l7-4-Ph 
stainless steel with 0% side grooves using no load or COD ranging. 

The two error analyses estimate the crack length error in a J-resistance test 
by two different but complimentary methods. The theoretical analysis (Eq 12) 
determines the accuracy of the crack length measurement. The on-line analy
sis (Eq 17) determines the relative amount of noise in the individual data 
points of load and COD. The theoretical analysis is useful in determining the 
absolute accuracy, whereas the on-line analysis is useful in evaluating the ef
fect of system noise on crack length error. 

A series of measurements was made on the fractured specimens to compare 
the optical crack length with that obtained by unloading compliance. The 
optical crack length was measured at five equidistant locations along the frac
ture surfaces and then the measurements were averaged. In the compact ten
sion specimens both the initial fatigue precrack and the static /i<. crack were 
measured, whereas in the three-point bend specimens, only the fatigue pre
crack was measured. The results of this comparison are shown in Table 8. 
The average error in the fatigue precrack length was 0.53% for compact ten
sion specimens and 0.83% for three-point bend specimens. The average error 
in the static crack length was 0.58% for the CT specimen. These results show 
that the computerized system was able to accurately measure the crack length 
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PIG. 14—Fracture surface of compact tension specimens with no side grooves and with 25% 

side grooves. 
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and that the use of the effective thickness in Eq 8 does account accurately for 
the effect of side grooves on the unloading elastic compliance. 

The five-point optically measured crack length was always less than that 
measured by compliance with non-side-grooved specimens. This is primarily 
due to the significant amount of tunneling observed in non-side-grooved spec
imens. The crack front profiles are shown in Fig. 14 for the compact tension 
specimens. In the CT specimens with 0% side grooves there was some tunnel
ing observed in the fatigue precrack front, but there was a significant tunnel
ing observed in the static crack front. In the case of 25% side grooves the 
static crack front was straight and the fatigue precrack had an inverse curva
ture with the crack length being greater at the surface. 

The static crack front did not maintain a planar front when side grooves 
were not used; the surface regions of the crack propagated by a shear mode as 
evidenced by the large shear lips and the center region propagated in a planar 
Mode I plane-strain fracture path. This mixed-mode crack advance was the 
result of a change in the stress state from plane stress at the surface to plane 
strain in the center. It was estimated that 35% of the crack was in plane stress 
and 65% was in plane strain. In side-grooved specimens, 100% of the crack 
front was in plane strain. 

Conclusions 

1. Procedures to automate the measurement of J-resistance curves were 
presented. The automated test controls a screw-driven electromechanical test 
machine and determines a specimen's J-resistance curve. Compact tension or 
three-point bend specimens could be tested with the automated system. 

2. The accuracy of the crack length measurements made by unloading 
compliance was determined using two different types of error analysis. Both 
error analyses showed that load and COD ranging was effective in reducing 
the crack length errors. 

3. The test results showed that J\^ is a valid fracture criterion when plane-
strain conditions are met. /i,. was shown to be independent upon starting a/W 
ratio and specimen type. 

4. The J-resistance curves for specimens with side grooves were shown to 
be unaffected by the side groove depth. 

5. The material tearing modulus was not a material property. The tearing 
modulus was always higher for the three-point bend geometry. It was sug
gested that the tearing modulus be referred to as rmateriai.geometry 
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Effects of thermal draft and slight 
changes in the 4A current level, 
105,108 

Equipment, 103-104 
Growth rate test results, 114 
Interface schematic, 108 
/ik-increasing program, 113-114 
Load control signal, 109-111 
Load frame and oven used for high-

temperature fatigue tests, 107 
Load-shedding scheme, 114-115 
Measurement, 67 
Rear view of control system, 106 
Software, 110-111 
Specimen preparation, 104, 107 
Surface-flawed specimens 

Block averaging approach, 153-

155 
Data analysis, 152-156 
Experimental approach, 150 
Finite-element analysis, 161 
Hold-time conditions, 161-162 
Material, 150 
Potential data, 153,154 
Regression analyses, 158 
Results, 156-158 
Schematic diagram, 153 
Test conditions, 150-152 

System configuration, 104, 105-
107 

Threshold test program, 111-114 
Top view of control circuitry, 106 
Tunneling correction, 109 
Tests in hot cells, 198-199 
Versus load, 171 

Digital computers 
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Positive and negative aspects, 11 
Positive aspects, 11 

Digital-to-analog converter, 30, 134, 
173-174 

Digital-to-analog multiplying condi
tioners, 70 

Distributed laboratory control de
sign, 13-14. 

Distributed processing systems, 11 

E 

EDM notch, 152, 154 
Effective modulus approach, 218 
EIA RS-422A, 22-23 
Elastic-plastic fracture, 227, 248 
Elastic-plastic fracture toughness 

testing, 260-268 
Compact testing specimens, 261, 

263-265 
Effect of loading rate 

Linear regression analysis corre
lation coefficient, 263, 264 

Predicted crack length, 263, 264 
Predicted and measured values of 

crack extension, 263 
Round compact testing specimen, 

265 
System, 261-262 
Three-point bend specimen, 266-

267 
Epoxy resin, crack propagation re

sponse, 59, 61 
EZGRAF, 276 

FATCRAG, 203-204 
Fatigue, 27-42 

Stress versus cycles-to-failure, 40 
Use of computers, 102-103 

Fatigue experiments 
Automated, hardware schematic, 

186 

Experimental results, 40 
Methods, 37-38 

FCPINP, 47, 49 
FCPRUN, 46-47, 49 

Flow diagram, 50 
FORTRAN programming, 41, 47 
Fractomat, 46, 53, 55, 177, 184 

Schematic, 179 
Fracture mechanics, 44,167, 248 
Fracture toughness (see also Elastic-

plastic fracture toughness test
ing; Irradiated stainless steels, 
crack growth and fracture 
toughness), 197 

Data processing and analysis, 205-
206, 208 

Measuring methods, 202-203 

GP-IB, 23 

G 

H 

Heat-tinting method, compared with 
potential-drop method, 210 

HY-80 steel 
Crack growth data, 235, 237 

Rate in sodium chloride solu
tion, 190 

J-R curve, 258 
Side-grooved, fracture surface, 256 

HY-130 steel 
Crack growth rate, 236, 238 

Versus 7-range, 243, 245 
Crack length versus cycles 

Constant applied /-range, 239, 
241 

Constant J over set amounts of 
crack extension, 243, 244 

J-R curve, 258 
Load versus load-point displace

ment, 235-236, 239 
Slope-defined closure load, 240 
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Hydraulic lag, 221 
Hysteresis loops, 235-236, 239, 246 

I 

IEEE Standard 488-1978, 23 
IEEE Standard P 802.3 Draft D, 23-

24 
Irradiated stainless steels, crack 

growth and fracture toughness 
(see also d-c potential drop 
system), 197-211 

Compact-tension specimen dimen
sions, 199 

Crack growth, measuring meth
ods, 202 

CRACKSORT, 204-205 
CRAGRAN, 204-206 
Data acquisition, 201-202 

Block diagram, 200, 203 
Difference between deflection and 

load-line displacement, 210 
FATCRAG, 203-204 
Fracture toughness tests, measur

ing methods, 202-203 
JCALC, 208 
JTENS, 206, 208 
Load-deflection diagram, 208 
Single-specimen potential-drop 

J-R curve, 209 
Software, 203 
Static and dynamic calibrations, 

201 
Inflection point method, 237-238 
Instron machiner driver, 47 
Instrument controllers, 15 

JCALC, 208 
J-integral, 251-253, 269, 271, 277 

Analysis, 229-231 
Specimen dimension, 273 

J-integral method, 227-246 
Automated low-cycle test system, 

232 

Chemical composition of mate
rials, 229 

Constant AJ, 238, 240-243 
Crack length versus cycles, 239, 

241 
Cycle load-COD plots, 240, 242 

Experimental description, 231-234 
J-integral analysis, 229-231 
Load-COD data, 233-234 
Load-COD record, 230 
Materials, 228-229 
Mechanical properties of materi

als, 229 
Stepped / , 243-245 

Crack length versus cycles, 243, 

244 
Growth rate versus /-range, 243, 

245 
2T compact tension specimen, 231 
Uniformly varying A/, 234-238 

HY-80 steel growth data, 235, 
237 

HY-130 steel growth date, 236, 
238 

Hysteresis loops, 235-236, 239 
Inflection point method, 237-

238 
Load versus load-point displace

ment, 235-236, 239 
Slope-defined closure load, 240 
Slope method, 235-236 

J-R curve 
Compact tension and three-point 

bend specimens {see also 17-4-
pH stainless steel), 269-295 

Analysis of raw data, 277, 279-
281 

Block diagram of computer-
controlled test instruments, 
274 

CALEM, 275 
Crack length, determination by 

unloading compliance, 280-
281 
Versus optical, 292-293 
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Effect of side grooves, 282, 283-
284 

Error in crack length, 288, 290 
Analysis, 289 
Standard estimate, 289 

EZGRAF, 276 
Flow diagram of automated J-R 

test program, 276, 278-279 
Hardware and test equipment, 

273-275 
Interaction of program tasks and 

data files, 276 
/](. calculation and validity 

checks, 281 
/corrected for physical crack ad

vance, 280 
J-integral {see J-integral) 
JRTEST, 275-276, 290 
Load versus COD, 281, 282 
Machine Interface Unit, 275 
Material and specimen geome

tries, 272-273 
Measured and calculated blunt

ing line, 286 
RSXllM, 275 
Software, 275-277 
Tearing modulus, 280, 287 
Transfer function, 290 

HY steels, 258 
Irradiated stainless steel, 209 

Ji-Rcurve, 260-261, 267 
Different specimen geometries, 

266 
JRTEST, 275-276, 290 
JTENS, 206, 208 

K 

A -̂decreasing test, 128 
Krak-gage, 53, 177-195 

Accuracy, 189 
Advantages, 192-193 
Automated data acquisition and 

analysis, 185 
Bondable, 178, 179, 181 

Comparison of crack growth 
rates with striation spacing 
measurements, 191 

Crack length versus number-of-
cycles, 187, 188 

Results, 185-189 
Chemical composition of materi

als, 182 
Crack growth testing, 184-185 
Heat treatments, 182 
Limitations, 193-194 
Material and environment, 181-

183 
Mechanical properties of materi

als, 182 
Principle, 178-179 
Schematic, 179 
Specimen dimensions and test con

ditions, 183 
Sputtered, 178, 180-182 

Crack length versus number-of-
cycles, 191-192 

Photo-etching sequence, 180 
Results, 189, 191-192 
Specimen with lead wire termi

nals, 181 
jftr-solution, 156 
Kf, specimen, 148,156,157,164 

Schematic, 149 

Load levels, calculation, 219-221 
Load-displacement curve, 120, 251-

252 
Cracked specimen, 122 

M 

Machine Interface Unit, 275 
Materials testing, automated sys

tems, 9-25 
Distributed laboratory control de

sign, 13, 14 
Flexibility, 21-22 
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Hardware 
Instrument controllers, 15 
Minicomputer, 15 
Multiprocessing, 16 
Organization, 13-14 
Personal computers, 16 
Range of choices, 14-18 
Single-board computer, 15-16 

Impact on testing standards, 24-25 
Limits on individual test parame

ters, 19-21 
MTS Systems, 10-11 
Peak detection, 17-18 
Single-processor laboratory de

sign, 12, 13 
Software 

Choices, 18 
Flexibility, 22 
Menu-driven, 9, 19, 20 

Tasks which can be assumed, 12 
Test control capability limitation, 

10 
Test documentation, 21 
Used at University of Illinois, 18-

22 
Maximum load setting, 49 
Mechanical properties 

Material, 124, 182, 229 
17-4-Ph stainless steel, 273 

Merkle-Corten analysis, 229 
Microcomputers, home-brew ap

proach, 28 
Minicomputer, automated materials 

testing systems, 15 
MTS Crack Correlator, 173-174 
Multiple-specimen technique, 271 
Multiprocessing, 16 

N 

Near-threshold test, 213, 219-221 
Crack growth rates, 167-176 

Microcomputer control system, 
173-176 

Test specimen geometry, 170 
Summary flow chart, 220 

Paris analysis, 206 
Paris law, 162 
Personal computers, 16 
Polycarbonate, fatigue crack propa

gation response, 59 
Polymer, hysteretic heating, 61 
Polystyrene, fatigue crack propaga

tion response, 59, 60 
Potential-drop method, 167, 197 

Compared with heat-tinting method, 
210 

Pressurized water reactor environ
ments, 132 

Probe pair, 73 

R 

R-curve testing and analysis, 248-260 
Aluminum alloys, 258 
Blunting line for determining ini

tiation, 257 
Crack extension, 249 
Crack-tip opening displacement, 

249-251 
Fracture parameters, 253 
Fracture surface, 256 
Hardware and instrumentation 

cluster, 255 
Hardware, 253-254 
HY steels, 258 
J-integral, 251-253 
Load-displacement record, 251-

252 
Procedure, 254-257 
Software, 255 
Test configuration, 250 
Test specimen and instrumenta

tion cluster, 254 
Rene '95 
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Composition, 151 
Crack growth rate data, 157, 161 
Kf, specimen test summary, 156, 

157 
Reversing d-c electrical potential 

method, 67-84 
Applications, 76-77 
Block diagram of components, 69 
Control codes, 77 
Crack shape measurement, 79-82 
Current control circuit, 68-69 
Current leads, 72 
Cycle-by-cycle analysis, 82-84 
Data acquisition, 69-70 
Dialog from application program, 

70, 71-72, 74 
Electrical potential response, 82, 

83 
Measurement sensitivity, 78-79 
Minimization of scatter in data by 

block averaging, 75, 76 
Noise level reduction, 75-76 
Potential circuit, 69 
Probe configuration, 73, 74 
Single active probe pair static test, 

70,72 
Specimen design, 72-74 
Stability, 78 
System description, 68-72 
Temperature compensation, 77-78 
Test procedure, 74-76 

Roe-Coffin potential-drop-solution, 
149-150, 155, 162-164 

Round compact testing specimen, 
265 

J]-R curves, 266 
RSXllM, 275 

Servohydraulic machine calibration 
program, 47 

Servohydraulic test frame, 9-10 
Instrumentation, 10 

Silting, 94 
Sinclair ZX-81 microcomputer, 103 
Single-board computer equipment, 

15-16 
Single-edge-notched bend speci

men, R-curve test configura
tion, 250 

Single-specimen technique, 271 
Slope method, 235-236 
Standards, impact of testing meth

ods, 24-25 
Statistical analysis, 206 
Steel, stainless, 197 

17-4-Ph stainless steel, 269 
Chemical composition, 272 
J-R curve, 291 
J-R data, 287 
Mechanical properties, 273 
Specimen dimension, 273 
Theoretical and experimental 

errors on J-R curve, 291, 292 
Strain-controlled tension test, 16, 17 
Stress corrosion test, 94-97 

Procedure, 96 
Readings, 99 
Results, 97 
Schematic, 94, 95 

Stress-intensity factor, 53, 101-102, 
132, 167 

Errors in range, 146 
Shedding experiment, 137, 139 
Versus crack length, 137, 139 

Striation spacing measurements, com
pared to Krak-gage rates, 191 

Strip chart recorder, 28, 41, 102 
Superalloys, 148 
Surface defect, 67 
Surface-defected specimen 

Crack depth, surface length and 
area change, 80, 81 

Probe configuration, 73, 74 
Surface flaws, 148 

Sustained-load cracking and fatigue 
tests, 27-42 
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Automatic shutoff, 35 
Change an experiment, 34 
Diagnostic options, 34 
Disk storage, 36 
Flow chart 

DATASCAN subroutine, 31, 33, 
34 

Major elements of BASIC op
erating program, 32 

Hardware, 29-30 
Load-versus-time data, 38-39 
Methods, 37 
Results, 38-40 
Software and operating system, 

31-37 
Standby power system, 30, 36 
Start an experiment, 31-32 

Tearing modulus, 280, 287 
Three-point bend specimen (see also 

J-R curve, compact tension 
and three-point bend speci
mens), 266-267 

Approximate /, 277 
Crack length coefficients, 281 
J-R curve, 266 

Effect of a/W ratio, 285-286 
Side grooves effect, 282-284 

J-R data, 17-4-Ph stainless steel, 
287 

Load versus COD, 281-282 
Threshold stress-intensity factor, 

101-102 
Threshold, 167 
Time sharing systems, 11 
Timex-Sinclair 1000, 103 
Titanium alloys, 101 
Transfer function, 290 

U 

Unloading compliance, 119-120, 
167, 213, 260, 263, 269, 271 

Accuracy of crack length measure
ment, 288-289 

Compared with optical crack 
length, 292-293 

Crack length determination, 280-
281 

Variable-load-amplitude test, 213, 
221-222 

VLSI, characteristics, 12 

W 

Weld toe, crack profiles, 88 
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