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Abstract. The present work describes a procedure for monitoring crack growth in high temperature,
biaxial, low cycle fatiguc tests. The reversing DC potential drop cquipment monitors smooth, tubular
1ype 304 stainless siecl specimens during fatigue testing. Electncal interference from an induction heater
is filtercd out by an analog filter and by using a long intcgration timc. A Fourier smoothing algorithm and
two splinc interpolations process the large data sct. The experimentally determined electrical potential drop
is compared with the theorctical clectrostatic potential that is found by solving Laplacc’s equation for an
clliptical crack in a scmi-infinitc conducting medium. Since agreement between theory and expeniment is
goad, the method can be used o mcasurc crack growth to failure from the threshold of detectability.

TEST PROCEDURE

HE laboratory cquipment consists of a compulcr-controlled MTS servohydraulic testing machine and 2 computerized

DC potential drop system. The potential drop monitoring system was designed by the first author and consists of a
constant current power supply, a passive RC filler bank, a muliichanncl digital volimelcr, solid statc relays, and a 386
personal compuler with a thermocoupls buard and a gencral purposce interface bus.

Testing is performed in strain control, using an MTS high temperature biaxial cxiensometer. Smooth type 304
stainicss steel tubular specimens with an inside diamcter of 15.1 mm and an outsidc diamcter of 18.6 mim arc tested.
The wall thickness was reduced by 10% in the gauge scetion 1o promelte crack initiation in that region. For the initial
tests, a sinusoidal command signal with strain amplitude ol «, = .005 was uscd. In folow-on tests, shear strain control
was slaved in-phase to the axial channel to achieve proportional loading, in which the axial and shear strain amplitudes

were chosen so as 1o salisfy the relation
2 2, !
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Temperature is maintained at 538°C with a 10 kHz induction heater and controller. The usc of thincen type K
thermocouples provides cxcellent coverage of the gauge section. Five thermocouples arc located in the gauge scction
mid planc, four 12.7 mm abovc the mid plane, and four arc located below. One thermocouple is used for hcater control,
two for auxiliary indication, ninc for post-test compensation of the vollage data, and one for an instatled ready spare. The
desired temperature and temperature distribution is achicved by positioning two heating coils with a threaded reach rod
system designed by the fiest author. To prepare for an cxperiment, a specimen is gnpped and heated in manual control
to 538°C, after which the heater is switched 10 automatic. The heater coils are adjusted both up, both down, together,
or farther apan, as riceded, using the reach rods, until a tlemperature distribution uniform within +2.5°C of the desired
temperaturc is achicved. Over the course of the test, oxidation decreascs the material thermal conductivity, resulting in
an axial shift in the icmpcerature distribution: howcever, no channel changes by more than 3.5°C from its slaning vaiuc.

A constant 12A dircct current is passed through the specimen. The potential drop is measured across the gauge
section with ninc voltage probe pairs connccted to @ muliichannel digital volimeter, and stored on the 386 personal
computer. The voltage probes consist of two 0.127 mm diameter chromel wires spot welded to the specimen surface
(Figurc 1). To allow for placement of thz cxiensometer and the thermocouples. the potential drop Icads are armanged in
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threc equally spaced groups of three. Electrical noise originating from the induction heater is largely climinated by an
RC filtcr bank and by using a long voltmeter integration time. Care is taken to electrically insulate the anper specimen
grip from the load frame to climinate DC current leakage. In order 1o compensate for the thermocouple potential arising
from minor changes in gauge section iemiperature gradients, the current is reversed after every rcading, using the solid
state relays, and the voltages arc remcasured. This is called the reversing DC clectrical potential drop method [1]. After
reversing the current, it is necessary o wait (.5 s for the RC filter transient to decay before remceasuring the potential
drop. Allowing timc for passive filter decay and voltmeter integration, four scconds are required to obtain the positive
and negative voltage readings. Mechanical test data (axial load, torque, axial and shear strain, and command signal), the
cycle count, clapsed time, and thermocouple channel readings are recorded in synchronization with the potential drops.
Approximately five samples are taken per cycle. To minimize the impact of aliasing on the data, the mechanical cycling
frequency (0.04833 Hz) was sclected so that the sampling freque icy (0.25 Hz) is not an exact multiple.

To summarize, the data acquisition proceeds as follows:
Mecchanical data (load, strain, etc.) 1s rcad from the test
controller and transferred to the 386 personal computer. The
current is switched positive, . * thermocouples are read, and
following a dclay, the potential drops arc read. The current
is switched negative and following a dclay, the potential
drops are reread. This cycle repeats continuously. Figure 2
(ncxt page) shows the relationship of the test equipment and
instrumentation.

During the test, the load (or torque) is plotted on an
x-y flatbed plotter, and the cyclic load amplitude is checked
frequently for a decreasc that would wam of a crack for-
mation. In addition, potential drop readings arc displayed
as they are rcad and a rough plot of putcutial drop vs. iime
is maintaincd by hand and checked for seJdden changes.
Finally, without interrupting the test, the specimen surface
is visually inspected for cracks every 30 minutes using a
portable 25X microscope. The test is stopped when a crack
can be scen with the microscope, or with the unaided cyc.
However, the extensometer heat shicld blocks complete vi-
sual coverage of the specimen surface. In all tests to date,
the crack had grown very long before it could be scen. After
the test has completed, the specimen is removed from the
icsting machine, and the crack length, depth and location
arc measured.

Figure 1: View of potential drop leads and irduction coi!
arrangement.

DATA ANALYSIS

The potential drop data consist of positive and nega'ive values. By taking the difference between them, we
compensale for changes in thermocouple emf’s occurming: 10 the potential drop leads. Also, a iemperature correction is
applied 10 compensate for specimen clectrical resisti vity changes duc (o temperature vaniation.

The voliage oscillates within a 1504V band (refer 1o subplot | of Figure 3). The periodic nature of the signal lends
itself to standard signal processing methods (2], First, we interpolate the data with respect 1o time using the lcw pass
filicr cf Octken | 3], as shown in subplot 2 ¢f Figure 3. Since we have sampled the signal at .25 Hz, whichas well above
the Nyquist frequency, the interpolation is accurate, and free of aliasing.

The signal oscillates within a 1505V range due to the cyclic specimen lengih change: In a cyclic test with a nonzero
axial strain amplitude, the poternial drop nscillates in phase with strain as a consequence of the standard resistance
relation, £ = pl/A, where / is the gauge length. The voltage oscillation dominates the signal, and makes the entire
Fouricr analysis possible, but is unrelated to crack size measurement, and must be accounted for. If a crack is present,
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the maximum potential drop occurs at maximum crack cxtension; therefore we identify withing the interpolated data,
the maximum per-cycle potential drop. Four such maxima are shown in subplot 3 of Figurc 3. The maximum per-cycle
potential drop for an cntire test is shown in subpiot 4 of the samce figure.

The per-cycle potential drop maxima arc then .
intcrpolated with respect (o Limc using a piccewisc Test Equipment
cubic smoothing spline [4]. Fora given volumeter Load L_» o
channcl, the ratio of potential drop, €(/) (0 the { Cell o
starting value, ®{0), is givenby o = ®(1)/(0), I
and is shown piotted in subplot t of Figure 4. The Gnp Relays D Pur. Supp.
curves for the group of potential drop lcads with ] k
the highest reading o (probes 7, 8. and 9 in this 2 30 o leads RC Filter
casc) arc centered for clarity. I
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Initially, the potential drops mcasurcd on all

channcls remain ncarly tevel, orrisc together. The . _ _
ratc of incrcase nises gradually, but uniformly. Figurc 2: Block diagram of test equipment.

The uniform risc in potential drop may be duc to the increased clectrical resistance resulting from progressive surface
oxidation at high temperawure. Other factors, including the dislocation density increasc from hardening, the formation
of many uniformly distributcd small cracks, or other unknown chemical and physical changes also result in a uniform
potential drop risc. Eventually, a crack grows large cnough to be detecied and the potential drop for the probe pair
closest to the crack begins 10 risc faster than the others. Howcever, the crack affects the potential drop far away, too, and
all potential drop readings incrcase faster as a result {refer to subplot 1 of Figure 4).

Clearly, we nced a way (o scparatc the local rise in «» duc to crack growth from the general risc in o which is
affecied by many factors in unknown proportion. Thercfore, v subtract the fowest «» from all the others. We define the
incremental normalized potential drop at time 7 as, o, (#.1) = o{f. 1} - min(o(8.1)). A crack is “detectabic™ when
a 'ocalized nse in o, is noliceable. As the crack girows, the «,,,, curve around the crack broadens and grows higher
(refer 1o subplet 2 of Figure 4). The highest <urve is centered for claiity. The y axis is arbitranly chosen to originatc
from thc highest curve.

V/c notc thal for the longcst test (refer to Figure 3) the time required to perform the Fouricer interpolation was 7:49
{wall clock, in mm:ss) on a Sun Sparc 10 model 30 with fifty users logged in at the time. An IBM Powcrslation 320H
ncrforms the caiculauons in about the same time. The smoothing spline required 3:11 and the tensor spline interpolation
required 0:07. The raw data consisted of a 15607 x 37 double precision array requirinig 4.6 MB (mcgabytes) of inemory.
The largest array used was for the interpolated voltages, and required 11.2 MB of memory. The total memory requirement
for thc process was 41.9 MB.
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Figure 3: Fourier analysis. The procedure for performing the Fouricr interpolation on one of ninc potential drop (pd)
channcls is illusirated in this figure, for test ¢9. L 300 raw dawa points (approximatcly 58 faliguc cycles) arc shown.
Nole the falsc wave pattem. There appear w be five cverlapping waves shown. This an anifact of the data collcction
mcthod. 2. Only 20 raw dala points (+) arc shown. The 10:1 Fourier intcrpolation is plotted witk dots. 3. The per-cycle
maxima (+) of the Fouricr interpolation is plotted. 4. Subplot 3 showed only four potential drop maxima. Subploi 4

shows an cntire test (v = 1464).
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Figurc 4- Cubic spline interpolation procedure. 1. The pd maxima shown in subplot 4 of Figure 3 are smoothed,
normalizcd, and interpolated at 101 time points, and ploued for all nine voltmceter channcls (ch). 2. The mesh points in
subplot | arc intcrpolated over a uniform mcsh in two dimensions, Lime (/) and position (y). y is mcasured henizontally
trom the highesi curve. The lowest o per time siep was subtracted Lo obtain o, .

TEST RESULTS

A 101l of six experiments were performed and are summarized in Figure 5. Tests ¢6 and ¢7 were axial [atigue iests
(v, = G1. The follow-on tests were proportional loading tests. In tests ¢8 and <9 the axial and shear strain amplitudes
were both 0043 and in tests dO and d1, the axial strain amplitude was 0025 and the shear strain amplitude was 0(75.
It appears that the cycles-to-failure (V) increases as ¢, decreases, as might be cxpected. In all tesis, o ininially riscs
uniformly lor all channcls. and as a result, v, remains closc to zero. This is shown on all subpiots in Figure 5 as a
“platcau” for the imual portion of the test. Eventually, a “hill™ appears on the plot and grows and broadens. The increase
in.s,,,, commesponds to crack growth. In alt cases, the location of the hill corresponds to the position of the crack.

For tcst ¢6, the data is shown truncated alier 1443 cycles (8.08 h). Afier this lime, the crack had grown very large.
and the «+,,, for thosc times is too high 1o plot on the same scale as the portion of the test shown. For the samc reason,
the ¢7 test data 15 shown truncated afler 265 cycles (2.67 h).

Test ¢7 was intended 10 cheek the effect of introducing a delect of known gecometry pant way into the test. After 176
cycles a .54 mm diamelcr, .65 mm deep hole was dnifed. The result was a slight nsc in ©,,,.., which appcars as a smal!
upward step at { 4. /) == ((0..97 ) in subplot c¢7 of Figure 5. After 1 = 97h, a crack formed at the hole and grew until the
test was stopped. This corresponds to the rise and spread of tic curve after 97 h in the plot.

THEORETICAL POTENTIAL DROP NEAR THE CRACK

In this scction, we compute the potential drop predicted by electrostatic theory for the measurcd final crack geometry.
We will comparc our potential drop measurcments with Tada’a solution w Lapliace’s cquation for a semi-clliptical fial
cruck in a semi-infinite body {5} (refer to Figure 6) The potential at any peint in the body is given by:

A2 :
b=k {1+ — "l“ ! t
2ERY oy i it + A%
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Test = ERE Vs (h) (mm) @ size (MB) dala points
¢6 005 0 1461 8.2 372 49 x 10771 1.7 7329
T 005 0 538 3.0 139 4.0x107% 0.7 2690
c8 0043 0.0025 2249 13.7 193 39 x 1072 29 11640
9 0043 0.0025 1464 8.4 109 2.0x 1077 1.8 7510
d0 0025 003 3021 17.5 26,1 3.9 x 1072 3.7 14310
dt 0025 0043 2774 16.0 163 3.8 x 1072 34 14340

Figure 5. Exprrimenial results. N = cycles to failure. 1y = time to failure. 20y = tinal crack size. o, - final
incremental normalized potential drop. Tests ¢6 and ¢7 were axial tatigue tests. Tests ¢8, ¢9, dO, and d1 were biaxial
lests. faller 1443 cycies (.08 h). tafier 265 cycles (2.67 h). In test ¢7, a .54 mm diamcter hole was drilled after

176 cycles (0.97 h) as a check on the sensitivily of the experimental techniquc.
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Figurc 6: Crack geometry and Tada's solution to Laplace’s equation

where £ is the clectric iictd strength at infinity, £ is the compleie cliiptic integral of the second kind with modulus 4,
where 1= /1 - A2, Mis the crack “aspect ratio”, given by A = #/«, and 1) is the “cffective disiance” measured from
the crack to the position { r. 4. -}, and is found by solving
\ 2 )':-'. 7.2
(2

—~—-—+-—;:L -

g
[ A R~

where A = r/a, Y = y/a,and Z = :/«. For surface potential mcasurcmcnts o+ = 0, and the solution to equation 2 is:

R Y A

5
<

DY 2=

Equatiois 1 gives the normalized potenual drop from a singic voltage probe pair lead to the crack center, but a
potential drop mcasurement is taken between pairs of leads. For a crack locaied at a distance /1 from the lower row of

lcads, the potential drop is

A2 : di , AL It
b il |+7————--[ —m—————x ) + ([ - I 1+3——,-—/ —= 3. {3)
R R N T TR Y 2R Tt S+ D+ A2
where 17, = [ (1'—,') and Dy = 0 (*‘,‘%) The observed potential drop should correspond 10 cquation 3 only

if the crack is the sole factor affccung clectrical resistivity. However, it was mentioned in the Analysis section that there
arc many other factors that have a much greater influcnce on ¢ than the crack docs. The theoretical ¢ of equation 3
includces the gencral risc noted on all channels, which we subtract o obtain the incrememal value.

Let the minimum potential drop be 9,,,,,,, calculated from cquation 3 using y = y,,,,,. In the cylindrical gcometry,
o 15 Rall the specimen circumicrence, or 14.5 mm in specimen ¢9, for example. If we subtract the minimum potential
drop from any other potential drop, we obtain an “incremcental” value. I we normalizc this potential 10 the valuc that
would be obtained if no crack were present, we predict:

2 2 2
1 A i 1 e imth di
2

Huper (//
PN . /./ - h)/
AL B N YRS TS T I+ T+ A7)

An approximate cvaluation of cquation 4 is ploticd in Figure 6, using the measured final specimen crack geomciry for
lest ¢9. In that test, a 10.9 mm crack formed 4.7 mm above the lower row of potential drop lcads. The predicied o for

(4)
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a range of crack sizes from 20 = .545 mm (o the actual final valuc of 2a¢ = 10.9 mm is plotted, for a probe spacing
of 25.4 mm. By the cnd of the test, the crack had completely breached the wall thickness (1.61 mm), so this value was
uscd for the final semiminor axis, b, of the cllipsc shown in Figure 6. A constant crack aspect ratio of h/a = A = (.29
was assumed for preparing the plot,

In test ¢9. the final cxpenmentalty determined peak valuc for o, was 0.020 (rcfer 10 Figure 4). The peak value
shown in Figure 6 is 0.006. We reconsider here the assumptions used to derive the theorctical value. A scmi-infinite
mcdium was assumcd. For cracks much shorter than the specimen circumference, an infinite medium inthe * y directions
1s a rcasonable assumplion. Likcwisce, for cracks much shallowcr than the wall thickness, a semi-infinitc medium in the
~.r direction is rcasonable. These assumptions would probably have been valid carly in a test when the crack was small,
but arc poor at the cnd of a test because the crack is long compared 10 the circumference, and is complctely through the

wall.

CONCLUSIONS

Therce is qualitative agreement between the experimentally determined potential drop shown in Figure 4 and the theoretical
valuc predicted by clectrostatic theory, as shown in Figure 6. The experimentally detcrmined ,,,, curve has the shape
of a hill symmciric about the crack, and broadens and increases as the crack grows. The theoretical o,,,.- has a similar
shape, lor crack gcomctry similar Lo the cxperimental one.

For the cxample tcst (¢9) Lhe {inal cxperimental ¢,,,. exceeds the theoretical by a factor of threc becausc a semi-
clliptical crack was assumcd. bul the actuaal final gcometry was a through crack. Futurc work will include fining the
cxperimental data to other solutions 1o Laplace’s equation, including a through crack [6]. Morc Lests such as ¢7, in
which a holc was drilied, will be performed. The measured polential drop will be compared to the theoretical value lor

the actual hole.
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