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Application de la méthode de la chute de potentiel pour

mesurer la croissance des fissures sub-critigues induites

par hydrogène dans le zirconium -2.5% pds niobium

par
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Résumé

On décrit la façon d'adapter la méthode de la chute de potentiel pour

suivre les fissures, au problème de la croissance des fissures sub-critiques

induites par hydrogène dans le Zr-Z.5% Nb. Les raisons de la non-linéarité

dans le calibrage de la croissance des fissures par rapport à la chute de

potentiel dans les spécimens compacts sous tension font l'objet de

commentaires. On indique qu'en dépit des non-linéarités, une comparaison

soigneuse des particularités fractographiques avec les données de la chute

de potentiel peut conduire à une représentation continue des vitesses des

fissures par rapport au temps ou au facteur d'intensité de contrainte.

Les procédures pour corriger les données par le moyen de changements de

température et de charge sont également décrites. L'application de la

tecnnique à des études sur le mécanisme de la croissance des fissures

dues à l'hydrogène est illustrée avec plusieurs exemples.
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ABSTRACT

Adaptation of the potential-drop method of crack-following to

the problem of hydrogen-induced sub-critical crack growth in Zr-2.5% Nb

is described. Reasons for non-linearity in the calibration of crack ex-

tension against potential drop in compact tension specimens are discussed.

It is shown that despite non-linearities, careful comparison of fracto-

graphic features with the potential-drop record can lead to a continuous

plot of crack velocity against time or stress intensity factor. Proce-

dures for correcting data through temperature and load changes are also

described. The application of the technique to studies of the mechanism

of hydrogen crack growth is illustrated with several examples.
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1. INTRODUCTION

The occurrence of sub-critical crack growth in cold-worked Zr-

2.5% Nb pressure tubes in the Pickering reactors^ ' has prompted an

extensive investigation of the mechanistic details of the crack growth

process. It has been established that the cracks propagate by diffusion

of hydrogen to the crack tip region and its precipitation there as

brittle zirconium hydride. To understand fully the effects of temper-

ature, stress, hydrogen content and other parameters on the growth

rate, it is necessary to measure crack velocity as a function of these

parameters. Previously, crack velocities have been measured by loading

fracture mechanics specimens for fixed periods of time or until failure,

and dividing the amount of sub-critical crack extension measured on the
(2 3}

fracture surface by the time on load ' . While this yielded useful

basic information about the mechanism of cracking, it became clear that

continuous monitoring of crack growth would increase our understanding

of the mechanism. For example, using the postmortem technique described

above, incubation periods or intermittent periods of crack arrest would

not have been measurable, leading to erroneous calculations of crack

velocities. Several methods of continuous crack following were consid-

ered, including crack-opening-displacement (COD), acoustic emission,

ultrasonics, and potential-drop measurements. COD monitoring was rejec-

ted because of its highly non-linear dependence on crack length in most

fracture mechanics specimens, the difficulty in instrumenting specimens

in furnaces and the problem of separating crack growth contributions to

COD from plastic zone contributions. Ultrasonic methods were also

rejected because they are difficult to use in furnaces and require

costly equipment. Acoustic emission equipment is also very expensive

and the count rate cannot be simply related to crack velocity. There-

fore, it too was rejected.
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The potential-drop method has the advantages that the equip-

ment is relatively inexpensive, allowing multiple units, and that crack

extension in certain specimen configurations is linearly related to the

change in electrical resistance. It is also suitable for use in con-

trolled environments, including furnaces. It is routinely used around

the world and especially in the United Kingdom to monitor cracking by

fatigue, stress corrosion and creep, as well as slow stable crack growth

in fracture initiation studies. The method appeared to be ideally

suited to the hydride cracking problem in Zr-2.5% Nb and was therefore

adopted.

For a general description of the direct-current technique
(4)

(probably the more widely used option), see Mclntyre and Priest and

Ritchie^ '. The basic requirements are a suitable specimen type, a

source of constant electrical current, and equipment for measuring

microvolt changes in a potential drop of several millivolts. This

report deals with the assembly and operation of such equipment for the

specific requirements of the hydrogen-induced slow crack growth problem

in Zr-2.5% Nb. Detailed analysis of the results will appear in a later

publication.

2. EXPERIMENTAL

2.1 SPECIMENS

Several fracture mechanics specimen configurations are ideally

suited to the potential-drop method. The positions of the current leads

and potential-drop measuring leads for these are shown in Figure l(a).

Positioning the current leads close to the notch opening ensures maximum

sensitivity of the potential drop across the crack mouth to crack exten-

sion. The steepest potential gradient is close to the crack front, as
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shown in Figure l(b), hence the current density there is greatest. Any

disturbance of the electric field at the crack tip by crack extension

will cause a significant redistribution of the lines of force which will

be reflected by a change in potential drop across the specimen.

In this study, compact tension specimens with the dimensions

shown in Figure 2(a) were used. They were machined from flattened Zr-

2.5% Nb pressure tubing, as described in reference 2. Specimens were

generally fatigue-precracked and, in some cases, hydrogen was added to

ensure the solubility limit was exceeded at the higher test temperatures.

The current leads were single strand, #14 copper wire, with copper lugs

silver soldered to the ends. These lugs were screwed into the specimen

just above and below the crack mouth as shown in Figure 2b. The poten-

tial measuring leads were Zr-2.5% Nb wire, 0.6 mm in diameter, spot

welded to opposite sides of the crack mouth. They were attached diago-

nally opposite each other to average out any irregularities of the crack

front through the specimen thickness. The specimens were loaded into

the shackle assembly using insulated pins to prevent any short circuits

through the loading assembly. The pins were Zr-2.5% Nb which were

heavily oxidized on the surface by heating in air at 800°C for several

hours to render them non-conducting.

2.2 POWER SUPPLY

A very stable source of constant electrical current is requi-

red to maximize the sensitivity of the apparatus. After some experi-

mentation with various units, we selected the Kepco JMK-6-10M power

supply as the standard unit. This supply can be set to any current

between 0 and 10 A with excellent long-term stability and very low noise

levels. In particular, it has a very low sensitivity to fluctuations in

line voltage (<0.005Z) and room temperature (<0.02% per °C), and the
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latter effect was reduced further by using an external reference resis-

tor* immersed in a constant temperature oil bath. The constant currents

applied to these specimens were usually between 7 and 9 A which was

large enough to give a potential drop of the order 5 mW across the

specimen but small enough to ensure that specimen heating was not a

problem. (Typical dissipation in the specimen was i> 40 mW.)

2.3 POTENTIAL-DROP MEASUREMENT

The measuring circuit was required to measure continuously

changes of the order of microvolts in a signal of several millivolts.

Initially, the potential leads were connected to a Hewlett Packard model

3420A D.C. differential voltmeter (Figure 3 ) . This measured the differ-

ence between a preset reference voltage (usually taken to be the initial

voltage across the crack mouth, V ) and the signal from the potential

leads. The difference voltage was amplified so that the zero to one

volt output of the instrument represented a full-scale voltage differ-

ence of 100 uV. The amplified signal was fed to a conventional chart

recorder to yield a sensitivity of 100 uV full-scale deflection. The

reference voltage was digitally controlled so that scale changes could

easily be made when the change in potential drop, V-V , exceeded 100 yV.

While this system yielded reasonably satisfactory results (changes in

potential drop of 7-10 uV could be resolved), the voltmeter-recorder

system was subsequently replaced by a Honeywell model 196412-010-010-

606-21-C300 chart recorder. These units have a minimum input sensitiv-

ity of 100 uV full scale v:ith a digitally set zero suppression capa-

bility of 10.99 mV in 0.01 mV steps. Thus the ^ 5 mV potential drop was

fed directly to the recorder, suppressed out and the subsequent changes

were monitored on the 0 to 100 ]iV scale. The noise levels and zero

The constant current output is controlled by the voltage drop across an
internal reference resistor. This has a low temperature coefficient of
resistivity but this influence can be completely removed by use of an
external reference in a constant temperature environment.
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drift on these recorders were much better than for the voltmeter-recorder

combination and changes in potential drop of 1 yV were resolvable. Once

again, the zero suppression was fully adjustable to facilitate scale

changes during the test so that full sensitivity was always maintained.

2.4 CALIBRATION

A specimen was connected as in Figure 3 and the potential

drop, V , for the initial crack length was determined. The crack was

extended in short steps, using a 0.5 mm thick jewellers saw, and the

potential drop, V, was recorded at each stage. A calibration plot of

V/V vs. a/W was plotted, where a and W are defined in Figure 2(a). The

main purpose of this plot was to confirm the linear dependence of V/V

on a/W reported by Mclntyre and Priest and others for this specimen

c onf igura t ion.

2.5 TESTING ARRANGEMENT

Specimens with leads attached were mounted in furnaces with a

lever loading arrangement as shown in Figure 2(c). The assembly was

brought to the test temperature and the load applied. The load was

chosen in conjunction with the initial crack size to give a desired

stress intensity factor. The constant current was switched on and the

potential drop was recorded continuously. A wide variety of tests were

carried out including static-load tests, tests involving temperature

changes to assess the effect of temperature on crack velocity and tests

involving incremental load changes. Before the crack lengths exceeded

a/W = 0.7, the limit of linearity of the calibration^ , the specimens

were removed and fractured. The calibration was checked by comparing

the actual crack extension (determinsd from fractography) with the value

predicted from the change in potential drop, AV/V over the duration of

the test.
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3. RESULTS AND DISCUSSION

3.1 CALIBRATION, STATIC TESTS

The results of the calibration, using a jewellers saw to

extend the crack, are plotted in Figure 4. As expected, the crack

length is linearly dependent on potential drop with a slope defined by

AV
V
Q

Aa ~ ' ^ ̂
W

Since W = 17.0 mm for our specimen geometry, the change in crack length,

Aa, is given by

(2)

This calibration applies to a crack with a wide opening and a straight

crack front. An actual hydride crack often has a curved front due to
(2)

crack tunnellingv ' (see Figure 5), and the separation of the crack

faces is much less than for the saw-cut specimen, especially at low

values of the stress intensity factor. K, where the crack-opening-

displacement is small. Thus, the possibility of short circuits across

the crack-opening exists, especially because of the roughness of the

fracture surface. Therefore, foi every specimen tested, a calibration

constant, A, was calculated,

. Aa
A - <3>AT

v
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where Aa was determined in post-test examination of the fracture surface

and AV was the total potential change across the specimen during the

test. These determinations yielded a wide range in A, from 14 to 40 mm,

which can be compared with the saw cut experiment (A = 12.0 mm) via

equation 2. A large value of A indicates a high degree of short circuit-

ing across the crack opening either due to unbroken plastic ligaments,

fracture surface roughness, or ligaments left by crack tunnelling. The

error due to crack tunnelling can be reduced to some extent by using an

average crack length. In this work, crack length was measured by aver-

aging the lengths at the specimen midsection and half way out to the

surface (along the crack front) in each direction. Since COD will

control the amount of short circuiting across the crack opening, the

experimentally determined values of A can be compared with 6,

K2

where E is the Youngs modulus at the test temperature and a the
(7) v

yield stress at the test temperature .

(a) is proportional to and often numerically equal to COD' '. The

results are plotted in Figure 6. The width of the scatter band may be

due, in part, tc the differing amounts of crack tunnelling between the

specimens. Above 6 = 7 urn, the calibration constant becomes relatively
i,

insensitive to COD. This corresponds to K = 23 MPa.m at room temper-
as

ature and K = 17 MPa.m at 300°C. Below these stress intensities, the

calibrations can be expected to vary as K increases in a constant-load

test. It is therefore prudent to keep the amount of crack extension low

so that the variation in K is minimized. Alternatively, the fracture

surface can be marked at intervals of time so that individual segments

of fracture surface can be calibrated independently. This is discussed

in the next section.
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3.2 LOAD CHANGES

The effect of COD on the amount of short circuiting across the

crack mouth can be dramatically demonstrated by applying a sudden incre-

ment in load to the specimen. An example from a test at 228°C is shown

in Figure 7. Abrupt increases in potential drop occurred where the

stress intensity was raised from 10.3 to 13.9 MPa.m'5 and from 15.7 to

20.5 MPa.m . Since these steps amount to an abrupt change in the amount

of short circuiting, the calibration factor also changes suddenly.

Therefore, a new V must be established for any subsequent crack propa-

gation and a new calibration factor calculated. Fortunately, an abrupt

load increase leaves a stretch zone on the fracture surface which can be

used to divide the fracture surface into segments for individual calibra-

tion. Typical examples are visible (Figure 8) on the specimen from

Figure 7, which was subjected to a series of incremental load increases

at 228°C. The load increases «ere applied at positions 1, 2, 4 and 6 on

the figure and the stretch zones are visible at all these points. Also

visible is a regular array of: fine striations which will be described

later. The sizes of the stretch zones increase with stress intensity,

thus, at position 1 the stretch zone is barely distinguishable as a

slightly larger striation but at position 6, it is very easily distin-

guished. In region C, the specimen was unloaded shortly after the load

increment at position 2 by raising the load pan with a jack. The purpose

of this was to prevent any crack extension overnight. Unfortunately,

the jack relaxed during the night and partially reloaded the specimen so

that most of region C was produced at an unknown stress intensity. When

the original load was restored the following morning, the stretch zone

at position 3 resulted. The marks at position 5 and 7 are single,

fatigue-type striations corresponding to unloading for a night and

reloading to the same load the following morning. Generally, these are

visible, only at stress intensities greater than 20 5
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By incremental loading, the effect of increasing COD on the

calibration factor was minimized. Segments of crack extension, separated

by the stretch zones, were matched to the appropriate segments of potential

drop-time plots and individually calibrated. Because the range of K in

each segment was small, the calibration factor, A, was assumed to be con-

stant, and accurate determinations of crack velocity were made by taking

the slope at any point of the V/V -time plot. An example for the speci-

men in Figure 8 is shown in Figure 9.

The striations in Figure 8 are characteristic features of the
(9)hydride cracking mechanism above 150°C. In this proposed mechanism ,

hydrogen diffuses to the crack tip and precipitates there building up a

concentration of zirconium hydride. When the crack tip region becomes

sufficiently embrittled, the crack propagates through the hydride and

arrests in more ductile material some distance ahead. This creates a

small stretch zone which is visible on the surface as a striation. The

presence of these striations has been the prime evidence for the step-

wise operation of the crack growth mechanism. The potential drop method

now provides confirmation of this mechanism. Figure 10 shows the record

for a crack propagating at 200°C when the potential drop increases in

sudden steps. The spacing between the steps converts to a crack exten-

sion of 23.8 ± 3.8 um while the measurements of striation spacing on the

fracture surface yielded 21.5 ± 5.0, in excellent agreement.

On several specimens, near one to one correspondence between

jumps in potential drop and striations has been established. This is

extremely helpful in relating the segments on the fracture surface to

the appropriate segments of potential-drop record in experiments where

several load increments or temperature changes have been applied, since

striations in a given segment can be individually counted and checked

off against the chart record.
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The sensitivity of the system can be seen in Figure 10 where

one small division corresponds to about 2.5 vm. Because of the fineness

of the recorder lia» (a result of using good power supplies and recorders,

with low noise levels), 2.5 pm represents the lower limit of detectable

crack extension in t:he short term (less than one day). In the long term

(more than one day) the detection limit for crack growth appears to be

at least twice as large due to some drift in the instrumentation. This

means that crack velocities down to 10 m/s can usually be measured.

3.3 TEMPERATURE CHANGES

Changing temperature during a crack propagation test can produce

useful information about the kinetics of the cracking mechanism. However,

changing the temperature changes the resistivity, P(T), of the material

which gives a change in potential drop not related to crack growth. This

change must be eliminated from the calculation of crack extension. The

potential drop across the specimen is given by

V = P(T) x G(^) x I (5)

where G(~) = a geometrical term including crack length

I = applied constant electrical current.

Now for any value of a/W, V depends only on P(T), hence, for a

temperature change from T Q to T at constant crack length, referring to

Figure 11,
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With equation 5 we can proceed to conftruct a new calibration

curve for temperature, T, from the curve for T .

From 5,

P ( V x G(JT) x (7)

where a = initial crack length fcj- = 0.3). Experimentally, V/V is

linear in a/W, hence, for a crack length increase to a, at T ,

VVo (8)

where B is the slope of the calibration curve. Also, from 5, since G(—)

depends only on geometry, a subsequent chajige in temperature to T gives

_2 P(T)
Vo = P(To)

P(T)
p(To)

l + B-ifpO- (9)

P(To)
P(T) _ ^ V V
o(To)

 a ' W

Thus, the new calibration curve is also linear with an intercept given

by

(10)Vo P(To)
 Vo
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and an increase in slope proportional to the resistivity ratio. If we

allow the crack to extend from &x to a 2 at T Q , then, referring to Figure

11 and using equation 8,

fa_-a.)
(11)

and W/B = A, our calibration constant, as defined in equation 3. Now

assume that the crack extends instead at temperature T, causing a poten-

tial change from Vy to V,,

V V 2 P(T) „ ^a2~a{} (12)
V " P(T ) B " W
o o

p(T)
i.e. in terms of V , the calibration factor is changed by the ratio .

but from equation 10,

V V 2 a2~al-h1 = B • -V (13)

Therefore, using the reference potential V ' appropriate to

the new calibration curve, at temperature T, the calibration constant is

the same for either, i.e., it is independent of temperature. This means

that a single calibration can be used through a temperature change,

provided all data are referred to a single calibration curve. Consider

an upward change from T to T at a., in Figure 11, followed by an addi-

tional crack extension to a2« The new calibration curve may be used

after a 1 by converting V Q to V Q ' . By equation 6 this is accomplished by

multiplying by the ratio of the potential just after the temperature

change to that just before i.e.

V = vf Vo (14)
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Alternatively, the original curve may be retained as the

reference one by correcting the potentials at the new temperature (V^

etc.) back to the T curve by

V3 = V 4 x ^ (15)

Such corrections for temperature changes are necessary only if

a single calibration factor, A (with respect to V ) , is available

through a temperature change. In this work, temperature changes often

left marks on the fracture surfaces due to different degrees of surface

oxidation. Thus the analysis was segmented, as for the load-change

tests and individual calibrations performed for each temperature. If

the temperature changes are large (say > 20°C) this latter method is

preferred, since changes in the yield stress during the temperature

cycle will alter the COD and therefore may alter A.

The validity of the correction procedure is based on the

assumption that no crack extension occurs during the temperature alter-

ation. Crack growth during the temperature changes in this work was

less than 5% of the subsequent segment of propagation.

A typical recorder trace for a temperature change is shown by

the stepped trace (the other trace is from another specimen) in Figure

12. A crack which was barely moving at 115°C was arrested by increasing

the temperature to 120°C resulting in a change in potential drop of

nearly 50 wV. Thus in order to correct for the change in temperature,

all readings subsequent to V~ must be normalized by V x — = 1.009

V . Alternatively, the original V can be retained and all readings

subsequent to V 2 reduced by V-t/V?
 = °-991« T w o other points are

demonstrated in Figure 12. First, a five degree temperature change
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results in nearly 50 pV change on the record. The thickness of the

recorder line reflects the temperature fluctuations of the test furnace

which therefore must be less than 0.1°C. Thus good furnace control is

essential to high sensitivity. The other trace crossing the centre of

the figure is from another specimen fed to the second channel of this

two-pen recorder. The power supply used in this case was a less expen-

sive model with less stringent specifications than the Kepco models. By

comparing the noise levels of the two traces and noting as well that the

second pen is set to 200 UV full-scale sensitivity (compared with 100 pV

for the temperature change example), the importance of a good power

supply is emphasized.

4. SUMMARY

1. The potential-drop technique has been successfully adapted to the

problem of continuously monitoring hydrogen-induced sub-critical crack

growth in Zr-2.5% Nb.

2. Under optimum conditions, the system can detect as little as 2.5 pm

of crack growth.

3. The stepwise nature of sub-critical crack propagation in Zr-2.5% Nb

has been confirmed.

4. Sources of error in calibrating the potential-drop method have been

discussed and methods of correcting data through load and temperature

changes have been described.
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c) C.T.S.

D) S.E.N. BEND

THE CURRENT AND POTENTIAL LEAD POSITIONS USED FOR VARIOUS
SPECIMENT GEOMETRIES

CURRENT
, LEADS .
P . O . P R O B E S •••..

-!• " t

EQUIPOTENTIAL
LINES r

B LINES OF FORCE AND EQOIPOTENTIAL

FIGURE 1

DETAILS OF ELECTRICAL CONNECTIONS AND CURRENT FLOW IN TYPICAL FRACTURE
MECHANICS SPECIMENS (FROM REF. 4)

WOL = Wedge-Opening-Load

C.T.S. = Compact Tension Specimen

D.C.B. = Double Cantilever Beam

S.E.N. = Single Edge Notch
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Circumferential
or Transverse

W

Longitudinal

or Axial

• X

, Fatigue
Crack

W =17 mm

a =6-5-10 mm

b= 375 mm

FIGURE 2(a)

DIMENSIONS OF COMPACT TENSION SPECIMEN
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FIGURE 2(b)

SPECIMEN ASSEMBLY IN GRIPS READY FOR TESTING

A - current leads
B - potential leads
C - insulated pins
D - thermocouple



FIGURE 2(c)

LOADING ARRANGEMENT AND INSTRUMENTS



Zr-2.5%Nb
POTENTIAL LEADS

CHART RECORDER

DIFFERENTIAL
VOLTMETER

OPTIONAL DIRECT
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REFERENCE
RESISTOR

«•-COMPACT TENSION SPECIMEN

CONSTANT TEMPERATURE
OIL BATH

#14 COPPER WIRE
o
I

D.C.
CONSTANT

CURRENT POWER
SUPPLY

FEED-BACK FROM
EXTERNAL RESISTOR

FIGURE 3

DETAILS OF INSTRUMENTATION FOR POTENTIAL-DROP MEASUREMENTS INCLUDING OPTIONS
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FIGURE 4

CALIBRATION CURVE DEMONSTRATING LINEARITY FOR Zr-2.5% Nb COMPACT TENSION
SPECIMENS
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FIGURE 5

EXAMPLE OF CRACK TUNNELING IN Zr-2.5% Nb COMPACT TENSION SPECIMEN



I
NO

K2/o E ( p m)

FIGURE 6

CALIBRATION FACTOR DETERMINED ON ACTUAL SPECIMENS AS A FUNCTION OF CRACK OPENING DISPLACEMENT
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AK=15.7-20.5

AK=10.3-13.9 MPa.m'-s
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TIME FROM START OF TEST (h)

FIGURE 7

REPRODUCTION OF i.^ I-.SNTIAL-DROP RECORD FOR THE CASE OF TWO SUDDEN
LOAD INCREASES APPLIED TO A PROPAGATING CRACK
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FIGURE 8

FRACTURE SURFACE OF A SPECIMEN TESTED AT 228°C AND SUBJECTED TO A SERIES
OF tOAD INCREASES AND CYCLES. NUMERALS MARK BOUNDARIES SEPARATING
LETTERED REGIONS OF CRACK EXTENSION
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FIGURE 9

TYPICAL PLOT OF CRACK VELOCITY AGAINST STRESS INTENSITY FACTOR BASED ON
A SEGMENTED CALIBRATION OF THE FRACTURE SURFACE IN FIGURE 8
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FIGURE 10

POTENTIAL-DROP RECORD FOR A SPECIMEN AT 200°C SHOWING STEPWISE NATURE
OF CRACK PROPAGATION
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v/v0

SCHEMATIC CALIBRATION CURVES FOR A GIVEN SPECIMEN AT TWO TEMPERATURES, T AND T
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POTENTIAL-DROP CHANGES FOR A TEMPERATURE INCREASE FROM 115°C TO 12O°C.
WAVY LINE AT CENTER OF FIGURE IS FROM A SECOND PEN FOLLOWING A DIFFER-
ENT SPECIMEN
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