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ABSTRACT

To help determine remaining lifetime of pressure vessels suffering creep, the authors have
previously developed a method and presented promising results using a combination of AC
and DC electrical potential drop (EPD) on-line monitoring, detecting both final cracking as well
as incipient creep damage. The latter was tentatively ascribed to the development of cavitation
damage, but recent modelling and separate off-line measurements have shown that cavitation
is unlikely to provide enough of a change in electrical properties to explain all of the variations
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previously observed. Here we gather the results obtained to date, and review their likely
relationships in an attempt to obtain a greater insight into the mechanisms at play. Whilst
changes in both on-line and off-line EPD are largely in accord, the belief now is that the
changes seen cannot be fully explained by cavitation development and that EPD is responding

to other creep induced phenomena as well.

Introduction & background

The use of the electrical potential drop (EPD) techni-
que for monitoring creep damage in specimens and
plant components at high temperature has been
demonstrated by the authors in both the on-line
laboratory and semi-industrial contexts [1] as well as
off-line laboratory-based studies [2]. The latter have
been aimed at trying to understand the EPD changes
seen (for both alternating current (AC) and direct
current (DC) regimes) during on-line monitoring.
Both the on-line and off-line studies were conducted
on welded specimens, where the EPD was monitored
across heat affected zone (HAZ) locations thought to
be particularly susceptible to type IV cracking (in P91/
92 steel).

Normally employed for crack depth determination,
EPD relies upon a measurement of a specimen’s elec-
trical impedance. In the case of direct currents, this
translates specifically into the electrical resistance, but
with alternating currents, capacitive and inductive
components join to generate a more complex response
[3]. Any changes in the path that an electrical current
takes, can alter impedance. In addition to cracks, other
microstructural features are expected to alter impe-
dance, such as the appearance of cavities.

On-line monitoring, by its very nature, prevents
a deep study of those gradual changes in the under-
lying microstructure that may well affect the measured
EPD, whilst studies on laboratory specimens often
suffer from signal variations due to the multi-
specimen nature, and loss of sensitivity, due to the

interrupted testing. On-line monitoring measures an
‘average’ EPD response over a fixed location, whereas
off-line measurements can be undertaken as area-
scans, or ‘line-scans’, which gauge the changes in
EPD across and along a specimen - and so give spatial
information [2].

Results emanating from the on-line study showed
a consistent and reproducible, if subtle, rise in DC
EPD (DCPD) values, almost all of the way through
the lifetime of the specimens (of the order of a 5% rise
over a lifetime of ca.10,000 hrs) being tested (pressure
vessels), and a commensurate drop in AC-EPD
(ACPD). This was followed by rapid rises in both,
just ahead of final fracture/rupture events. Off-line
laboratory scans on creep specimens revealed changes
in absolute ACPD that were consistent with those seen
in the on-line tests. By measuring EPD line-scans
traversing across the HAZ of welds (with the speci-
mens themselves actually being cut out of much larger
welds), it was possible to detect peaks in the EPD,
particularly ACPD. Peak heights, when plotted as nor-
malised values, against remaining lifetime, revealed
a trend which appeared to provide a means of gauging
consumed life through ACPD measurements.

One of the conclusions of the off-line EPD study
[2], was that the changes seen in the EPD signals were
highly likely to be due to cavitation damage — there
being a reasonable link between independent mea-
surements that showed a rise in the density and size
of cavities — and the changes seen in the DCPD.

CONTACT Adam Wojcik @ a.wojcik@ucl.ac.uk @ Department of Mechanical Engineering, UCL, London, WC1E 7JE, UK

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-
nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or

built upon in any way.


http://orcid.org/0000-0002-3301-7007
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/09603409.2023.2175563&domain=pdf&date_stamp=2023-02-21

2 (&) A WOICIKETAL

Cavitation would theoretically have an effect on the
effective resistivity of a conductor (or more precisely,
its resistance) simply through an effect linked to geo-
metric changes in the cross-section available for con-
duction. However, it is difficult to see how changes in
magnetic permeability and other electromagnetic
(EM) parameters (measured as part of an independent
and parallel study [4]) could be ascribed to cavitation.
Similarly, whilst a tentative link could be ascribed to
the changes seen in the on-line DCPD results, explain-
ing the reductions seen in on-line ACPD, in terms of
cavitation appeared impossible. ACPD, and the linked
EM measurements cited above [4], are more likely to
be affected by the state of strain in a metal, and how
this alters the shape and orientation of magnetic
domains.

This paper details some of the results obtained in
the off- and on-line studies and then attempts to relate
them to some basic modelling that has since been
conducted, to help shed light on the EPD responses
observed. Given that the on-line changes seen were
reproducible and the result of many separate experi-
ments, this paper begins by making the assumption
that DCPD (at least) was responding to cavitation.
However, given the equation for the resistance of
a conductor, a 5% rise in signal magnitude implies
a 4.76% reduction in cross-sectional area — a feat for
which cavitation volumes, as routinely reported for
P91 is not expected to fulfil (see later). Thus,
a simplistic view of cavities reducing the area available
for conduction is insufficient to explain the observed
changes. The development of cavities could, however,
add to the path that electrons are required to take —
and so raise the apparent resistivity, in essence length-
ening the conductor in the cavitated zone via internal
convolutions. Furthermore, the volume of actual
metal (as distinct from the volume calculated from
external dimensions) will not alter in a creep test,
however there may well be lateral strain in the direc-
tion of the tensile load. This could alter, although
subtly, the aspect ratio of the conducting “portions’
of the specimen and hence could, in theory, raise the
resistance and hence the DCPD.

Overview of experimental work

For EPD, impedance is normally measured using
a four-point arrangement of in-line electrical contacts,
with the outer two connections delivering the excita-
tion current, and the inner two allowing measurement
of the potential drop required to drive the excitation
current through the specimen [5]. Measurements are
normally simplified by ensuring that the excitation
current is known and remains constant during the
measurement. A subtlety of ACPD over DCPD is the
existence of the so-called ‘skin effect’, where the exci-
tation current is found to travel close to the surface of

the specimen, rather than uniformly throughout its
cross-section (the latter being largely the case for
DCPD). The depth that most of the current penetrates
to (the skin depth) is a function of the frequency of the
AC excitation, and this provides ACPD with an extra
degree of freedom which can both add information or
complicate interpretation (depending on one’s view-
point!). The higher the frequency, the smaller the skin
depth, and the more sensitive the technique to surface
breaking defects.

EPD excels at providing a continuous electrical
response that is proportional to crack dimensions
and as such it is often the only crack monitoring
technique that can be used in extreme testing contexts
such as at high temperatures (e.g. thermomechanical
testing of superalloys) [6], under corrosive atmo-
spheres (e.g. H,S induced cracking in the oil and gas
industry, or stress corrosion cracking of stainless steels
under high pressure high temperature aqueous condi-
tions) [7], or even in high radiation environments
(such as in-pile testing of materials in the nuclear
industry). In such contexts, EPD is normally used in
a continuous (on-line) sense to monitor for crack
initiation and crack growth.

Aside from cracking, EPD can respond to a range of
other effects that might be of interest including micro-
structural differences (such as within welds, or after
case hardening), internal defects (e.g. porosity), resi-
dual stress measurements (ACPD is very sensitive to
the level of elastic and plastic strain in ferrous materi-
als). EPD may also offer an insight in other mechan-
ism that would be expected to alter resistivity or
impedance - such as hydrogen embrittlement (HE)
or high temperature hydrogen attack (HTHA).

Many of the practical challenges associated with
EPD relate to the engineering difficulties in the way
in which electrical connections are made to specimens
[3], and continuous monitoring in an industrial con-
text poses additional difficulties associated with instal-
lation, such as access, the provision of power and
external communication channels, as well as tight
installation deadlines during plant outages.

For off-line non-destructive testing (NDT) applica-
tions, EPD equipment can be battery powered and
then used for spot-checking of cracks in structures
(particularly ACPD, given its better portability), with
the 4-point connections being made by some kind of
re-position-able or hand-held ‘probe’ head which
usually houses sprung loaded pins able to penetrate
surface oxides or contamination. However, resolu-
tions reached (in terms of crack depth) are nothing
like that achievable in an on-line context, mainly due
to variabilities experienced in making reliable connec-
tions (and in locating the same measurement location
after typical outage intervals have passed).
Furthermore, hand-held spot checking is far more
suited to ACPD than DCPD - simply because the



excitation currents required when using DCPD are
often far too high for the sprung contacts employed.
Currents have to be in the 10's of amps before a decent
measurable DCPD can be obtained, depending on
specimen sizes. Typical currents in ACPD studies are
an order of magnitude less, but hand-held ACPD
probes are very susceptible to registering changes in
signal magnitude due to differences in approach angle
and contact pressure.

These effects are linked to the existence of a variable
error signal, known as ‘pick-up’ that superimposes
upon the specimen-derived signal. Overall, such
effects generally limit handheld EPD to a resolution
of no better than 0.5 mm in crack depth measure-
ments - significantly different from the 10 micron
resolution that is normally achievable for typical
cracks in a continuously monitored situation [6].
Using EPD for spot checking is therefore far from
ideal, but has often been the methodology employed
by plant operators and inspection companies, often
leading to disappointment in the efficacy of EPD
methods (especially for creep life determination).

On-line testing

In contrast to spot-checking, the application of EPD to
long-term monitoring will suffer none of the issues
described above; however, other than its common use
in the laboratory as a means of measuring long-term
fatigue crack growth, EPD seems to have been rarely
used for on-line use, and this may have something to
do with the practicalities of making robust connec-
tions in the field as well as interpreting the data gen-
erated. In 2015, the authors embarked on a long-term
study of using EPD to detect and monitor creep
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damage in P91 and P92 steel pressure vessels under-
going laboratory testing. In this study, many of the
practical issues associated with specimen connection
and apparatus deployment were overcome. To date,
data interpretation remains an on-going challenge
although, as will be described here, the signs are that
a path forward has been identified, with the main need
being the acquisition of more data and installation
experience to build up a database of EPD responses
across different specimen geometries, environments
and contexts.

Part of the advance made by the authors has been to
combine the AC and DC variants into one monitoring
system to effectively create an ‘AC/DC’-EPD set-up
[1]. This has enabled the benefits and strengths of both
variants to be captured in one on-line test, and has also
revealed a synergistic effect which appears to greatly
enhance an operator’s ability to determine (in this
case) how close to end-of-life a monitored component
is. We further describe this below when discussing the
results of work already completed.

For the on-line work, the AC/DC set-up employed,
required the interfacing of two commercial EPD
instruments together, one providing ACPD capability
and the other, DCPD, (Matelect Ltd, London). This
was achieved by using a series of signal and current
multiplexing (switching) units which also facilitated
connection to multiple points on the test vessel.
Several cylindrical pressure vessels were monitored
in the three-year study. Figure 1 shows one of these,
manufactured from P91 steel and containing two cir-
cumferential welds. The vessel was loaded axially and
was also subjected to elevated temperature (ca. 700°C),
and internal pressure (ca.100 bar). Failure was
expected to initiate in the HAZ of the welds by Type

Figure 1. Left — pressure vessel in open split-furnace, just after EPD connections have been completed. Right — routing and
conversion of high temperature (HT) wiring to room temperature (RT) cabling.
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IV cracking at around 10k hours, and it was these
zones that were monitored by the EPD system.
Scheduled outages occurred so that other off-line
NDT characterisation methods could be employed,
including ACPD in a hand-held mode.

A significant feature of the on-line AC/DC system
employed was the ability to use only one set of elec-
trical connections for both EPD variants. This both
simplified connections and reduced the number of
wires and connection points to the test vessels, the
only disadvantage being that the ACPD current carry-
ing wires were, in effect, much thicker than they would
normally be (given they also had to be capable of
carrying the higher direct currents for DCPD).

After much trial and error, a connection methodol-
ogy which involved the use of stainless steel studs (ca.
20 mm long x 2 mm diameter) silver-soldered to pure
silver wire, the whole being sheathed in silica braiding,
was eventually employed. The studs were originally
welded to the vessels using a conventional spot welder,
and the wire silver-soldered in-situ. Specific engineer-
ing details on connection methodology can be found
elsewhere [1] but the authors have since developed
a system of welding which relies upon pre-wired and
sheathed studs, and a specially developed stud welder,
which uses a ‘gun’ type head (see Figure 2) that can
deliver rapid and reliable connections at a very fast

rate, allowing all the connections to be made in min-
utes rather than the hours that they originally took.

This process can now be enhanced even further by
using 3D printed profiled ‘jigs” which act as locators to
ensure the arrays of connections are appropriately
positioned, and the wiring suitably oriented and
strain-relieved — creating a single ‘umbilical” which is
pre-manufactured at base, and can then be quickly
installed in the industrial context. Normally, 4-8 con-
nection locations are sufficient to adequately monitor
one side of a weld, so a total of 16 ‘sites’ will cover the
complete weld. This can generate a substantial umbi-
lical containing nearly 100 sheathed wires.

Silver wire of ca. 1.5 mm diameter was used for the
current supply lines, and 0.5 mm for the signal lines.
Silver was easy to handle in the field, thread through
insulation, and solder in place. Its low resistivity
meant that it was an ideal choice to be able to share
AC and DC wiring, thus simplifying the umbilical up
to the point where polymer sheathed, copper cabling
was employed. Silver resisted the high temperature
conditions well, and even after 10,000 hours of expo-
sure, was always bright and free from oxidation, unlike
the stainless studs which became heavily oxidised (see
Figure 3).

Typically, leads were 3 metres long from connec-
tion point on the vessel, to a nearby junction block

Figure 2. Left — pre-soldered stud connections ahead of installation, Mid — modified stud gun head. Right — rapidly welded stud

array (minus wiring).

Figure 3. Top — as made stud/wire connections ahead of creep test. Bottom — after 10k hour test duration - note unoxidised silver

wire.
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Figure 4. Left - Stud connections after installation on horizontal vessel. Right — close up of a set of 6 studs, the outer two for the
excitation current and two inner pairs for the signal from each HAZ.
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Figure 5. Schematic of a full AC/DC EPD system in a condition monitoring role. The local junction between RT (copper) and HT
(silver) wiring is undertaken as soon as the HT wiring exits the hot zone.

(external to the furnace), and then to a set of signal
and current multiplexers (and thence to the AC and
DC instruments). To help eliminate interference or
‘pick-up’ in ACPD situations all wire pairs were
twisted together, carefully done to avoid damaging
the high temperature insulation.

A total of 6 studs were positioned in-line across
a weld to create a measurement ‘zone” with the outer
two studs delivering the requisite EPD excitation cur-
rent, with the two inner pairs straddling each HAZ,
and acting as the EPD measurement points (see
Figure 4). Several ‘zones’ along any particular weld
were thus covered.

The EPD instrumentation was placed external to
the furnace and blast zone (necessary because the
vessels were pressurised), and placed under the control
of bespoke software which could be accessed across
the Internet, permitting the easy transfer of data for
regular interpretation (as illustrated in Figure 5).

Skin depth calculations for P91 steel, at the chosen
excitation current frequencies suggested that even at

the lowest operating frequency of 300 Hz, for the
ACPD variant, the skin was significantly thinner
than the specimen wall thickness (ca. 5 mm compared
to 25 mm). This meant that the ACPD readings were
only expected to reveal defects and/or microstructural
variations that were close to the outer surface of the
vessels. Past experience, however, suggested that crack
development would initially be internal before travel-
ling to either the outside surface or the inside (back-
face) of a vessel. The lowest excitation frequency
(300 Hz) was therefore expected to give the best
chance of showing any internal or back-face defect.
For reasons which are not entirely understood, subse-
quent work [2] indicated that a ‘sweet-spot” in ACPD
frequency of around 3 kHz existed — where sensitivity
to incipient damage was maximised, so the parameters
used in the original study may not have been optimal.

The AC excitation current was set to 2 amps for all
measurements. In contrast, direct currents of ca. 50A
are sometimes required for comparable signal magni-
tudes, but to minimise specimen heating and large
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Raw DCPD response, P92, HAZx & HAZy
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Figure 6. DCPD over time (4 months) — initial rise to level due to heat up of furnace, with subsequent transients due to
temperature control issues with furnace. The large swings far exceed that due to incipient damage by orders of magnitude.

voltage drops across the long cabling, 15A was the
default excitation direct current chosen. A similar set-
up was employed for other vessels in this study - one
P92 vessel and a further P91 vessel, the only differ-
ences being that these latter vessels were mounted
horizontally, and no external axial load applied.

On-line results and discussion

The study generated a mass of data over its 4-year
period and much of this is described elsewhere [1],
however the broad lessons for the use of EPD in
a continuous monitoring role to detect incipient
creep degradation, all the way to the final throes of
a vessel’s life, can be drawn. Figure 6 shows a plot of
extracted data for a typical DCPD response over a total
period of just over 2.5 months from an adjacent pair of
HAZ locations (designated X’ and ‘y’) on the tested
P92 vessel. There is clearly a large variation in signal
magnitudes over time (this was mirrored by changes
in monitored ACPD too).

The fluctuations seen amount to several 10’s of % of
full scale, which was eventually found to be substan-
tially in excess of any fluctuation attributed to incipi-
ent damage (over months of exposure) — hence the
earlier comment that changes due to cavitation and
micro-crack development are likely to be very subtle.
Once a crack had initiated and grown to be
a substantial fraction of the specimen wall thickness,
large changes in signal level might be expected, and
indeed were observed, but clearly the fluctuations seen
in Figure 6 recover in magnitude and level, and are
definitely, therefore, not due to specimen cracking.
Furthermore, such changes were often observed early
on in the projected lifetime of the vessel, so could not
be reasonably ascribed to cracking, in any sense. Most
of these fluctuations were subsequently traced to
changes in specimen temperature and/or failure of
the apparatus applying internal pressure to the vessels.

To help deconvolute and deal with such signal
changes, it was necessary to “normalise’ the data. In
laboratory-based EPD, during elevated temperature

testing, it is normal to employ a reference channel to
normalise for temperature fluctuations. The reference
location is ideally a ‘passive’ one, unlikely to be
affected by the main ‘active’ phenomena being inves-
tigated, such as crack growth. A ratio of active/refer-
ence EPD is then calculated and this should be
immune from  changes in  temperature.
Normalisation by division was therefore employed in
the pressure vessel study described here, but in the
final analysis, normalisation was often found to not
totally eliminate experimental fluctuations, most
probably because the effect of temperature on the
signals is likely to be non-linear or may involve signal
components that are additive, and so cannot be com-
pletely eliminated through a simplistic mathematical
division of active versus reference signals. This is espe-
cially expected to be the case when changes in pressure
(hence strain) are factored in. ACPD is strongly
affected by strain (in ferritic materials) [2] and not in
a linear fashion. Notwithstanding this, a form of nor-
malisation was employed in a post-processing sense.
Thus, changes in signal magnitude in active areas were
compared to those seen in passive/reference areas and
if a similar trend was observed, the transient data
could be offset or discounted totally - especially if
the variations seen were small in duration (in relation
to the overall testing duration). For this form of ‘nor-
malisation” to be applied effectively, other signals
(such as temperature, pressure and/or strain) clearly
need to also be monitored, compared and interpreted
alongside the EPD data, if any certainty is to arise in
practice. Other filtering methods can be employed to
remove solitary transients which are clearly ‘rogue’
points.

Figure 7 illustrates what can be done using the
approaches discussed. The data is now ‘noisier’ around
a comparatively steady average, minus the large tran-
sient “noise’ seen before (as expected, given autoscal-
ing has been employed to essentially raise signal gain).

The y axis scale now reveals that noise in the EPD is
at a level of 10’s of nanovolts — and hence is more
likely to be a reflection of overall instrumental noise.
Emerging from this noise can be seen a clear trend
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Early stage processed DCPD response, P92, HAZy, at final rupture site

DCPD (millivolts) HAZy
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Figure 7. Processed DCPD over time (2 months). Transients (any data 10% above or below running average) were removed, and
data auto-scaled to reveal random signal noise. Slow but steady rise due to possible incipient damage then emerges.

however - a gentle but steady rise in the EPD which is
much more likely to be as a result of the development
of creep damage. Given that this data set was obtained
from a zone on the P92 vessel directly over where final
rupture occurred, the authors had great confidence
that they were detecting incipient damage.

Figure 8 reveals what was observed to happen to the
EPD once a ‘real’ crack had initiated in one of the
circumferential welds, in this case in one of the P91
vessels. The presence of the crack was confirmed after
catastrophic failure of the vessel had occurred.

It should be noted that, as before, two signals were
being monitored at this zone, namely one from either
side of the weld, so that both HAZ were covered by AC
and DC EPD measurements. The DC trends appear to
work in opposition to each other with the one HAZ
zone showing a clear exponential rise associated with
a rapidly propagating defect, but the complimentary
HAZ trace shows a gentle decline. The explanation for
this is that both monitored zones are being fed the

same excitation current and lie in line with each other
(in terms of current flow) hence the growing defect
will a) raise the DCPD (as conventionally expected)
but b) divert the current flow away from the adjacent
monitored HAZ such that it appears to show
a reduction in measured DCPD. In other words,
a developing defect shields the response from an adja-
cent monitored zone, so as one signal rises, the other
falls.

It was clear that the change in the DCPD was very
dramatic and highly definitive, when in the latter
stages of failure (the last two days), but that never-
theless, a far subtler rise was seen at least two weeks
ahead of failure. Such a gentle change would normally
be ignored; however, when considered together with
the drop seen in the adjacent HAZ’s response,
a greater degree of certainty can be assumed that
creep damage was developing. Additionally, when
the complimentary ACPD response is considered
alongside, a stronger pattern begins to develop -

Raw DCPD response, P91

DCPD (millivolts) HAZx

™

AZvH (syonjjiw) adda

Date

Figure 8. Raw DCPD over time (2 months) as final failure occurs — steady rise overtaken by exponential rise as crack propagates.
Shielding effect on adjacent HAZ means complimentary DCPD drops.



8 A. WOJCIK ET AL.

Raw ACPD response, P91

ACPD (volts) HAZx

AZWwH (syon) adov

Figure 9. Raw ACPD over time (2 months) at final failure — steady drop overtaken by exponential rise as crack propagates.
Shielding effect on adjacent HAZ means complimentary ACPD drops. Transients not removed.

Figure 9 illustrates the corresponding ACPD traces,
for the same locations on the P91 vessel, and here it
can be seen that as the DC traces rise, the AC
responses drop. Unlike for DCPD, this occurs on
both HAZ positions and the drop continues until
such time as the DC trace has begun its exponential
rise, at which point the AC response follows suit,
signifying rapid crack propagation.

The explanation for the AC behaviour is not
obvious and relies upon the knowledge that in
ferritic materials, ACPD signals are sensitive to
stress (strictly strain is the determining factor
here) [8,9] as highlighted earlier. This is a result
of the change in magnetic permeability that occurs
when the grains containing magnetic domains are
strained. As a result, in a ferritic material under
a uniaxial stress, the ACPD measured axially has
been observed to drop as the stress rises. In the
monitored pressure vessel, the developing defect
will be expected to raise the local stress to a point
where the ACPD may indeed be affected by the
stress concentration. Of course, the ACPD could
also be responding to a rise in the general strain
as a consequence of creep seen globally across the
specimen. Strain gauges fitted to the pressure ves-
sels did indeed register a gradual, if small rise, in
global strains with time.

Opverall then, given that the ‘true’ ACPD is normally
only sensitive to surface breaking defects (as it relies
upon the skin effect to generate a rise in path length as
a defect grows) it is likely that the AC response over
time will first drop (due to strain effects) before finally

rising (presumably once the defect has become surface
breaking).

When taken together, the drop in AC with the rise
in DC, and the drop in DC on one HAZ, with a rise in
the other, constitute a characteristic ‘signature’ which
could greatly lengthen the warning period ahead of an
impending failure when compared to the case of mon-
itoring a single EPD response using one or other of the
EPD variants. It is not unreasonable to suggest that
alternative signatures could be identified, in other
testing contexts.

The pattern of AC and DC EPD responses was
repeated in all of the pressure vessel tests conducted
to failure. Conservative estimates of the length of
warning that the EPD monitoring system would have
given test operators of a leakage, via a surface breaking
defect, were in the region of two to three weeks for
most specimens. This may well be sufficient notice for
many plant operators.

The subtle (relatively), but steady, rise in DCPD
seen in Figure 7 was actually present for some
2.5 months (ca. 1600 hours) before the test was termi-
nated and the P92 test vessel examined using UT. No
crack-like defects were detected, the EPD connections
re-made, and the vessel was put back under test. The
gentle rise in DCPD was observed to continue (at
a similar, almost linear, gradient) until final cracking
and failure occurred some 2 months later, whereupon
a rapid rise in DCPD was observed (similar to that
seen in the earlier P91 tests). The percentage change in
DCPD amounted to less than a 1.5% rise over the
initial 4.5 months, whereas the change in the last few



hours of life amounted to over 100%. In this particular
test, it was highly unlikely that a crack-like defect
existed 4.5 months prior to failure, so lending weight
to the notion that the subtle change in DCPD may well
have been due to incipient damage.

Of the three on-line tests conducted to failure (2x
P91 and 1x P92), all exhibited modest initial rises in
DCPD readings close to the ultimate failure location.

Typically, over the total testing period of ca 10k hrs,
the steady rise in DCPD, which we tentatively attribute
to the build-up of cavitation and micro-cracking saw
less than 5% rise in DCPD over the starting EPD
values, but this was sufficient to signpost the build-
up of creep-related damage.

Unfortunately, the testing timetable precluded ter-
mination of any test in the early stages of damage
development and this particular study was more con-
cerned with end-of-life determination, rather than
remaining life prediction. These tests were therefore
open to criticism that the changes in EPD seen could
not be categorically ascribed to incipient creep
damage - and in particular to the formation of creep
cavitation. This prompted the follow-on study where
controlled laboratory testing (on specimens taken
from interrupted creep tests) was used to help deter-
mine the underlying phenomena responsible for the
changes in AC and DCPD. The results of this follow-
on study are fully reported elsewhere [2] but are sum-
marised here in a direct comparison to the on-line
testing.
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Off-line testing

For this interrupted creep study, small test specimens
(130 x 10 x 4.5 mm) were prepared (and creep tested)
by research partners [4] and consisted of P91 material
cut from a large (160 mm plate) pressure vessel multi-
pass weldment (Figure 10), so as to contain 50% base
metal and 50% weld metal, with the associated main
heat affected zone (HAZ) located approximately mid-
span along the specimen’s long axis and loading direc-
tion. Once again, failure was expected to initiate in the
HAZ of the welds by Type IV cracking. It was these
vulnerable zones that were monitored by the EPD
system in the original on-line EPD study. Multiple
specimens were machined and creep tested, under
uniaxial load, at two temperatures (600°C and
620°C) for durations that corresponded to various
(predicted) life fractions.

In addition to EPD, other characterisation techni-
ques were also deployed by project partners — such as
electromagnetic (EM) tests (e.g. magnetic Barkhausen
noise (MBN) and measurements of magnetic perme-
ability). For EPD, electrical connection to the speci-
men was made via sprung loaded pins but rather than
being handheld, these were mounted in a computer-
controlled X-Y table, so that surface scans of the speci-
mens could be achieved. Computer software con-
trolled the scanning procedure and, in this way, both
area scans and line-scans could be made across the
surface of a specimen. Results were processed in
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Figure 10. Top — DCPD line-scans along interrupted test specimens (bottom). Life fraction estimated to be less than 20% for these
specimens over virgin material (also shown). No convincing trends can be detected.
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ACPD line-scan along specimen length
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Figure 11. Top — ACPD line-scans along interrupted test specimens. Definite peaks are detectable, with central peak correspond-
ing to location of HAZ. Further peaks (multiple passes?) can also be detected.

several ways — firstly to ascertain whether absolute
changes in EPD were detectable, but also to judge the
changes in EPD when scanning along a line down the
tensile axis of the specimen. Some of these ‘line-scans’
are shown in Figures 10 and 11, given their relevance
to the on-line data already discussed.

Off-line results and discussion

The results for DCPD scans were disappointing, and
showed no statistically significant trend of absolute
(averaged) DCPD with life fraction, although notice-
able difterences in DCPD level when traversing a HAZ
were observed, indicating that DCPD is sensitive to
microstructural effects. The reasons for this, and the
contrast with the on-line study, are manifold but could

simply be that the test specimens were not subjected to
true life fractions.

What is also true is that the DCPD results were very
much influenced by the location of the measurement
on the specimen - with substantial edge effects seen in
the area scans (unsurprising given the small size of the
specimens). More details are given in the authors’
earlier publication [2] but these outcomes for DCPD
further reinforce the notion, cited earlier, that the
subtle changes in EPD are best detected via continu-
ous monitoring, irrespective of the care and attention
taken with interrupted ‘spot’ measurements.

In contrast, the off-line ACPD results showed
a much more positive correlation with the previous
on-line work, as well as far more dramatic changes in
the signal level when traversing a specimen. Peaks in
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Figure 12. Variation in ACPD peak height (main peak) with life fraction (estimated).



the absolute ACPD were detected at the HAZ (as
opposed to the level changes seen in the DCPD
results), and when the peak heights were plotted,
a definite trend with life fraction was detected (see
Figure 12).

This trend was tentatively ascribed to a rise in the
cavitation damage within the HAZ of the specimen
(which appeared to correspond well with the location
of the peaks in the line-scans). That said, what is
significant about the ACPD results to the present
discussion was the trend seen with the absolute (line
averaged) ACPD taken across the whole specimen.
This is shown in Figure 13, and revealed a definite
drop over time, before recovering a little.

The response seen in Figure 13 accords with that
seen in the on-line testing — namely a steady reduction
in ACPD over time, until cracking becomes dominant
and the PD begins to rise.

Measurements of magnetic permeability conducted
by the partner researchers showed a similar trend in
response — with the permeability dropping almost
immediately with life fraction, and then reaching
a minimum at about 50% of life. This again was
encouraging in so far as the changes in ACPD are
expected to be sensitive to changes in electromagnetic
properties such as permeability, given they influence
parameters such as the skin depth.

In conclusion, after considerable testing, in both
on- and off-line contexts, it was clear that both
ACPD and DCPD appeared sensitive to changes
occurring in the pressure vessel steels experiencing
creep. Ascribing these variations to actual creep-
related phenomena remained speculative, given the
nature of the testing and the inability to directly
isolate any particular mechanism to check its effect
on the EPD. Clearly, both AC and DCPD were very
sensitive to end-of-life events such as catastrophic
cracking, but the studies indicated far more subtle
changes were detectable all the way through
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a specimen’s creep life. The major observations
made from the on-line study were that ACPD
appeared to gradually drop over time, across all
monitored channels, whereas DCPD subtly rose
over a similar period. This was partially supported
by the off-line work which saw ACPD drop (in
absolute terms) but also revealed spatial variations
whose peak values rose over time. The latter could
be ascribed to localised cavitation developing in the
HAZ, leading to a rise in ACPD.

As mentioned earlier, the drop in ACPD is much
more likely to be associated with the development of
global strain (itself an indirect consequence of creep).
Similarly, for DCPD, strain would be expected to have
very little effect on signal magnitudes and the gradual
rise in DCPD seen in the on-line measurements is
much more likely to be a response to the development
of cavitation. The fact that DCPD seems more sensi-
tive to the effects of cavitation than ACPD is again
explicable if one considers that DCPD is much more
likely to respond to bulk changes than ACPD and that
in any case, when considering ACPD, the effect of
strain is probably far greater than the effect of cavita-
tion — with the result that strain effects dominate the
signal changes and the ACPD reduces.

Although all of this appears to ‘fit’ together in
a plausible narrative, the fact remains that there is no
sense of absolute magnitudes in any of this discus-
sion - so the notion that strain dominates over cavita-
tion in ACPD remains largely speculative. In an
attempt to address this deficiency and actually ascribe
some figures to known factors that could determine
AC and DC responses, some basic modelling was
conducted [10]. This work is reviewed in part below,
given its likely relevance to the on and off-line studies
that preceded it.

Modelling

For the purposes of modelling, a similar specimen
geometry to that used in the laboratory off-line studies
described above [2] was employed. This geometry, in
turn, was as close as could reasonably be obtained to
that in the on-line vessel tests also described above [1].
Although the overall specimen size, during on-line
testing, was an order of magnitude larger than the off-
line specimens, the way in which the currents are
injected into the specimen (real or virtual), and the
location and spacing of the electrical contacts, makes it
unlikely that significant differences in current flow
would occur between the various testing scenarios. It
is the current flow and distribution that ultimately
determines the fundamental potential drops.

The basic premise was to mesh a specimen with an
array of cavities that could approximate to a damaged
specimen - and to model the response with time (and
cavity volume/number) once a series of virtual
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Model size: 250x16x6mm

DC Current source: 2546479 A/m? Circa S0Amps
Sphere size: 200micron diameter

Sphere number 12,000

Inward current density: 25mm from top edge
Positive contact: 90mm from inward current
Negative contact: 20mm from positive contact
Ground: 90mm from negative contact

Figure 14. (a) LHS, meshed CAD model of test specimen, (b) RHS, modelled current distribution. Current is input/extracted via the
two large posts on top surface. Voltages ‘read’ off on the inner two posts. DCPD is the differential value between inner contacts.

Modelling parameters are given alongside.

Model size: 50x10x5mm

Sphere size: None

Total volume of cavitation: None

DC Current source: 2546479 A/m?, circa 50Amps
Inward current density: Smm from the top edge
Voltage high contact: 10mm from inward current
Voltage low contact: 20mm from positive contact
Ground: 10mm from negative contact

High contact voltage: 0.0079374V (modelled)
Low contact voltage: 0.0029944V (modelled)
Differential voltage: 0.0049430V

Figure 15. Simplified and shortened ‘reference’ specimen showing identical modelled current flow. Modelling parameters are

given alongside.

electrical connections had been made to it. This was
conducted only for the case of DCPD, due to the
greater simplicity of the DC case (modelling AC
needs to consider other effects - for example the
influence of strain on magnetic permeability) and
because a clear target value of around 5% change in
DCPD signal magnitude had been identified from the
on-line vessel tests. If the model could generate such
changes, then cavitation, by implication, could be the
driver for these changes.

Meshing and modelling were carried out in
COMSOL using the Joule heating subsection of the
electromagnetic heating physics engine. A computer-
aided design (CAD) model of the specimens and asso-
ciated cavitation pores was created in Fusion360. The
required 4-point electrical connection was then added,
enabling the in-built ‘probe’ facility to interrogate
a specific boundary and extract the resultant potential
drop. The modelled system, was therefore close to
‘reality’, and any differences were regarded as unlikely
to affect the validity of the results. Initially, a closer

representation to the previously employed laboratory
specimens was employed (Figure 14a and b) but far
faster processing times (ca. 20 mins) were obtained by
using a shorter specimen, with no significant altera-
tion in the modelled current distribution and/or ‘mea-
sured’ voltage. Figure 15 shows the base-line reference
specimen that was employed, and the parametric
values chosen.

It should be noted that the previous off-line tests [2]
employed moving contacts (4 pin sprung-loaded
probes) to deliver both the current and read the resul-
tant voltage, whereas the model presented here has
fixed contacts — so is actually much more applicable
to the on-line tests [1] which used spot welded con-
nections onto the pressure vessels under test. Once
again, the difference was not deemed significant. The
real purpose in the work was to ascertain whether
cavitation is the likely driver for the DCPD signal
changes previously observed.

The computational model defines the current injec-
tion at the top left of Figure 15, followed by a voltage
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Figure 16. Cavity creation methodology, left to right, a single layer, a cube of layers, an array of cubes.

(high) measurement point, a negative voltage (low)
point, with the ground (zero) line being at the current
exit point at the lower right-hand side. The DCPD
signal is the calculated differential voltage between
the high and low voltage measurement points.

In addition to the reference, nine other models were
created, each with different numbers of cavities (ran-
ging from 2,000 to 16,000). The cavities were modelled
as spheres and were located in the central zone of the
specimen (between the voltage ‘contacts’) in a volume
of 5x5x10 mm (10 mm being the specimen width). All
cavities were kept at 200 microns in diameter for the
first batch of modelling.

Obtaining data on ‘real’ creep cavities is not always
straightforward as both reported dimensions and cav-
ity numbers vary in the literature. Renversade et al.
[11] undertook an excellent study on cavitation in P91,
and reported peak cavity sizes of around 2 microns in
diameter for P91, and cavity densities of between 180k
to over 700k per mm?>. Again in P91, Han et al. [12]
reported peak cavity sizes around double that of
Renversade (although located in specimens with
notch stress concentrations), and followed the coales-
cence of these, first into microcracks, and then macro

defects. Even at 4 microns, these values proved too
time consuming to model, and the decision was taken
to raise cavity diameters to help make modelling fea-
sible. Whilst this may have created an unrepresenta-
tive population of cavities (in P91 terms) it did allow
the model to address the question of whether the
practically observed changes in EPD could be ascribed
to cavitation alone.

To mesh the cavities, a 1 x 1 mm 2D grid of 16
squares was created in Fusion360 in the X-Y plane.
Eight spheres were inserted in this grid in a regular
hexagonal array. In effect, every other square in the
array was populated with a sphere (thus generating 8
cavities). This was expanded into 3D by adding layers
in the Z direction, each rotated by 90 degrees with
respect to the underlying layer. In total, 4 layers (each
of 8 spheres) were generated and stacked together, as
shown in Figure 16. This gave 32 spheres in total, in
a 1 mm” volume. This was then replicated to generate
an array of spheres in a 5x5x10 mm’ volume followed
by a Boolean subtraction to create a ‘cavitated’ volume
of the same dimensions. Using this method, some
8000 cavities were evenly spaced in the 5x5x10 mm?’
volume.

Model size: 50x10x5mm

Sphere size: 200micron diameter X8000

Total volume of cavitation: 33.51032mm?

DC Current source: 2546479 A/m? circa 5S0Amps
Inward current density: 5Smm from top edge
Voltage high contact: 10mm from inward current

Voltage low contact: 20mm from positive contact
Ground: 10mm from negative contact

Voltage high (modelled) voltage: 0.0082002V
Voltage low (modelled) voltage: 0.0029766V
Differential voltage: 0.0052236V

Figure 17. (a) LHS, modelled current flow in a cavitated specimen, for a cavity radius of 100 microns, and a cavity number of 8000,
(B) RHS, close up of the cavitated area showing the banding in the current flow, characteristic of the model and the way in which

the cavities are stacked.
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To generate alternative cavity populations, it was
necessary to either add cavities or remove them from
this basic array of 8000. By filling every space in the
original 16 square grid with a sphere, it was possible to
reach a cavity population of 16,000. Values of 6000,
4000, 2000 (and 10,000, 12,000, 14,000) cavities were
generated by sequentially removing spheres from the
8000-cavity array (or the 16,000 array respectively) in
an orderly fashion. Spheres were removed sequentially
such that large gaps did not develop in the array (for
example, avoiding two empty grid squares adjacent to
each other).

It is acknowledged that the Boolean subtraction of
cavities from the specimen is simplistic, and does not
account for the fact that cavitation never removes
material, it just reorganises it. The Boolean operation
here employed actually removes conductive material
from the model, so would be expected to generate
a rise in DCPD that would exceed that for a constant
volume model. Thankfully, this discrepancy would be
most noticeable and significant at high cavity volumes,
rather than at the much lower cavity volumes observed
by Renversade et al. [11]. With this in mind, the
assumption was made that the drop in material solid
volume, at low cavity volumes could be neglected, with
the change in DCPD being assumed entirely to be due
to the alteration in current path and the additional
constraint of the current being funnelled between
cavities.

Modelling results and analysis

A typical modelled current distribution is shown in
Figure 17a. As expected, the flow is largely uniform
away from the immediate area of the current contacts,
but appears concentrated in the zone of the cavity
array. Figure 17b is a close up of this area. The banding
that can be seen is again as expected, given the cavity
layers are effectively separated from each other by thin
un-cavitated zones - -which are more conductive and
hence show up as a lighter colour. For a given thick-
ness of cavitated material, and contact separation, the
model might be expected to return a slightly lower
DCPD than if the layers interpenetrated, simply
because the current path would be more convoluted.

The voltage outputs from each computed model are
given in Table 1 together with the calculated values of
total cavity volume (% porosity). Figure 18 plots the
resultant DCPD against the % cavitation (porosity).
The data is shown curve fitted to a 2nd order poly-
nomial, with the extrapolation forced through the
origin. Percentage porosity was chosen as the repre-
sentative parameter to plot, so as to assist extrapola-
tion of the resultant response to the more
representative data on cavity size, as obtained from
the literature.

The data set shows that a 5% reduction in DCPD is
easily demonstrated by the modelled array of cavities.
By interpolation, a 5% change in DCPD would corre-
spond to an approximate porosity of 12%, which
equates to a little over 7000 cavities (of 200 micron
diameter) in the 5x5x10 mm (250 mm?®) zone. As
discussed above, the modelled cavity sizes are some 2
orders of magnitude larger than the ones observed by
Renversade et al. [11]. Their study presented a typical
cavity count for their sampled volumes of around
5 x 10> cavities, but for 2 micron diameter cavities,
and sampled volumes were estimated to be cylinders
of 0.6 mm diameter and 25 micron thickness, giving
a cavity density (p.) of approximately 7.08 x 10 cav-
ities per mm®. If these are assumed spherical, then
each cavity has a total volume of 3.35 x 107% mm?,
and the total percentage porosity in our modelled zone
of 5x5x10 mm is given by:

100(total pore volume) 100 (pViVe)

=2.37
(sample volume) Vs %

%porosity =

where V. is the total volume of cavities, V, is the
cavitated-zone volume in the specimen and p, is the
cavity density (number per unit volume).

If this percentage porosity is substituted into the
curve-fit data of Figure 18, an estimated percentage
change in DCPD of 0.9% is generated. This is substan-
tially lower than the 5% observed experimentally in
the off-line tests.

Further analysis was performed on arrays of cavities
where the cavity size was altered, but the cavity num-
ber maintained constant. This was done to test the
interchangeability of cavity size with cavity number,
and the results [10] gave an almost identical predicted
change in DCPD of 0.89% Figure 19.

Table 1. Tabulated values of the modelled DCPD voltages and cavity volumes for a model with cavity size at 100 micron radius, but

with variable cavity count.

Cavity radius (mm) Single cavity vol (mm?3)

Total cavity vol (mm?)

Calculated % change in DCPD  Calculated % porosity of test volume

0 0 0

0.2 0.03351 8.37758
0.251984 0.067021 16.75516
0.28845 0.100531 25.13274
0.31748 0.134041 33.51032
0.341995 0.167552 41.88791
0.363424 0.201062 50.26547
0.382586 0.234572 58.64305

0.4 0.268083 67.02064

0 0
1.298806 3.351,032
2.700789 6.702064
4.205948 10.0531
5.83249 13.40413
7.596601 16.75516
9.522557 20.10619

11.62654 23.45722
13.95913 26.80826
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Change in DCPD vs level of cavitation (porosity):
Constant cavity radius
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Figure 18. Plot of calculated DCPD against % total cavitation (% porosity) for the constant cavity radius (variable cavity count)

model. Equation fit given on plot.

Model size: 50x10x5mm

Sphere size: 400micron diameter X250

Volume of each cavity: 0.033510mm?

Total volume of cavitation:8.37758041 mm?

DC Current source: 2546479 A/m?, circa 50Amps
Inward current density: Smm from top edge
Voltage high contact: 10mm from inward current
Voltage low contact: 20mm from positive contact
Ground: 10mm from negative contact

High contact voltage: 0.0079983V (modelled)
Low contact voltage: 0.0029911V (modelled)
Differential voltage: 0.0050072V

Figure 19. Modelled current flow in a cavitated specimen, for the constant cavity number model, (variable cavity size). 250 cavities

shown, of 200 micron radius.

Whilst this current analysis relies upon an extra-
polation to an effective pore size that is two orders of
magnitude smaller than the smallest modelled, the
close correspondence of both modelling approaches
lends support that whatever parameter is altered, the
modelled DCPD is primarily reliant on total percen-
tage porosity (i.e. total cavity volume) rather than on
the nuances of the morphology of the array of pores
(which again seems a logical outcome). The implica-
tions for the two previous creep studies already
described, and changes in observed DCPD therein
are significant, for whichever of the two modelling
approaches is taken - in particular, the assumption
that the DCPD is determined by cavity volume alone
has now been shown to be flawed.

The modelling approach taken here yields pre-
dicted DCPD changes that are only 20% of those
seen in practice, if not smaller (given the large extra-
polations that have been necessary in the modelled
responses to attain ‘real’ cavity volumes), although
hitting a similar order of magnitude via the modelling
remains encouraging, even if some modification to the
initial thesis and assumptions may be required.

A number of other factors could help to raise the
observed changes in DCPD fivefold - for example, the
possibility of cavities forming large local clusters, as
creep proceeds — where the cavity volume might
appear to grow predictably, but the cavity size and
orientation might deliver a greater change in DCPD.
Clearly, the cavities will eventually coalesce and form
larger cavities — but these are unlikely to be spherical
(as assumed by the modelling) with the possibility of
longer aspect ratio cavities forming locally. Eventually,
these cavities could take the form of embryonic cracks
and thus the change in DCPD would be expected to
take a different trajectory. Similarly, micro-cracking
has been extensively identified as a stage in creep
damage development in P91 weldments, (e.g. [11-
13]) so the experimental data may in fact be initially
responding to cavitation, but then become dominated
by the development of micro-cracking or through
cavity coalescence, to create macro defects.

Furthermore, it is likely that any coalesce of voids
and the propagation of cracks be oriented perpendi-
cular to the principal applied load, which in the work
cited above [1,2] was also perpendicular to the line



16 A. WOJCIK ET AL.

joining the current injection and voltage pick up
points.

In this respect, such defects will be expected to
further raise the measured DCPD, given the cracking
directly interrupts the current flow by reducing the
cross-sectional area for conduction. Similarly, any
dilation in the specimen caused by localised strain in
between cavities and cracks, will serve to further nar-
row and lengthen current paths, hence contributing to
a rise in the DCPD. This latter effect, however, is
expected to be orders of magnitude smaller than that
due to a reduction in cross-sectional area for conduc-
tion (via cavity coalescence), simply from a geometric
viewpoint, so should generate negligible changes to
electrical resistance, and hence measured EPD.

Opverall, it seems that all the likely factors that are
contributing to the resistance of the specimen are
working in harmony to raise the resistance (and
hence the DC potential drop), so the five-fold discre-
pancy we see between the model and the experimental
measurements may not be so irreconcilable after all,
and certainly could be explained, either in part or in
full, by a refinement of the model to include micro-
cracking as a contributory factor.

Overall conclusions

The work presented here has attempted to synthesise
a large body of experimental data on the EPD
responses obtained from pressure vessel steels sub-
jected to test conditions where creep damage is being
generated. Both EPD variants have been found to
respond to the final stages of creep damage, where
large internal cracks develop and failure is imminent,
so could be used for advanced notice of catastrophic
failure. This has been adjudged to provide users with
sufficient warning to be industrially ‘useful’ - but it is
the more subtle longer-term changes in DC and
ACPD that could offer a route to charting the incipient
damage stages and hence help ascertain remaining
lifetime or expended life. If such subtle changes
could be reliably detected then EPD could offer
a direct NDE method for remaining life determina-
tion, although clearly more work is required in order
to transfer EPD to NDE application. On-line monitor-
ing, however, was the mode of operation that was
shown to be the most likely to achieve the necessary
sensitivity to incipient damage, given the ‘noise’
expected in off-line measurements, so challenges
remain if an off-line NDE methodology is sought.

In terms of ascribing to what the EPD changes
observed are fundamentally due, several mechanisms
come to mind, with the most obvious being cavitation
development. As has been seen, however, computer
modelling using a model that centred on the postulate
of an array of spherical cavities, only revealed a modest
rise in DCPD, and was not able to match the

magnitudes of the experimentally determined rises.
Although modelled DCPD values were typically
a fifth of the experimentally observed values, this
should not be viewed too negatively, for both the
simplified nature of the model and the assumption
that only cavitation is responsible for the changes
seen, could be the reason for the discrepancies. The
possibility remains, however, that other mechanisms
are at play, which could further magnify up the mea-
sured DCPD - particularly those mechanisms that
could be associated with embryonic or micro-crack
formation, and the development of localised strains.
Indeed, the gradual lowering of ACPD values seen
experimentally (as the DCPD values rose) certainly
suggests strain is strongly influential.

Overall then, although more work on the mechan-
istic aspects of the changes in EPD during creep
damage development is recommended, EPD, per se,
offers a route to damage detection and remaining
lifetime prediction, with the combination of simulta-
neous AC and DC-EPD likely to provide the best
outcomes.
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