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ABSTRACT

A short overview is given of some of the key requirements in meeting the needs of indusiry
with respect to testing and prediction of environment asssted cracking of metds. The
primary chdlenge is to bridge the gap between laboratory testing based usudly on smplified
tesing conditions and actud service experience where complex varidions in environment,
temperature and dress often determine the likelihood of falure. Examples from the offshore,
power and chemica process indudtries will be used to illugtrate the progress in responding to
these demands.

INTRODUCTION

Limitations in service prediction of environment asssted cracking (EAC) exist because of the
complex dependence of initiation and crack growth on interacting operationa variables and
uncertainty in the mechaniam of cracking. Although enginearing design will be optimised to
minimise the probability of occurrence of cracking, or to provide an acceptable life using
gppropriate design codes, there are severa reasons why cracking may till be of concern.

The operating conditions may be atered to improve the process.

Welding may not be idel and may introduce defects and change the materid
characterigtics.

Trandent vaiations in dress, temperature or environment chemistry may occur, ether
from scheduled excursons (eg. shutdown) or from unintentiona fluctuation in system
control (e.g. contamination).

Concentrated solutions may be generated by evaporation or bailing.

The character of the meta surface may change with time of operation (e.g. precipitation of
ascae or deposit) or the materid may “age’ (e.g. irradiation effects).

Locdised corrosion processes, such as pitting, crevice corroson or intergranular corrosion
may be initiated and become precursors for EAC.

Laboratory testing and modelling assumptions may not be redidic, eg. the surface date
may not be representative of service conditions.

The risk that cracks will initiste and grow to the critical Sze for ungable fracture has to be
identified and linked to a risk-based inspection (RBI) protocol. For most practica dtuations
this is an empirica process, being based on a probabiligtic assessment of crack size evolution
usng sarvice or laboratory data  The reiability of that process depends on the qudity and
relevance of experimenta data Quantitative mechanistic modds of cracking are used to-date
in only limited indudrid gpplications, primarily in the nudear indudry or in long-term waste
containment. The chalenge for the research and testing community is to develop an extensive
and reliable EAC database and to provide an accessible framework for application of data and
models to engineering prediction. However, mogt testing is carried out under conditions of



condant temperature and environmental conditions and often dress without  sufficient
dlowance for the varying nature of service conditions. Extensve standardisation of laboratory
te methods' now exists but guidance in deding with such transent conditions is largdy
absent, yet is probably the mogt critical requirement for the engineer. Much of our recent work
has focused on this issue and this paper will give examples from work in progress in relaion to
the offshore, power and chemica processing industries.

OFFSHORE PIPELINES

Offshore pipelines are used to trangport oil and gas with the sdection of adloy being determined
by how sour (level of H,S) the ail or gas is and whether inhibitors are used. In the latter case,
carbon-steels would be used but for many applications it is more economical and practicd to
use corroson resstant aloys such as duplex sainless steds for sour gpplications and 13 Cr
martengtic sedls for sweet (essentidly no H,S) environments and thereby avoid the use of
inhibitors. The new super 13 Cr martenditic stainless stedls, containing about 2 % Mo, are now
being consdered and used for gpplications where some H,S is present but a a relatively
modest leve. Indeed, the chdlenge is to identify those conditions for which its use is
acceptable. This underpins the mgor issue of what testing protocol should be adopted to certify
a materid as being acceptable for service. Recent documents®™® published by the Europeen
Federation of Corroson provide an important framework for a test programme but are not al-
embracing.

A pipeine gtting on the seabed will experience bending stresses on the externd suface due to
pipe movement that will trangently induce some dynamic plagtic grain. Cathodic protection
will generate hydrogen and there is a risk of fallure due to hydrogen embrittlement. In addition
to the severe dresses, dynamic plastic strain is very important for corrosion resstant aloys as it
enhances hydrogen aom ingress by rupturing the passive film, which normdly limits hydrogen
uptake of corroson resstant dloys. It dso enhances reditribution of absorbed hydrogen
through mobile didocations. On the internal surface of the pipe exposed to the oil or gas the
source of dress is primarily resdud but essentialy datic. It is the role of dynamic plagtic strain
and how best to accommodate it in testing which is Hill a topic of debate. Sow dran rae
tesing to falure is often regarded as unredistic and useful only for comparative purposes.
Neverthdess, dynamic plagtic drain is important. For that reason, the use of the interrupt
technique was evauated as a means of assessing the performance of duplex stainless steel’.
The principle involves gpplying dynamic plagic drain & a controlled dow dran rate but
stopping the test at a particular strain or dress. The specimen is then section and examined for
cracks. The strain or associated stress a which no cracking is observed can be regarded as the
threshold, which then can be used for materid sdection or design.

An example of the results for a duplex danless sed cathodicaly protected in a smulated
seawater environment is shown in Fgure 1. This materid has the added complexity of a
farritic-augtenitic structure. Cracks dart in the ferrite but will often stop a the ferrite-augtenite
interface. Hence, the threshold for cracking is best defined as when cracks extend through both
phases. The most important feature of these results is the dependency of the threshold on drain
rate with the value at the lowest strain rate lying between about 2 % and 4 %. This result lies
close to pladic drains that might be experienced in service. A amilar type of sengtivity to
drain rate has been observed when measuring the K scc of a high drength sted in seawater
using fracture mechanics specimens”.
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Figure 1. Application of the interrupted dow strain rate technique to measurement of
the threshold strain for 22Cr duplex stainless stedl in deaerated 3.5 wt.% NaCl solution
(pH 8.5) at 20 °C, under cathodic polarisation of 30 mA cm.

Further work is ongoing in relaion to pipdine teting with the present focus on the
performance of the super 13 Cr martendtc dainless seds. A key dement of this study will be
to test welded specimens under dynamic plagtic strain but with the surface of the specimen in
the as-welded state.

STEAM TURBINESIN POWER GENERATION

The power industry worldwide has experienced falures over the last 30 years from corrosion
fatigue and dress corroson cracking initisted from pits in steam turbine blades, discs and
rotors. The blade maerid is manly 12% Cr danless sed whilst the discs and rotors are
typicdly 3% Ni steds. The mogt notable fallure was that at the Hinckley Point ‘A’ Power
Station in 1969 that involved stress corrosion cracking of the disc®. More recently in 1996, a
the Aberthaw Power Station, a single pit resuted in falure of a turbine blade and eventudly
to damage to the power station estimated in excess of £10m’. The circumstances leading to
these fallures are well understood and in the case of Abethaw were specific to the
operational conditions of that plant, Snce modified. Nevertheless, changes in operdating
practice of UK coa-fired plant practice are posng new chalenges in life prediction of
components. For economic reasons, the UK power industry is now operating its 500 MW
coal-fired plants on a two-ghift cycle in which the turbines are on-load for 16 hours per day
and off-load overnight and a weekends. Idedly, more regular dart-ups and shut-downs
would be desrable in response to power demand, and are being introduced, but there are



limitations to the rate a which the sysem can be brought to operationad temperature. The
concern with ‘two-ghifting’ is the impact on cracking of the associated transents in stress,
water chemistry and temperature.

On load, the inlet steam temperature of low pressure turbine varies depending on the water
treatment. It is about 300 °C for phosphate treatment steam reducing to about 50 °C at the
outlet. The inlet steam is dry but, as the temperature decreases and the pressure changes,
droplets can form and condensates containing salts separate out on the discs, blades and
rotors. The inlet eam chemidry is tightly controlled with a low initid conductivity of about
0.1-1.0 n&cm and the oxygen content is less than 5 ppb under steady operating conditions.
Off load, gland-sedling steam may be switched off and the water will gradudly saturate with
oxygen due to ingress of air; the stresses will be inggnificant. When the system is restarted,
the solution will be initidly aerated. The temperature and dress will rise to their operating
levels in about 20 minutes. However, it can take 1-2 hours to deserate. Hence, there will be a
complex trangent in environment, temperature and stress whose interaction will determine
crack growth. In addition, pitting corroson is most likely to develop under aerated conditions
but in service may take severd yearsto get to asgnificant depth.

Our approach has been to develop dectrochemica methods for pre-pitting specimens that
control the number and depth of pits enabling focused probe attachment for short crack
growth measurement®. Test times are very long and this work is sl in progress. In addition,
pre-cracked fracture mechanics specimens are being used to assess the ggnificance of
trangent loading representing Sart-up and shut down. The details of these are described
dsawhere®. An example of the impact of transent loading equivaent to 4 cycles per day is
shown in Table 1. The load cycle involved 1 hour a zero load, 20 minutes rise to maximum
load, hold for 4 hours and unload over 20 minutes.

Tablel Effect of transent loading on the crack rate growth of
3 % NiCrMoV disc sted in aerated 1.5 ppm CI” solution at 90 °C
(test duration: 299 days)

Loading form Initid K Crack extenson Growth rate
(MPam"?) (mm) (m/s)
Trandent 0-40 0.81 40 101
Congtant 40 0.23 8.9 101
Condtant 50 0.26 1.0 10

The growth rates are low, which is a necessary feature for plant management and inspection
but the critical aspect is the factor of 4 increase in growth rate due to the trandgent loading.
Further invedtigation is being undertaken to edstablish the reative contributions to growth
associaed with the rise time and hold time, taking into account the limited period of aeraion
in sarvice, as diginct from the continuous aeration so far employed in testing.

CHEMICAL PROCESSING

The posshility of inducing stress corroson cracking in stainless stedl process plant due to an
uncontrolled incurson of chloride ions into the process stream is of mgor concern to the
chemicd and petrochemicd industry. The most susceptible period is during outages.
Although normd chemistry should be restored in a rdativey short timescae, certanly within



a few days there is congderable uncertanty as to the impact of the incurson on crack
initiation and the extent to which cracks would continue to propagate following recovery of
norma sysem chemigry. A sysem of relevance would be a teragphthaic acid plant for which
316L danless ged in known to be satisfactory for the nomind environment, concentrated
acetic acid (up to 90%) containing 1000-3000 ppm bromide and other chemicas (meta ion
catdyss, inhibitors). For more aggressve environments, duplex danless seds or more
highly dloyed materids would be sdected. The chdlenge is to establish the likelihood of
cracking of the 316L danless sed following a temporay system upset, such as a chloride
incursion. An invedtigation of the impact of chloride ions on dress corroson cracking
susceptibility was undertaken using acetic acid (70%-90%) with bromide additions a 90 °C
as being typical or reasonably representative of process plant conditions.

Teding was caried out under condant load usng proof ring, and under dynamic Sraining
using the dow strain rate method. The fill details are described dsewhere'®. The results from
the proof ring (gauge length 25 mm) testsillustrate the key features (Table 2).

Table 2. Summary of results of proof ring testing of 316S11 in acetic acid (HAC)
solutionsat 90 ° C.

Environment Time/ | No. | Deepest | ‘Average | Adjusted | Adjusted
hours | cracks | crack/ da/dt crack da/dt /1
i . i in mm (from depth/ mms
H(’;;C/ ICI?F: ra BI; n< Fflill ra gauge deepest mm
length crack)/
mms?
90 | 1500 | 200 - 719 0 - - -
90 | 1500 | 200 | 400 648 0 - - -
90 | 1500 | 200 | 1500 | 19 *k 0.08 | 1.1x10° 0.08 | 1.2x10°
90 | 1500 | 200 | 1500 90 *x 0.14 4.2x10°" 0.17 5.4 x10™"
90 | 1500 | 200 | 1500 | 507 87 025 | 1.4x10° 046 |25x10”
90 | 1500 | 200 | 1500 | 530 97 0.33 1.7x10°’ 0.55 2.9x10"
90 | 1500 | 200 | 1500* | 650 72 0.09 3.9x10°° 0.31 1.3x10°’
70 | 1500 | 200 - 739 0 - - -
70 | 1500 | 200 | 1500 | 717 0 - - -

* Cydlicd chloride incursgon; ** not measured

In this particular system the corrosion rate is high and this loss has to be accommodated when
cdculaing the crack growth rate (da/dt) for long exposures as the postion of the surface is
moving dong with the podtion of the crack tip. Hence, the use of the term ‘adjusted’. No
crack growth was observed in the absence of chloride or in 70 % acetic acid, even with a
chloride concentration of 1500 ppm. Tests were conducted with the environment congtant in
time with one exception. To examine the impact of an incursdon in chloride concentration,
complete refreshment of the initid, chloride-free, solution was made usng prehested
solution. This was undertaken on a cycle of 5 days, no chloride, then 2 days with chloride,
such that there were 4 incursons over the 650 hour test duration. Assuming crack growth
occurs only during chloride exposure (about 7 days) the adjusted crack growth rate of Table 5
would be recdculated to give a growth rate in the presence of chloride of
5.1x107 mm s*. When account is taken of crack size, the growth rate would appear to be



somewhat dower than the vaue associated with continuous exposure to chloride. The
observation is reasonably compatible with the view that growth occurs only during chloride
exposure but some blunting may occur when the norma chemidry is restored.

Taking account of the relaively dow growth rate in chloride solutions for the deeper cracks,
about 24 mm/day (2.8x107 mm s*), based on the adjusted vaues, and the short period of
exposure to chloride in a sarvice excursion it would be reasonable to infer that crack advance
in service would be modest and a short duration incurson could be readily tolerated. This is
of paticular vaue to the industry but further refinements in testing would be necessary to
account for the greater complexity of specific service environments and the possbility of
surface cold-work regions on the materials used in service.

CONCLUSIONS
Whilg dandardisation of environment asssted cracking tests is wel advanced, with
numerous standards in place, there is a lack of guiddines on how best to test and predict
cracking under the trangent conditions which often lead to fallure in service,
Extensve research on this theme is now ongoing a& NPL. The illudrative examples in this
paper have highlighted the importance of accounting for dynamic draining, trandent loading,
and excursons in chemigry when evaduating materids for service gpplication.
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