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Abstract

Standard test methods such as the Electrochemm@n®okinetic Reactivation Test (EPR —
ASTM G108) and the Double-Loop EPR test (DL-EPRS©12732) are commonly used to
characterise sensitisation behaviour in austesitimless steels. These tests provide a quawnditati
assessment of microstructure susceptibility. Factach as different grain size may be accounted
for, but additional information on the network @nsitised boundaries is neglected. This paper
reports a new approach to characterise the developof sensitisation, applied to a Type 304
austenitic stainless steel subjected to thermo-awdchl processing. DL-EPR testing is
augmented by large area Image Analysis (IA) assestsmof optical images to measure the
dimensions and connectivity of the attacked graioridary network. Comparison is made with
the standard assessment methods, and a new methpydposed, based on normalisation by a
cluster parameter to describe the network of sudilemgyrain boundaries. This parameter can be
estimated by electron backscatter diffraction (EBSethods in the non-sensitised condition.
The proposed method allows a simple quantitatisessmnent of the degree of sensitisation of
different microstructures and heats of austenfintess steels.

Keywords
DL-EPR, Image Analysis (IA), Intergranular CorrasilGC), Sensitisation, Austenitic Stainless
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1 Introduction

Sensitisation of stainless steels is related toralum depletion near grain boundaries.
This results in intergranular corrosion (IGC) oteigranular stress corrosion cracking
(IGSCC) [1], and may occur in service after heaatment (e.g. post weld and stress
relief) or fast neutron irradiation [2, 3]. Theeauwkfor a rapid, non-destructive and
quantitative approach to determine the degree mdiggation (DOS) in stainless steels
and nickel based alloys led to the developmenhefElectro-chemical Potentio-kinetic
Reactivation (EPR) test [4]. EPR testing can lreiexh out using a single loop test (SL-
EPR) [5], the double loop test (DL-EPR) [6, 7], iorthe form of a simplified EPR
procedure using a combination of features fromS8heEPR and DL-EPR test methods
[8]. In assessing the DOS by the DL-EPR test piblarisation curve that applies to the
matrix (i.e. the activation loop) is distinguishsdm that pertaining to the susceptible
chromium depleted grain boundaries (i.e. the reatttin loop) [4].

This paper addresses a new way to assess DL-EP&atasfor evaluation of the DOS in
thermo-mechanically processed austenitic stairdess. Results from standard DL-EPR
assessment methods [9, 10] are compared to metisouty the measured length and area
of the attacked grain boundary network obtainedngisimage analysis (lA) of
micrographs recorded from a large area, relatiliéomicrostructure length-scale. The
influence of the “cluster compactness” [11] of thitacked grain boundary network on
assessment of the DOS is also addressed, withbileetive of quantifying the level of
sensitisation of susceptible grain boundaries tiréom the DL-EPR test.
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2 Experimental Procedures

A mill annealed Type 304 austenitic stainless s(edS30400) plate with a chemical
composition of (wt.%) 18.15Cr—8.60Ni—0.45Si—1.38NMrB55C—0.032P-0.038N-0.005S
was used in this investigation. Rectangular speasrwith dimensions of 210x15%13
mm (LxWxT) were cut from the as-received plate and solutiomealed at 105 for 2
hours in argon atmosphere. Thermo-mechanical tegasnwere carried out on the
solution annealed material. Samples were straaheag the(L) direction to 5%, 10%,
20% and 30% strain, using a crosshead displacenagmtof 2 mm/min, before heat
treatment at 900°C and 950°C for up to 26 hourse fhermo-mechanical treatments are
reported in this paper by their percentage of terdformation, annealing temperature
and annealing time. For instance 30%/950/26 reptes30% deformation, followed by
an annealing treatment at 980for 26 hours. Samples from the as-received (As}R
and solution annealed (SA) microstructures were képt for comparison. A selection
of microstructures were sensitised at 85@or up to 20 hours.

The sensitised samples were DL-EPR tested in sedgeal solution of 0.5 M 430, +
0.01 M KSCN at ambient temperature [7, 10]. A iplatn counter electrode and a
saturated calomel reference electrode (SCE) weed t the potentio-dynamic EPR
tests, applying a sweep rate of 1.667 mV Hata from these tests were evaluated with
standard assessment methods comprising, (i) retiosximum currents of re-activation
(I) polarisation sweep and the anodic activatity) gweep [7, 8, 10], (i) ratios
normalized by the estimated dimension of the sugadeprain boundary network length,
(I/15)eeL [10], and (iii) ratios normalized by the estimaididhension of the area of the
susceptible GB network]{l.)csa [10]. The length of the potentially susceptiblaig
boundary network is estimated in the two latterhuds by converting the measured
grain size (excluding twin grain boundaries) intogein boundary length. The
susceptible grain boundary area is then determiyeglssuming a constant and uniform
width of boundary attack (10-4 cm) [10]. Assesshwdrihe susceptible boundary length
and area results in the same ranking of DOS forastouctures, as the parameters are
directly related to each other. The three assedsmethods to calculate the DOS are
given in Equation, Equation 2 and Equation 3, respectively [10]. $tendardised
method given in Equation 2 and Equation 3 is knawiCihal’'s method [10].

pOs = L"I.l Equation 1
2
L = Ir :_E —_ Ir :_1 — I _ I, 4 - ]
(iz)GaL B LEELJ(I“’LE - l:'L,m;”r A 1Ll 110/2%F x 107 (um) Equation 2
‘1. I il I ;1 L L .
(I_I} e oty Irubay ey - Equation 3
JGBA SoBA' A SaAY Ay ISa L1071

l,: Maximum current density of the reactivation cufué..cni?)

l: Maximum current density of the anodic polarisatiurve (LA.crif)

As Total exposed surface area or specimen surfage(ani)

Sa: Grain boundary area per unit of specimen aSga(4 x 107342571,

G: Grain size number that is available in BS ISO ¢423]. Note that the grain size
number has been calculated by excluding the twamdrsoundaries.
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Ssea Total grain boundary areSgz, = 54 % As.
Lee.: Total length of grain boundariekzg, = 10 % Ly x Ag (cm).
La: Length of grain boundary per unit of specimeraalg = +/25%5 (mm").

Optical images of the attacked surfaces were obtiaaiter DL-EPR testing. Individual
images each with a dimension of 1100 um x 880 pune witched together using Adobe
Photoshop CS, to create a single high-resoluticegemwith a total surface area of 18
mn?. Image analysis (IA) (MatLab 7.0.1) was usedegrsent the attacked regions. The
total area of the attacked surface, which was pnadantly intergranular, was
determined, and the average width of attacked dvaimdary for each microstructure
was obtained. The attacked grain boundary length tlien estimated by dividing the
total attacked area by the mean attacked boundathw These measurements of the
actual grain boundary attack were then used to alizenthe DOS ratio from DL-EPR
testing, and these results were compared to resbttsned using the estimated length
and area of attack (Equation 2 and Equation 3).

The dimension of the largest connected cludterin each microstructure was obtained
from the image analysis and was used to calcuteecluster compactneg€) of the

network of attacked grain boundaries. This geoedtparameter has been proposed to
describe the break-up of the network of corrosiasteptible grain boundaries [11]. The

cluster compactness is given in
Equationé4.
= Ly.D |
A Equation 4

WhereLy, is the length of maximum cluster of attacked chitomdepleted boundarieB,
is the grain size (disregarding twins) alads the area of the smallest square that bounds
the maximum cluster.

3 Resultsand Discussion

The development of the DOS as a function of sesaditin time, ( Equatiat), is
summarized in Figure 1. The DOS increases witlsiisation time, and approaches
saturation with longer exposures (>8 hrs). Opticatrographs confirmed that the
microstructures are fully sensitised condition aft@ hours at 650°C. The grain sizes of
the As-Rec, SA, 20%/950/26 and 30%/950/26 microsiings obtained using EBSD
maps (each comprising more than 3000 grains), hge2um, 59 + 6 um, 34 £ 1 um and
23 + 2 um [11]. The grain boundary character itigtrons (GBCD) were assessed
previously [11], with length fractions of low CSL boundaries®<29) from 54 + 1% for
the As-Rec microstructure to 65 + 2% for the SA 20(50/26 microstructures.

The DOS was normalized by the estimated grain bagntength and boundary area
using Equation 2 and Equation 3. For direct comspar the DOS was also normalized
using the attacked grain boundary length and bayndeea, measured by the image
analysis assessment. The data, as a functiomsitisation time, are presented in Figure
2. Generally the attacked grain boundary leng#mialler than the grain boundary length
estimated by Cihal's method. This gives a highemmalised DOS using the measured
length of attack. In contrast, the grain boundarga of attack estimated by Cihal's
method is smaller than the measured attacked bouyrataa. The measured grain
boundary length and grain boundary area increas#d sensitisation time, consistent
with previous observations of the measured aredtatked grain boundaries [13].
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Figure 1. Degree of sensitisation (DOS) as a function ofsgesation time at 65€. The error

bars describe the maximum and minimum of three [PIREests.
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Figure 2: Normalised current ratios (DOS) as functions efsstisation time at 65C by (a)
length of attacked boundaries measured using 14, estimated grain boundary length (Cihal’s
method), and (b) area of attacked boundaries medawsing IA, and estimated area of attacked
boundaries (Cihal's method).

Normalization by Cihal's method, which estimates #ttacked grain boundary length
and area from the grain size requires several gssums. Firstly, it is assumed that the
reactivation currentl,, is associated with grain boundary sensitisatinly.cHence the
contributions of corrosion at inclusion&ferrite/austenite interfaces, and attacked slip
bands are neglected. Secondly, the rate of sessith of all grain boundaries is
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considered equal. Thirdly, the width of attaclabifgrain boundaries is assumed constant
(10%cm) [10]. However, the sensitisation behaviour depeadsthe crystallographic
structure of grain boundaries [3, 14-16], so tressumptions may become inappropriate
when comparing microstructures with different graoundary character distributions.

To investigate the wider applicability of the imagealysis method, a range of thermo-
mechanical process treatments, conducted usirgathne Type 304 material and the same
sensitisation treatments (20 hrs at 650°C), westete The average grain sizes ranged
between 14 and 77 pum. Full details of the thernechmanical treatments and
microstructure data are given elsewhere [11]. DhéEPR ratios were normalized by the
estimated length and area of attacked grain boigsl&Cihal’'s method), and also using
the measured length and area from image analyildigse are compared in Figure 3, in
which the four microstructures from Figure 1 angufe 2 are highlighted.

The normalizations obtained by measured or estinatea (Figure 3b) do not show a
clear trend. This is partly due to variation i thttacked width of the grain boundaries,
neglected by Cihal’'s method. The DOS normalizedtiy measured attacked grain
boundary length is higher than that obtained byahmethod (Figure 3a), as noted
previously. The degree of this enhancement isabbei however, but may be understood
from differences in the grain boundary network,adied by the cluster compactness.

The cluster compactness [11] measures the breasfuthe network of corrosion
susceptible grain boundaries. As compactness asesea smaller fraction of boundaries
are corrosion susceptible. Figure 4a compares B8 Dormalized by the measured
attacked grain boundary length, with that normalizgy the Cihal estimate of grain
boundary length, here modified by the cluster catmess. In this case, the cluster
compactness is obtained by analysis of optical @ésagnd is denote@q,.. The
agreement is good, as bdily s and the attacked grain boundary length are esdignti
derived from the same observations. The normalB&$ also gives the corrosion
current per unit length of attacked grain boundarmng this may be used to assess the
degree of sensitisation of the attacked grain batasd in the microstructure.
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Figure 3: Comparison of the DOS normalised by estimatethdl® method) and measured grain
boundary attack (I1A) for (a) the length of attaclgrdin boundary and (b) area of attacked grain
boundaries.
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Figure 4. (a) Comparison between the DOS obtained by DL-E€&ing normalised by the
attacked grain boundary length (measured usingdAe DOS normalised by the estimated grain
boundary length (Cihal’s method) modified by clustempactnessJpa). (b) Comparison of the
compactness of the attacked boundary netw@d,) to the compactness of the network of
potentially susceptible boundaries>@9) from EBSD analysiegsp)-

The image analysis (IA) approach is thus proposegite more accurate measure of the
microstructure’s degree of sensitisation, sinde d direct measurement of the corroded
grain boundaries. It is sensitive to some posstblers, which arise from segmentation
of the images to measure the corroded area. Gomnrgis and attacked slip bands that
contribute to the reactivation curremf) (may be included in the attacked grain boundary
measurement. This can significantly influence measents in cold worked materials.
Features developed during the anodic polarisatimp Imay also be included in the
measurement of corrosion during reactivation. €hmmtributions increase scatter.

It is interesting to compare the cluster compadn&s,, for fully sensitised
microstructures with the paramet€gsgsp derived similarly from image analysis of the
highX (£>29) boundary network obtained from EBSD maps (Fglb). Cegsp Which is

a function of the thermo-mechanical processinghef microstructure, depends on the
degree of twinning. Twin growth breaks up of tretwork of sensitisation-susceptible
grain boundaries [17]. The two measures of conmasst are therefore correlated. In
principle, the value oo in a fully sensitised microstructure may be estadafrom
measurement depsp, Without image analysis of a tested sample. Aififeadion of the
Cihal method assessment, usi@gsp may thus provide a more accurate method for
characterising sensitisation, by providing a begttimate of the attacked grain boundary
length.

4  Conclusion
« A new approach for measurement of the degree aitsgation, with the DL-EPR
test has been introduced, using normalisation bggananalysis (IA) of the
clusters of attacked grain boundaries. This newaggh is compared with the
standard normalisation approach (Cihal's methodjickw can overestimate the
length of attacked grain boundaries.
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* This new approach can measure the degree of satisiti of the attacked grain
boundaries, and this may be used to compare satgn of differently thermo-
mechanically processed microstructures and alloys.
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