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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

It is important to be able to determine the extent of pitting and its characteristics, either in a service
application, where it is necessary to estimate the remaining life in a metal structure, or in laboratory
test programmes that are used to select pitting-resistant materials for a particular service. Corrosion
pits can also act as the precursor to other damage modes such as stress corrosion cracking and
corrosion fatigue.

The application of the materials to be tested will determine the minimum pit size to be evaluated and
whether total area covered, average pit depth, maximum pit depth or another criterion is the most

im bt o oo oo caaan
p T CATIC COUOTTIICaSurcy
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INT

ERNATIONAL STANDARD ISO 11463:2020(E)

Co

rrosion of metals and alloys — Guidelines for the

evaluation of pitting corrosion

1

Scope

This document gives guidelines for the selection of procedures that can be used in the identification

and

2

¢XATITITTAtION Of COTTOSIOI Pits ard 1T the evatuation of pitting CoTToSIon anmd pit growtin

Normative references

Therk are no normative references in this document.

No t

Terms and definitions

d¢rms and definitions are listed in this document.

ISO gnd IEC maintain terminological databases for use in standardization at the following ¢

4

4.1

ISO Online browsing platform: available at https://wavyw.iso.org/obp

IEC Electropedia: available at http://www.electrepedia.org/

ldentification and examination of pits

Preliminary low magnification;visual inspection

4.1.1 A visual examination of the.corroded metal surface with or without the use of 4

mag

is often advisable to photograph’the corroded surface so that it can be compared with the g
after|the removal of corrosien products or with a fresh unused piece of material.

4.1.2 If the metal-specimen has been exposed to an unknown environment, the compo

corr

¢sion products may be of value in determining the cause of corrosion. Recommended pr

the removal of particulate corrosion products should be followed and the material remove
preserved for future identification.

rate.

ddresses:

low-power

ifying glass may be used todetermine the extent of corrosion and the apparent location of pits. It

lean surface

sition of the
bcedures for
d should be

To expose the plts fully, itis recommended that cleanmg procedures should be used tg

) remove the
t for lightly

adhered corrosion products Chemlcal cleamng is requlred for more adherent products 1SO 84071
provides a range of chemical cleaning processes. Preliminary testing should be undertaken to ensure

that

4.2

attack of the base metal is avoided.

Optical microscopic examination of pit size and shape

4.2.1 Examine the cleaned metal surface to determine the approximate size and distribution of pits.
Follow this procedure by a more detailed examination through a microscope using a low magnification
(approximately x 20). Pits can have various sizes and shapes. A visual examination of the metal surface
can show a round, elongated or irregular opening, but it seldom provides an accurate indication of the
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extent of corrosion beneath the surface. Thus, it is often necessary to cross-section the pit to determine
its actual shape. Several common variations in the cross-sectioned shape of pits are shown in Figure 1.

—

(a) (b) ©)

(d) (e)

(H) (8

Key

(a) narrow,
(b) elliptical
(c) wide, sh
(d) sub-surf;

leep (e) undercutting
(f) microstfuctural orientation (horizontal)
| low (g) migrostructural orientation (vertical)

HCe

Figure 1 — Variations in the cross-sectional shape of pits

4.2.2 Itis
task can be
on the meta

difficult to determine pit dehsity by counting pits through a microscope eyepiece, byt the
made easier by the use of a'plastic grid. Place the grid, containing 3 mm to 6 mm squares,
surface. Count and record the number of pits in each square and move across the grid in a

systematic n
eyes can be
of the area

hanner until all the surface has been covered. This approach minimizes eyestrain becaug
Faken from the field0f view without fear of losing the area of interest. Enlarged photogi
pf interest may-also be used to reduce eyestrain. An alternative approach is to moun

e the
aphs
t the

specimen on an x-y stagejand measure both the number and spatial distribution of pits. When couypled

with opticall
can be deter]

4.2.3 Adv

depth measurement, where applicable, the number, depth and spatial distribution o
mined.

hnced optical microscopy techniques, such as infinite focus microscopy and confocal

[ pits

laser

wathin A cancty
vviILIIIILD LIITC CUIIOoUTD

microscopy ‘maybe-used-to-obtainthree-dimensional-images-of-the pit surface; Faints
of optical observations [most relevant to Figure 1 a) to c) but not applicable to undercut]. Such
measurements can be used to view the surface features and quantify surface roughness, pit depth,
surface profile, etc.

4.2.4 To carry out a metallographic examination, select and cut out a representative portion of the
metal surface containing the pits and prepare a metallographic specimen. If corrosion products are to
be examined in cross-section, it may be necessary to fix the surface in a mounting compound before
cutting. Examine microscopically to determine whether there is a relation between pits and inclusions
or microstructure, or whether the cavities are true pits or might have resulted from metal loss caused by
intergranular corrosion, dealloying, etc.
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4.3 In situ non-destructive inspection

4.3.1 General

Several techniques have been developed to assist in the detection of cracks or cavities in a metal surface
without destroying the material (see Reference [2]). These methods are less effective for locating and
defining the shape of pits than some of those described previously, but they merit consideration because

they

are often used in situ, and thus they are more applicable to field applications.

4.3.2 Radiographic

Radi
with
abso
metd
large
confi

4.3.3

4.3.3

htion, such as X-rays, passes through the object. The intensity of the emergent ray
increasing thickness of the material. Imperfections can be detected if they cause ascl
Fption of X-rays. Detectors or films are used to provide an image of interior.imperf
| thickness that can be inspected is dependent on the available energy output. Pits
as 0,5 % of the metal thickness to be detected and care should be taken tojensure that
ised with pre-existing pores.

Electromagnetic

.1 Eddy currents may be used to detect defects or irregularities in the structure o
ctive materials. When a specimen is exposed to a varying magnetic field, produced by

cond
an a:Fernating current to a coil, eddy currents are induced:in the specimen and they in tur
magnetic field of their own. Materials with defects will pteduce a magnetic field that is di

that
detel

4.3.3
Disc
abov
field
by th
field,
can b

4.3.4

Inth
on t(
signa
meth
pitte
perfd

of a reference material without defects, and an dppropriate detection instrument is
mine these differences.

.2 The induction of a magnetic field in ferromagnetic materials is another approach

e the surface of the part. Ferromagnetic particles are placed on the surface to detect
and to outline the size and shape-ofithe discontinuities. Rather small imperfections can
is method. However, the method'is limited by the required directionality of defects to t
by the possible need for demagnetization of the material, and by the limited shapes
e examined.

Ultrasonics

e use of ultrasemnies, pulses of sound energy are transmitted through a couplant, such as

the metal surface where waves are generated. The reflected echoes are converted
Is that can’be interpreted to show the location of flaws or pits. Both contact and
ods areused and various techniques can be applied. The test should be carried out f1
d facé>The test is affected by the morphology of the pits, the ultrasonic technique sele
rnmance of the probe and flaw detector. Information about the size and location of f

Lishad 11 haliter af +bhn ool o o bl o b s Az hodld Lo o

s decreases
hange in the
bctions. The
must be as
pits are not

[ electrically
y connecting
n produce a
ffferent from
required to

that is used.

ntinuities that are transverse to the dikéction of the magnetic field cause a leakage field to form

the leakage
be detected
he magnetic
bf parts that

oil or water,
to electrical

immersion
om the non-
rted and the
laws can be
sessed and

estaly

xazarzaw +l Qo
S etTTowWever,tnt—<apaohity or—+tnc ot

o)

reference standards produced for comparison. Operators should be trained in the application of the
technique and the interpretation of the results.

4.3.5 Penetrants

Defects opening to the surface can be detected by the application of a penetrating liquid that
subsequently exudes from the surface after the excess penetrant has been removed. Defects are located
by spraying the surface with a developer that reacts with a dye in the penetrant, or the penetrant may
contain a fluorescent material that is viewed under ultraviolet light. The size of the defect is shown by
the intensity of the colour and the rate of bleed-out. This technique provides only an approximation of
the depth and size of pits.
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4.3.6 Replication

Images of a pitted surface can be created by applying a material to the surface that conforms to the
shape of the pits and can be removed without damaging its shape. This method will not work, however,
for pits of subsurface or undercut type. The removed material contains a replica of the original surface
that, in some cases, is easier to analyse than the original. Replication is particularly useful for the
analysis of very small pits.

4.4 Ex situ examination techniques

4.4.1 General

on of
Iy or

Several sophisticated ex-situ techniques are available for examining the size, shape and distributi
pits in metallic samples. Their application would involve transport of the specimens to a laboerato,
dedicated apalytical facility. Some of these techniques are described in 4.4.2 to 4.4.5.

4.4.2 Scanning electron microscopy

hase
1 the

Scanning el
contrast inf

ectron microscopy (SEM) can be used to obtain images containingtopographic and f
ormation. It is a very useful technique for obtaining images 0f pits in surfaces an

technique c
phases with
(EDS) or w.
of any corrg

an be used to determine the dimensions of the pit and amy relationships with diff
in the microstructure of the metal. By combining electronidispersive X-ray spectros
hvelength-dispersive X-ray spectroscopy (WDS), elemental composition and distrib
sion products in pits can be determined. However,.in*deeper pits and where subsu

undercuttinjg of the pit mouth has occurred, electron emission, is shielded from the detector and

can limit thq

4.4.3 X-rg

X-ray comp
software, cd
using high i
from synch
Sectioning
is a powerfy

4.4.4

Image analy
such as opti
information|
reduce time
statistical r¢
and can pro

4.4.5 Pro

effectiveness of the technique for imaging the pit'morphology.
y computed tomography
ited tomography (CT) is a non-destruetive technique that, coupled with reconstru

ntensity X-ray sources, which niay~be X-ray tubes in conventional laboratories or de
‘otron X-ray sources. The thickness of specimen can be limited due to X-ray attenud

1 tool for 3D imaging of pits’of complex shape.

Image analysis

cal microscopy or X-ray computed tomography are post-processed to extract quantit

The techpiique can be used to automate the analysis or post-processing of imag
and cost: It also permits the analysis of a greater number of images, thereby improvi
liability of the measurements. Image analysis allows micrographs to be processed r
Hlice data that are more accurate and statistically robust than manual methods.

i

brent
copy
ition
rface

this

ction

n enable 3D imaging of pits. The images are constructed by taking slices through the sample

Fived
tion.

arallel to the surface can be-required to reduce the thickness. Nevertheless, the techique

sis is the techfiique whereby images that have been taken using a measurement techmique

ative
bs to
the
idly

filometry

Profilometry measures the physical surface geometry or topography of a sample. It may be classed as
“contact” or “non-contact”. Contact profilometry involves a stylus, with known tip dimensions, being
brought into contact with the sample surface, and then rastered over the surface. The displacement
of the stylus tip as it comes into contact with high and low features on the surface is monitored and
recorded as a function of its position. From this data, the physical characteristics of the surface, such
as roughness, can be measured, and any features of interest, such as pitting, can be identified and
quantified.

Non-contact methods record the same type of information, although they usually employ laser-based
optical methods, such as an infinite focus microscope, and they do not require direct physical contact
with the sample surface. Such techniques develop a 3D surface profile through the accumulation of

4 © IS0 2020 - All rights reserved
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images at different optical focal planes, and white-light interferometry, where the phase difference
between light reflected from the sample surface and light from a reference mirror are compared,
and differences in the path length due to the surface morphology may be recorded. Confocal laser
microscopes can give similar information.

The disadvantage of these techniques is that they characterize only what they can detect optically and
are applicable mainly to pit types such as Figure 1 a) to c) (see also 4.2.3).

5 Extent of pitting

5.1 [ Mass Ioss

Metal mass loss is not ordinarily recommended for use as a measure of the extent\of pitting unless
genefal corrosion is slight and pitting is fairly severe. If uniform corrosion is significdnt, the ¢ontribution
of pifting to total metal loss is small, and pitting damage cannot be determined@ccurately from mass
loss.[[n any case, mass loss can only provide information about total metal loss'due to pitting but nothing
abo

beca
be ad
to de

5.2

5.2.1

Pit d
secti
sligh
pit c:
polis
requ
throt
and {
in th

5.2.2

NOTH

5.2.2
of th
gene
then

density of pits and depth of penetration. However, mass loss should not be neglected i
1se it may be of value. For example, mass loss along with a visual comparison of pitted
equate to evaluate the pitting resistance of alloys in laboratory tests. Mass loss may a
tect the existence of subsurface metal loss.

Pit depth measurement

Metallography

epth may be determined by sectioning vertically through a preselected pit, mountin
pned pit metallographically and polishing the surface. A better or alternative way |
tly away from the pit and slowly grind until the pit is in the cross-section. Sectionin

hed surface using a microscope witha calibrated eyepiece. The method is very acc
res good operator skill, good judgement in the selection of the pit and good techniqu
gh the pit. I[ts limitations are that’it is time-consuming, the deepest pit may not have b

e destruction of the specimen.

Machining

See Referetices [3] and [4].

.1 This'method requires a sample that is fairly regular in shape. It usually involves the
e specimen. Measure the thickness of the specimen between two areas that have not bee
ral.corxrosion. Select a portion of the surface on one side of the specimen that is relativelj
machine the opposite surface where the pits are located on a precision lathe, grinder

h every case
surfaces can
so be useful

g the cross-
s to section
g through a

in be difficult and the deepest portion*can be missed. The depth of the pit is measured on the flat,

urate, but it
e in cutting
cen selected

he pit may not have been sectioned at the deepest point of penetration. This techniqule will result

destruction
n affected by
y unaffected,
or mill until

all signs of corrosion have disappeared. Some difficulty from galling and smearing can be encountered
with soft metals and pits can be obliterated. Conversely, inclusions can be removed from the metal thus
confusing the examination. Measure the thickness of the specimen between the unaffected surface and
subtract from the original thickness to give the maximum depth of pitting. Repeat this procedure on the
unmachined surface unless the thickness has been reduced by 50 % or more during the machining of the
first side.

5.2.2.2 This method is equally suitable for determining the distribution of pit depths in a sample. Count
the visible pits then machine away the surface of the metal in measured stages (the amount of material
removed in each step will determine the uncertainty in pit depth). Continue this process, noting for each
pit the depth of material removed at which it is no longer visible. The depth of the pit will lie between the
depth of last observation and the depth of material at which it is no longer visible.
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5.2.3 Micrometer or depth gauge

5.2.3.1 This method is based on the use of a pointed needle attached to a micrometer or calibrated
depth gauge to penetrate the pit cavity. Remove surrounding corrosion products or debris thoroughly,
then zero the instrument on an unaffected area at the lip of the pit.

Insert the needle in the pit until it reaches the base. The distance travelled by the needle is the depth of
the pit. It is best to use constant-tension instruments to minimize metal penetration at the base of the
pit. [t may be advantageous to use a stereomicroscope in conjunction with this technique so that the pit
can be magnified to ensure that the needle point is at the bottom of the pit. The method is limited to pits

that have a sufficiently large opening to accommodate the needle without obstruction. This elimir

nates

those pits th

5.2.3.2 In
microamme

at have undercutting or strong directional orientation.

a variation of this method, attach the probe to a spherometer and connect .it, throy
ter and battery to the specimen (see References [4] and [5]). When the probe’ touche

bottom of the pit, it completes the electrical circuit and the probe movement is a measurement

depth. This
conductive ¢

5.2.4 Mic

5.2.4.1 Th

probe type d
the pit. This

5.2.4.2 Us

lebris would give a false reading.
Foscopy

is method is particularly valuable when pits are too narfew or difficult to penetrate W

would not be possible in the case of example e) in Figure 1.

e a metallurgical microscope with a magnification range from x 50 to x 500 and a calib

fine-focus knob (e.g. 1 division 2 0,001 mm). If the latterighot available, a dial micrometer can be att4

to the micro|

5.2.4.3 Lo
at low magn
of the field y
fine focusing
bottom of th
and the fina

5.2.4.4 Re
many conte
depths from

52.4.5 A
is split, and

scope in such a way that it will show movement of the stage relative to the microscope |

cate a single pit on the metal surfac€ and centre it under the objective lens of the microq
ification (e.g. x 50). Increase thé _objective lens magnification until the pit area covers
nder view. Focus the specimen surface at the lip of the pit, using first the coarse and the

F knobs of the microscope. Record initial readings from the fine-focusing knob, refocus o
e pit with the fine-focusing’knob, and record the reading. The difference between the i
readings on the finefectising knob is the pit depth.

peat the steps in“5.2.4.2 for each pit to determine the distribution of pit depths. Alternat
mporary instpuments are equipped with software for automating the measurement
optical mi¢rescopy images.

yariation of this technique employs the use of an interference microscope. A beam of
one portion is projected on to the specimen and the other on to the surface of a refej

mirror. The keflected i

raflactad Liaht fram thaca twwn cnrfacac 1c racambhinad and intarforanca fiingac ara fo
T THHoH—ttHeSe—+vwWo-—-5ttt Fecohoihea; e T

igh a
s the
bf pit

method is limited to very regularly shaped pits because contact with the side of the pit or

rith a

finstrument. The method is amenable to use as long aslight can be focused on the bott¢m of

rated
ched
pody.

cope
most
n the
n the
hitial

ively,
f pit

light
ence
Fmed

TTCTC O T TIeC I e et to™r oo

that provide a topographical map of the specimen surface. These fringes can be used to measure vertical
deviations on the metal surface. However, the method is limited to the shallower pits, i.e. less than 25 pm
in depth, because the number of fringes increases to the point where they are difficult to count.

6 Evaluation of pitting

6.1 General

There are several ways in which pitting can be described, given a quantitative expression to indicate
its significance or used to predict the life of a material. Some of the more commonly used methods are
described in this clause, although it is often found that no single method is sufficient by itself.

© IS0 2020 - All rights reserved


https://standardsiso.com/api/?name=da27e8653d308b4c42323a48626733bf

ISO 11463:2020(E)

6.2 Standard charts

NOTE See Reference [4].

6.2.1 Rate the pits in terms of density, size and depth on the basis of standard charts, such as those
shown in Figure 2. Columns A and B relate to the extent of pitting at the surface of the metal (i.e. column
A is a means for rating the number of sites per unit area and column B is a means for showing the average
size of these sites). Column C rates the intensity or average depth of attack. A typical rating might be A-3,
B-2, C-3, representing a density of 5 x 104 pits/mZ, an average pit opening of 2 mm? and an average pit
depth of 1,6 mm.

6.2.1 This method offers an effective means of communication between those who are ‘familiar with
the dharts and it is a simple means of storing data for comparison with other test(results. However,
it is tedious and time-consuming to measure all the pits and the time is usually notjustified because
maximum values (e.g. pit depths) usually have more significance than average values.

© IS0 2020 - All rights reserved 7
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T T10%m2 2,0 mm? 0,8 mm
5 x 104 m—2 8,0 mm? 1,6 mm
1x 105 m2 12,5 mm? 3,2 mm
5x105m—2 24,5 mm? 6,4 mm

Figure 2 — Standard rating charts for pits

© IS0 2020 - All rights reserved



https://standardsiso.com/api/?name=da27e8653d308b4c42323a48626733bf

ISO 11463:2020(E)

6.3 Metal penetration

6.3.1 Measure the deepest pit and express metal penetration in terms of the maximum pit depth or the
average of the 10 deepest pits or preferably both. This type of measurement is particularly significant
when the metal is associated with an enclosure for a gas or liquid, and a hole could lead to a loss of fluid.

6.3.2 Metal penetration may also be expressed in terms of a pitting factor, F. This is the ratio of the
deepest metal penetration, D to the average metal penetration, D,,, determined from mass loss, as

shown in Formula (1):

max’

D

F= “max 1
D (1)

av

A pitting factor of 1 represents uniform corrosion. The larger the number, thecgreater the depth of
peneftration. The factor does not apply in those cases where pitting or general corrosion i very small
becapise values of zero or infinity can readily be obtained when dealing with aratio where|one number
apprpaches zero.

6.4 | Statistical

6.4.1 The application of statistics to the analysis of corrosion.data is discussed briefly in thiis document
to shjow that statistics have a bearing on the evaluation of pittihg data. More detailed informfation can be
obtajned from other publications (see References [6] to [9]):

6.4.2 The probability that pits will initiate on a metal'surface is dependent on a number of factors, such
as thle pitting tendency of the metal, the corrosivity*of the solution, the specimen area and the time of
expopure. A pitting probability test can be conducted to determine the susceptibility of metdls to pitting,
but it will not provide information about theyrate of propagation (see Reference [10]) andl the results
are only applicable to the conditions of exposure. The pitting probability, P, in %, after the ekposure of a
number of specimens to a particular set:0f conditions can be expressed as shown in Formuld (2):

Np
P=—-x100 2
N (2)
where
IV, is the numper-of specimens that pit;

p

IV is the tgtal number of specimens.

See Refererices [11] and [12].

6.4.3 “The relationship between pit depth and area or time of exposure can vary with the ehvironment,
the metal exposed and other variables. The relationships cited in 6.4.4 and 6.4.5 are examples that have
been found to apply under certain exposure conditions.

6.4.4 The relationship in Formula (3) was found between the maximum pit depth, D, and the area, 4, of
a pipeline exposed to soil:

D=bA? 3)
where a and b are constants derived from the slope and the y-intercept of a straight line obtained when

the logarithms of the mean pit depth for successively increasing areas on the pipe are plotted against
the logarithms of the corresponding areas.

See References [13] to [15].
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The dependence on area is attributed to the increased chance for the deepest pit to be found when the
size of the sample of pits is increased through an increased area of corroded surface.

6.4.5 The maximum pit depth, D, of aluminium exposed to various waters was found to vary as the

cube root of

1
D=K¢3

time, t, as shown in Formula (4):

where K is a constant that is a function of the composition of the water and alloy.

(4)

See Referen
This relatioj

In the case
found betwyq

D = ctm

where m an

The consta
concentrati
the alloy elg
the maximu

See Referen

The pit grov

6.4.6 Extr
applied to m
on examinat
measure spq
A plotting p
M is the ord
position for
ordinate of ¢
is obtained,
determine t
made to find

Ces [11] and [16].

1ship has been found to apply to several aluminium alloys exposed to different Waters

bf stainless steels under atmosphere exposure, the relationship shown in Férmula (5]

ben the maximum pit depth, D, and the exposure time, t:

1 c were constants.

it m was dependent on the corrosivity of the atmosphére and it increased wit}
n of airborne chloride. The relationship between theconstant c and the concentrati
ments was obtained through multi-regression analysis, which made it possible to pr
m pit depth of various grades of stainless steels.

Ce [6].
th rate can be determined by differentiation of Formula (4) or (5).

eme value probability statistics(see References [7] and [17]) have been succes
aximum pit depth data to estimaté the maximum pit depth in a large area of material &
ion of a small portion of that area (see References [4], [11] and [16]). The procedure
pcimens that have pitted, andthen arrange the pit depth values in order of increasing
psition for each order of raniking is obtained by substituting in the relation, M/(N+1), W
er of ranking and Nsythe total number of specimens or values. For example, the pla
the second value.gut of 10 would be 2/(10+1) = 0,181 8. These values are plotted o
xtreme value probability paper versus their respective maximum pit depth. If a straigh
it shows that-extreme value statistics apply. Extrapolation of the straight line can be us
he probability that a specific depth will occur or the number of observations that muy|
a particular pit depth.

7 Testreport

was

(5)

1 the
bn of
edict

sfully
ased
is to
rank.
rhere
tting
h the
k line
ed to
st be

The test report should include as much detailed information as possible and a minimum of the following

information:

a) areference to this document,i.e. ISO 11463;

b) material composition and product form, supplier and production details, metallurgical treatment
of the metal, surface preparation and final surface finish before exposure to test or to service;

c) environmental conditions and duration of exposure;

d) appearance of the corroded surface before and after cleaning;

e) identification of corrosion products and distribution;
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