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Description
TECHNICAL FIELD OF THE INVENTION

[0001] The present invention relates to an apparatus
and a method for evaluation of the degree of sensitization
in stainless steels and nickel-based alloys. More precise-
ly, the invention provides an apparatus and a method for
detecting depletion of passivating elements, in particular
due to formation of sigma phase or other deleterious
phases in a stainless steel and nickel-based alloys at
least containing one or more of the following alloying el-
ements: aluminium (Al), chromium (Cr), cobalt (Co), mo-
lybdenum (Mo), nitrogen (N), nickel (Ni), copper (Cu),
titanium (Ti) and tungsten (W). The invention also refers
to a portable equipment for in situ evaluation of sigma
phase content in stainless steel.

BACKGROUND AND PRIOR ART

[0002] WO 01/69198 A2 discloses assessing the pres-
ence of undesirable phases in a steel sample by moni-
toring the rate of increase of an anodising potential.
[0003] Asused inthis application, stainless steel is the
common name foriron (Fe) compositions containing car-
bon (C) and alloying elements that increase the resist-
ance to corrosion. The dominating alloying element in
stainless steel is chromium (Cr) which forms a passivat-
ing chromium oxide layer on the surface of the steel when
the chromium content amounts to at least about 11 % by
weight (any reference to percentage of fractions made
herein refers to percentage by weight if not otherwise
stated). Beside chromium, other alloying elements are
usually addedin orderto achieve adesired property, such
as resistance to acids, malleability and hardening capac-
ity, e.g. Without excluding any potential alloying element
from the general definition of stainless steel as it is used
herein, some of the typical alloying elements in stainless
steel, beside chromium, are molybdenum (Mo), nitrogen
(N), nickel (Ni), copper (Cu) and tungsten (W), which can
be added in varying amounts and combinations. The
present invention can be applied to iron compositions at
least containing one or more of the above mentioned
alloying elements.

[0004] Furtherasused in this application, nickel-based
alloys refer to solid-solution and precipitation hardened
nickel-based alloys and nickel-based super alloys. The
nickel (Ni) content typically amounts to about 50% by
weight or more in composition with other elements such
as chromium (Cr), cobalt (Co), aluminium (Al), titanium
(Ti), e.g. Nickel-based alloys provide high temperature
strength and oxidation resistance, which makes these
alloys useful in parts and components for the oil and gas
industry, in pumps, valves, piping and process equip-
ment, in vehicles, spacecraft, ships and submarines, in
electric motors, nuclear plants, heat exchangers tubing.
[0005] The present invention can further be applied to
steel compositions of different crystalline structure in-
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cluding:

¢ Martensitic and super martensitic stainless steel
(chromium content of about 11-18 % and carbon
amounting to 0.1-1.2 %)

*  Ferritic and super ferritic (or highly alloyed) stainless
steel (chromium content of about 11-30 % and car-
bon below 0.1 %)

¢ Austenitic and super austenitic stainless steel (chro-
mium content of about 8-30 %, nickel 4-10%, molyb-
denum 1-8%, and carbon usually below 0.05 %)

¢ Ferritic-austenitic stainless steel, also referred to as
duplex stainless steel (DSS) and super duplex stain-
less steel (SDSS) (chromium content 20-25%, nickel
content 4-8%, N 0.10-0.30%, Mo 1-4%, W
0-3.5%,Cu 0-3%, and carbon below 0.03 %)

* Precipitation hardening stainless steels: these steels
can be matrensitic, austenitic, or a combination.
These steels can be hardened by heat treatment.

[0006] Among the stainless steels, the DSS and SDSS
steel grades are of special importance in engineeringand
construction given their good combination of strength and
corrosion resistance. The two-phase ferritic-austenitic
micro structure composition with a ferrite to austenite ra-
tio of about 35-55 % in the DSS or SDSS steel qualities
combines high strength with good workability and weld-
ing properties. Together with the ability to resist corrosion
in a variety of aggresive environments these engineering
qualities make the DSS and SDSS steels suitable for
employment in, for example, seawater applications and
in subsea engineering structures, vehicles at land and
sea, air and space craft, power plants, process industry
and in chemical applications.

[0007] Stainlesssteel,andinparticular DSSand SDSS
are, however, susceptible to the precipitation of delete-
rious phases when subjected to a critical temperature for
a certain amount of time, such as the temperatures
reached during welding. Precipitation of intermetallic
phases that are not the matrix or the alloy as it is normally
used affect both mechanical properties and corrosion re-
sistance. A high content of chromium and molybdenum
can promote the precipitation of intermetallic phases
such as sigma phase, chi and chromium nitrides (Cr,N)
when subjected to temperatures in the range of 300-900°
C. Among the deleterious phases, sigma phase is con-
sidered the most detrimental. Sigma phase is an inter-
metallic compound rich in chromium and molybdenum
with a volume fraction that is larger than that of any other
precipitated intermetallic phase. Precipitation of sigma
phase depleates chromium and molybdenum from the
surrounding ferritic-austenitic matrix, causing locally a
weakening of the corrosion resistance ultimately leading
to pitting or crevice corrosion.

[0008] Since the phase transformation kinetics of sig-
ma phase is relatively fast, taking less than 1.8 minutes
at 870° C for the onset of sigma phase precipitation, the
content and volume fraction of sigma phase precipitates
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can serve as an indicator of the status of the corrosion
resistance of a stainless steel structure.

[0009] However, evaluation of sigma phase contentin
a stainless steel sample using known and standardized
methods requires that the microstructure is exposed by
sectioning, polishing or etching, such as required in fol-
lowing the international standards ASTM A923 and
ASTM E562 which include 24h corrosion tests, impact
toughness measurements, and systematic manual point
counting procedures for statistically estimating the vol-
ume fraction of an identifiable constituent or phase from
sections through the microstructure using a microscope
and a point grid.

[0010] US2008/179198 discloses a related apparatus
using electrochemical impedance spectroscopy to deter-
mine corrosion rates in galvanically coupled systems.

SUMMARY

[0011] An object of the present invention is to provide
a method and apparatus for non-destructive evaluation
of the status of corrosion resistance in stainless steels
and nickel-based alloys.

[0012] The objectis met in the method and apparatus
for detecting depletion of passivating elements, in par-
ticular due to the formation of sigma phase or other del-
eterious phases, in accordance with the accompanying
claims.

[0013] The method and apparatus of the present in-
vention can be applied to stainless steeland nickel-based
alloys at least containing one or more of the following
alloying elements: aluminium (Al), chromium (Cr), cobalt
(Co), nickel (Ni), molybdenum (Mo), nitrogen (N), copper
(Cu), titanium (Ti) and tungsten (W).

[0014] The method and apparatus of the present in-
vention can be applied in a quality control procedure per-
formed at any stage from the production of a steel ingot
to the inspection of a structure or component before or
after being put into operation.

[0015] The present invention provides an additional
advantage by the fact that it can be applied in situ for
detection of deleterious phases in the field.

[0016] In a first aspect of the present invention an ap-
paratus in accordance with claim is provided.

[0017] In a second aspect of the present invention a
method in accordance with claim 11 is provided.

[0018] Comparative tests have shown that the method
and the apparatus of the present invention will unambig-
ously detect the presence of deleterious phases, in par-
ticular the presence of sigma phase which causes severe
depletion of passivating elements from solid solution,
leading to a sensitized microstructure and low pitting po-
tential at the matrix/particle interface. When a sensitized
microstructure is subjected to an acidic and oxidizing en-
vironment localized corrosion will initiate at areas with
the lowest pitting potential. The open circuit potential Eoc
is, then, controlled by the pitting potential of the Cr-Mo
depleted region. Below the critical pitting temperature the
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Eoc of a solution annealed sample free of sigma phase
is typically very high - mean value approximately 0.7 V
vs. the saturated calomel electrode (SCE) used as ref-
erence in the tests. However, the presence of a sigma
phase content as low as 0.5 % by volume decreases Eoc
dramatically - mean value approximately 0.4 V vs. the
SCE reference electrode. The drop in Eoc is a function
of the sigma phase content and it is virtually instantane-
ous. Thus, the range of open circuit potentials Eoc can
be used as a fast and accurate indicator for determining
the degree of sensitization in a sample of stainless steel.
The temperature of the test solution can vary between
20 to 85° C depending on the type of stainless steel in
question.

[0019] The correlation between open circuit potential
Eoc and, e.g., sigma phase content has been confirmed
in cyclic potentiodynamic polarization tests in NaCl so-
lutions and long term Eoc exposure using 6 % FeCl; (pH
1.10) as electrolyte. The test results are demonstrated
in the accompanying diagrammatic drawings.

[0020] In the drawings, Fig. 1 illustrates the change in
Eoc in effect of a growing content of sigma phase pre-
cipitates in a 25Cr super duplex stainless steel test spec-
imen. Fig. 2 illustrates the difference in Eoc over time in
a 0.5 vol. % sigma phase test specimen relative to the
measured Eoc of a sigma phase free (solution annealed)
control specimen. The steel used in the tests was of Figs.
1 and 2 UNS S32750 which is a ferritic-austenitic SDSS
grade steel often used, among other components, in sub-
sea pipelines, forged and hot isostatically pressed con-
nectors, as well as small bore tubing and bolting. The
test tempeature of this example was 50° C.

[0021] Statistical analysis performed on the same steel
shows that the sigma phase free and the 0.5 vol. % sigma
phase containing samples display non-overlapping den-
sity functions that define two distinctly separated distri-
bution areas, see Fig. 3. The distinctive distributions of
Eoc provide further empirical basis for relying on the cor-
relation between open circuit potential Eoc and sigma
phase contentin the method and apparatus of the present
invention.

[0022] Embodiments of the apparatus comprise a
number of advantageous features which can be applied
separately or in different combinations. Among the fea-
tures which characterize embodiments of the apparatus
are, briefly stated:

An electrolyte including an acidic chloride solution, pre-
ferrably ferric chloride (FeCl;) or any other oxidising
agent of similar polarization capacity.

[0023] A container wherein the specimen interface is
arranged in a lower end.

[0024] A tubular container wherein the container diam-
eter is dimensioned to retain the electrolyte within the
tubular container through capillary action.

[0025] A tubular container being a micro-capillary tube
having an inner diameter in the range of 0.05-5.0 mm,
preferably in the range of 0.05-0.5 mm.

[0026] A specimen interface comprising a perforated
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or porous membrane in the lower end of the container.
[0027] A positioning means in the form of a circumfer-
ential sleeve extending beyond the lower end of the con-
tainer, a lower end of the sleeve providing a base for
standing the container on the surface of a test specimen.
[0028] A perforated or porous membrane arranged in-
side a surplus length portion of the sleeve of the posi-
tioning means.

[0029] A positioning means with a standing base car-
rying a glue or an adhesive on its lower side that permits
temporary attachment to the test specimen.

[0030] A reference electrode in the form of a wire ex-
tended into the container/tube from a sealed upper end
of the container/tube.

[0031] Areference electrode in the form of a silver wire
coated with silver chloride (Ag/AgCl electrode) or a pure
tungsten (W) wire.

[0032] A set of containers with reference electrodes
individually connected to separate inputs of a multichan-
nel voltmeter via a terminal block and a coupling inter-
face.

[0033] A positioning means arranged as holder for the
reference electrodes and preferably also for the terminal
block and coupling interface.

[0034] Aresistive heating element and a thermocouple
may be installed in order to vary and control the temper-
ature of the electrolyte.

[0035] In analogy herewith the present invention also
relates to a portable equipment for in situ evaluation of
deleterious phase content in stainless steels or nickel-
based alloys comprising an apparatus according to any
previous embodiment, wherein the reference electrode
is associated with a positioning means for temporary lo-
cating the reference electrode in a measuring point on a
test specimen.

[0036] An alternative embodiment of the portable
equipment comprises a positioning means arranged for
accommodation of a number of reference electrodes for
the simultaneous positioning of an array of reference
electrodes on the test specimen.

[0037] The portable equipment may further comprise
a processing unit, a display and a printer or plotter.
[0038] Embodiments of the method comprises a
number of advantageous steps which can be applied
separately or in different combinations. Among the steps
which characterize embodiments of the method are,
briefly stated:

the step of repeating step iv) until the whole test specimen
orthe area of interest is examined, and generating, based
on the sum of readings, an estimate of the amount of
deleterious phase content in the test specimen using a
calibration curve mapping the correlation between Eoc
and deleterious phase content in the material of the test
specimen;

- the step of preparing, for the alloy of the test speci-
men, a calibration curve covering EOC vs. deleteri-
ous phase content down to a deleterious phase con-
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tent of 0.5 % by volume, or less;

- the step of providing a capillary or a micro-capillary
tube containing the reference electrode submerged
in the electrolyte, and scanning the test specimen
for mapping of deleterious phase content at a spatial
resolution in the range of 0.05 to 5.0 mm, preferably
in the range of 0.5-0.05 mm;

- the step of preparing an electrolyte gel containing
ferric chloride (FeCl,) at 1 to 6 % by weight;

- the alternative step of preparing an electrolyte gel
containing other acidic and oxidizing chloride solu-
tion that produces a potential equal to or above that
of ferric chloride (FeCly);

- the step of providing the reference electrode in the
form of an Ag/AgCl wire electrode or a pure tungsten
(W) electrode or any other suitable reference elec-
trode;

- the step of forming an array of reference electrodes,
and reading and recording a matrix of Eg values
through a multichannel voltmeter;

- the step of applying the method in a quality control
procedure;

- the step of applying the method in situ for sigma
phase detection in the field.

SHORT DESCRIPTION OF THE DRAWINGS

[0039] Embodiments of the method and apparatus of
the present invention will be further explained in the fol-
lowing with reference made to the accompanying sche-
matic drawings. In the drawings

Fig. 1 is a diagram showing the correlation between
Eoc and the fractional amount of sigma phase pre-
cipitates in a test specimen,

Fig. 2 is a diagram showing the difference in Eoc
over time in a 0.5 vol. % sigma phase 25Cr super
duplex stainless steel specimenrelative to the meas-
ured Eoc of a sigma phase free (solution annealed)
control specimen,

Fig. 3 is a diagram displaying non-overlapping dis-
tribution areas in statistical analysis of Eq¢ of the
sigma phase-free and the 0.5 vol. % sigma phase
containing samples of Fig. 2,

Fig. 4 is a diagram showing the difference in Eoc
overtime in a sensitized nickel-based alloy specimen
relative to the measured Eoc of a control specimen,
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Fig. 5 illustrates schematically the configuration of
an apparatus designed for carrying out the method
of the present invention,

Fig. 5b is a partial view showing an alternative em-
bodiment of a positioning means employed in the
apparatus of the present invention,

Fig. 6 is a schematicillustration of an alternative con-
figuration of the apparatus,

Fig. 7 is a 2-dimensional plot illustrating the area
distribution of sigma phase precipitates in a test
specimen, and

Fig. 8 is a 3-dimensional plot illustrating the spatial
distribution of sigma phase precipitates in a test
specimen.

DETAILED DESCRIPTION OF PREFERRED EMBOD-
IMENTS

[0040] Figs. 1-3 have been discussed hereinabove un-
der the subtitle Summary of the invention.

[0041] Inaddition to whatis already discussed with ref-
erence to Fig. 1 it shall be further noted that the functional
correlation between Eoc values and fractions of sigma
phase precipitates as confirmed and shown by the plotted
diagram of Fig. 1 is used in the invention for calibration
of the test equipment and method. For the UNS S32750
steel, the curve connecting the plotted Eoc values in Fig.
1 demonstrates the functional correlation between sigma
phase concentration and open circuit potential Eoc down
to a sigma phase concentration of 0.5 % by volume (the
curve portion connecting the Eoc values of 0.5 vol. %
sigma phase with the values of the sigma phase free
sample is an estimate).

[0042] In a corresponding way calibration curves can
be established for other stainless steel families as well
as for other corrosion resistant alloys, and used for read-
ing out sigma phase or other deleterious phase concen-
trations based on measured Eoc values.

[0043] In this connection, it should be emphasized that
the invention can be applied for detection and evaluation
of other deleterious phases than sigma phase, such as
chromium nitride and carbides etc., all of which deplete
Cr and Mo from solid solution and lower the pitting po-
tential of the affected area in the microstructure. The lo-
calized Cr and Mo depletion, in turn, lowers the open
circuit potential of the test specimen.

[0044] In precipitation hardening nickel-based alloys,
precipitation of deleterious phases such as nanometre-
sized sigma phase at grain boundaries, leads to a similar
drop in open circuit potential as demonstrated above for
stainless steel. Fig. 4 illustrates the development of Eoc
over time in a sensitized test specimen relative to the
measured Eoc of a control specimen free of deleterious
phases. The test illustrated in Fig. 4 was performed on
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nickel-based alloy UNS NO7725 which is a precipitation
hardened material of extreme high strength, i.e. 120 Ksi
yield strength, containing 50.0-59.0% wt. nickel,
19-22.5% Cr, 7.0-9.5% Mo, 2.75-4.0% Nb, and 1.0-1.7%
Ti.

[0045] With reference to Fig. 5 an apparatus for exer-
cising the method of the present invention comprises a
reference electrode 1 which is inserted in a container 2
containing an electrolyte 3. The electrolyte 3 comprises
a liquid or gelatinized oxidising agent by which the refer-
ence electrode 1 can be put in electrochemical contact
with a test specimen 4. A voltmeter 5 is electrically con-
nected between the test specimen and the reference
electrode via conductors 6 and 7. It should be noted that
for ease of reading and understanding the representation
of Fig. 5 is not true to scale.

[0046] The voltmeter 5 can be an off-the-shelf instru-
ment known as a potentiostat or galvanostat by which
the potentials of the reference electrode and test speci-
men can be frequentially monitored and varied by appli-
cation of a current through the electrolyte in a polarization
scanning procedure as is known per se. The voltmeter
is associated with a data processing unit 8 via a data bus.
The data processing unit 8 is operational for receiving,
processing, storing and displaying data recorded by the
voltmeter. The voltmeter 5 and processing unit 8 form
parts of a network, by wire or wireless, including at least
adisplay 9 and a printer or plotter 10 by which the results
of the scanning procedure can be presented in the form
of plots, tables, data maps etc., as desired. Some or all
of the operational units such as the voltmeter, the proc-
essor, the display and the printer/plotter can be integrat-
ed in a portable equipment if convenient. Software and
mobile applications can interface with the device as well
as record and report the results.

[0047] The containerized electrolyte 3is prepared from
an acidic and oxidizing chloride solution, preferably in-
cluding ferric chloride, FeCls, at a concentration of 1-6
% by volume and a pH value of about 1.0 to 1.20. Other
oxidising agents may alternatively be used as the elec-
trolyte in container 2, preferably any other oxidising agent
which will polarize the test specimen to a potential similar
to that of 1-6 wt. % FeClj.

[0048] In a preferred embodiment the reference elec-
trode 1 is a miniaturized silver/silver chloride (Ag/AgCl)
electrode or a pure tunsgten wire. Other electrodes with
a stable and well-known electrode potential relative to
the standard hydrogen electrode may be used as refer-
ence electrode in the apparatus of the invention. The
preferred reference electrode 1 is prepared from a silver
wire coated with silver chloride and inserted in the elec-
trolyte 1inatubular glass or plastic container 2 of capillary
or micro-capillary dimensions. In this context, the expres-
sions capillary and micro-capillary refer to a tube with an
inner diameter capable of retaining the electrolyte in the
tube through capillary action. Depending on the viscosity
of the liquid or gelatinized electrolyte the inner diameter
d of a tubular container 1 may be in the range of about
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0.05-5.0 mm, preferably in the range of 0.05-0.5 mm. For
electric connection with external equipment the refer-
ence electrode is extended through a cap 11 which seals
a first and upper end 12 of the container.

[0049] The container 2 has an open second and lower
end forming a specimen interface 13 in the mouth of the
container, through which the electrolyte with oxidising
agent comes to contact with the surface of the test spec-
imen. A perforated or porous membrane 14 covers the
specimen interface in said lower end. The membrane 14
may be realized as a sintered ceramic, glass or silica
element, e.g.

[0050] A key feature of the presentinvention is the mo-
bility of the apparatus for evaluation of sigma phase con-
tent and other deleterious phases in stainless steel and
nickel-based alloys,thus mapping the status of corrosion
resistance inthe material. The mobility makes the appa-
ratus equally suitable for quality control procedures on
bulk material as for evaluation of deleterious phase con-
tent in material and welded structures in the field.
[0051] For the purpose of temporary positioning and
optionally attaching the container 2 onto the test speci-
men during a polarization test the container is equipped
with a positioning means 15. Similar to the container 2,
the positioning means 15 can be made in glass or plastic
material insensitive to the acidic electrolyte 3. In the em-
bodiment of Fig. 5 the positioning means 15 comprises
a sleeve 16 with a circumferential wall and an inner pe-
riphery 17 that mates with the outer periphery 18 of the
container. In mounted position on the container the
sleeve extends beyond the lower end 13 of the container
for a length | of a few mm, such as from about 5-15 mm.
A radial shoulder 19 may be formed on the inner periph-
ery of the sleeve to define the length of insertion of the
container into the sleeve. The surplus length | of the
sleeve may serve as a seat for fixation of the porous
membrane 14.

[0052] The sleeve 16 may be shaped as a straight cyl-
inder, in its lower end connected to a flange 20 that ex-
tends radially outside the sleeve as illustrated in Fig. 5.
An alternative sleeve may have a conical wall, the larger
radius of which forms a bottom end face 21 of the sleeve
as illustrated in Fig. 5b. In both cases the positioning
means 15 forms a standing base that provides added
stability to the containerwhen positioned on the test spec-
imen.

[0053] The flange 20 and the bottom end face 21 each
provides a base which can be formed planar for position-
ing the container on planar test surfaces as illustrated.
This base can alternatively be curved for positioning the
container on pipes, rods or other non-planar surfaces as
shown in dash-dot lines in Fig. 5b.

[0054] A repositionable glue or adhesive 22 may ad-
vantageously be applied to the base of the positioning
means for detachably attaching the positioning means
and container with the reference electrode to the test
specimen.

[0055] Albeit being disclosed as a separate element
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for mounting on the container 2, it will be understood that
the positioning means 15 may optionally be realized as
a structural part that is formed integrally with the contain-
er.

[0056] A heating element such as heat resistance wire
e.g., may be wrapped about the container or inserted in
the electrolyte in order to vary the temperature of the
electrolyte if appropriate. A thermocouple may be ar-
ranged to control the temperature.

[0057] An alternative embodiment of the apparatus is
schematically shown in Fig. 6. It should be noted that for
ease of reading and understanding the representation of
Fig. 6 is not true to scale. In the embodiment of Fig. 6
the reference electrode 1 is multiplied in a set of sensors,
each sensor comprising a reference electrode in a con-
tainer containing a liquid or gelatinized electrolyte. The
reference electrodes 1 are individually connected to a
multichannel voltmeter with a corresponding number of
input terminals (voltmeter not shown).

[0058] The containers 2 and electrodes 1 are support-
ed in a positioning means arranged as a holder 23 car-
rying a terminal block 24 that collects the electrode wires
25 and provides a coupling interface 26 towards the volt-
meter. Feet 27 in the lower side of the holder 23 form a
standing base that provides stability to the set of sensors
when supported on the surface of a specimen during test-
ing. In order to ensure electrolytic contact between the
test specimen and each reference electrode, the contain-
ers are adjustable and movable in relation to the holder
in the length direction of the containers. To this purpose
the holder 23 is formed with a respective guiding slot 28
that provides a seat for accommodation of a container.
Slide bearings 29 may be arranged in connection with
the slots 28 in order to arrest the containers in mounted
position through frictional engagement.

[0059] The holder 23 may be sized to provide an array
of sensors/reference electrodes arranged in one row or
in several parallel rows permitting simultaneous reading
and recording of a matrix of Eoc values. Sensor arrays
of other configurations than rectangular are of course
possible.

[0060] The voltmeter records the Eoc vs time for a giv-
en time interval until a stable reading is obtained. By suc-
cessively moving the apparatus over the area to be ex-
amined the degree of sensitization and distribution of
sensitized areas of the test specimen can be mapped
with a resolution determined by the diameter dimensions
of the container and standing base of the positioning
means, or by the diameter of the container and the inter-
space between adjacent containers in the sensor array.
With regards to the sizes of micro-capillary tubes avail-
able for the purpose, embodiments of the invention com-
prise mapping of deleterious phase contentat spatial res-
olutions in the range of 0.05 to 5.0 mm, preferably in the
range of 0.5-0.05 mm.

[0061] For visual representation of the test result, the
collected data can be presented in 2- or 3-dimensional
plots. Fig. 7 is one example of a 2-dimensional plot illus-
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trating the area distribution and concentration of sigma
phase precipitates in a test specimen based on the range
of recorded Eoc values. Fig. 8 is an example of a 3-di-
mensional plotillustrating the spatial distribution and con-
centration of sigma phase precipitates in a test specimen
based on the range of Eoc values as recorded through
the method and apparatus of the present invention.
[0062] The invention as illustrated and described pro-
vides the advantage of rapid and non-destructive testing
of stainless steel and nickel-based alloys for detecting
the occurrence of deleterious phases and for evaluation
of the status of the corrosion resistance. Although the
major benefits reside in the mobile application it should
be noted that in alternative use a test sample may be
exposed to the electrolyte in a quality control evaluation
using test specimens in a destructive way. The listing
below includes a majority of the corrosion resistent alloys
to which the present invention can be applied:

1) Austenitic and super (also known as highly al-
loyed) austenitic stainless steels

UNS S31600 and S31603
UNS S30400 and S30403
UNS S31700

UNS S34500

UNS S32100

UNS S20910

Type 6Mo Stainless Steel (e.g. UNS S39254,
J93254, N08367, N08925)
Type 7Mo UNS S32654
N08926

J95370

2) Duplex and super duplex stainless steels

Type 22Cr duplex stainless steels
S$31803, S32550)

Type 25Cr DSS or SDSS (UNS S32750,
S32760, S39274, S39277)

Lean DSS (UNS S32101, S32304)

(UNS

3) Ferritic and super (or highly alloyed ferritic) stain-
less steels

UNS S44400
UNS S43000
UNS S40900
UNS S40500
UNS S44700

4) Martensitic and super martensitic stainless steels

UNS S41000
UNS S41425
UNS S41426
UNS S41500
UNS S42500
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UNS J91540
SM17CRS-12

5) Precipitation hardened stainless steels

UNS S66286
UNS S15500
UNS S17400
UNS S45000
UNS S15700

6) Solid-solution nickel based alloys

UNS N06625
UNS N06022
UNS N06059
UNS N06686
UNS N07022
UNS N08026
UNS N10276
CwW12MwW

7) Precipitation hardenable nickel based alloys

UNS NO07718
UNS NO07725
UNS NO7716
UNS N09925
UNS N09945
UNS N06625
UNS N07626

[0063] Althoughitwill be realized thatin alternative use
a test sample may be exposed to the electrolyte in a
quality control using test specimens in a destructive way,
the major benefits provided by the present invention re-
side in the mobile and non-destructive implementation.

Claims

1. An apparatus for detecting depletion of passivating
elements, in particular due to formation of sigma
phase and/or other deleterious phases, in stainless
steels or nickel-based alloys at least containing one
or more of the following alloying elements: aluminium
(Al), chromium (Cr), cobalt (Co), nickel (Ni), molyb-
denum (Mo), nitrogen (N), copper (Cu), titanium (Ti)
and tungsten (W), the apparatus comprising:

a container (2) containing a liquid or a gelati-
nized electrolyte (3),

a specimen interface (13) on the container, the
specimen interface (13) in providing contact be-
tween the electrolyte and the surface of a test
specimen,

a reference electrode (1) in the container, the
reference electrode (1) in use being in electro-
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chemical contact with the test specimen via the
electrolyte,

avoltmeter (5), in use being electrically connect-
ed between the reference electrode and the test
specimen, and whereby the apparatus is char-
acterised in

a data processing unit (8) for reading and re-
cording open circuit potential (Eoc) values at
each testing point of the specimen and compar-
ing the Eoc values of the test specimen with the
open circuit potential of a sigma phase free sam-
ple of the steel of the test specimen

The apparatus of claim 1, wherein the electrolyte is
an acidic chloride solution.

The apparatus of claim 2, wherein the electrolyte is
ferric chloride (FeCls).

The apparatus of any previous claim, wherein the
container (2) is a tube and the specimen interface
(13)is arrangedin alower (second) end of the tubular
container.

The apparatus of claim 4, wherein the container di-
ameter (d) is dimensioned to retain the electrolyte
within the container through capillary action.

The apparatus of claim 4 or 5, wherein the container
is a micro-capillary tube having an inner diameter (d)
in the range of 0.05-5.0 mm, preferably in the range
of 0.05-0.5 mm.

The apparatus of any of claims 4 to 6, wherein the
specimen interface (13) comprises a perforated or
porous membrane (14) covering the specimen inter-
face (13) in said lower end of the container.

The apparatus of any of claims 4 to 7, further com-
prising a positioning means (15) in the form of a cir-
cumferential sleeve (16) extending beyond the lower
end of the container, a lower end (20; 21) of the
sleeve (16) providing a base (20; 21) for standing
the container (2) on the surface of the test specimen.

The apparatus of any of claims 4 to 8, wherein the
reference electrode (1) is a wire extended into the
tube from an upper (first) end (12) of the tube.

The apparatus of any preceding claim, comprising a
set of reference electrodes (1) separately connect-
able to individual inputs of a multichannel voltmeter
via a terminal block (24) and a coupling interface
(26).

A method for detecting depletion of passivating ele-
ments, in particular due to formation of sigma phase
or other deleterious phases, in stainless steels or
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nickel-based alloys at least containing one or more
of the following alloying elements: aluminium (Al),
chromium (Cr), Cobalt (Co), nickel (Ni), molybdenum
(Mo), nitrogen (N), copper (Cu), titanium (Ti) and
tungsten (W), the method comprising:

i) providing a container containing a liquid or ge-
latinized electrolyte (3),

ii) providing a reference electrode (1) in electro-
chemical contact with a test specimen via the
liquid or gelatinized electrolyte (3),

i) electrically connecting (6, 7) the reference
electrode with the test specimen over a voltme-
ter (5),

iv) reading and recording open circuit potential
(Eoc) values at each testing point of the speci-
men,

v) comparing the E values of the test speci-
men with the open circuit potential of a sigma
phase free sample of the steel of the test spec-
imen.

12. The method of claim 11, further comprising:

repeating step iv) until the whole test specimen
or the area of interest is examined, and
generating, based on the sum of readings, an
estimate of the amount of deleterious phase
content in the test specimen using a calibration
curve mapping the correlation between Eq and
sigma phase content in the steel of the test spec-
imen.

13. The method of claim 11 or 12, further comprising:

providing a container in form of a micro-capillary
tube (2) containing the reference electrode (1)
submerged in the liquid or gelatinized electro-
lyte, and

scanning the test specimen for mapping of del-
eterious phase content at a spatial resolution in
the range of 0.05 to 5.0 mm, preferably in the
range of 0.5-0.05 mm.

14. The method of any of claims 11 to 13, further com-

prising:
preparing an electrolyte gel containing ferric chloride
(FeCl,) at 1 to 6 % by weight.

15. A portable equipment for in situ evaluation of dele-

terious phase content in stainless steels and nickel-
based alloys comprising an apparatus according to
any of claims 1 to 10, characterized in that the ref-
erence electrode (1) is associated with a positioning
means (15; 23) for temporary locating the reference
electrode (1) in a measuring point on a test speci-
men.
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Patentanspriiche

1.

Einrichtung zum Erkennen einer Depletion von Pas-
sivierungselementen, insbesondere aufgrund der
Bildung einer Sigma-Phase und/oder anderer
schadlicher Phasen, in Edelstahlen oder Legierun-
gen auf Nickelbasis, die mindestens eines der fol-
genden Legierungselemente enthalten: Aluminium
(Al), Chrom (Cr), Kobalt (Co), Nickel (Ni), Molybdan
(Mo), Stickstoff (N), Kupfer (Cu), Titan (Ti) und Wolf-
ram (W), wobei die Einrichtung Folgendes umfasst:

einen Behalter (2), enthaltend eine Flussigkeit
oder einen gelatinierten Elektrolyten (3),

eine Prufkérperschnittstelle (13) auf dem Behal-
ter, wobei die Prifkérperschnittstelle (13) wah-
rend der Verwendung einen Kontakt zwischen
dem

Elektrolyt und der Oberflache eines Prifkdrpers
bereitstellt,

eine Referenzelektrode (1) in dem Behalter, wo-
bei die Referenzelektrode (1) wahrend der Ver-
wendung mit dem Prifkorper

Uber den Elektrolyten in elektrochemischem
Kontakt steht,

ein Spannungsmessgerat (5), das wahrend der
Verwendung

zwischen der Referenzelektrode und dem Prif-
korper elektrisch verbunden ist, und wodurch
die Einrichtung gekennzeichnet ist durch
eine Datenverarbeitungseinheit (8) zum Lesen
und Aufzeichnen von Werten eines offenen
Schaltungspotenzials (Eqc-Werten) an jedem
Prifpunkt des Prifkdrpers und Vergleichen der
Eoc-Werte des Priifkdrpers mit dem offenen
Schaltungspotenzial einer Sigma-Phasen-frei-
en Probe des Stahls des Prifkorpers

Einrichtung nach Anspruch 1, wobei der Elektrolyt
eine saure Chloridldsung ist.

Einrichtung nach Anspruch 2, wobei der Elektrolyt
Eisenchlorid (FeCl5) ist.

Einrichtung nach einem der vorstehenden Anspri-
che, wobei der Behalter (2) ein Rohr und die Prif-
koérperschnittstelle (13) in einem unteren (zweiten)
Ende des rohrférmigen Behalters angeordnet ist.

Einrichtung nach Anspruch 4, wobei der Behalter-
durchmesser (d) so bemessen ist, dass er den Elek-
trolyten durch Kapillarwirkung innerhalb des Behal-
ters halt.

Einrichtung nach Anspruch 4 oder 5, wobei der Be-
halter ein Mikrokapillarrohr ist, das einen Innen-
durchmesser (d) im Bereich von 0,05-5,0 mm, vor-
zugsweise im Bereich von 0,05-0,5 mm aufweist.
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12.

Einrichtung nach einem der Anspriiche 4 bis 6, wobei
die Prufkorperschnittstelle (13) eine perforierte oder
porése Membran (14) umfasst, welche die Prifkor-
perschnittstelle (13) in dem unteren Ende des Be-
hélters abdeckt.

Einrichtung nach einem der Anspriiche 4 bis 7, ferner
umfassend ein Positionierungsmittel (15) in Form ei-
ner Umfangshiilse (16), die sich tber das untere En-
de des Behalters hinaus erstreckt, wobei ein unteres
Ende (20; 21) der Hiilse (16) eine Basis (20; 21) zum
Aufstellen des Behalters (2) auf der Oberflache des
Prifkorpers bereitstellt.

Einrichtung nach einem der Anspriiche 4 bis 8, wobei
die Referenzelektrode (1) ein Draht ist, der sich von
einem oberen (ersten) Ende (12) des Rohrs in das
Rohr erstreckt.

Einrichtung nach einem der vorstehenden Anspri-
che, umfassend einen Satz von Referenzelektroden
(1), die getrennt mit einzelnen Eingdngen eines
Mehrkanalspannungsmessgerats (ber einen An-
schlussblock (24) und eine Kopplungsschnittstelle
(26) verbindbar sind.

Verfahren zum Erkennen einer Depletion von Pas-
sivierungselementen, insbesondere aufgrund der
Bildung einer Sigma-Phase oder anderer schadli-
cher Phasen, in Edelstahlen oder Legierungen auf
Nickelbasis, die mindestens eines der folgenden Le-
gierungselemente enthalten: Aluminium (Al), Chrom
(Cr), Kobalt (Co), Nickel (Ni), Molybdan (Mo), Stick-
stoff (N), Kupfer (Cu), Titan (Ti) und Wolfram (W),
wobei das Verfahren Folgendes umfasst:

i) Bereitstellen eines Behalters, der einen flis-
sigen oder gelatinisierten Elektrolyten (3) ent-
halt,

ii) Bereitstellen einer Referenzelektrode (1) in
elektrochemischem Kontakt mit einem Prifkor-
per Uber den fliissigen oder gelatinisierten Elek-
trolyten (3),

iii) elektrisches Verbinden (6, 7) der Referenz-
elektrode mit dem Prifkorper Uber ein Span-
nungsmessgerat (5),

iv) Lesen und Aufzeichnen von Werten eines
offenen Schaltungspotenzials (Eqc-Werten) an
jedem Prifpunkt des Prufkoérpers,

v) Vergleichen der Egc-Werte des Prifkérpers
mit dem offenen Schaltungspotenzial einer Sig-
ma-Phasen-freien Probe des Stahls des Prif-
korpers.

Verfahren nach Anspruch 11, ferner umfassend:

Wiederholen von Schritts iv), bis der gesamte
Prifkorper oder der Bereich von Interesse un-
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tersucht ist, und

Erzeugen, basierend auf der Summe von Mess-
werten, einer Schatzung der Menge des Gehalts
an schadlichen Phasen in dem Priifkorper unter
Verwendung einer Kalibrierungskurve, welche
die Korrelation zwischen Eoc und Sigma-Pha-
sengehalt im Stahl des Prifkdrpers abbildet.

Verfahren nach Anspruch 11 oder 12, ferner umfas-
send:

Bereitstellen eines Behalters in Form eines Mi-
krokapillarrohrs (2) mit der Referenzelektrode
(1), die in den fliissigen oder gelatinierten Elek-
trolyten eingetaucht sind, und

Abtasten des Prifkérpers zum Abbilden des
schadlichen Phasengehalts bei einer raumli-
chen Auflésung im Bereich von 0,05 bis 5,0 mm,
vorzugsweise im Bereich von 0,5-0,05 mm.

Verfahren nach einem der Anspriiche 11 bis 13, fer-
ner umfassend:

Herstellen eines Elektrolytgels, das Eisenchlorid
(FeCly) bei 1 bis 6 Gew.-% enthalt.

Tragbare Ausrustung zur In-situ-Beurteilung des
schadlichen Phasengehalts in Edelstahl und Legie-
rungen auf Nickelbasis, umfassend eine Einrichtung
nach einem der Anspriiche 1 bis 10, dadurch ge-
kennzeichnet, dass die Referenzelektrode (1) ei-
nem Positionierungsmittel (15; 23) zum temporaren
Lokalisieren der Referenzelektrode (1) in einem
Messpunkt auf einem Prifkérper zugeordnet ist.

Revendications

Appareil permettant de détecter un appauvrisse-
ment en éléments de passivation, en particulier da
alaformation de phase sigma et/ou d’autres phases
préjudiciables, dans des aciers inoxydables ou des
alliages a base de nickel contenant au moins un ou
plusieurs des éléments d’alliage suivants : alumi-
nium (Al), chrome (Cr), cobalt (Co), nickel (Ni), mo-
lybdene (Mo), I'azote (N), cuivre (Cu), titane (Ti) et
tungsténe (W), I'appareil comprenant :

un récipient (2) contenant un électrolyte liquide
ou gélatinisé (3),

une interface échantillon (13) sur le récipient,
linterface échantillon (13) lors de [l'utilisation
fournissant un contact entre I'électrolyte et la
surface d’un échantillon de test,

une électrode de référence (1) dans le récipient,
I'électrode de référence (1) lors de l'utilisation
étant en contact électrochimique avec I'échan-
tillon de test par le biais de I'électrolyte,

un voltmetre (5), lors de I'utilisation étant élec-
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10

10.

triqguement connecté entre I'électrode de réfé-
rence et I'échantillon de test, et moyennant quoi
I'appareil est caractérisé en ce que

une unité de traitement de données (8) permet-
tant de lire et d’enregistrer des valeurs de po-
tentiel en circuit ouvert (Eq ) au niveau de cha-
que point de test de I'échantillon et de comparer
les valeurs d’Eq¢ de I'échantillon de test avec
le potentiel en circuit ouvert d’'un échantillon
exempt de phase sigma de I'acier de I'échan-
tillon de test

Appareil selon larevendication 1, dans lequel I'élec-
trolyte est une solution de chlorure acide.

Appareil selon larevendication 2, dans lequel I'élec-
trolyte est du chlorure ferrique (FeCly).

Appareil selon 'une quelconque revendication pré-
cédente, dans lequel le récipient (2) est un tube et
I'interface échantillon (13) estagencée dans une (se-
conde) extrémité inférieure du récipient tubulaire.

Appareil selon la revendication 4, dans lequel le dia-
meétre de récipient (d) est dimensionné pour retenir
I’électrolyte a l'intérieur du récipient par effet capil-
laire.

Appareil selon la revendication 4 ou 5, dans lequel
le récipient est un tube micro-capillaire ayant un dia-
metre interne (d) dans la plage de 0,05 a 5,0 mm,
de préférence dans la plage de 0,05 a 0,5 mm.

Appareil selon I'une quelconque des revendications
4 a 6, dans lequel l'interface échantillon (13) com-
prend une membrane perforée ou poreuse (14) cou-
vrant l'interface échantillon (13) dans ladite extrémi-
té inférieure du récipient.

Appareil selon I'une quelconque des revendications
4 a 7, comprenant en outre un moyen de position-
nement (15) sous la forme d’un manchon circonfé-
rentiel (16) s’étendant au-dela de I'extrémité infé-
rieure du récipient, une extrémité inférieure (20 ; 21)
du manchon (16) fournissant une base (20 ; 21) per-
mettant de maintenir le récipient (2) debout sur la
surface de I'échantillon de test.

Appareil selon I'une quelconque des revendications
4 a 8, dans lequel I'électrode de référence (1) estun
fil étendu dans le tube a partir d’'une (premiere) ex-
trémité supérieure (12) du tube.

Appareil selon 'une quelconque revendication pré-
cédente, comprenant un ensemble d’électrodes de
référence (1) pouvant étre connectées séparément
ades entrées individuelles d’un voltmetre multicanal
par le biais d’'un bornier (24) et d’'une interface de
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couplage (26).

Procédé permettant de détecter I'appauvrissement
en éléments de passivation, en particulier d0 a la
formation de phase sigma ou d’autres phases pré-
judiciables, dans des aciers inoxydables ou des al-
liages a base de nickel contenant au moins un ou
plusieurs des éléments d’alliage suivants : de l'alu-
minium (Al), chrome (Cr), cobalt (Co), nickel (Ni),
molybdéne (Mo),

I'azote (N), cuivre (Cu), titane (Ti) et tungsténe (W),
le procédé comprenant :

i) la fourniture d’un récipient contenant un élec-
trolyte liquide ou gélatinisé (3),

ii) la fourniture d’'une électrode de référence (1)
en contact électrochimique avec un échantillon
de test par le biais de I'électrolyte liquide ou gé-
latinisé (3),

iii) la connexion électrique (6, 7) de I'électrode
de référence avec I'échantillon de test en pas-
sant par un voltmetre (5),

iv) la lecture et I'enregistrement de valeurs de
potentiel en circuit ouvert (Eqc) au niveau de
chaque point de test de I'échantillon,

v) la comparaison des valeurs d’'E ¢ del'échan-
tillon de test avec le potentiel en circuit ouvert
d’un spécimen exemptde phase sigmade I'acier
de I'échantillon de test.

12. Procédé selon la revendication 11, comprenant en

outre :

la répétition de I'étape iv) jusqu’a ce que la to-
talité de I'échantillon de test ou la zone d’intérét
soit examiné, et

la génération, en fonction de la somme de lec-
tures, d'une estimation de la quantité de teneur
en phases préjudiciables dans I'’échantillon de
test a I'aide d’'une courbe d’étalonnage établis-
sant une carte de la corrélation entre Eoc et la
teneur en phase sigma dans l'acier de I'échan-
tillon de test.

13. Procédé selon la revendication 11 ou 12, compre-

nant en outre :

la fourniture d’un récipient sous forme d’un tube
micro-capillaire (2) contenant I'électrode de ré-
férence (1) immergée dans I'électrolyte liquide
ou gélatinisé, et

le balayage de I'échantillon de test permettant
d’établir une carte de teneur en phases préjudi-
ciables a une résolution spatiale dans la plage
de 0,05 a 5,0 mm, de préférence dans la plage
de 0,5a 0,05 mm.

14. Procédé selon I'une quelconque des revendications
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20

11 a 13, comprenant en outre :
la préparation d’'un gel d’électrolyte contenant du
chlorure ferrique (FeCls) araison de1a 6 % en poids.

Equipement portable pour I'évaluation in situ de te-
neur en phases préjudiciables dans des aciers inoxy-
dables et des alliages a base de nickel comprenant
un appareil selon 'une quelconque des revendica-
tions 1 a 10, caractérisé en ce que |'électrode de
référence (1) est associée a un moyen de position-
nement (15 ; 23) permettant de placer temporaire-
ment I'électrode de référence (1) dans un point de
mesure sur un échantillon de test.
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