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Foreword

[SO (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.
[SO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are
described in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the
different types of ISO documents should be noted. This document was drafted in accordance with the
editorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patent rights. Details of
any patent rights identified during the development of the document will be in the Introduction and/or
on the ISO list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the convenience of users and does not
constitute an endorsement.

For an explanation of the voluntary nature of standards, the meaning of ISO specific terms and
expressions related to conformity assessment, as well as information about ISO's adherence to the
World Trade Organization (WTO) principles in the Technical Barriers to Trade (TBT) see www.iso.
org/iso/foreword.html.

This document was prepared by Technical Committee [SO/TC 156, Corrosion of metals and alloys.

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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Introduction

Ti alloys such as Ti-6Al-4V are considered the most promising engineering materials. Due to a unique
combination of high strength-to-density ratio and increased mechanical and corrosion resistance,
their applications are growing in a wide range of industries, e.g. aerospace, automobile, marine and
biomedical fields.

Ti alloys are conventionally produced by wrought or cast processes, which are subtractive
manufacturing (SM) methods. The recent emergence of a new additive manufacturing (AM) method
known as “3D printing” has gained worldwide attention as a way to cut costs and improve efficiency for
small quantity, batch productions.

Additively manufactured Ti alloys are extensively investigated for their usage in aerospace and medical
applications. When AM is compared with conventional manufacturing, the buy-to-fly ratio is known
to be around 15:1 (conventional). In terms of mechanical viewpoints, both the strength and ductility
of Ti alloys such as Ti-6Al-4V fabricated via AM are comparable to or superior to those developed
via conventional manufacturing methods, because of their unique microstructure based on laser or
electron beam technologies. However, the characteristics of additively manufactured alloys are highly
dependent upon the geometric and processing conditions (and there are over 130 variables) such as
layer formation (imbedded or sprayed), size and quality of powder or wire, dimension, input energy,
layer orientation and surface conditions, and tolerance in the CAD process, which converts the data
into additive layers for building parts. The differences in layer orientation and the porosity generated
by crossing hatches during the layer-by-layer fabrication process can result in differences in both
mechanical and electrochemical properties in AM materials. Heat treatment controls the porosity or
the microstructure derived from rapid melting and quenching; however, it cannot eliminate interlayers,
which contribute to the differences in the mechanism of localized corrosion in AM materials. The
resistance to corrosion of Ti alloys produced via AM is similar to that of conventionally manufactured
Ti alloys. The mechanisms of corrosion also differ. Therefore, since the conventional testing methods
have shown limited ability for evaluation of those properties, the new test method measuring
electrochemical critical localized corrosion temperature (E-CLCT) has been developed to evaluate
pitting and crevice corrosion in alloys generated via AM. E-CLCT is defined as the lowest temperature
on the surface of the AM specimen on which localized corrosion to both pitting and crevice corrosion is
initiated under specified test conditions.

This document specifies a procedure for evaluation of the resistance to localized corrosion on the
AM alloys by measuring their E-CLCT, providing an efficient method for a qualitative evaluation or
comparison of corrosion properties between AM materials or their heats with altered process variables.
This test method demonstrates the quality of heat treatment, bonding integrities between layers, and
effective control of variables for AM materials, providing a qualitative tool for long-term application.
Furthermore, this document can extend its use from AM Ti-alloys to other AM alloys, such as Ni alloys
by modifying the concentration of test solutions or the applied potentials. This document also provides
important clues to evaluate other types of localized corrosion such as corrosion cracking and erosion-
corrosion. Related documents can be developed and followed up based on the results of this test.

© 1S0 2020 - All rights reserved Y
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Corrosion of metals and alloys — Measurement of the
electrochemical critical localized corrosion temperature
(E-CLCT) for Ti alloys fabricated via the additive

manufacturing method

1 Scope

This document specifies procedures for testing the resistance to localized corrosion of Ti alloys
fabricated via additive manufacturing (AM) method. This document regulates the electrochemical
critical localized corrosion temperature (E-CLCT) of the AM Ti materials for a comparative evaluation
of resistance to localized corrosion.

2 Normative references

There are no normative references in this document.

3 Terms and definitions
For the purposes of this document, the following terms and definitions apply.

ISO and IEC maintain terminological databases for use in standardization at the following addresses:

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

— [EC Electropedia: available at http://www.electropedia.org/

3.1

electrochemical critical localized corrosion temperature

E-CLCT

lowest temperature on the surface of the AM Ti alloy specimen at which stable localized corrosion,
including both pitting and crevice corrosion, occurs under specified test conditions

= 7
temperature ramp rate
rate at which the surface temperature of the specimen increases during the test

4 Main contents and limitations of existing standards

4.1 Application coverage of ISO 17864

The test method in ISO 17864 determines the critical pitting temperature (CPT) using a potentiostatic
technique with a temperature scan. The current is monitored during the temperature scan, and CPT
is defined as the temperature at which the current increases rapidly, which for practical reasons is
defined as the temperature at which the current density exceeds 100 pA/cm? for 60 s. Pitting on the
specimen is confirmed visually after the test.

4.2 Limitations of ISO 17864

ISO 17864 is useful to measure the resistance of pitting corrosion for stainless steel and related alloys.
This method applies to wrought or cast products. However, this method cannot be used for Ti alloys

© 1S0 2020 - All rights reserved 1
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Figure 1 — Determination of E-CLCT values of Ti-6Al-4V, CP-Ti, and Ni718 for the side edge
parallel to the AM direction produced by additive manufacturing, according to applied
potentials of 2,8 V with respect to saturated calomel electrode in the concentrated sodium
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b) Additive-manufactured Ti-6Al-4V alloys

Figure 2 — Two different shapes of crevice corrosion on Ti-6Al-4V alloys

6 Apparatus

6.1 Potentiostat.
The potentiostat shall be capable of controlling the electrode potential to within 1 mV of a preset value.

This potentiostat should have the electrode potential-measuring instrument with a high impedance
of the order 1011 () to 1014 Q and the current-measuring instruments capable of measuring current to
within 2 % of the actual value.

6.2 Recirculating heating bath with temperature controller.

The recirculating heating bath is a vessel capable of generating temperatures between 0 °C and

100°C £ 1 °C.

The temperature controller should facilitate increase in the surface temperature of the specimen from
0 °C to 100 °C with the temperature ramp rate of 1 °C/min.

6.3 Specimen holder and connections.

Figure 3 shows the schematic design on the specimen holder and connection. Any part of the specimen
holder or the connection of the electrode shall be designed to avoid corrosion in the connecting point
with resin seal or a similar coating.

4 © ISO 2020 - All rights reserved
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The crevice former shall not be placed.

Figure 3 — Schematic diagram of a specimen

6.4 Test cell.

The test cell shall contain the test specimen, a Luggin capillary probe connected to an external
reference electrode to measure the electrode potential, an auxiliary electrode, a port for insertion of
a temperature-measuring device and a facility for stirring the solution by bubbling gas through the

solution, as shown in Figure 4.

Key
1 reference electrode 4  counter electrode
2 double wall 5 specimen

3  electrolyte

Figure 4 — Schematic diagram of CLCT cell

6.5 Auxiliary electrode and reference electrode.

The auxiliary electrode is prepared from high-purity platinum. The reference electrode shall be
maintained at ambient temperature external to the test cell and connected to the test cell via a Luggin
capillary probe. The commonly used reference electrode is the saturated calomel electrode.

© 1S0 2020 - All rights reserved 5
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7 Test solutions

For the test, 250 g of reagent-grade sodium chloride (NaCl) is dissolved in 750 ml of reagent water,
producing an aqueous solution containing 25 % NaCl by mass. The ratio of the volume of solution in the
test cell to the specimen area shall be at least 100 ml/cm?2.

8 Testspecimens

Any specimen geometry compatible with the specimen holder may be used. Two different test surfaces
of the specimen are used, which are made by the layers perpendicular to or parallel to the stacking
direction, depending on the stacking direction via AM. A minimum test volume of 10 mm x 10 mm x 1 mm
or higher shall be used. A less than 20 % ratio of edge area to total area is desirable.

9 Procedure

9.1 Preparation of reference electrodes

The difference in potential between the reference electrode and two other validation electrodes shall
be measured. If the potential difference is greater than 3 mV, the test electrodes shall be rejected.

9.2 Preparation of Ti alloy specimen
The specimen shall be prepared to ensure a reproducible surface finish.

The specimen shall be cleaned immediately prior to immersion in the solution by degreasing, rinsing in
high-purity water, followed by ethanol or a similar solvent, and air drying. After degreasing, care shall
be taken not to contaminate the test surface of the specimen.

9.3 Preparation of solution

The solution shall be prepared using reagent-grade chemicals and reagent-grade water purified to
20 uS/cm by distillation equivalent to type I grade (see ISO 3696).

9.4 Setting up the E-CLCT test

The exposed surface area of the specimen shall be measured. Two different test surfaces of the specimen
are prepared, comprising layers perpendicular to or parallel to the stacking direction, depending on the
stacking direction via AM.

The specimen, counter electrode and salt bridge shall be placed in the test cell. The test cell shall be
filled with the solution. It is important to ensure that the specimen is immersed and exposed in the
solution. The salt bridge is filled with test solution and is free of air bubbles.

The solution shall be stirred continuously throughout the test by bubbling an inert gas through the
solution at a controlled rate.

The electrodes shall be connected to the potentiostat and the data-recording device. The connections
for temperature measurement and control shall be made.

The open-circuit potential of the test specimen shall be recorded and the desired anodic potential shall
be applied to the specimen. The recommended applied potential for Ti alloys (e.g. Ti-6Al-4V) in the
concentrated sodium chloride (25 %) solution is 2,8 V with respect to the saturated calomel electrode
(SCE) (25 °C). If uncertainty exists concerning whether 2,8 Vscg is sufficiently high to obtain the
potential independent E-CLCT, a testat 2,9 V with respect to SCE (25 °C) may be performed. A significant
deviation between the E-CLCT obtained at 2,8 Vgcg and 2,9 Vgcg indicates the need for re-evaluation
and new choice of potential (for information, refer to Annex A). Following application of potential for
60 s or longer, the specimen temperature shall be increased at a controlled rate.

6 © ISO 2020 - All rights reserved
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The current and solution temperature shall be monitored throughout the test.

The E-CLCT is defined as the temperature at which a sharp increase in current density occurs during
the temperature ramp at 1 °C/min.

9.5 Ending test
The test shall be terminated when the E-CLCT is determined.

The specimen shall be removed from the solution and rinsed in water, cleaned with ethanol, rinsed
with high-purity water, cleaned with ethanol or a similar solvent, and dried in air.

The specimen shall be inspected using an optical microscope to determine pitting and crevice corrosion.
The ending current density may be higher than 1 mA/cm?2 (e.g. 5 mA/cm?2) if the surface is evaluated
after testing.

10 Evaluation of test results

The E-CLCT shall not be compared with values obtained using a different procedure. The E-CLCT of
AM Ti alloys is specific to the test method used and should only be used as a comparative measure of
performance.

Localized corrosion is generally of random nature, and thus the number of specimens required for
experimental condition is preferably greater than three considering data scatter and analysis.

11 Test report

The test report shall include the following information:
a) areference to the document used (including its year of publication);
b) the test solution and its volume;

c) afull description of the test materials from which the specimens were taken, including composition
and structural condition, type of product and section thickness;

d) the orientation and size of test specimens;

e) the surface finish of specimens, including the storage time between carrying out the final surface
finish and testing;

f) the testareaand the minimum thickness;

g) the electrode potential;

h) the temperature ramp rate;

i) adescription of the specimen surface after testing;

j) theelectrochemical critical localized corrosion temperature (E-CLCT);
k) ending current density;

[) deviation of test results from the procedure;

m) unusual features observed;

n) areference to explain the calculation of the results;

o) the date of the test.

© 1S0 2020 - All rights reserved 7
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Annex A
(informative)

Relationship between applied potential and localized corrosion of
AM Ti-alloys with temperature

The potential for localized corrosion at a given temperature varies because of the random nature of
the localized corrosion initiation. Therefore, the characteristic localized corrosion potential is best
described as arange shown by the shaded area in Figure A.1. Generally, the localized corrosion potential
decreases with increasing temperature. The occurrence of localized corrosion on AM Ti-alloys as a
function of temperature and potential is shown in Figure A.1.

Yl

Y

¢ i X
Key
X  temperature a  High potential.
Y potential b Low potential.
1  transpassive corrosion ¢ E-CLCT potential independent.
2  localized corrosion d  E-CLCT potential dependent.
3 localized corrosion potential range
4  no localized corrosion

Figure A.1 — Principles of potential and temperature effects on the localized corrosion of
AM Ti-alloys

As shown in Figure A.1, the potential independent E-CLCT represents the temperature limit of only
passive or transpassive corrosion on an AM Ti-alloy below a certain temperature, whereas the
potential dependent E-CLCT is defined by the temperature under localized corrosion depending on the
potential at temperatures above the potential independent E-CLCT. Thus, the localized corrosion can
occur at potentials within the localized potential range if the temperature is sufficiently high. In this
case, the E-CLCT depends on the specific potential and variation in the localized corrosion potential.
Therefore, the optimum localized corrosion potential selected should be the potential independent
E-CLCT. Figure A.1 also shows the potential dependent E-CLCT range for a specific low potential.
Principally, the low temperature limit of the potential dependent E-CLCT is the potential independent
E-CLCT. At potentials within the localized corrosion potential range, localized corrosion can occur if the
temperature is sufficiently high. In this case, the E-CLCT depends on the specific potential. At potentials
above the localized corrosion potential range and below the transpassive potential, localized corrosion
can occur virtually instantaneously. However, at potentials below the localized corrosion potential
range, no localized corrosion occurs.

8 © ISO 2020 - All rights reserved
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