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NICKEL AND METALLIC ALLOYS
Metals and alloys are ubiquitous and integral to modern life, so much so that they often go
largely unnoticed in our daily lives (e.g., in applications such as architecture,
buildings/construction, consumer products, healthcare, infrastructure, schools, transport). Yet,
society is reliant on metals and alloys due to their properties such as durability, strength, and
electrical conductivity.
Metals and alloys are crystalline in nature, often displaying similar characteristics and
frequently being described collectively as “metals.” However, it is important to understand that
they are different and distinct from one another. Metals are chemical elements (substances),
each with its own unique characteristics (e.g., mass, melting point, chemical and physical
properties).
While some metals are used in their pure (i.e., elemental) state, the majority are used in the form
of alloys, mixtures of a metal containing two or more [chemical] elements(1) (usually other
metals). Alloying can impart significantly different characteristics that overcome some of the
limitations associated with the use of their pure metal ingredients.
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ductile-brittle transition are suitable for cryogenic applications. For
example, containers for liquid nitrogen and liquid oxygen/liquid
hydrogen fuel tanks for spacecraft operating at temperatures as low
as -269 ºC(1) (-452 ºF) require these alloys.

WHAT IS AN ALLOY?

There are many definitions of an alloy, developed for specific uses
and applications, with no single definition fully describing these
unique entities. The United Nations Globally Harmonized System
of Classification and Labelling of Chemicals (UN GHS) defines
alloys as follows: “An alloy is a metallic material, homogeneous
on a macroscopic scale, consisting of two or more elements so
combined that they cannot be readily separated by mechanical
means(2).”

However, alloying can also have more subtle effects. Nickel
additions to stainless steels improve corrosion resistance and
render the material either paramagnetic or non-magnetic
depending on the precise chemical composition. Hence, the hulls
on modern minesweepers are often formed from non-magnetic
nickel-containing austenitic stainless steel(5).

Unlike simple mixtures where there is no chemical reaction
between the individual substances and the individual ingredients
retain their own intrinsic properties(2),(3),(4), the ingredients of alloys
interact with one another by forming chemical bonds that confer
different properties on the alloy compared with those of the
ingredients alone. Thus, alloys are considered to be “special
mixtures” with their own intrinsic properties that differ from those
of their ingredient substances.

Table 1: Examples of Nickel-Containing Alloy Applications(6)
Alloy

This represents a challenge because the properties of the individual
alloy ingredients and their respective concentrations are thus not
reliable indicators of the physico-chemical properties and toxicity
associated with the alloy itself.
It is estimated that there are approximately 30,000 commercial
alloys(1). Table 1 provides a few examples of nickel-containing
alloys and their uses in our everyday lives.
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Alloy Applications

Copper-Nickel

Coinage (e.g., 1- and 2-euro coin denominations, US
“nickel”); guitar frets; boat hulls; antimicrobial touch
surfaces (in hospitals and schools)

Copper-NickelZinc

Jewellery; model making; musical instruments, ferrules
for woodwinds instruments and bagpipes; ferrules for
fishing rods; relay contact springs in
telecommunications; spectacle frames

Nickel-Titanium(8)

Orthodontic (dental) devices for aligning teeth, spectacle
frames, surgical stents, shape-memory devices, and
connectors

Stainless Steels
(with and without
nickel)(9),(10)

Cookware, cutlery, saucepans, sinks, and tableware;
dental and surgical instruments; dishwasher and
microwave oven liners; catering equipment, equipment
for processing dairy products and mass food production;
gym equipment; hospital equipment, hypodermic
needles and cannula; jewellery (body-piercing and
costume), bracelets, ear studs, necklaces, rings;
microwave oven liners; pharmaceutical processing
equipment; equipment for processing dairy products and
mass food production; professional and sporting knives;
razor and scalpel blades; spectacle frames; surgical
implants (knee, hip and other joint replacements);
washing machine drums; watch cases and watch straps;
building and construction products (e.g., cladding).

(7)

WHAT ARE THE EFFECTS OF
ALLOYING?

Alloying can have a dramatic impact on the chemical, electrical,
magnetic, mechanical and/or physical properties of its ingredient
metals. For example, plain carbon steels (iron-carbon alloys)
undergo a ductile-brittle transition at temperatures between 0 ºC
(32 ºF) and -30 ºC (-22 ºF). This susceptibility to sudden (impact)
failure limits their application in sub-zero temperature conditions,
while nickel-containing stainless steels that do not undergo a
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Bioelution tests conducted on alloys in artificial biofluids or
artificial lake waters demonstrate that, in some cases, greater
quantities of metal ions are released from certain alloys (i.e., at an
enhanced rate) when compared with releases from the pure metal
ingredient under the same test conditions. This is due to the
difference in electrical potential of the alloy ingredients that
provide energy to drive the galvanic corrosion reaction and the
release of metal ions(11).

CORROSION AND METAL
RELEASE FROM METALS AND
ALLOYS

With the exception of a few light metals such as calcium,
potassium, and sodium that react vigorously in the presence of
water, most metals and alloys are generally considered to be
insoluble in water. However, metals and alloys undergo corrosion,
to a greater or lesser extent, in the presence of moisture, water, or
other aqueous media.
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Metal ion release occurs as a result of corrosion processes that take
place at the surface of metals and alloys (i.e., at the interface with
an aqueous medium or biofluid). These processes are driven by
energy derived from chemical and electrochemical reactions that
release ions from their metallic bonds. Figure 1 illustrates the basic
corrosion/metal ion release mechanisms that occur when iron, or
steel, is exposed to an aqueous medium. The key elements required
for corrosion and metal release are: (i) an anode, (ii) a cathode, (iii)
moisture or another aerated electrolyte, and (iv) the flow of
electrons between the anodic and cathodic regions of the corrosion
cell.

RISK ASSESSMENT AND
HAZARD CLASSIFICATION OF
ALLOYS

As alloys are used in all aspects of modern life, there is a need to
consider the potential implications for human health and the
environment throughout the entire lifecycle of alloys.
In many jurisdictions around the world, alloys are considered to be
mixtures for the purposes of risk assessment and chemical
regulation [e.g., the European Union’s Registration, Evaluation,
Authorisation and Restriction of Chemicals(3) (EU REACH) and
Classification, Labelling and Packaging(4) (EU CLP) Regulations,
UN GHS(2)]. It is assumed that the full concentration of each
ingredient in the mixture is available to react with the environment
and/or the organisms (including human beings) with which they
come into contact. Therefore, for the purposes of risk assessment
and hazard classification, the actual concentration of substances of
concern in mixtures is used to determine whether the mixture is or
is not hazardous and whether it should be classified for toxicity
endpoints. For example, using concentration of ingredients as a
basis for hazard classification, alloys containing more than 1% of
a skin sensitizer (e.g., cobalt) would be classified as hazardous in
accordance with the UN GHS(2).

In recent times, scientists have started to focus on the biological
and environmental impacts of metal release from metals and alloys
using artificial biofluids (such as simulated gastric and lung fluids,
blood serum and sweat), artificial lake waters, or soil as test media.
Such tests are generally referred to as bioelution or transformation
tests, with results representing the bioaccessibility of the metals in
the particular fluid as a conservative measure of bioavailability in
relevant organisms.

Figure 1: Basic corrosion/metal ion release mechanisms of iron
or steel (an alloy of iron and carbon) exposed to an aqueous medium
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which a substance is taken up by an organism and is available for
metabolism and interaction at target organ/sites (e.g. kidney, skin);
in other words, its bioavailability. (17),(18). The conservative nature
of oral bioaccessibility of metal/metalloids to predict in vivo
bioavailability has been confirmed for several metals in soil
studies(19). In the environment, toxicity has been linked to the
bioavailability of metal ions at the target site of aquatic organisms
and, which correlates with the metal release in a simulated aquatic
environment.

However, the existence of a chemical matrix associated with alloys
as special mixtures contradicts two fundamental principles
governing the use of concentration as a suitable means of
determining their status as hazardous or non-hazardous: (i) the
alloy ingredients react together within the mixture and (ii) the
individual ingredients do not necessarily retain their intrinsic
properties. Therefore, the concentration of a substance in an alloy
cannot be relied upon to provide an accurate estimate of relative
toxicity or for hazard classification(12) and presents something of a
problem for those seeking to regulate chemicals or predict toxicity.
The EU CLP(4) addresses this issue for nickel-containing alloys and
dermal sensitization by the application of the EN 1811(13) test
method, as a refinement over the concentration approach, as
described below under the heading “Regulatory Use of the
Bioelution Concept for Human Health.”
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Metal ion release and bioelution tests are not ‘new’ concepts and,
in some regulatory arenas, they are already well-established in
assessing the potential bioavailability of metals in environmental
matrices and articles. The bioelution methods listed below have
been formalized as standards for testing.

TOXICITY OF METALS AND
ALLOYS

In Vitro Ion
Release Method

Studies have provided a good general understanding of the
individual toxicity profiles of metals. While there are a number of
metals (e.g., cadmium, lead, mercury) that are known to be toxic
and have no known physiological functions, there are other metals
that are considered nutrients and are essential to the maintenance
of various biochemical and physiological functions in humans and
other living organisms. Essential elements are generally
categorized as either macro (or major) minerals (such as calcium,
magnesium, potassium, sodium, and zinc) or trace minerals (such
as selenium, iodine, boron, and molybdenum). A deficiency or an
excess in any of these minerals can lead to undesirable impacts on
biological functions and toxicity. Therefore, since too high or too
low values are toxic, lower metal release levels do not always
represent a more conservative approach.

Method Description

EN 71.3(20) and
ASTM F-963(21)

Methods for determining toy safety which specifies
requirements for the migration of metals from toy
materials

EN 1811(13)

Nickel release from consumer articles intended for
prolonged and direct skin contact

ASTM D‐5517(22)

Extractability of metals from art materials

BARGE(23)

The Bioaccessibility Research Group of Europe
(BARGE) studies human bioaccessibility of priority
contaminants in soils such as arsenic, lead, and
cadmium via the gastrointestinal tract

EPA 9200.186(24)

Standard operating procedure for an in vitro
bioaccessibility assay for lead in soil

Regulators have been cautious in accepting metal bioaccessibility
data for human health hazard identification due to the lack of
internationally accepted standardized protocols, the complexity of
bioavailability in humans compared to organisms in the aquatic
environment, and because it challenges some of the wellestablished mixture rules related to the hazard classification of
chemicals. In contrast to human health, hazard classification
schemes are outlined in the UN GHS(2) and EU CLP(4) for metals
and metal compounds in the aquatic environment. These schemes
are based on the validated transformation/dissolution protocol
incorporated in Organisation for Economic Co-operation and
Development
(OECD)
29
Guidance
Document
on
Transformation/Dissolution of Metals and Metal Compounds in
Aqueous Media(25).

There are much fewer toxicity data available for alloys, since there
are many alloys combining many metals. Any toxicity associated
with alloys can be more complex due to the combination of ions
released and their combined effects in humans and other organisms
Metals and alloys have to undergo corrosion processes in order to
release metal ions, unlike metal compounds that are more readily
available for uptake and are naturally present in drinking water,
beverages, and foodstuffs. In addition, the rate and extent of ion
release may be influenced by electrochemical interactions at the
alloy interface with biofluids(14),(15) and/or tissues within the
exposed organism.
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REGULATORY USE OF
BIOELUTION TESTS AND
METAL RELEASE DATA

6.1 REGULATORY USE OF METAL
RELEASE DATA FROM ALLOYS FOR
HUMAN HEALTH

As the concentration of an ingredient in a special mixture (e.g.,
alloys) may provide unreliable hazard identification as well as any
associated hazard classification, it was proposed to measure the
amount of metal ions released as a means to estimate toxicity.
Since the release of metal ions is needed for toxic reactions and is
correlated with their toxicity potential(12),(16), metal ion release
could be used to assess the expected toxicity profile of an alloy
relative to that of its metal ingredients. This proposal led to the
development of bioelution test methods applicable to alloys.

The EN 1811 test method(13) provides an example of the integration
of the use of bioaccessibility data generated by a bioelution test
into regulation by the European Union (EU). This approach
provides a control mechanism for nickel-containing articles
intended for pierced parts of the human body (e.g., ear stud,
eyebrow rings, etc.) and articles intended to come into direct and
prolonged contact with the skin (e.g., jewellery, watches).

Bioelution refers to the in vitro methods used to measure the degree
to which a substance (e.g., metal ion) is released in artificial
biological fluids relevant to oral, dermal, or inhalation exposure.
Bioelution tests are used to estimate a substance’s bioaccessibility
(in the form of metal ions), i.e., its solubility under physiological
conditions. Thus, these tests provide an estimate of the extent to

During the 1990s, the EU became concerned about the growing
prevalence of dermal nickel allergy (i.e., sensitization) in young
people(26),(27). Initially, a metal release limit of 0.5 µg/cm2/week
was introduced via the EU “Nickel or Jewellery” Directive
94/27/EC for articles (products) intended to come into direct and
prolonged contact with the skin(28) and a concentration limit of
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0.05% nickel for articles that pierced the skin (e.g., stud earrings
with piercing posts). However, it became apparent that some
metallic materials (e.g., low sulphur nickel-containing stainless
steels with >0.05% Ni) did not cause nickel allergic reactions and
were safe for use in piercing exposure(26),(27). As a result, in the EU
legislation published on 22 July 2004, [initially as an amendment
and subsequently as a restriction under the EU chemical regulation
REACH(3)], a metal release limit of 0.2 µg/cm2/week was
introduced for piercing post assemblies (ear studs, etc.) when
tested in accordance with EN 1811.

No. 3

classification of nickel metal powder, cuprous oxide (Cu2O)
powder, tricobalt tetroxide (Co3O4) powder, and cuttings of Nilo K
(Ni–Co–Fe) alloy in accordance with GHS Annex 10 guidance(25).
These researchers reported that the T/Dp was capable of measuring
the rate and extent of release of metals from metal-bearing
substances with a wide range of reactivities (including the least
reactive material Nilo K alloy) and concluded that T/Dp data could
be linked to ERVs (Ecotoxicity Reference Values) to yield
consistent GHS hazard classification outcomes for each substance.
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The nickel release rate (bioaccessibility data) for skin sensitization
assessment was further applied for hazard classification for this
endpoint in the mixtures rules of the Classification, Labelling, and
Packaging Regulation(4). Nickel-containing metal mixtures (alloys
with nickel as the only ingredient classified as a dermal sensitizer),
tested in accordance with EN 1811 that comply with the specified
nickel release limits (irrespective of their nickel content) do not
need to be classified for skin sensitization(26). Thus, the unique
properties of alloys, as described in this fact sheet, were fully
recognized and a precedent was set for the future use of
bioaccessibility data in the regulatory arena for human health. This
situation is somewhat unique in that a threshold for dermal
reactions to nickel exposure is available in humans.

ONGOING ACTIVITIES AND
FUTURE RESEARCH NEEDS

In response to the extensive research with in vitro oral fluid
bioelution tests conducted by the metals industry and a lack of
standardized protocols, the European Commission requested
the European Union Reference Laboratory for alternatives to
animal testing (EURL ECVAM) to develop a standardized and
validated bioelution test for metals and alloys for the oral route of
exposure. The industry submission included two main
applications: i) for the grouping and read across of toxicity profiles
of metal containing substances and mixtures and ii) for the
assessment of matrix effects in alloys based on the comparison of
the % relative bioaccessible concentration (RBC) with the % metal
concentration. The ESAC (EURL-ECVAM Scientific Advisory
Committee) external experts reviewed the protocol and its
applications and supported its further development. The gastric
bioelution protocol was later submitted by EURL ECVAM to the
OECD in November 2019 for the development of a test guideline.
This work is ongoing within the OECD Working Group of the
National Coordinators for the Test Guidelines Programme.

For other health endpoints where toxicity is linked to
bioavailability (e.g., acute oral toxicity), the relative release of the
metal from the alloy and from the pure metal ingredient in the same
physical form can be helpful in determining relative toxicity of
alloys. The potential use of bioaccessibility data to refine hazard
classification of alloys by calculating the relative bioaccessible
concentration (RBC) based on relative metal release and
comparing it to the GHS or CLP concentration limits for mixtures
has been described by Heim et al.(16).

The ESAC validated gastric protocol is already available for the
generation of reproducible and reliable nickel (and other
metal/metalloids) bioaccessibility data from alloys and reference
ingredients. The development of an OECD Test Guideline would
further solidify the application of this test. In turn, this could pave
the way for the consideration of bioaccessibility data in the
refinement of hazard classifications for the oral route of exposure
(systemic effects) under the UN GHS(2) or the EU CLP(4).The
experience gained during the development of a gastric bioelution
test guideline could also help inform future standardized and
validated human health bioelution protocols for other more
challenging routes of exposure (e.g., inhalation).

6.2 REGULATORY USE OF METAL
RELEASE DATA FROM ALLOYS IN THE
AQUATIC ENVIRONMENT
The aquatic hazard classification of metal-containing materials
may be determined by testing in accordance with the
Transformation/Dissolution Protocol (T/Dp)(25) and applying the
hazard classification scheme described in the UN GHS and CLP
guidance documents on classification of metals and metal
compounds(29),(30). The T/Dp is used to evaluate the rate and extent
of the dissolution of soluble metal ions and the results are
compared to existing ecotoxicity data to assign the appropriate
aquatic environmental hazard classification.

Although industry has developed an impressive bank of bioelution
test results in a variety of biofluids, there is a need to develop a
structured database of reference materials and associated guidance
documents that can be consulted by regulators, industry and other
stakeholders to ensure that bioelution protocols are used
appropriately and that test results are correctly interpreted and
applied in order to assess the safety of the alloys and provide the
maximum benefit to society.

During the T/Dp validation project, the OECD Validation
Management Group (VMG) evaluated the following test materials:
cobalt oxide powder, lead oxide powder, nickel metal powder, and
Nilo K (Fe-Co-Ni) alloy wire. Phase II of the evaluation examined
the relevance of the T/Dp and, in particular, whether or not it had
the power to discriminate between the environmental effects of
different metals, metal compounds, and alloys. The Nilo K alloy
proved to be particularly unreactive and OECD VMG judged the
T/Dp to be insufficiently discriminating with respect to alloys and
recommended that alloys should not be included as part of the UN
GHS. In contrast, the EU CLP guidance(30) notes that testing of
alloys using the T/Dp has demonstrated that this can be useful for
alloy classification but additional guidance on this aspect is
recommended.
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In 2011, Skeaff et al.(31) reported the results of an interlaboratory
test program to determine the precision of the UN T/Dp in
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SUMMARY POINTS
•

Alloys are not simple mixtures, but “special mixtures” with
their own intrinsic properties that differ from their
ingredient substances.

•

The properties of the individual alloy ingredients and their
respective concentrations are not reliable indicators of the
physico-chemical properties and toxicity associated with
the alloy itself.

•

For the purposes of hazard classification, alloys are
considered to be mixtures (with the single exception of the

Nickel and Metallic Alloys

January 2021

EU CLP classification for nickel metal for skin
sensitization of alloys) and follow the mixtures’ rules for
classification.
Bioelution tests are useful to assess relative metal releases
from alloys and their ingredients.

•

As more research and validation are completed, the
generation and use of bioaccessibility data is being
considered for integration into guidance and regulations for
different applications.

9
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This material has been prepared for the general
information of the reader and it is not intended to be
medical or technical advice for specific situations. The
publication is based on current scientific knowledge and
while believed to be technically correct, it should not be
used or relied upon in specific cases without first securing
professional advice. Nickel Institute, its members, staff,
and consultants do not represent or warrant its suitability
for any general or specific use and assume no liability or
responsibility of any kind in connection with the
information herein.
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Fact Sheets on
Nickel and Human Health

This is the third in a series of fact sheets addressing issues
specific to the evaluation of risks to humans associated
with nickel-containing substances and materials. The fact
sheets are intended to assist the reader in understanding the
complex issues and concepts associated with assessment
of human health hazards, dose-response relationships, and
exposure by summarizing key technical information and
providing guidance for implementation.
NiPERA Inc. welcomes questions about anything stated in
this fact sheet. For inquiries, please contact:
NiPERA Inc.
2525 Meridian Parkway, Suite 240
Durham, NC 27713 USA
Telephone: +1-919-595-1950
Katherine Heim, Ph.D., DABT
kheim@nipera.org

This fact sheet was prepared by:
Mr. Tony Newson
23 Fleming Way
Flanderwell, Rotherham, South Yorkshire, S66 2HB
United Kingdom
tonyn1950@yahoo.com
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