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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.

The procgdures used to develop this document and those intended for its further maintenancengre
described|in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed\for the
different fypes of ISO documents should be noted. This document was drafted in accordance with the
editorial fules 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 maybe the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patént rights. Detailq of
any patenf rights identified during the development of the document will be in the.Introduction andjor
on the IS{ list of patent declarations received (see www.iso.org/patents).

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

For an ejplanation of the voluntary nature of standards, the ¢ieaning of ISO specific terms gnd
expressiohs 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.jso
.org/iso/fpreword.html.

This docujment was prepared by Technical Committee ISO/TC 2 Fasteners, Subcommittee SC 14, Surfqce
coatings.

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

High strength mechanical steel fasteners are broadly characterized by tensile strengths (Ry) above
1 000 MPa and are often used in critical applications such as in bridges, engines, aircraft, where a
fastener failure can have catastrophic consequences. Preventing failures and managing the risk of
hydrogen embrittlement (HE) is a fundamental consideration implicating the entire fastener supply
chain, including: the steel mill, the fastener manufacturer, the coater, the application engineer, the joint
designer, all the way to the end user. Hydrogen embrittlement has been studied for decades, yet the
complex nature of HE phenomena and the many variables make the occurrence of fastener failures
unpredictabterResearchesaretypicatty conducted—under-simptifted-and/or-ideatized—conditions that
cahnot be effectively translated into know-how prescribed in fastener industry standards and|practices.
Cifcumstances are further complicated by specifications or standards that are sometifues imadequate
anfl/or unnecessarily alarmist. Inconsistencies and even contradictions in fastener industry ftandards
haye led to much confusion and many preventable fastener failures. The fact that HE is yery often
migtakenly determined to be the root cause of failure as opposed to a mechanism'of failure r¢flects the
confusion.

© IS0 2019 - All rights reserved v
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Fasteners — Fundamentals of hydrogen embrittlement in

steel fasteners

hopv in a manner that is complete yet simple, and directly applicable to steel fasteners.

2 | Normative references

Thlere are no normative references in this document.

3 | Terms and definitions

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

into know-

IS and IEC maintain terminological databases for use in standdrdization at the following addiresses:

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

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

3.1
hajrdness

registance of a metal to plastic deformation;-usually by indentation or penetration by a solid
th¢ surface or in the core)

3.
wgrk hardening
indrease of mechanical strength and hardness (3.1) when a metal is plastically deformed 3
tetpperature (by rolling, drawing, stretching, sinking, heading, extrusion, etc.) also resu
defrease of ductility

3.

hept treatment

process cycle (confrolled heating, soaking and cooling) of a solid metal or alloy product, t
controlled and‘homogeneous transformation of the material structure and/or to achiev
physical ordniechanical properties

Nofe lcte entry: Quenching and tempering, annealing, case-hardening and stress relief are examp

object (at

t ambient
Iting in a

b obtain a
e desired

les of heat

trelatment for fasteners.

3.4
quenching and tempering

QT

heat treatment (3.3) process of quench hardening comprising austenitizing and fast cooli

ng, under

conditions such that the austenite transforms more or less completely into martensite (and possibly
into bainite), followed by a reheat to a specific temperature for a controlled period, then cooling, in

order to achieve the required level of physical or mechanical properties

© IS0 2019 - All rights reserved
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3.5

case-hardening

thermochemical treatment process consisting of carburizing or carbonitriding followed by quenching
which induces an increase of hardness (3.1) in the surface of the fastener steel

Note 1 to entry: This process is used for tapping screws, thread forming screws, self-drilling screws, etc.

3.6
stress relief
heat treatment (3.3) process by which fasteners are heated to a predetermined and controlled

temperatyre follawed hy a-slow r‘nn]ing’ for the purpose of rﬂdnr‘ing residual stresses induced hy work

hardening|(3.2)

3.7

baking
process of heating fasteners for a specified duration at a given temperature in order td>minimize the
risk of intgrnal hydrogen embrittlement (3.15)

[SOURCE:|ISO 1891-2:2014, 3.4.11, modified — "time" was replaced with "duration™|

3.8
crack
beginning of fracture (3.10) without complete separation

[SOURCE:|ASTM F2078-15, modified — "line" was replaced with "beginning"|

3.9

failure
loss of thelability of a fastener to perform a specified functien, which in some cases can lead to complete
fracture (3.10)

3.10

fracture
break occprring when the plastic deformation in a fastener increases locally above its resistance linpit,
resulting [n the separation of the fastenerdnto two or more pieces, during testing or in service

3.11
fracture morphology
structurefand aspect of the fracturéd surface

3.12

ductile
exhibiting a large amount.of plastic deformation before fracture (3.10) with a resulting non-flat fractyre
surface sHowing fibrous ductile dimple morphology that is typically dull or matte

3.13
brittle
exhibiting little or no plastic deformation before fracture (3.10) with a resulting flat fracture surface
showing brittle morphology thatis typically shiny

Note 1 to entry: Brittle fracture along cleavage planes is known as transgranular fracture.

Note 2 to entry: Brittle fracture by separation at prior austenite grain boundaries is known as intergranular
fracture.

2 © IS0 2019 - All rights reserved
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3.14

hydrogen embrittlement

HE

permanent loss of ductility in a metal or alloy caused by atomic hydrogen in combination with load
induced and/or residual tensile stress that can lead to brittle (3.13) fracture (3.10) after certain timel1]

Note 1 to entry: In the context of describing hydrogen embrittlement of high strength steel fasteners, the term
“hydrogen” refers to atomic hydrogen and not molecular Hy gas.

[SOURCE: ISO 1891-2:2014, 3.4.9, modified — Note 1 to entry has been added.]

enjbrittlement caused by residual hydrogen from manufacturing processes, resulting.in delayed brittle

enjbrittlement caused by hydrogen absorbed as atomic hydfogen from a service envfronment,
regulting in delayed brittle failure (3.9) of fasteners undep-ténsile stress (i.e. load induced and/or

critical stress below which hydrogen embrittlement (3.14) does not occur, which represents the degree

category of environmental hydrggen embrittlement (3.16) where failure (3.9) occurs during $ervice by
cracking under the combined action of corrosion generated hydrogen and load induced tensilg stress

rogen diffusion
propagation ef-hydrogen and interaction with metallurgical features within the steel micrgstructure
icrocracks) 'dislocations, precipitates, inclusions, grain boundaries, etc.) which constitutg areas of
trdps into-the fastener material: non-reversible traps (characterized by high bonding energigs and low
probability of hydrogen being released) and reversible traps (characterized by low bonding energies
anfl Hydrogen being released more readily)

3.20

hydrogen effusion

outward migration of hydrogen from the fastener material, occurring naturally at ambient temperature
due to concentration gradient or as the result of a thermal driving force [e.g. baking (3.7)]

© IS0 2019 - All rights reserved 3
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4 Symbols and abbreviated terms

EHE environmental hydrogen embrittlement
HAC hydrogen assisted cracking
HE hydrogen embrittlement

HELP hydrogen enhanced local plasticity

HIC h_ydl UsCll iudu\,td Cl Cl\.}\ills
[HE internal hydrogen embrittlement
SCC stress corrosion cracking

5 Gengral description of hydrogen embrittlement

Generally| hydrogen embrittlement is classified under two broad categories hased on the source]
hydrogen] internal hydrogen embrittlement (IHE) and environmental hydrogen embrittlement (EH
IHE is caysed by residual hydrogen from steelmaking and/or from processing steps such as pickl
and electrjoplating. EHE is caused by hydrogen introduced into the metal from external sources whil
is under sgress, such as in-service fastener.

of
[£).
ng
P it

The term|“stress corrosion cracking” (SCC) is used in relation:te EHE that occurs when hydroger is
produced|as a by-product of surface corrosion and is absorbed‘by the steel fastener. Cathodic hydrogen
absorptioh is a subset of SCC. Cathodic hydrogen absorption'occurs in the presence of metallic coatings

such as z{nc or cadmium that are designed to sacrificially corrode to protect a steel fastener fr

pm

rusting. If the underlying steel becomes exposed, a geduction process on the exposed steel surface
simultan€ously results in the evolution of hydrogenlin quantities that are significantly greater than in

the case of uncoated steel.

The termp “de-embrittlement” and “re-embkrittlement” are also used in the aerospace field but are

technicallly incorrect because embrittlement is not reversible. De-embrittlement is misused to descr
the effect|of baking, and re-embrittlement is misused to describe the effect of hydrogen absorpt
during sefvice or by use of maintenance cleaning fluids.

6 Hydrogen damage meehanism

High strepgth steel is broadly defined as having a tensile strength (Ry,) above 1 000 MPa. When h

be
on

strength fteel is tensile-stressed, as is the case with a high strength fastener that is under tengile

tighteningy the stress causes atomic hydrogen within the steel to diffuse (i.e. move) to the

location df greatest’stress (e.g. at the first engaged thread or at the fillet radius under the head of a
bolt). As ihcreasingly higher concentrations of hydrogen collect at this location, steel that is normdglly

ductile grhdually becomes brittle. Eventually, the concentration of stress and hydrogen in one locat
causes a i i i i i i

moves to follow the tip of the propagating crack, until the fastener is overloaded and finally fractures.

en

This phenomenon is often called hydrogen assisted cracking (HAC) [or hydrogen induced cracking
(HIC)]. The hydrogen damage mechanism as described causes the fastener to fail at stresses that are

significantly lower than the basic strength of the fastener as determined by a standard tensile testl[1]

(2],

Theoretical models that describe hydrogen damage mechanisms under idealized conditions have been
proposed since the 1960s(2l. In the case of high strength steel, these models are based primarily on two
complementary theories of decohesion[3] and hydrogen enhanced local plasticity (HELP)[41[5][6]. Given the

complexity of HE phenomena, hydrogen damage models continue to evolve and be refined[Z]. An

in-

depth review of the theories of hydrogen damage is outside the scope of this technical report. However,

detailed information is given in the references listed in the Bibliography.

4 © IS0 2019 - All rights reser
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Hydrogen "traps" refer to metallurgical features within the steel microstructure such as grain
boundaries, dislocations, precipitates, inclusions, etc., to which hydrogen atoms can become bondedI[8l.
Hydrogen thus “trapped” is no longer free to diffuse (i.e. move) to areas of high stress where it can
participate in the mechanism of HAC. Traps are typically classified as reversible or non-reversible based
on their bonding energies. Reversible traps are characterized by low bonding energies: in other words,
hydrogen is more easily released from the trap. Non-reversible traps are characterized by high bonding
energies: in other words, hydrogen requires a great deal of energy (e.g. from heat or stress field) to be
released from the trap. Non-trapped hydrogen which is free to move in the metal lattice is called mobile
hydrogen; it is also known as interstitial or diffusible hydrogen[2][10][11],

7 | Fracture morphology

With quenched and tempered high strength steel fasteners, the fracture surface iresulfing from
hyfirogen assisted cracking (HAC) is typically characterized by brittle intergranularmorpholpgy which
is faused by a crack growth path that follows the grain boundaries (see Figure-1): The morphology of
a fracture surface varies based on the susceptibility of the material and the degree of embifittlement.
Clgarly defined grain facets (i.e. sharp and angular features) and/or a high‘proportion of brititle versus
duftile features are indicative of high degree of embrittlement[12]. Figurel Hlustrates a fractujre surface
that is 100 % intergranular with very well-defined grain facets. Less/stisceptible materials can present
frgcture surfaces that contain a mix of intergranular and cleavage (i.e-trans-granular) morphologies.

With a tensile loaded fastener, a brittle hydrogen assisted craek typically grows up to a pdint where
the¢ reduced cross section of the fastener can no longer withstand the applied load. At this [point, the
faqtener fractures rapidly (i.e. fast fracture). A normalsfracture morphology corresponding to fast
frdcture is ductile, characterized by ductile dimples. Figute 2 illustrates a fracture surface Where the
brittle hydrogen assisted crack propagation ended (i.e;final crack tip) prior to final ductile fagt fracture
of the fastener.

Other forms of embrittlement failure are causéd by phenomena not related to the presence offhydrogen
su¢h as temper embrittlement, quench embrittlement, quench crack, etc., that must be distinguished
frqm hydrogen embrittlement failures.“These other types of embrittlement can exhibjit similar
inlergranular fracture surfaces but are;principally distinguished from hydrogen embrittlement by the
fadt that they are not time dependerit.

© IS0 2019 - All rights reserved 5


https://standardsiso.com/api/?name=9ab48a322459e66178215bc60d64487e

ISO/TR 20491:2019(E)

2 R N 3 & “ i
6/24/2014 | det HV |spotf WD |mag o
7:24:01 PM|ETD|10.00 kV| 2.0 |9.4 mm|2 000 x

Figure 1 — Fracture surface showing 100 % well defined b 1Qle intergranular morphology 1
CriMo alloy steel (AISI 4135), quenched and tempeq&&b 530 HV, zinc electroplated

=g

R

? 5 - / 5‘ P
14 | det HV spot| WD |[mag O 50 ym —
4:25:46 PM [ETD [10.00 kV | 4.0 |8.4 mm | 2 000 x

Figure 2 — Fracture surface showing both brittle intergranular morphology resulting from
HAC and ductile dimple morphology indicative of final fracture — Cr-Mo alloy steel (AISI 4135)
at 530 HV, zinc electroplated

6 © IS0 2019 - All rights reserved


https://standardsiso.com/api/?name=9ab48a322459e66178215bc60d64487e

ISO/TR 20491:2019(E)

8 Conditions at the tip of a crack

A microcrack can be initiated in a loaded fastener by several mechanisms that are not necessarily
related to HAC (e.g. fatigue, overloading, grain boundary weakening by phosphorous segregation).
However, once a crack is initiated by any mechanism including HAC, the conditions at the tip of the
crack, notably the concentration of stress, are often much more severe than initial conditions[13]. The
crack can propagate readily by a single or a combination of mechanisms that seek to reduce the stress
at the tip of the crack. If it happens that a sufficient quantity of hydrogen is available to interact with
the crack tip, then the propagation of the crack can be facilitated by HAC (see Figure 3). For example,
even in low susceptibility materials, an existing crack under static or cyclic load exposed to a corrosive
enfironment can propagate 1n part by stress corrosion cracking IS,

Key
atomic hydrogen
propagating crack

Fjgure 3 — An existing sharp crack surrounded by atomic hydrogen that can interact with the
crack tip to cause hydrogen'‘assisted crack propagation

In [the case where HAC is the mechanism of\an initial microcrack, the time to failure is significantly
shortened as available hydrogen continue$.to interact with and follow the tip of the propagating crack.
In puch a scenario, HAC is the primary>failure mechanism. A failure investigation needs to djstinguish
the scenario where HAC is the mechanism of an initial microcrack from a scenario where the nfechanism
of [the initial crack is not related te’ HAC. The fracture surface presented by the latter scgnario can
neyertheless exhibit intergranular features if hydrogen becomes available to interact with|the crack
tip} in this case, HAC must bé considered only as a secondary fracture mechanism.

9 [ Conditions for-hydrogen embrittlement failure

9.1 Root cause’and triggers for hydrogen embrittlement failure

Thiree elemental conditions must be present concurrently to cause hydrogen embrittlement failure (see
Figure 4):

—| ‘miaterial condition that is susceptible to hydrogen damage,

— tensile stress (typically from an externally applied load or residual stress), and
— atomic hydrogen.

If all three of these elements are present in sufficient and overlapping quantities, and given time,
hydrogen damage results in crack initiation and growth until the occurrence of fracture. Time to failure
can vary, depending on the severity of the conditions and the source of hydrogen. Stress and hydrogen
are considered triggers, whereas material susceptibility is the fundamental requirement for HE to occur
and is therefore associated with the root causell6].

© IS0 2019 - All rights reserved 7
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Triggers

Hydrogen source
Internal and/or
environmental

Tensile stress

Susceptible
material condition

Root cause

Figure 4 — Confluence of the'three necessary conditions
for delayed hydrogen embrittlement (HE) failure to occur

9.2 Material susceptibility

9.2.1 General

Susceptib}lity of a material-to Jhydrogen damage (i.e. material susceptibility) is a function of the
material dondition, which is‘cemprehensively described by the metallurgical structure and mechanigal
propertie$ of a material'sueh as steel. Examining material susceptibility is the fundamental basis for
understanding hydrogenémbrittlement phenomena.

Given thaf hydrogen embrittlement causes loss of ductility and, consequently, loss of strength, the
foundatiop forstudying and quantifying susceptibility of a material to hydrogen damage begins wijith
mechanicpl testing. Thls testlng measures the behaviour of the materlal under increasing stress, fifst

gy

is given in 9.2.2.

Material strength (i.e. tensile strength and/or hardness) has a first order effect on HE susceptibility
of steel. As strength increases, steel becomes harder, less ductile, less tough and more susceptible
to hydrogen damage. The susceptibility of steel fasteners increases significantly when the specified
hardness is above 390 HVILZ]. This increase in susceptibility is characterized by a ductile-brittle
transition, whereby the material rapidly loses its ductility. The ductile-brittle transition can occur over
a narrow range of increasing hardness[1Z]. See Figure 5.

8 © IS0 2019 - All rights reserved
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300
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hardness (HV)

normal scatter range - percent notch fracture strength (NFSo)

Not susceptible.

Ductile-brittle transition (transition begins as hardness i$increased above 390 HV).
Susceptible [high probability of failure by hydrogen enibrittlement (HE)].
Acceptance threshold for fasteners.

2019(E)

igure 5 — Scatter range of a model HE)threshold stress curve for zinc electroplated notched

square bars tested.in air under four-point bending load[36]

to hardness of 390 HV (left partof Figure 5), steel does not exhibit any loss of fracture st

ove 390 HV (right part 'ef’Figure 5), a ductile brittle transition occurs as hardness is incre

rength: in

ased. The

rt of the ductile-brijttle transition is dependent on the microstructural characteristics of the specific

el alloy and the coticéntration of available hydrogen[36][12].

el fasteners/with a specified hardness up to 390 HV, such as fasteners of property cla
ordance with ISO 898-1[€], have no significant susceptibility to hydrogen embrittleme

ss 10.9 in
nt failure.

other wards, these steel fasteners can tolerate the presence of hydrogen without any delayed

bradation of their mechanical strength. This assertion assumes that the fasteners are

pr

produced

using appropriately selected steel, well-controlled steel making and fastener manlllfacturing

pcesses[12][17].

To minimize the risk of internal hydrogen embrittlement (IHE), ISO 4042[18] and ASTM F1941/
F1941M[19], which are the recommended standards for electroplated fasteners, classify susceptible
fasteners requiring mandatory baking as those having minimum specified hardness above 390 HV. The
mandatory baking limit of 390 HV is based on both scientific research (see Figure 5) and longstanding
fastener industry practice. These standard specifications also require appropriate process control
measures and test methods as additional tools for minimizing the risk of IHE.

NO

©lI

TE Some coating specifications have defined hardness limits for mandatory baking that are lower than
390 HV. However, these lower limits are not supported by data and were originally adopted as a matter of
precaution.

SO 2019 - All rights reserved
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To minimize the risk of environmental hydrogen embrittlement (EHE), ISO 898-1:2013, Table 2[20]
contains a cautionary footnote warning about the risk of stress corrosion cracking for property class
12.9 fasteners for which the specified hardness range is 385 HV to 435 HV.

The scatter range shown in Figure 5 is caused by second order effects related to alloy composition
and microstructure of quenched and tempered steel that affect hydrogen transport and trapping.
Therefore, above 390 HV, for a given concentration of hydrogen, the critical hardness value above which
the ductile-brittle transition begins can vary. Hardness alone is not enough to predict these second
order effects. Measuring hardness, essentially quantifying local plasticity, is a quick and useful test to
estimate strength. Hardness is achieved by the combined effects of composition and heat treatment
that is specifictoeactrsteetatloy—tm=temperedmarternsite structure;thesammetardmesscambe
achieved py different combinations of composition and heat treatment, resulting in slightly different
microstryctures, each characterized by slightly different stress-strain curves and slightly-different
hydrogen|transport and trapping characteristics. The scatter range depicted in Figure 5.represents
the normal range of susceptibility (i.e. lowest to highest susceptibility) as was determined from HE
threshold|stress measurements of 10 different steel alloys at 4 hardness levels[12].

9.2.2 Defects and other conditions causing abnormal material susceptibility

Beyond rformal variations of metallurgical structure described abovel-non-homogeneity of the
microstrycture resulting from poorly controlled heat treatment and high ‘occurrence of non-metaflic
inclusions|can cause an unpredictable, but measurable, increase in HE stisceptibility of steell11][21][22],
Heat treafment is the single most consequential process to achieve therequired metallurgical structure
and physiral properties of fasteners. Not surprisingly, the root cadse*of HE failures with fasteners that
are not nprmally considered susceptible is often linked to improper heat treatment. Consequenges
of improgler heat treatment include higher than expected hardness, unintended carburization and/
or incompjlete martensite transformation. Therefore, it isdthperative that the heat treatment process
produces ffasteners that satisfy the explicit and implicit requirements specified in material standargds,
such as adequate though-hardening, homogeneity of. micro-structure and non-carburization.

Poorly controlled and non-homogeneous microstntctures are typically characterized by low toughngss.
Consequeptly, measurement of impact strength._(é.g. in accordance with ISO 898-1)[20] can be a usefful
test to deflect fasteners with aberrant microstructures.

Finally, when raw material is phosphate. coated prior to cold forming, phosphorous diffusion at the
surface of the finished fastener cantoccur during austenitizing, producing a phosphorous enrichjed
white lay¢r (8-ferrite) and phosphorous segregation that can weaken the grain boundaries. With high
strength fasteners, this phenomernon can result in brittle intergranular cracking at the surface of the
fastener. The propensity to bfittle intergranular cracking increases with increasing hardness. Althoygh
brittle intprgranular cracking by this mechanism happens in absence of hydrogen, once a crack has bgen
initiated, jt can propagate with hydrogen assistance as described in Clause 8. Phosphorous diffusjon
is mitigatpd by washing the fasteners before quenching and tempering to remove phosphate located
on the sufface (i.e{de-phosphating). De-phosphating of property class 12.9 fasteners is mandatory] in
1SO 898-1[23][24H25]

9.2.3

ethodology for measuring HE threshold stress

The susceptibility of a material to hydrogen damage is characterized (i.e. measured) by its hydrogen
embrittlement threshold stress. The chart shown in Figure 5 is based on measured HE threshold stress
values that are expressed as a ratio of the baseline strength of the material. This ratio is known as
percent notch fracture strength (NFSe;). The more a sample is hydrogen embrittled, the lower its HE
threshold stress, and the lower resulting NFSo, from the baseline strength of the sample (represented
by 100 NFSoy)[26][27],

The data represented in Figure 5 were developed by testing material specimens shaped as single edge
notch square bars, illustrated in Figure 6. Dimensional specifications for the test specimens are given
in ASTM F519 (type le geometry)[28]. The radius at the root of the notch is intended to simulate the
thread of a fastener[12]. However, the square bar geometry is tailored for loading the specimen in
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4-point bending, which generates higher stress than a test performed in tension using a notch round
bar specimen. Figure 6 also shows a simplified schematic of the bending load frame.

In brief, the loading method consists of incrementally increasing the load applied to the specimen.
This mode of loading is known as incremental step loading (ISL) and represents a modified form slow
strain rate loading (SSRL). The test methodology is designed to measure the HE cracking threshold of
the material, which is a measure of material susceptibility. The addition of hydrogen in the sample is
achieved by prior charging, such as exposure to an electroplating process (IHE), or during the test in
an environmental chamber where the sample is immersed in a 3,5 % mass fraction NaCl solution, and
where a potentiostat is used to impose the cathodic potential. The imposed potential and the resulting
currentdensity controtthequarntity of hydrogembeimgimtroduced-mtothe prLilllCll[E].

Thie bending mode of applying load makes the test very severe and offers the benefit of [increased
semsitivity for measuring the effect of changing variables. For the given notch radius, the applied
copcentration of stress in bending is greater than stress generated in tension byafactor qf 1,65[22l.
Giyen the increased severity of the test method, results must be translated to.determine if p fastener
under normal service condition (i.e. loaded in tension), and exposed to similar hydrogen cpnditions,
will suffer hydrogen embrittlement. The acceptance threshold for fasteners{illustrated as tHe dashed-
ling in Figure 5) is defined as the threshold above which a fastener under equal conditions|(i.e. same
mdterial and hydrogen concentration), but loaded in tension instead of being loaded in bendir1r , will not
suffer hydrogen embrittlement. To determine the acceptance thresheld for fasteners which afre used in
tension, 100 NFSe, in bending is multiplied by a factor of 1/1,65 ta_gonvert the bending stress|condition
to pn equivalent tensile stress condition. By this conversion, 60:NFSy, in bending corresponds|to the “no
risk” acceptance threshold for fasteners made of the same materiall29].

X/ ™
NS

10

10

219

Figure 6 — Dimensional specifications of ASTM F519 (Type 1e) single notch bend square bar
and schematic of loading frame showing the bending motion being applied to a test specimen

9.3 Tensile stress

Load induced stress is a normal service condition for fasteners. Tensile loaded fasteners such as bolts
and screws are primarily subject to tensile stress and a varying amount of torsional stress during
tightening. In some cases, fasteners can be subject to shear loads, typically in the unthreaded shank.
In some rare but critical cases, fasteners can also be subject to unintended bending loads. Given time,
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tensile stress in the fastener can result in HE failure provided it exceeds the HE threshold stress of the
material. Hydrogen embrittlement threshold stress is defined as the critical stress below which HE does
NOT occur. As was described in 9.2.3, HE threshold stress is a measure of the degree of susceptibility
of a material for a given quantity of available hydrogen. Time to failure is dependent on the amount by
which the HE threshold stress is exceeded. Time to failure decreases with increasing stress.

The applied stress in a bolt or screw is a function of the loading conditions in the joint. These loading
conditions are a combination of joint design (i.e. service loads) and installation preload of the fastener.
Usually, bolts are installed to preloads ranging from 50 % to 100 % of the yield strength. For property
class 10.9 fasteners which have no significant susceptibility to [HE, this amount of loading is below the
HE thres Tat: i T fmit
or other defects such as poor microstructure and low toughness (see 9.2.2), they can exhibit abnorm4glly
low HE tHreshold stress which is below the stress resulting from normal installation preload.yUndler
these corlditions, given the same concentration of hydrogen and normal installation preload, the
probabiliffy of exceeding the HE threshold stress of the material becomes significantly(greater, thus
increasing the risk of hydrogen assisted cracking (HAC).

NOTE As with all failure mechanisms, HAC is normally initiated at the points of greatest concentratjon
of stress:

— inthelcase of bolts and screws, this corresponds to the fillet radius under the head, the thread runout, or the
root of the first engaged thread;

— in the|case of nuts, the distribution of load in internal threads makes-itsignificantly less likely that the [HE
threslold stress can be exceeded; consequently, HE failure of a nut,dlthough possible, is extremely rare;

— in the|case of non-flat washers, a significant tensile stress ameuht is present as the washer is compressgd;
it is rffot unusual for electroplated high-hardness elastic washers to fail due to HAC, unless they are
adequjately baked.

Unintend¢d geometrical irregularities such as anglesysharp radii, unintended surface discontinuitjies
or pits cajn arise from poor fastener design, poor-manufacturing, over-pickling or corrosive servjce
condition$. Notably, poor radii and thread laps at'the thread root are highly localized concentratorg of
stress. These irregularities can often lead to ixhexpected crack initiation, thus exacerbating the stress
conditionfparticularly for a material that js'already susceptible to HE.

9.4 Atomic hydrogen

9.4.1 Sources of hydrogen

There are|two possible sources of hydrogen: internal and environmental.

9.4.2 Internal hydrogen

Steel inhdrently<retains a small amount of residual hydrogen as it is produced. Even with advanded
vacuum degassing techniques, steel of standard quality contains hydrogen concentrations roughl)y| in
the order|of} ppm. This residual hydrogen is not normally cause for concern because it is typicallyl in
a trapped state. Internal hydrogen can also be introduced Into fasteners during their manufacturing
processes. For example, during austenitizing or carburizing, hydrogen can be absorbed by the fasteners.
However, it is subsequently “baked out” during tempering. In a steel fastener that has been properly
quenched and tempered, any remaining residual hydrogen is typically trapped and innocuous[12][30],

NOTE1 Secondary processes such as welding can also introduce hydrogen into the heat affected zone.

The relevant manufacturing processes to consider with respect to internal hydrogen embrittlement are
primarily coating processes and related surface cleaning and preparation processes (e.g. pickling). The
reasons these processes are critical is that they are the final manufacturing steps, and coating materials
(e.g. zinc) act as a barrier to hydrogen effusion, i.e. the coating prevents or impedes hydrogen’s natural
tendency to diffuse out of the steel at room temperaturel31].
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Typical cleaning for electroplating comprises hot alkaline degreasing followed by electrolytic (i.e.
anodic) alkaline cleaning and inhibited acid pickling. Acid pickling is a significant source of hydrogen in
coating processes. Therefore, a suitable inhibitor and minimum cleaning cycle time should be used to
minimize the risk of internal hydrogen embrittlement (IHE). For fasteners with hardness greater than
390 HV, such as property class 12.9 fasteners, special pre-treatments are advisable using non-acidic
methods such as mechanical or alkaline cleaning.

Inhibitors reduce corrosive attack on the steel and the generation and/or absorption of hydrogen.
Quenched and tempered steel fasteners should ideally be supplied with a surface that can be cleaned
with a minimum immersion duration when acid pickling is used.

Cathodic cleaning is a source of hydrogen; it should be avoided for fasteners with hardness aboye 390 HV.

El¢ctroplating processes generate hydrogen; however, the amount of hydrogen absorb¢d by the
faqteners is not equal to the quantity of hydrogen generated by electrolysis. The amount oflhydrogen
which can be absorbed depends on the process type (e.g. alkaline zinc, acid zinc, Zinc alloy) and process
palameters (e.g. current density, electroplating duration, rack/barrel)[31]. The\rost important factor
that influences the quantity of hydrogen that remains in a fastener is permeability of the foating to
hyfirogen diffusion[311[32]. The permeability of the coating determines if it allows hydrogen [to diffuse
intjo the steel during electroplating as the coating layer thickens, and.Jater if the coating is an effective
barrier that blocks hydrogen effusion, thus forcing it to remain in the fastener.

Stydies have shown that there is no risk of IHE for phosphate coated property class 12.9 fasteners when
leff at ambient temperature for more than 24 hours, becauseé phosphate coatings are very porous[23].
Sirhilarly, studies have shown that the risk of IHE is significantly lower for aerospace LHE-Cdl cadmium
eldctroplating and certain zinc-nickel (Zn-Ni) electroplating processes containing 12 %| to 16 %
nidkell32]. The principal reason is that such coatings,are more permeable than zinc (Zn) o1 zinc-iron
(Zn-Fe) electroplated coatings.

Common industry practice is to bake the fasteners after the coating process to extract any|diffusible
hyflrogen that was introduced in the course-of'such processes. For more information about bpking, see
Clduse 15.

NOTE 2  Typically, IHE failure occursswithin hours or days after installation of a fastener.

9.4.3 Environmental hydrogen

Enyironmental hydrogen is introduced in steel fasteners as a result of corrosion during servide. Contact
with water and corrosive substances can generate hydrogen that can be absorbed by fasterjers. More
critically, galvanic cafrosion of a sacrificial cathodically protecting coating (e.g. Zn, Zn-Ni, Cd)|generates
hyflrogen, which camthen be absorbed by exposed steel surface areas of a fastener (i.e. cathjode). This
condition occurs‘when the coating is damaged, cracked, porous or partially consumed by forrosion.
Thie quantity‘tof*hydrogen absorbed in this manner is orders of magnitude higher than under normal
corrosion ¢enditions (i.e. steel fastener without coating).

These{conditions can lead to stress corrosion cracking (SCC), also called hydrogen assisted stress
corresion cracking (HaSCC) or hydrogen induced stress corrosion cracking (HiSCC).

From a failure analysis perspective, any amount of corrosion prior to failure of an in-service fastener
can lead to EHE as the dominant failure mechanism, independently of the presence of internal hydrogen.
With the passage of time, the localized contribution of corrosion generated hydrogen is cumulative, and
the relative contribution of internal hydrogen becomes negligible.

NOTE Typically, EHE failures take much longer to occur than IHE failures. EHE failure can occur anywhere
from weeks to years after installation of a fastener, as hydrogen is absorbed during corrosion processes.

10 Case-hardened fasteners

Case-hardened screws present additional challenges in that the surface is intentionally hardened to
fulfil self-drilling, thread-forming and/or self-tapping functions. These types of screws vary greatly
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depending on the purpose for which they are supplied. They are used for joining wood, steel, galvanized
steel, aluminium or combinations of these materials. Consequently, they can be supplied with core
hardness ranging from 250 HV to 450 HV and surface hardness up to 600 HV. The combination of high
surface hardness and core hardness can make case-hardened screw materials very susceptible to both
[HE and EHE. Case-hardened screws are sometimes coated with zinc, zinc alloy or zinc rich organic
coatings, but are very often coated by zinc electroplating. The availability of hydrogen provides ample
triggers for HE to occur.

The possible sources of hydrogen are:

— internal ]'\yr]rngnn introduced rlnring r‘arhnri'n'ng;

— internal hydrogen introduced during electroplating processes;

— corrofion generated environmental hydrogen, resulting from the sacrificial corrosionrof-cathofic
proteftive coatings;

— corrofion generated environmental hydrogen, resulting from galvanic mismatches of materipls
beingljoined.

Most chemicals preservatives used in pressure treatment of lumber are-copper-based and dan
significanfly accelerate the corrosion of screws. This accelerated corrosign\process begins with rapid
corrosion|of zinc or zinc rich coatings, followed by an equally rapid cortosion of the underlying steel.
These complex galvanic couples further increase the rate of hydrogengenerated by corrosion.

Fortunatdly, case-hardened screws do not often fail by hydrogen embrittlement because they are usuglly
loaded beJow their HE threshold stress. However, even slight variations in hardness, loading conditigns
or corrosifve environment can lead to relatively rapid failurecfi.e. hours to days after installation). Cape-
hardened|screws manufactured under poor process control ‘conditions make prevention a challengg. It
is therefofe highly recommended to consider the know-how of the fastener manufacturer as well as the
application and service environment.

From the perspective of preventing HE failure, the’key product characteristics that must be controlled
are: core lhardness, case hardness and case depth.

— Core hardness: experience has shown-that core hardness is the most critical characteristic and
shoulf be kept below 370 HV.

— Surfage hardness: surface hatdness should be specified in accordance with the intended purposg of
the sdrew; as with core hardness, surface hardness should be specified as a range (i.e. minimum and
maxifum values) and notonly as a minimum requirement.

— Case {lepth: experjence has shown that with increasing case depth, susceptibility to HE increages,
therefore the maximum case depth needs to be limited (see e.g. ISO 2702 for self-tapping screws)[$3].

—_

Additiona| preventive measures include the selection of an appropriate coating. For example, althoygh
zinc elecffroplating is very economical and widely used, sometimes it is not appropriate for case
hardened|sCrews at a high hardness range. Alternative coatings include zinc flake coatings, zinc-nickel
electropldti i mgs: i i ifyT i of
appropriate installation methods, for example the use of impact wrenches is usually not recommended.

A further consideration is the effect of the screw shape and geometry. Normally, a case-hardened layer
is relatively uniform in terms of hardness and effective depth, regardless of its location on the screw.
Below the depth of the case, a transition zone exists between the high hardness case and the lower
hardness core. Thin sections, such as those in washer head geometries or head-to-shank transitions in
screws with internal drives, sometimes do not provide enough thickness for a full transition to lower
hardness. Consequently, thin sections are areas of elevated hardness that can be prone to HE failure,
even if the body of the fastener is not likely to fail. Therefore, geometry and particularly the elimination
of thin sections must be considered in the design and processing of case hardened screws, to minimize
the risk of hydrogen embrittlement failures[341(35]. See an example of fractured fastener due to IHE in

Figure 7.
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Figure 7 — Hydrogen embrittlement fracture of flange on éase-hardened screw (left) and
case-hardening profile showing the flange (i.e. thin section) having been hardened thrjough the
entire thickness (ri

N\
Finally, for some thread forming screws, e.g. accoré’ls}} to ISO 7085[51]Yor DIN 7500-1[53], used in
applications where a defined preload is applied, it i possible that HE threshold stress is exceeded. Special
cafe should be taken to minimize exposure to hwsc\)gen, in order to prevent failure by IHE or HHE.

2
K\
11 Hot dip galvanizing and thermal up-quenching

In [the 1970s, failures of hot dip ’L{;anized high strength fasteners attributed to stress |corrosion
crycking (SCC) prompted ASTM ‘Committee F16 on Fasteners to prohibit hot dip galvanizing of
AS[TM A490[36] high-strength structural bolts used primarily in North America.

In [Europe and elsewhere,ggpdip galvanizing of structural bolts of property class 10.9 per [[SO 898-1
hap remained a standa actice. As additional precaution, guidelines and requirements addressing
mdterials and proce , such as those included in ISO 10684, have been established tq avoid or
mipnimize the risk E. In spite of these precautions, failures have occurred with hot dip galvanized
fadteners that:

—| were n@&’ exposed to acid prior to hot dip galvanizing,

— fzi{@lortly after installation, and

— %bre not subject to environmental corrosion.

Even in the absence of conclusive evidence of exposure to hydrogen, either from processing or from
the environment, these failures of hot dip galvanized high strength fasteners have been incorrectly
attributed to IHE, allegedly by acid pickling, or to EHE, allegedly by in-service corrosion.

Although the hot dip galvanizing process itself does not introduce hydrogen, a recently revealed
phenomenon resulting in an additional source of hydrogen can better explain the mechanism of such
failures. It has been proved that a significant source of hydrogen is the freeing of trapped residual
hydrogen by thermal shock (i.e. up-quenching) that occurs when the fasteners are immersed in molten
zinc during hot dip galvanizing. The presence of a thick zinc coating prevents “released” hydrogen
escaping, instead causing it to accumulate at grain boundaries[3Z]. The release of trapped hydrogen by

1) Withdrawn.
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up-quenching is therefore a third and potentially the most significant source of hydrogen in addition to
conventional internal and environmental sources.

This "newly discovered” source of internal hydrogen is likely to have played a primary role in triggering
failures of hot dip galvanized high strength fasteners that are not adequately explained by conventional
models of IHE or EHE. However, as was described earlier, hydrogen is a trigger and not the root cause
of HE failure. The underlying fundamental condition for such a failure to occur must also exist. In other
words, the material must be susceptible to hydrogen embrittlement. Hot dip galvanized fasteners
with a specified hardness range of 240 HV to 390 HV are not susceptible to hydrogen embrittlement.
This assertion is corroborated by the fact that hlgh strength structural fasteners, 1nclud1ng ISO 898-1
property
the other|hand, mcorrectly heat treated or otherWISe defective fasteners can become 51gn1f1ca ly
more susgeptible (see 9.2.2). Therefore, the root cause of failures of hot dip galvanized high-Strength
fasteners fis invariably related to poor or non-conforming material condition, resulting in higher than
normal HE susceptibility.

NOTE A dramatic example of such a case is the failure of anchor rods on the San Frah¢isco-Oakland Bay
Bridge in 4013. The root cause of these failures was attributed to defective material of onélet of ASTM A354 BD
anchor rods[391.

12 Stregs relief prior to electroplating

Stress rellef prior to electroplating is not required or appropriate foryfasteners that are quenched and
tempered| because tempering effectively relieves residual stress.

On the other hand, residual tensile stress in fasteners that aré work hardened after quenching 4nd
tempering and prior to electroplating can lead to the initiation of hydrogen assisted micro-cracks.
HAC can pnly occur provided all three conditions for hydrogen embrittlement are met: notably that
the materjal is susceptible, that there is sufficient hydrogen and that the residual stress resulting from
work hardening exceeds the HE threshold stress of the steel. In such a case, it is beneficial to perforth a
stress relief operation prior to electroplating as areventive measure.

Only operfations that lead to significant plastic deformation resulting in residual tensile stresses sych
as cold forming, cold bending, cold straightening, and some drilling and welding operations can justjify
stress rellefbefore electroplating. Standard secondary machining operations such as grinding, turnipg,
tapping apd milling are not problematic and do not require the fastener to be stress relieved.

The effedtiveness of stress relief’ increases with increasing temperature and duration. However,
standardgq state that the temperature must not impair the mechanical properties of the fasteners gnd
more pre¢isely that it must.not exceed their tempering temperature. The selection of an appropriate
temperatire and durationfor a stress relief operation is specific to each case and depends on |an
assessment by the fastener manufacturer of the likelihood that all three hydrogen embrittlement
condition$ are present. Achieving a well-founded and effective stress relief strategy should be baged
on data olptained-by product inspection or testing. Any such method should also consider the fact that
hydrogen|embrittlement is time dependent.

NOTE

13 Fasteners thread rolled after heat treatment

There are several beneficial effects of thread rolling fasteners after heat treatment (i.e. after quenching
and tempering). Cold rolling and the resulting compressive residual stresses improve fatigue
performance. Studies have shown that thread rolling fasteners after heat treatment also decreases
HE susceptibility[41][42]. This observation is explained by reduction of lattice space and increase of
dislocation density (i.e. traps) in the critical thread root areas, thus resulting in a greater number of
trap sites and reduced hydrogen mobility. Thread rolling after heat treatment can be an additional
manufacturing strategy for limiting the risk of hydrogen embrittlement failure.
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14 Hydrogen embrittlement test methods

Given the time dependency of hydrogen embrittlement, test methods designed to either detect or
measure any loss of mechanical strength resulting from the effect of hydrogen need to incorporate a
lengthy time component.

Typically, hydrogen embrittlement testing is performed by means of sustained load testing, which
is a qualitative (pass/fail) method. Sustained load testing is intended as a post-production (e.g. after
electroplating) quality assurance step for testing high strength fasteners that are susceptible to [HE.
Sustamed load testlng consists of applylng a spec1f1c statlc load for a flxed perlod of time rangmg from

e e st is such
how close
.|The tests
5[45], and

AS[TM F606[46].

NOTE1  Sustained load tests are suitable for production testing. Standard sustaihed'load test spgcifications
arg not intended for testing parts after removal from service.

Qulantitative alternatives to sustained load testing are slow strain raté (SSR) testing, as des¢ribed e.g.
in [SO 7539-7[47] and ASTM G129[48], or incremental step load (ISL)\testing such as in ASTM F1624(26].
Thie basis for these tests is to apply a slowly increasing load until-fracture of the sample. Giyen a slow
enpugh loading rate, it is possible to measure the HE threshold&tress for a given material under a given
concentration of hydrogen.

NOTE 2  Analytical test methods described in ISO 7539-7, ASTM G129 and ASTM F1624 are not duitable for
emprittlement testing of fasteners on a production scale die’to the time and cost associated with performing
thq test. These quantitative test methods are better.suited for analytical purposes including regearch and
deyelopment.

Thie potentially damaging effects of hydrogen absorbed during surface cleaning or electrop|ating can
uspally be prevented by baking tlie fasteners after processing. Baking is a moderate heat freatment
that has been shown to either extract hydrogen by effusion or to cause it to migrate to trap pites, thus
mdking it immobile. As mobile/diffusible quantity of hydrogen is reduced, both time-to-faillrjlfe and HE
thfeshold stress increase. However, it should not be assumed that baking will completely eliminate [HE
in pll cases.

Thie key factors thatinfluence baking effectiveness are:
—| temperature,
—| duratienyand

—| permeability of the coating.

In sdditionirereasingtherate-ofheatinghasbeenshowntoimprove theeffeetivenessefbaking. These
factors lead to a great deal of variability for determining appropriate baking conditions. For example,
with susceptible fasteners (e.g. above 390 HV) that are zinc electroplated, 8 h to 10 h at 190 °C to
220 °C is a minimum recommended baking duration. However, depending on size and strength level/
hardness of the fasteners, fasteners can require baking durations up to 24 hours to sufficiently reduce
the quantity of mobile hydrogen. A common practice of baking fasteners above 390 HV for 4 hours is
insufficient and can even lead to occasional failures.

NOTE1 The practice of baking zinc electroplated fasteners for 4 hours at approximately 190 °C is inadequate
for extracting hydrogen because zinc is an effective barrier to hydrogen diffusion. It has been shown that baking
duration of 4 hours can even be detrimental. For baking to be effective and beneficial, significantly longer baking
duration is needed.
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On the other hand, parts such as property class 10.9 fasteners in accordance with ISO 898-1 do not need
to be baked, yet they are often unnecessarily baked to ISO 2081[49] and ISO 9588(50]. Given our current
understanding of baking effectiveness and material susceptibility, it is not the baking that prevents
these fasteners from failing. Rather, property class 10.9 fasteners that are correctly manufactured to
the material and metallurgical properties in accordance with ISO 898-1 are not susceptible to [HE.

NOTE 2

Baking criteria as specified in ISO 2081 and ISO 9588 are too broad and not applicable for fastener

S.

The maximum temperature of heating in a baking process is limited by the following considerations:

— itsho
— itsho

— it sho

heat t

NOTE 3

electroplaled fasteners are baked to maximum temperature of 190 °C to 200 °C.
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effective haking strategy can be validated by empirical test data obtained from sustained load test

of produc
DIN 5096

uld not exceed the temperature at which the fasteners were originally tempered;

11d not impair the functional properties of the coating, and

uld not negate the beneficial effect of compressive residual stress from thread rollihg af
reatment.

Zinc electroplated fasteners are usually baked to maximum temperature of 200 °C‘tp,220 °C. Cadmi

g process is typically performed after electroplating, prior to application of a convers
1d /or sealant or top coat. However, other sequences can be suitableZdepending on the spec
5 of the coatings and finishes.

between electroplating and baking should be kept short{as*a matter of good practice. T
uch practice is to maximize the extraction of mobile Hydrogen, otherwise a portion of {
drogen can become reversibly trapped and more difficult to bake out. This phenomen
shown to be relevant for electroplated steel parts at hardness in the range of 500 HV a
t1]. The often-used approach of specifying an exactduration (e.g. 4 hours) is purely subject
ended as a practical operational time-frame, and also as a quality assurance mechanism
g good practice. Time between coating and Baking should not be used as a rigid criterion
ity of a fastener lot, and it definitely has not been used as the basis for assigning root cause
failure.

Foplater needs to monitor and, control the baking furnace conditions, including methd
I, duration in the furnace and“wniformity of temperature. Achieving a well-founded 4

Lion fasteners described @bove, and/or process qualification tests such as those specified
D-2[44], ASTM F519(28], and ASTM F1940[27].
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