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Case Studies Related to

Part One

Hydrogen Embrittlement of Fasteners

*ﬂfq:%ﬂfﬁm/l\%ﬁﬁ% ( ;jﬁ_‘%ﬁﬁ)\ ) by Daniel H. Herring

In simplest term, hydrogen embrittlement is a loss
of ductility in a metal or alloy caused by the ingress
of hydrogen in combination with stress, either applied
externally or internally (in the form of residual stress).
It is characterized by aloss of ductility and decrease in
yield strength of steel and other metals. Of importance to
the fastener industry is hydrogen embrittlement of high
strength steel resulting from electrochemical surface
treatments. It is caused by hydrogen from the process
invading the metal lattice and weakening the grain
structure over time. Body Centered Cubic structures
(BCC) and Hexagonal Close Packed (HCP) structures
are more susceptible than Face Centered Cubic structures
(FCC), If left unaddressed, hydrogen embrittlement can
lead to catastrophic failure of the material.

Baking for Relief of Hydrogen
Embrittlement

The most common method to prevent hydrogen
embrittlement is through a process called baking (aka
bake-out). Baking consists of heating the fasteners to a
specified temperature and holding them at temperature
generally between 175°C (350°F) and 220°C (430°F) for
a period of 8 to 24 hours once the parts have reached
temperature (see Fig 1). In this writer's eyes, a bake-out
of 24 hours after the load has stabilized at temperature is
highly recommended.

Fig. 1 Recommended minimum hydrogen bake
temperatures as a function of hardness
(Source: ASTM B850)
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The process is typically done in convection style industrial
ovens, either continuously or on a batch basis. The specific time
and temperature necessary are determined by the hardness of
the steel (Fig. 1) and is aso affected by the permeability of the
coating. For example, for zinc electroplated fasteners above 39
HRC, common practice is a minimum baking time of 8 to 10
hours at 190° - 220°C (375° - 430°F).

It is critical to perform the baking process as soon as possible
after plating, otherwise the hydrogen will become fully absorbed
into the steel lattice, preventing it from being baked out. Although
some specifications call for baking to be performed within 24
hours of plating, it is generally accepted practice to bake within
3 hours of plating, and many manufacturers specify no more
than 1 hour. For this reason, many fastener manufacturers use a
continuous flow (first in, first out) process so the work in process
is minimized and the chance of shipping improperly baked
fastenersis reduced.

Some common examples of oven bake-out processes are
presented here.
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Case Studies of Hydrogen Embrittlement Relief Using
Various Style Bake Ovens

Case Study #1

A conveyorized mesh belt oven (Fig. 2) was used to provide embrittlement relief of
small screws (Fig. 3) used in automotive interiors to hold the interior doors panels in
place. The production rate was 1360 kg (3000 Ibs.) per hour and the parts were loaded
on the 1.2 m (4 ft.) wide conveyor belt at 145 — 195 kg/m® (30 - 40 Ibs./ft?), 100 — 150
mm (4 — 6 inches) deep. The baking temperature was 205°C (400°F), with a temperature
uniformity of + 5.5°C (& 10°F). The parts were brought to temperature in the first zone
in approximately 45 minutes, and soaked at temperature for 6 hours. A critical factor was
that different types of fasteners needed to be run through the oven and part mixing was
not allowed; a cross contamination rate of less than .0001 percent was specified.

Case Study #2

A multiple door batch oven (Fig. 4) was designed for hydrogen embrittlement relief of
steel rods used in automobiles. The oven has four heating chambers and a load capacity
of 1360 kg (3000 Ibs.). The steel rods are laid on their sides and dlid into the oven on a
load rack. The oven hasinterior dimensions of 2 m (6.5 ft.) widex 8.5 m (28 ft.) long x 1.8
m (6 ft.) high, a maximum operating temperature of 260°C (500°F) and normal operating
temperature of 170°C (430°F). The heating system features an industrial 215,000 kCal/
h (850,000 BTU/hr.) air heat burner. The recirculation system was rated at 340 m%
min (12,000 ft*/minute) and utilizes combination airflow to maximize heating rates and
temperature uniformity. The air is delivered to each heating zone from both sides near
the bottom, and the air passes vertically through the load before returning to the heating
system at the top. The batch oven is AMS2750D compliant and achieved a 15-point
temperature uniformity of £ 10°C (£ 20°F) at 170°C (430°F). The temperature control
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was provided via a closed-loop
control system utilizing auto-tune.

Case Study #3

A manufacturer of aircraft
landing gears needed to
simultaneously perform hydrogen
embrittlement relief on multiple
1815 kg (4000 Ib.) loads. Floor
space was at a premium but there
was plenty of vertical space
available. The solution was to
stack multiple bake ovens on
top of one another (Fig 5). The
interior space required for each
heating chamber is 2.4 m (8 ft.)
widex 4.3 m (14 ft) longx 1.2 m
(4 ft.) high, and the three ovens
have a total overall height of over
5.8 m (19 ft.). Since the doors are
out of reach of operators, they
need to open automatically and
were pneumatically operated.

Each oven utilizes a 285 m%h
(10,000 ft*/minute) recirculation
fan powered by a 7.5 kW (10 HP)
motor. The heating system for
each oven uses a 225,000 kcal/h
(900,000 BTU/hr.) burner and has
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Fig. 2 Mesh belt conveyorized

embrittlement relief oven for
fasteners
(Courtesy of Wisconsin Oven Corp)

Fig. 3 Automotive Fasteners Were
Processed Through a Bake Oven for
Embrittlement Relief
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an independent temperature control system. The parts were baked at 190°C (375°F) for 24 hours
after chrome plating. A temperature uniformity of +1.7°C (3°F), -3.9°C (7°F) is maintained inside

the heating chamber and the equipment is AM S 2750 (Pyrometry) compliant.

Case Study #4

An aircraft manufacturer required a hydrogen embrittlement relief oven to bake plated parts
carried on multiple load carts. A 5-door design (Fig. 6) was selected to reduce cost and minimize
footprint. 3 doors are located on the front, and 1 on each side. Each of the 5 heating areas

accommodates a load cart carrying 180 pounds of parts. The oven interior is 7.6
m (25 ft.) wide x 2.4 m (8 ft.) long x 2.4 m (8 ft.) high.

The baking oven includes an 810 m*min (28,500 ft¥minute) recirculation
system, utilizing three recirculation each fans rated at 270 m¥min (9,500 ft*
minute) and 7.5 kW (10 HP) each. The oven features a 180 kW electric heating
system. The baking temperature ranged from 135°C (275°F) to 190°C (375°F),
and a temperature uniformity of + 8°C (4 15°) was achieved. The equipment
conformed to The Boeing Company BAC5621 pyrometry specification. The
oven structure was designed to meet seismic requirements.

What Causes Hydrogen Embrittlement?

Although hydrogen embrittlement (aka hydrogen induced cracking or
hydrogen attack) is a well-known phenomenon, the exact mechanism by which
occurs is a matter of debate despite extensive research. Parts that undergo
electrochemical surface treatments such as pickling, phosphate coating,
corrosion removal, paint stripping and electroplating are especially susceptible.

During the electroplating process when the electricity is pulling chrome (for
example) ions out of solution and reducing them to metal on the fasteners (which
isthe cathode), it is also electrolyzing the water of solution into H+ and OH-, and
drawing those hydrogen ions into the metal. A metallurgical interaction begins
to occur between atomic hydrogen and the crystallographic structure of the steel.
The hydrogen, in atomic form, will enter and diffuse through the surface of the
steel. When a high strength fastener experiencing embrittlement is put under
tensile load from tightening, the stress causes atomic hydrogen within the steel
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Fig. 4 Batch style oven with multiple doors
(Courtesy of Wisconsin Oven Corp)

Fig. 5 Three hydrogen embrittlement relief bake
ovens stacked to conserve floor space

(Courtesy of Wisconsin Oven Corp)
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Fig. 6 Multi-door batch style oven for hydrogen stress relief
(Courtesy of Wisconsin Oven Corp)
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to migrate to the location of greatest stress (i.e., at the
first engaged thread or under the head of a screw). As
increasingly higher concentrations of hydrogen collect
at this location, the steel gradually becomes brittle.
Eventually, the concentration of stress and hydrogen
causes microcracks (Fig. 7), which continue to grow
as hydrogen moves to follow the tip of the progressing
crack, until the fastener fails. As a result, the metal
will break or fracture at a greatly reduced load or stress
than otherwise indicated. It is this lower breaking
strength that makes hydrogen embrittlement so
destructive. Unfortunately for fastener manufacturers,
as the strength of the steel goes up, so does its
susceptibility to hydrogen embrittlement.

Even a small amount of hydrogen can cause
embrittlement. Hydrogen levels as low as .0001
percent by weight will cause embrittlement in certain
plating applications. Such low levels of hydrogen
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cause embrittlement through the concentration of the hydrogen at areas
of stressin the steel.

How is Hydrogen Embrittlement Detected?

Slow bend tests and tension tests will detect hydrogen embrittlement
by revealing the decrease in ductility. Notched—impact tests cannot
always detect the phenomenon.

The methods most often used to test threaded fasteners are described
in ASTM F606, ASTM F519 and 1SO 15330. Of these, ASTM F606
is the most practical for fastener manufacturers and the most often
employed, as it can be applied to large numbers of samples from
each lot. For case-hardened fasteners the more applicable procedure
is ASME B18.6.3, Section 4.11.5. These are sustained load tests,
incorporated as a quality assurance measure for testing high strength
fasteners after plating. They consist of applying a specified static load
for afixed period of time, from 24 to 200 hours, to test for failure. The
basis for these tests is a slow increase of the applied load until rupture
of the sample, thus incorporating atime component in the test.

Important Considerations for Hydrogen
Embrittlement Relief Baking

Soak Time: Since the fasteners must be brought to temperature
and held there for a specified "soak" time to achieve a proper bake, it
is important that sufficient time is allowed for heat-up before soaking
begins. This requires heating tests on the fasteners to determine how
long is required to heat them. The required bake time is then added to
thisto determine the total heating time.

Temperature Uniformity: For a proper bake, the part temperature
must be held within roughly + 8°C (£ 15°%) to & 10°C (£ 20°F)
of the specified bake temperature for the entire period of baking time.
It is important, therefore, that the bake oven has the capability to
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maintain this temperature tolerance throughout the entire heating chamber.
This should be verified prior to production by performing a temperature
uniformity survey in an empty oven. Thermocouples are passed through
the heated oven and the temperature is recorded. If any cold spots are
identified, they are corrected via adjustment and balancing of the oven.
It is prudent and common to require a tolerance of +8°C in the empty-
oven test in order to provide a safety factor to insure that the required
part temperature tolerance (+ 8°C to £ 10°C) is maintained during
actual production. After the empty-oven testing is successfully complete,
additional testing is performed to verify the fasteners will reach and
maintain the required temperature for the required bake time. This is done
by burying thermocouples in the fasteners while simulating the load rate
to be experienced during production. The time is recorded during both the
heating and the baking.

Pyrometry and Documentation: It is important for quality control
purposes that the temperature of the baking oven be recorded continually
during production. This allows for more effective failure diagnosis in the
event improper baking is suspected as a cause. Many end users (in the
automotive industry for example) require this as a quality measure. It is
recommended to incorporate a pyrometry standard, such as AMS2750
(latest revision), which dictates the calibration tolerance of instruments, the
frequency of oven uniformity surveys, and other important factors. Certain
end users will require such a standard be followed.

Oven Selection and Design: In order to achieve a proper and consistent
bake, the bake oven must be properly designed for hydrogen embrittlement
relief. It is important, for example, that a sufficient volume of recirculated
air be utilized to heat the parts up, then maintain the specified bake
temperature for the required soak time. In a conveyor style bake oven,
arecirculation rate of 8.5 — 11.5 m¥min (300 - 400 ft*/minute) for each
square foot of conveyor belt yields good result. In a batch style bake oven,
20 to 25 air changes per minute (for example, the recirculation rate in m?/
minute, divided by the oven work chamber volume, in cubic meters) is
generally sufficient.

In a conveyorized fastener bake oven the parts are typically loaded
several centimeters deep, which makes it difficult for the heated enter to
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Fig. 7 Microcracks caused by Hydrogen Embrittlement

(Courtesy of Sidheshwar Kumar)
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permeate. As aresult, the air must be delivered
to the parts from both above and below in order
to provide uniform heating. This requires air
supply ductwork be located both above and
below the fasteners carried on the conveyor.
Also, it is good practice to utilize multiple
heating zones, where each zone has a separate
heat source and recirculation system. The first
zone (incorporating perhaps ¥ of the oven
length, for example) is dedicated to heating up
the cold parts to the required soak temperature.
The remaining zones provide the necessary
soak time. This multiple zone design alows the
bake oven to provide consistent results even
when the fastener loading (i.e., pounds per
hour) varies or different fasteners are baked. g
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