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Abstract

Hydrogen embrittlement of high-strength steel (4340M) was quantified through tensile testing
and fractography (SEM). Three types of samples were obtained: rotating beam fatigue
specimens, round (notched) tensile specimens, and flat panel specimens. In addition, three
different plating types were analyzed (Ni, Cr, Cd-Ti) with a set of samples that was shot peened
and a set that was not. Since some of the samples went through a hydrogen relief bake, another
factor in our experiment was the amount of time it took for the samples to reach the baking
process after they were electroplated (bake delay). There were three levels of bake delay that
were studied for each type of plating: specified bake, delayed bake, and no bake. The notched
tensile specimens and the rotating beam specimens were tensile tested, and their fracture surfaces
were imaged and analyzed. The flat panel specimens were notched and manually fractured in a
vise, and fractography was performed to characterize failure modes. To determine the amount of
hydrogen input and release from the various samples, LECO combustion analysis was
performed. The hydrogen content was used to correlate the various processing conditions
(electroplating type, shot peening, bake delay) to their tensile properties and failure modes.

Key Words: Hydrogen, hydrogen embrittlement, hydrogen pick-up, 4340M steel, landing
gears, shot peening, electroplating, hydrogen relief bake, bake delay, high-strength steel, nickel,
chromium, cadmium-titanium, laboratory fracture, materials engineering
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1. Problem Statement

The purpose of this project is to investigate the effects of hydrogen pick-up and release on
electroplated 4340M steel. Hydrogen degrades metallic materials by cracking, blistering, hydride
formation, decarburization, and lowers both tensile strength and ductility. High strength steel
such as 4340M is susceptible to even minimal amounts of hydrogen pick-up. Literature has
shown that shot peening, electroplating, and bake delay (time between electroplating and
hydrogen relief bake) affect hydrogen pick-up. To determine the influence of these factors on
hydrogen pick-up, three different types of electroplating were tested: nickel, chromium, and
cadmium-titanium. For each coating, both shot peened and non-shot peened samples with
various bake delays were tested to investigate their effects on hydrogen pick-up and
embrittlement. The Boeing Company (Everett, WA) directly measured hydrogen pick-up, SEM
and metallography was performed in the MatE Department, together with notched tensile testing
and tensile testing of the rotating beam specimens. These tests allowed the investigation of
hydrogen embrittlement in the samples, as well as its failure modes. The flat panel specimens
were notched and manually fractured in a vise, and fractography was performed to characterize
failure modes. The goal was to have conclusive and new data on how shot peening,

electroplating, and bake delay affect hydrogen pick-up and the resulting properties of the steel.

2. Background

2.1. Landing Gear

The main purpose of aircraft landing gear is to support the entire weight of an aircraft during
landing and ground operations. They are attached to important structural members of the aircraft.
There are different types of gears depending on the aircraft design and its intended use. Landing
gears have wheels to facilitate operation to and from hard surfaces, such as airport runways.
There is a whole system included in the mechanics and design of landing gear regardless of the
type of landing gear utilized. This system includes parts that are necessary to attach the gear to
the aircraft. Examples of these are shock absorbing equipment, brakes, retraction mechanisms,

controls, warning devices, cowling, fairings, and structural members. [1]



2.2. Processing

Boeing has a general manufacturing flow for all 4340M parts manufactured for structural
applications in their landing gear department. The typical overall processing flow for their parts

is shown in Figure 1.
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Figure 1. Process overview of 4340M structural members for Boeing landing gear. [2]

2.2.1. Shot Peening

Shot peening is a cold working process in which the surface of a part is bombarded with small
spherical media called shot. Each shot that strikes the metal acts as a “tiny peening hammer”
resulting in a small surface indentation (Figure 2a). In order for the indentation to be formed, the
surface layer of the metal must yield in tension (Figure 2b). Below the surface, the compressed
grains attempt to restore the surface to its original shape producing a hemisphere of cold-worked
metal highly stressed in compression (Figure 2b). Overlapping dimples develop a uniform layer

of residual compressive stress. [3]
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Figure 2. This image shows the mechanical yielding of the material at the point of impact of the shot peening media.
Furthermore, the media produces a compressive layer that increases the resistance to fatigue cracking. [3]

Cracks will not initiate nor propagate in a compressively stressed zone. Because nearly all
fatigue and stress corrosion failures originate at or near the surface of a part, surface compressive
stress provides a significant increase in part life. The magnitude of residual compressive stress
produced by shot peening is at least as great as half the tensile strength of the material being
peened. [3]

In most modes of long term failure the common factor is tensile stress. These stresses can either
result from externally applied loads, or stem from manufacturing processes such as welding,
grinding or machining. Tensile stresses attempt to stretch or pull the surface apart and may
eventually lead to crack initiation (Figure 3). Compressive stresses constrict the bonds between
atoms in the lattice and will significantly delay the initiation of fatigue cracking. Because crack
growth is slowed significantly in a compressive layer, increasing the depth of this layer increases
crack resistance. Shot peening is the most economical and practical method of ensuring surface

residual compressive stresses. [3]

>
N

Figure 3. Crack initiation and growth through tensile stress.




2.2.2. Electroplating

Electrodeposition or electroplating is defined as the process in which a coating is deposited by
electrolysis, that is, a metal is deposited on an electrode immersed in an electrolyte by passing
electric current through the electrolyte. [4] This process is similar to a galvanic corrosion cell,
except the current moves the opposite direction. The cathode (i.e. steel) is plated, and the anode
is the metal to be plated on the component. The anode and cathode are submerged in the
electrolyte solution, which contains metal salts and other ions which produces electrical
conductivity. The anode is supplied with a current which oxidizes its metal atoms dissolving
them in the solution. The metal atoms that lie in the electrolyte are then reduced when they come
in contact with the cathode and are deposited onto it. A simple representation of the process is
shown in Figure 4. The rate of this process is proportional to the current that runs through the
system, which dissolves the ions from the anode into the electrolyte and drives the process.

lonic
current
path

Cathode Anode

\ N —— — -
Electronic

path

Figure 4. This figure illustrates the concept of electroplating and serves as a visual representation for the deposition
process. Current is driven through the anode which forces the release of negative ions into the electrolyte solution
that reduce at the cathode-electrolyte interface and attach onto it (plating). [5]

Electroplated coatings are applied to steel for corrosion resistance, appearance, solderability, or
other special requirements. A wide variety of materials are electroplated on steel, including
nickel, chromium, zinc, cadmium, and tin. Multilayer coatings can also be applied by
electroplating; an example is the copper-nickel-chromium plating system used for bright

automotive trim or cadmium-titanium for landing gear components. [6]

As with every process, electroplating has drawbacks. These include the inability to achieve a

uniform deposition. This is because of a phenomenon called throwing power. This phenomenon
is dependent on the shape of the substrate (cathode), the current density of the system, as well as
the composition and conductivity of the electrolyte. In addition, it must be mentioned that not all



metallic elements can be deposited. In order for proper plating, all surface contaminants must
also be eliminated to ensure adhesion and surface quality. Good adhesion relies on both the
elimination of surface contaminants (to produce a good metallurgical bond) and the generation of
a completely active surface to initiate plating on all areas. Substrate preparation includes rough
cleaning, alkaline cleaning, electrocleaning, acid treatments, and other cleaning processes. Good
bonds can be achieved, however they can never be as good as a fusion bonds. Poor bonds are

threatening to the essence of the product, because they cannot be detected easily.

There are several advantages to using the electroplating process to produce a coating, including
the fact that the component will remain metallurgically intact (temperature will not exceed
100°C or 212°F so microstructures will not be affected). However, the plating process can be
adjusted to manipulate the hardness, internal stress, and metallurgical properties of the coating.
In addition, electroplating allows for a dense and tightly adhered coating whose thickness can be
controlled by the current density and length of time of the deposition. Furthermore, plating rates
can be accelerated through electrolyte circulation. Technical limits for thickness of coating and
size of components are only confined to the size of the bath tank, and specific areas can be
protected from coating by utilizing masks. The process overall is appropriate for automation and
seems to surpass other coating processes economically.

2.2.2.1. Types and Functions of Electroplating

2.2.2.1.1. Cadmium-Titanium Plating

Cadmium-titanium is the primary alloy plating type Boeing uses on all 4340M landing gear
parts. Boeing uses a cadmium-titanium alloy containing between 0.1 and 0.7 wt% titanium. Per
Standard BAC5804, cadmium-titanium plating is intended for use on low alloy and corrosion
resistant steels, including steels heat treated to strength levels above 220 ksi.[7] The corrosion
resistance results due to the more anodic tendency of cadmium compared to iron. The underlying
steel is protected at the expense of the corroding cadmium plate even with the presence of
scratches in the coating. [8] To protect from atmospheric corrosion, cadmium is applied as a thin
layer (less than 25 pm or 1000 pin. thick). One of the primary advantages of cadmium plating
over other plating types is the ductility which allows coated steel to be formed and



shaped. Cadmium is also highly toxic, which is driving concerns to reduce and eliminate its use

in many applications. [8]

2.2.2.1.2. Hard Chromium Plating

Hard chromium plating is used for applications requiring excellent wear and corrosion
resistance. The surface of hard chromium plating provides a low coefficient of friction that
resists corrosion, galling, and abrasive and lubricated wear. Hard chromium plating is produced
by electrodeposition from a solution containing chromic acid (CrOs) and a catalytic anion. The
deposited layer typically ranges in thickness from 2.5 to 500 um. The major applications of hard
chromium include improvement of tool performances, tool life, and part salvage. Other

applications include piston rings, aircraft landing gear, textile and gravure rolls. [9]

2.2.2.1.3. Electrodeposited Nickel Plating

Nickel plating is performed in engineering applications to enhance a variety of properties, and
these depend on the composition of the plating bath and operating conditions. Most of these
properties are surface properties, such as corrosion resistance, hardness, wear, and magnetic
properties. [10] General-purpose nickel is mainly utilized to protect steels against corrosive
attack in rural, marine, and industrial atmospheres. In addition, nickel plating is used for
decorative purposes. Bright nickel plating can be combined with a lower layer of sulfur-free,
semi-bright nickel and thinner upper layer of chromium that provide a bright corrosion-resistant
finish and wear-resistant surface to steel. Applications for these types of coatings are decorative

trim for automotive and consumer products. [6]

3. Effects of Processes on Hydrogen Pick-up

3.1. Hydrogen Pick-up

There is still much unknown about hydrogen pickup with regards to the nature of the equilibrium
absorption site, why hydrogen has preferred interstitial locations, and how to deal with diffusion
barriers. What is known is that there are two common locations for hydrogen in the BCC
structure of iron, tetrahedral sites (T-sites) and octahedral sites (O-sites) (Figure 5). While this is

not universal for all circumstances, T-sites seem to be more common of the two. [11]



O-site T-site

Figure 5. Shows preferred locations of hydrogen in the lattice.

Hydrogen can be easily absorbed in environments brought on by electroplating, pickling, casting,
corrosion, fuel cell reactions, and even cathodic protection. The process in which hydrogen is
absorbed into the metal is called hydrogen charging. The mechanism that allows charging to
happen is the negatively charged current which carries the positively charged hydrogen ions into
the metal. [12]

3.1.1.Effects of Electroplating Process on Hydrogen Pick-up

The process used to apply the coating may have an important effect on the properties of the
entire coating system. One of the more important considerations is the effect of hydrogen
formation during electroplating. Hydrogen may embrittle the substrate. This is particularly
important when cadmium, chromium, or zinc is used as a coating over high-strength steel.
Atomic hydrogen can combine to form high-pressure hydrogen gas at defects or regions of poor
adhesion, causing blisters in the coating. Hydrogen can also be introduced into the coating
system during one of the cleaning or pickling steps conducted before electroplating. [11] The
source of hydrogen in all of these processes is the solution, whether it is the electrolyte for
plating or the acid for cleaning processes. This is due to the fact that these solutions are water
based. Unless the components are heat treated to release the absorbed hydrogen, they will be too

brittle to utilize in any application that involves elastic strain. [4]

Of all the commonly plated metals, cadmium deposited from a cyanide solution is more likely to

produce hydrogen embrittlement. To counteract the hydrogen pick-up of cadmium plating,



Boeing uses cadmium-titanium. Prior research on cadmium-titanium plating has shown the
addition of titanium prevents hydrogen pick-up. Figure 6 shows that the increasing content of
titanium in a non-cyanide solution decreases the hydrogen penetration current. The use of a non-
cyanide electrolyte solution allows the titanium compound to be more stable. Cadmium-titanium

plating is the current process used for plating high-strength landing gear parts due to the reduced
hydrogen pick-up.
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Figure 6. Hydrogen penetration current versus time in a non-cyanide electrolyte solution for cadmium plating
with varying titanium concentrations: (1) no Ti, (2) 0.067 g/l Ti, (3) 2.2 g/l Ti, (4) 3.1 ¢/l Ti.[13]

A prior study was performed on the effects of the delay time between electroplating and
hydrogen relief bake as well as the hydrogen relief baking time. Hydrogen relief bake time was
observed for two extremes, 3 and 72 hours, while bake delay was observed for 0.25 and 24
hours. Table I shows that hydrogen relief bake time produced a large decrease in hydrogen
concentration while bake delay time had little to no effect on hydrogen content. Despite the bake
delay showing little effect on hydrogen concentration, the length of delay time could be
sufficient enough that the hydrogen can reach critical concentration, which leads to crack

initiation and no amount of hydrogen relief baking will repair these cracks.



Table I. Hydrogen Concentration Analysis of Cadmium Plated 4340 Steel with Varying
Hydrogen Relief Bake and Bake Delay Times

Hydrogen Concentration
Trial | Baking Time (hr) | Bake Delay (hr) (MA/cm?2)
2 3 24 1.05
3 72 0.25 0.28
4 72 24 0.30

3.1.2. Effects of Shot Peening Process on Hydrogen Pick-up

Generally speaking shot peening is assumed to reduce the permeability of ferritic steels to
hydrogen. The reason is that compressive stresses on the surface produced by the shot peening
prevent hydrogen atoms from permeating through, however few details are available to account
for this beneficial effect. Furthermore, there is no clear relationship between shot peening and
hydrogen pick-up, and this is because hydrogen pick-up depends on the material at hand and the
hydrogen environment. For example, in heavy hydrogen environments like H>S, shot peening of
low carbon steel has shown to be detrimental in that more hydrogen is picked up. Also, for 304
stainless steel, shot peening increases hydrogen content and provokes hydrogen embrittlement.
These examples show that shot peening can be counterintuitive in terms of its effects on

hydrogen pick-up. [14]

4. Effects of Hydrogen Pick-up on 4340M High-strength Steel
4.1. Hydrogen Embrittlement

Hydrogen degrades metallic materials by cracking, blistering, hydride formation,
decarburization, and lowers both tensile strength and ductility. High strength steel is susceptible
to even small amounts of hydrogen pick-up. The two most relevant types of hydrogen
embrittlement for landing gear are loss of ductility and hydrogen stress cracking. Loss of
ductility in high-strength alloys can be combated by relieving the applied stress and aging at

room temperature, if microcracks have not already formed. [15]



Hydrogen stress cracking is defined by the brittle fracture of an alloy due to hydrogen exposure.
It is a mechanism for subcritical crack growth that produces time delayed fracture, and this can
happen without an externally applied stress. Hydrogen moves to areas of high tensile stress, so
notches are especially susceptible to fracture. Because this is a diffusion-controlled process, slow
sustained stresses are the biggest concern over impacts. Hydrogen stress cracking can also be
called static fatigue, sustained-load cracking, or hydrogen-induced delayed fracture, due to the

nature of hydrogen pick-up. [15]

Hydrogen cracking typically occurs in steels with a strength greater than 180 ksi, although it can
also occur in weaker steels that have been heavily cold worked. The factors that influence the
likelihood of cracking include the hardness or strength level, stress level, the duration of the
sustained load, and the concentration of hydrogen. Ambient temperature is where cracking is
most common, and it becomes less common with higher temperature. It is essentially non-

existent after 390°F due to decreased stress levels. [15]

Crack branching can occur in hydrogen embrittlement, but it is less common than in stress
corrosion cracking. For high-strength steels like 4340, the path is typically intergranular.

However, transgranular cleavage has also been observed. [15]

4.2. Failure Modes

One of the most favorable properties of alloys is that they exhibit ductile failures. With ductile
failure the material will plastically deform, and cracks will propagate only when more stress is
applied to the material. On the other hand, when materials experience brittle failure they
experience little to no plastic deformation, and cracks will propagate uncontrollably with no
additional stress applied. Brittle failures can be catastrophic because they happen without

warning.

There are essentially two fracture paths that are encountered in engineering alloys: transgranular
fracture and intergranular fracture. Transgranular fracture occurs when the strength of the slip
plane is weaker than the grain boundaries. This condition is more common at low temperatures.
The typical path of transgranular fracture follows along the slip planes, which can be located

anywhere within the grains. On the other hand, intergranular fracture has a path that follows the
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grain boundaries. However, there are usually small amounts of transgranular fracture paths in
most intergranular fractures. [16] A comparison of the two brittle fractures can be seen in Figure
7.[17]

Figure 7. The illustration and micrograph on the left represent transgranular fracture. On the right are examples of
intergranular fracture.

Hydrogen embrittled, high-strength alloys most often experience brittle intergranular fracture.
Absorbed hydrogen has the tendency of diffusing to grain boundaries, where it bonds to form
hydrides, weakening the original bonds between grains. Additionally, when hydrogen ions bond
to form hydrogen gas, they put tremendous pressure on the lattice. Figure 8 is an example of

intergranular fracture of cadmium plated 8740 steel caused by hydrogen embrittlement. [15]

Figure 8. Brittle failure of cadmium plated steel nut.

The most common failure mode for hydrogen embrittled engineering alloys is decohesive
rupture. This type of rupture occurs when the material exhibits little plastic deformation before

failure and does not occur by dimple rupture, cleavage, or fatigue. The reason why this mode is
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so common is because it generally results from a reactive environment or a unique
microstructure and is associated almost exclusively with rupture along grain boundaries. Grain
boundaries are easy paths for diffusion and sites for the segregation of such elements as
hydrogen, sulfur, phosphorus, arsenic, and carbon. The presence of these constituents at the
boundaries can significantly reduce the cohesive strength of the material at the boundaries and

promote decohesive rupture. [18]

Additionally, continuous stress is a problem for high-strength steel with absorbed hydrogen

because the hydrogen moves to areas of high stress concentrations, such as notches. It is for this
reason that notched tensile tests are used to test samples where hydrogen embrittlement may be
an issue. In these tests, samples are held at a constant tensile stress for up to a week to allow the

hydrogen to move through the sample. [19]

4.3. Hydrogen Relief Bake

Hydrogen relief bakes are a necessary part of processing for electroplated 4340M steel because
hydrogen is an inevitable side effect of electroplating. Hydrogen relief bakes use heat provide the
structure with enough kinetic energy to let the hydrogen ions (H-) escape from a lower energy
state (preferential sites) to the outside of the steel. The bakes are time sensitive because the
longer the hydrogen stays in the steel, the more likely it will bond to other atoms. When H- bonds
to itself, it turns into a molecule of hydrogen gas which has a much harder time diffusing out of
the lattice during a bake. The molecule also increases stress in the lattice which can contribute to
brittle failure. Hydrogen ions in the steel can develop hydrides and degrade the bonds in the
grain boundaries. In both of these situations, damage to the steel is permanent if the hydrogen

relief bake is not performed. [15]

When hydrogen absorption happens, both reversible and irreversible damage can occur. It is
important to remove the hydrogen from the alloy before the damage becomes irreversible.
Because hydrogen pick-up is an inevitable part of electroplating, Boeing specifies a maximum
amount of time between electroplating and hydrogen relief baking for their alloys. These
specifications are summarized in Table I1. The nut in Figure 8 fractured as a result of an
improper hydrogen relief bake where the sample was not baked for long enough. [15]
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Table 11. Boeing Specifications for Hydrogen Relief Baking of Chromium, Nickel, and
Cadmium-Titanium 300M Steel at a Bake Temperature of 375°F [7] [20] [21]

Electroplating Type | Maximum Bake Delay | Minimum Bake Delay

Cadmium-Titanium 8 hours 12 hours

Nickel 10 hours 23 hours

4.4. Stress Relief Bake

Different types of materials can retain residual stresses, especially when they have a complex
shape and have to go through intricate processes. Components with small section sizes, for
example, are more sensitive to stresses because the processes that the parts have to go through to
produce those sections are more involved. However, as section size becomes relatively uniform

and large throughout, the impact of the stresses is lower. [22]

Residual stresses reduce the material’s resistance to crack initiation, which makes processing and
dimensional changes more difficult. Dimensional changes affect the component mainly if the
residual stress in a body is eliminated. This allows dislocations introduced by residual stresses in
the part to relocate to a lower stress state or even dissipate, altering its shape. Tensile residual
stresses, in addition, promote crack initiation, and cracks have a highly detrimental effect on the
tensile properties of the material. [23] Additionally, heat-treated steels, particularly those plated
and used at 35 HRC and above, are susceptible to hydrogen embrittlement. Most susceptible is

spring steel that has not been adequately stress relieved after forming. [8]

Causes of residual stresses are all related to variations in stresses, temperatures, and chemical
species within the body during the processes that the material goes through. Examples of
processes that induce residual stress are forming, machining, heat treatment, shot peening,
casting, welding, flame cutting, and plating. These render their characteristic residual stress

pattern to processed parts. [17]

In heat-treated parts, for example, residual stresses are caused by a thermal gradient alone. The
thermal gradient produces a structural change like a phase transformation, which impacts the
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strains and stresses within the body of the part. Quenching steel from the austenitizing
temperature to room temperature is an example of the high stresses that can be induced through
thermal gradients. When the steel is quenched, carbon is trapped within the lattice given that
does not have enough time to diffuse out, so the lattice strain is extremely high, and the internal

stress of the material structure is tremendously increased.

Stress relief baking is a technique utilized to relieve those residual stresses. The principle or
mechanism involved in stress relieve baking is similar to the concept of creep. In creep,
dislocations (microscopic defects) rearrange in response to the heat of the annealing process. The
temperature rises, so dislocations obtain sufficient energy to move to a lower energy state or are
obliterated. As dislocations move to a lower energy state, the component becomes stress relieved
or relaxed. This condition will reduce hardness and strength, but only by a small amount. The
main idea is to relieve the residual stresses within the component without losing the desired
properties of the part. [22]

Furthermore, stress-relief temperatures are not high enough to be detrimental to the desired
material. After this relaxation (dislocations moving to a lower energy states) has occurred, the
component is cooled to room temperature slowly and with enough uniformity that it will not
produce a high enough temperature gradient to induce residual stresses. Residual stresses can
never be fully eliminated, but the degree to which the material will become stress relieved
depends mainly on the initial severity of the residual stresses, the stress-relieving temperature
and time at temperature, the heating/cooling cycle, and the chemistry and metallurgical structure
of the material. [22]

5. Experimental Procedure

5.1. Safety

Safety was always the first priority for every aspect of this project. The Cal Poly materials
engineering department has specific safety protocol required for all laboratory procedures. In all
laboratory spaces, safety glasses, long pants, and close toed shoes were worn. Laboratory work

was always performed with a minimum of two team members present. During the notching of
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the panel coupons for lab fractures, a face shield was used to prevent injury from flying sparks
and debris. Also, electroplating debris would fly off the sample during tensile testing, so a

plexiglass shield was placed in front of the Instron testing system for protection.

5.2. Samples

There were three sample types that were utilized in the project. These were the flat panel
specimens, the rotating beam fatigue specimens, and the notched tensile specimens. These

underwent different processes and tests that will be discussed further in this section.

5.2.1. Sample Types

Table 111 describes the types of samples in more detail and includes the processing that the
samples went through. There were a total of 18 flat panel specimens of which nine were shot
peened and nine were not. Of these nine, there were three samples for each plating which
corresponded to a bake delay specification. The “no bake” condition meant that the sample was
not baked, the “specified bake” condition corresponded to samples that had been baked under
standard conditions according to Boeing’s specifications, and the “delayed bake” had been
baked, however, the bake delay was longer than that of the threshold specified in Boeing’s

standards.
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Table 111. Sample Types and Processing Specifications

Type of Sample Surface Treatment Electroplating Type Bake Delay Specification

No Bake
Nickel (3) Delayed Bake

No Bak
mium (3) Delayed Bake

Non-shot Peened
(4340)

Cadmium-Titanium (3)
Flat Panel

Specimens

Nickel (3)

Shot Peened P

Cadmium-Titanium (3)

Nickel (2)

Non-Shot Peened

(4340)
Cadmium-Titanium (2)
Nickel (2)
Rotating Beam Shot Peened
Specimens (4330M)

Cadmium-Titanium (2)

5.2.2. Material Variation

There is some variation in the material that the different sample types were made out of even
though they are all high-strength, low alloy steels. The non-shot peened flat panels and the
notched tensile samples were 4340 steel, the shot peened panels were 4340M steel, and the
rotating beam specimens were made out of 4330M steel. The difference between the 4340 steel
and the 4340M steel is that the 4340 steel is air melted and contains inclusions due to the
processing of the alloy. The 4340M steel is vacuum arc melted instead, which reduces the
amount of impurities brought into the material during the process. The strength for both the 4340
and the 4340M steel ranges from 275 ksi to 300 ksi. The 4330M steel is also vacuum arc melted

providing a low inclusion count, however its strength ranges only from 200 ksi to 220 ksi.
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5.2.3. Sample Preparation

We cut a large, shot peened, 4340M flat panel into eight coupons using an abrasive saw, and then
repeated the process for a non-shot peened 4340 panel. The eight non-shot peened panel coupons
were then put into an oven for a stress relief bake. All sixteen coupons were sent to Boeing,
where a nital etch inspection was performed to check for potential burns caused by the abrasive

saw. All of the coupons passed.

5.3. Sample Processing

This section provides information on the specific processes that the material went through before
the testing portion of the project was started. Specific information about the processing steps is
needed to be able to understand the results in depth.

5.3.1. Shot Peening

Shot peening was applied to half of the samples in accordance with BAC 5730 (Boeing’s Shot
Peening Standard). This specification explains the depth of the compressive layer through the
force utilized in the process, as well as the type of shot media utilized and the time the sample
was peened for. For the most part both of these parameters varied according to the electroplating
type and the alloy. However, typically the shot peening media is made of a ceramic composite of
alumina, zirconia, and silica. The force and time that the sample is subjected to shot peening

depends on the size of the sample along with the desired depth of the compressive layer.

5.3.2. Electroplating

For this investigation into the effects of electroplating on hydrogen embrittlement, three types of
electroplating were performed across the various sample types: chromium, nickel, and cadmium-
titanium. Chromium plating was applied in accordance with BAC5709 (Class 3) with a thickness
of 0.010" to 0.015". Nickel plating was applied in accordance with BAC5746 (Type Ill) to a
thickness of 0.010" to 0.012". Cadmium-titanium was plated in accordance with BAC5804 to a
thickness of 0.001" to 0.002". The electroplating thicknesses were consistent across the three

sample types (flat panels, rotating beam, and notch tensile).
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5.3.3. Hydrogen Relief Bake

After the samples were electroplated, a hydrogen relief bake was performed on specimens that
required either a bake within the specified time or an extended bake delay (Table IV, Table V).
A third of the samples were not hydrogen relief baked to demonstrate the full effects of hydrogen
picked up during electroplating. Boeing hydrogen relief bake specifications are summarized in
Table 1V. It should be noted that the cadmium-titanium specified bake has a bake delay that is 16
hours longer than Boeing Specification (8 hours). This is due to an error by the plating company.
All “delayed bake” samples had a one week bake delay to give an insight to the time sensitivity
of hydrogen relief bakes.

Table V. Bake Delay Times for Notched Tensile Specimens and Fatigue Coupons

Sample Bake Delay

Ni-SB 0.5 hours

NI-NB N/A
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Table V. Bake Delay Times for Panel Specimens

Sample Bake Delay

Ni-SB 0.5 hours
Ni-DB 7 days
NI-NB N/A

5.4. Metallography

Boeing facilities provided metallography samples of the three different plating types that had
already been mounted, polished, and etched. Each sample was imaged through optical
microscopy at 100x and/or 200x magnitude to capture the structure of the plating types. The
electroplating structures were used to determine the relative hydrogen relief bake efficiencies

between the various plating types.

5.5. Testing

The testing for this project included investigation of mechanical properties and fracture behavior,
which will be described further in this section. The rotating beam specimens and notch tensile
specimens were tensile tested and the panel specimens were manually fractured. The fracture
surfaces of all specimens were analyzed using the scanning electron microscope.
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5.5.1. Tensile Testing

Both the notched tensile samples and rotating beam specimens were tensile tested utilizing
standard tensile testing procedures. Since we could not apply a sustained load test for the notched
tensile samples, and the rotating beam specimens are not meant to be tensile tested, no specific
standard could be utilized. The testing was only done to compare qualitatively between sample
groups, not necessarily to obtain a quantitative value for the failure load or ultimate tensile

strength.

For the notched tensile samples, a button head fixture was ordered and utilized to hold the
samples fixed in the Instron tensile testing machine grips. The crosshead displacement rate
utilized was relatively low (0.1 in./min.), which allowed the hydrogen to propagate to
preferential sites and show its effects on the material. Figure 9 shows the test setup for the
notched tensile samples. The maximum stress (omax) Was calculated based on the smallest

diameter at the notch and the load at failure. This calculation is performed utilizing Equation 1.

Notch

Figure 9. The test setup for the notched tensile samples is shown. The samples were inserted in the button head
fixtures and pulled at a rate of 0.1 in./min.

Omax = “Max (1)
ApNotch
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The rotating beam fatigue specimens were also tensile tested. These were subjected to a
crosshead displacement rate of 0.2 in./min. The samples were fixed in V-grips in order to prevent

them from slipping from the grips during the test. The maximum load was obtained from the
load frame and maximum strength (Gmax) was calculated from the smallest diameter in the
sample (Equation 2). In addition, percent reduction of area was calculated by measuring
diameters before and after testing. Figure 10 shows one of the samples after testing. Note that
they were then utilized for scanning electron microscopy, so the surfaces were carefully handled.

P .
Omax = —faflure. (2

Asmallest

w e TR TN e B A

st is shown. Note that the sample was tested at a crosshead rate of

Figure 10. Rotating Beam sp-ecimen after tensile te
0.2 in./min.

5.5.2. Laboratory Fractures

Flat panel specimens were cut out with a cold-cut saw into rectangular flat panels with
dimensions of 1.5 in. x 0.5 in. x 0.25 in. (Figure 11). They were notched to about one third of the
thickness using a dremel with an abrasive saw, placed in a vise where they were fixed and
manually fractured with a breaker bar. The fracture surfaces were then observed, imaged, and

failure modes were characterized.
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Notches

Figure 11. This image shows the flat panel specimens that were cut out into the lab fracture samples, the notches,
and the final sample surfaces. The samples used for the lab fractures had dimensions of roughly 1.5 in. x 0.5 in. x
0.251in.

5.6. Fracture Surface Analysis

After the samples had been properly cleaned with acetone, they were mounted on a standard
aluminum scanning electron microscopy pin stub, to which the samples were taped utilizing a
conductive graphite tape. Standard operating procedures were utilized to take images of the
fracture surfaces of the steel samples. Most of the images were taken beneath the surface near the
outer edge of the steel close to the electroplating. This is because the compressive stresses
induced by shot peening on the steel change to tensile stresses at about one tenth of an inch in
depth. Since the hydrogen tends to propagate to areas of tensile stress, and enters the component
through the outside layer, it finds preferential sites near the edge of the surface first. Thus, the
most embrittled regions would appear in these zones. Furthermore, images of the embrittled
areas were taken at 500x, 1000x, and 2500x magnification in order to be able to characterize the
failure modes, and distinguish between brittle and ductile regions.

6. Results

6.1. Residual Stress Measurements

For the purposes of determining the effects of shot peening, residual stress measurements were
performed on the surface of the flat panel specimens prior to and after shot peening. The residual
stress plots in Figures 12 and 13 show the residual stresses with increasing depth into the surface
of the sample. Two non-shot peened, flat panel specimens (Figure 12) reveal primarily positive
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values that correlate to tensile stresses at the surface of the material. Within 0.004 inches into the

depth of the sample, small compressive (negative) stresses are observed that were caused by

abrasive blasting during surface preparation.
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Figure 12. Residual stress plots for two non-shot peened, flat panel specimens demonstrating primarily tensile
(positive) stresses near the surface with small compressive (negative) stresses up to 0.004" (a) and 0.005" (b) into

the surface due to abrasive blasting.

Two shot peened, flat panel specimens (Figure 13), show large compressive (negative) stresses

up to 120 ksi on the surface of the steel samples. As the depth into the surface increases, the

compressive stresses decrease and change to tensile stresses around a depth of 0.012 inches. The

magnitude and depth of the compressive stresses in the shot peened samples is significantly

greater compared to the compressive stresses seen in the non-shot peened samples. This

difference in compressive stress magnitude between the two conditions was considered

significant enough for the purpose of studying the effects of shot peening versus non-shot

peening with hydrogen pick-up.
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Figure 13. Residual stress plots for two shot peened, flat panel specimens demonstrating primarily compressive
(negative) stresses up to 0.012" (a) and 0.005" (b) into the surface due to shot peening.

6.2. Metallography

Different types of electroplatings have different microstructures, and these are important to
understand in order to be able to discuss the baking efficiency of the materials. Figure 14 shows
the microstructures of the three platings at a 100x magnification (Ni) and 200x magnification (Cr
and Cd-Ti). Notice that the Cd-Ti microstructure is highly porous, as compared to the Ni plating,
which is compact and dense. The Cr plating is compact and dense, however it suffers from

microcracking which can be seen through the dark river-like patterns in the plating.

Cd-Ti Plating Cr Plating Ni Plating
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Figure 14. These images show the microstructures of the three platings. Notice the porosity of the Cd-Ti plating, and
the density and compactness of the Ni and Cr ones. In addition, the note that the Cr plating suffers from
microcracking.
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6.3. Hydrogen Relief

The porous microstructure of cadmium-titanium provides paths for hydrogen to diffuse out of the
material, resulting in a high baking efficiency. The nickel plating’s compact and dense
microstructure, on the other hand, makes hydrogen relief less efficient. The microcracks in the
chromium plating provide a pathway for hydrogen to escape that is comparable to that of
cadmium-titanium. Table VI reinforces this idea, where for each shot peening specification
paired with an electroplating type, the hydrogen measurement from the “no bake” condition was
subtracted from the hydrogen measurement of the “specified bake” condition. This results in the
amount of hydrogen released during the hydrogen relief bake, providing a measure for baking
efficiency.

Table VI. Bake Out Efficiency

Sample Normalized Hydrogen Relief

NSP-NI 2.5

SP-NI 1

6.4. Hydrogen Pick-up

Table V11 shows the effect that shot peening has on H pick-up. The hydrogen content of two
samples (one shot peened and one non-shot peened) was measured at two stages in the
processing line for a chromium plated sample. The hydrogen content of the “as received”
condition, which had not been plated, and the content of the same sample after it had been Cr
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plated was quantified. The difference between these is the H picked-up during the electroplating
process. Notice that the H pick-up is higher for the non-shot peened sample than the shot peened

one. This lead us to conclude that shot peening, in fact, reduces H pick-up.

Table VII. Shot Peening Effects on Hydrogen Pick-up

Average Hydrogen
Content (ppm)

Specimen Specification

As Received
‘Chromium Plated (NB)
H Pick-up
As Received
‘Chromium Plated (NB)
H Pick-up

Non-Shot
Peened

Shot
Peened

Table VIII shows the normalized hydrogen content for the flat panel specimens. Hydrogen
measurements were taken for both the shot peened and non-shot peened samples for all the bake
delay specifications. The actual H content (in ppm) was normalized to the lowest value of the
measurements, given that the data is proprietary. Notice that the hydrogen content is higher for
the non-shot peened samples of the same electroplating and bake delay specification all across
the board. In addition, it can be clearly seen that as the bake delay increases the hydrogen content
of the component increases. There is really no clear correlation between electroplating and the
amount of hydrogen content.
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Table VIII. Normalized Hydrogen Content for the Flat Panel Specimens

Specimen Normalized Hydrogen Specimen Normalized Hydrogen
Content Content

NSP-CD-SB SP-CD-5B

NSP-CD-DB SP-CD-DB

NSP-CD-NB SP-CD-NB

NSP-CR-SB L

NSP-CR-DB SRl

NSP-CR-NB SP-CR-NB

NSP-NI-SB is SP-NI-SB 25
NSP-NI-DB 425 SP-NI-DB 3
NSP-NI-NB 6 SP-NI-NB is

Figure 15 displays the correlation between the hydrogen relief bake specifications and hydrogen
pick-up. The bar chart shows that as bake delay increases, hydrogen pick-up increases as well.
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Figure 15. This bar chart further shows the effects of the hydrogen relief bake delay specifications on the hydrogen
content of the sample. Note that as bake delay increases, hydrogen pick-up increases.

6.5. Tensile Testing Results

The tensile results for the rotating beam specimens are seen in Table IX. The table shows the

failure load, the diameter before testing, the maximum stress, and percent reduction of area.

Notice that the base average (non-plated sample) has the highest maximum stress. In addition,

there is a significant difference in maximum stress between the baked samples and the ones that

were not baked. Figures 16 and 17 further exemplify these effects.

Table IX. Mechanical Properties of Rotating Beam Fatigue Specimens

Sample |Failure Load|Diameter Before|Maximum Stress|%RA
(Kip) (in) (ksi)
Base Avg.
SP-Cd-SB
SP-Cd-NB
SP-Cr-SB
SP-Cr-NB
SP-Ni-SB 7.79 0.246 214.45 38.21
SP-Ni-SB 7.64 0.244 210.33 36.74
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Figure 16. This figure shows the average maximum stresses of the samples in the “as received” condition (baseline),
the shot peened samples in the “specified bake” condition, and the shot peened samples in the “no bake” condition.
These are the rotating fatigue beam specimens which means that the material is 4330M steel in the 200-220 ksi
range. This figure shows the fact that electroplating does in fact embrittle the material, lowering o,,.«- In addition,
there is a significant difference between samples that are baked, and samples that are not, where the baked samples
have a much higher maximum stress.

The failure loads of the notched tensile samples are shown in Table X together with the diameter
of the notch and the maximum stress calculated. The load at fracture was obtained through the
Instron tensile testing machine, the diameter of the notch was retrieved from the mechanical
drawing in the machining specification of the sample, and the maximum stress was calculated
through the diameter of the notch.

Table X. Mechanical Properties of Notched Tensile Samples

Sample |Diameter|Failure Load | Maximum Stress
(in) (kip) (ksi)
Baseline  0.2355
NSP-Cd-SB  0.235

NSP-Cd-NB  0.235
NSP-Cr-SB  0.235
NSP-Cr-NB  0.235
NSP-Ni-SB | 0.235 16.46 379.59

NSP-Ni-NB| 0.235 16.1 371.18
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Figure 17. This figure shows the average maximum stresses of the samples in the “as received” condition (baseline),
the non-shot peened samples in the “specified bake” condition, and the non-shot peened samples in the “no bake”
condition. These are the notched tensile samples which means that the material is 4340 steel in the 275-300 ksi
strength range. The stress concentration factor of the notch was not included in the calculations, however a relative
comparison of the values is still valid. Notice that electroplating does in fact embrittle the material, lowering 6.4
In addition, there is a significant difference between samples that are baked, and samples that are not, where the
baked samples have a much higher maximum stress.

6.6. Fracture Analysis

The SEM fractographs taken for the non-shot peened panels are shown in Figures 18-20; for the
shot peened panels, the fracture surfaces are shown in Figures 21-23. All fracture surfaces show
a mixed mode of brittle and ductile fracture. The brittle regions are characterized as brittle facets
(trransgranular cleavage), whereas the ductile regions display ductile dimple rupture. Notice that
as bake delay increases the samples display a higher amount of brittle fracture regions. In

addition, note the fact that the shot peened samples show more ductile features than the non-shot

peened ones.
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6.6.1. Non-shot Peened Flat Panels

: ._ g szl () . o (
Figure 18. Scanning electron microscope fractographs (2500x magnification) of non-shot peened, nickel panel
specimens with increasing bake delay: (a) specified bake (b) delayed bake (c) no bake. As bake delay increase,
the prominence of brittle facets increases and the ductile dimple regions decrease.
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Figure 19. Scanning electron microscope fractographs (2500x magnification) of non-shot peened, hard chromium
panel specimens with increasing bake delay: (a) specified bake (b) delayed bake (c) no bake. As bake delay
increase, the prominence of brittle facets increases and the ductile dimple regions decrease.

: (a) ) o IO 90 (c)
Figure 20. Scanning electron microscope fractographs (2500x magnification) of non-shot peened, cadmium-
titianium panel specimens with increasing bake delay: (a) specified bake (b) delayed bake (c) no bake. As bake
delay increase, the prominence of brittle facets increases and the ductile dimple regions decrease.
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6.6.2. Shot Peened Flat Panels
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Figure 21. Scanning electron microscope fractographs (2500x magnification) of shot peened, nickel panel
specimens with increasing bake delay: (a) specified bake (b) delayed bake (c) no bake. All the images appear to
be primarily ducitle but as bake delay increase, the prominence of brittle facets increases and the ductile dimple
regions decrease.

Figure 22. Scanning electron microscope fractographs (2500x magnification) of shot peened, hard chromium
panel specimens with increasing bake delay: (a) specified bake (b) delayed bake (c) no bake. All the images
appear to be primarily ducitle but as bake delay increase, the prominence of brittle facets increases and the ductile
dimple regions decrease.

Figure 23. Scanning electron microscope fractographs (2500x magnification) of shot peened, hard chromium
panel specimens with increasing bake delay: (a) specified bake (b) delayed bake (c) no bake. All the images
appear to be primarily ducitle but as bake delay increase, the prominence of brittle facets increases and the ductile
dimple regions decrease.
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7. Discussion

7.1. Baking Efficiency

It was expected that the porous cadmium-titanium plating would outperform both nickel and
chromium in terms of baking efficiency. This was true in the case of the nickel plating, which
had an average normalized hydrogen relief of 1.75, compared to the cadmium-titanium average
normalized hydrogen relief of 2.88. However, cadmium-titanium with a measurement of 2.88 did
slightly worse than chromium with a 3.25 value. The porous cadmium-titanium was expected to
be a better pathway for hydrogen diffusion compared to the dense and compact structure of the
chromium plating which contained microcracks. Also the chromium plating was significantly
thicker than the cadmium-titanium making the effect more pronounced. This leads to the
conclusion that the microcracks in the chromium plating structure are a better diffusion path for

hydrogen than the pores in the cadmium-titanium electroplating.

7.2. Effect of Shot Peening on Hydrogen Pick-up

The purpose of shot peening landing gear components is to improve fatigue life by increasing
resistance to crack propagation. In addition, it turns out that the surface stresses induced by shot
peening reduce hydrogen diffusion into the material during the electroplating process. This can
be seen in Table VII, where hydrogen content of a shot peened and a non-shot peened sample
was measured in the “as received’ condition and after the Cr plating had been applied. The
hydrogen pick-up was determined to be the difference between the Cr plated sample and the
sample in the “as received’ condition. The H pick-up was higher for the non-shot peened sample
than it was for the shot peened one, which lead us to believe that shot peening reduces hydrogen
pick-up. This phenomenon occurred across all plating types. Other studies have shown this same
effect where they demonstrate the suppression of the permeation of hydrogen due to the
compressive residual stress at the surface [24]. Little research has been done as to why this
occurs, but it seems that the compression of the bonds between atoms prevents hydrogen
diffusion.
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7.3. Effect of Bake Delay on Hydrogen Pick-up

The delay before a hydrogen relief bake was one of the primary focuses since it could be readily
controlled as opposed to electroplating, which has the unfortunate side effect of hydrogen pick-
up. The normalized hydrogen content for the flat panel specimens and their various processing
parameters are shown in Table VIII and the averages for the three bake delays are shown in
Figure 15. From Figure 15, the specimens that had a hydrogen relief bake performed within the
specified bake delay time had the lowest average hydrogen content. As bake delay increases, the
hydrogen content in the steel also increases. This phenomenon results as hydrogen is allowed
more time to diffuse to preferential sites in the lattice structure, as well as recombine with other
hydrogen atoms to form molecular hydrogen. Hydrogen is allowed enough time to diffuse to a
lower energy state, requiring a higher amount of energy to bake it out. If the hydrogen relief bake
does not provide sufficient activation energy to bake out hydrogen while in the molecular state or
in preferred lattice sites which exist at lower energy states, more hydrogen will remain in the
material. As a result, the panel specimens that had no hydrogen relief bake performed on them

showed the greatest hydrogen content.

7.4. Effect of Bake Delay on Hydrogen Embrittlement

Increasing bake delay results in higher hydrogen content within the samples, given that hydrogen
is allowed for more time to diffuse into its interstitial preferential sites before being baked. This
allows the hydrogen atoms to bond with surrounding elements and form hydrides weakening
bonds around it, or bond to itself forming hydrogen gas which puts high pressure on the lattice
resulting in a material that is more brittle. This phenomenon reduces both the ductility and the
tensile strength of the material, which was consistent with the data acquired. The fractographs
taken through the scanning electron microscope of samples with varying bake delays displayed a
mixed mode of ductile and brittle features. The brittle features were represented by cleavage
facets, whereas the ductile features were characterized by ductile dimples. The relative amounts
of brittle features, however, increased as bake delay increased. This effect is exemplified in
Figures 18-20.
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7.5. Effect of Electroplating on Hydrogen Embrittlement

One unfortunate side effect of electroplating is hydrogen pick-up. This phenomenon ultimately
leads to embrittlement of the part when a proper hydrogen relief baked is not performed. Figures
16 and 17 show the average maximum tensile stresses for the rotating beam and notched tensile
specimens. The baseline averages for both specimen types, which were not electroplated, showed
the highest maximum tensile stresses. The samples in the ‘no bake’ condition had a significant
decrease in tensile stress due to the large increase in hydrogen content from electroplating. The
samples in the specified bake condition also showed a decrease in tensile stress as a result of
electroplating. The hydrogen relief bake performed within the specified delay time reduced the

embrittling effects to a minimal level.

8. Conclusions

1. The compressive surface layer induced by shot peening reduces hydrogen pick-up.

2. Electroplating reduces the maximum tensile stress of the steel via hydrogen
embrittlement, however a proper hydrogen relief bake helps mitigate this effect.

3. As bake delay increases, both hydrogen pick-up and embrittlement increase.

4. Laboratory fractures are a valid empirical assessment of hydrogen embrittlement.
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