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Executive Summary
This report presents the findings of a literature review and an experimental programme
conducted on the effects of surface treatments of large commercial aircraft landing gear
components on fatigue performance. The review and experimental programme have been
carried out in response to the safety recommendations contained within the Air Accident
Report No. 1/97 (EW/C95/4/2). This investigated the failure of a MD-83 aircraft’s main
landing gear outer cylinder. Failure was considered to be due to the presence of small
fatigue cracks. The origin of which were associated with features believed to have been
produced bya grit blasting operation used to prepare the surface after shot peening for
cadmium plating treatment.

The literature review concentrates on the three surface treatments of shot peening, grit
blasting and cadmium plating as these are considered to potentially have the greatest
influence on fatigue life. The shot peening operation has a number of beneficial effects
due to the introduction of a compressive residual stress layer at the component surface.
The grit blasting operation is carried out to remove the passive layer found at the surface
of ultra high strength steel alloys used in the manufacture of landing gear components.
This enhances the adhesion of cadmium during the plating operation. However, the grit
blasting process also roughens the surface and leaves embedded grit particles within the
surface layer. This may reduce the fatigue resistance of the component. Cadmium plating
operations are carried out to give corrosion protection to ultra high strength steel landing
gear components. Careful control of the plating process is required in order to reduce the
risk of embrittlement caused by hydrogen absorption associated with the cleaning and
plating procedure.

It was found that the standards which cover the shot peening process and cadmium plating
during manufacture of landing gear components are comprehensive and consistent in their
requirements. Furthermore, quantitative quality control methods are specified which
ensure the correct levels of peening and cadmium plating have been carried out. However,
grit blasting parameters are relatively poorly defined in the standards used in the
production of ultra high strength steel components. The levels of blasting achieved are
largely left to the discretion of the operator. No quantitative quality control test methods
are specified to check the blasting procedure has been performed satisfactorily.
Degradation of compressive residual stresses, induced by the shot peening process, may
also occur if the grit blasting operation is poorly controlled.

The literature review suggests that the operating parameters for the grit blasting operation
are loosely defined and that the levels of blasting are largely at the discretion of the
operator. Therefore, it is considered likely that a range of blasting levels will be
experienced during the manufacture of ultra high strength steel landing gear components.

The experimental part of this programme considered the effects of variation in grit blasting
procedures in terms of surface roughness, residual stress and fatigue life. It was found that
the grit blasting procedures performed on the previously shot peened surfaces further
roughen the surface, but they do not decrease the magnitude of the compressive residual
stress for the material quenched and tempered condition investigated. Specimens which
have been shot peened during processing have much longer fatigue lifetimes than those
tested in the as-ground condition due to the high residual compressive stress induced at
near surface locations by the shot peening process. Any effects of grit blasting procedures
on the fatigue life of shot peened specimens are found to be minimal in the present study.
In detail, it is of interest to note that the positions of fatigue crack initiation sites move
from surface positions (at very high applied stresses) to sub-surface positions (at lower
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applied stresses). The sub-surface positions occur at the limits of the compressive residual
stresses. These observations are consistent with the assessment that at very high applied
stresses the residual stresses can be relieved by local plastic deformation.

Overall in this study no detrimental effects of varying degrees of grit blasting on the fatigue
life of shot peened testpieces of UHSS 300M steel were found. Therefore, it is
recommended on the basis of this study that there are no additional limits required to be
imposed on the grit blasting operational procedures.
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corresponding to R,
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2.1

INTRODUCTION

This investigation has been carried out in response to the safety recommendations
contained within the Air Accident Report (AAR) No. 1/97 (EW/C95/4/2) [1]. This
AAR was produced by the Air Accidents Investigation Branch following the
catastrophic failure of a MD-83 aircraft’s main landing gear (LG) outer cylinder during
a landing roll on the application of bending loads resulting from normal braking.
This was due to the presence of a small fatigue crack. The origin of the fatigue crack
was associated with features which are believed to have been produced by a grit
blasting treatment used to prepare the surface after shot peening for cadmium plating
treatment. The failed component was manufactured from an ultra high strength steel
(UHSS) 300M alloy.

LITERATURE REVIEW

This section presents the findings of a literature review conducted on the surface
treatment processes performed in the production of steel LG used on large
commercial aircraft and their influence on fatigue performance. The overall objective
of this project was to ascertain the necessity for the industry to develop improved
surface treatments for highly loaded UHSS components. The industry standards
relating to the processing parameters of surface treatments are reviewed and their
effects on fatigue life are considered. Past incidence of fatigue related failures of LG
have been investigated and a brief review of the lifing of LGs and alternatives to
cadmium plating are presented. Finally, the conclusions of this work are given.

Range ofUltra High Strength Steels Used in Landing Gear

The UHSS used in civil aircraft LG are primarily alloys developed twenty-five or more
years ago [2]. They remain the preferred materials choice due to their combination of
high strength and stiffness, together with low volume and hence overall weight [3].
Low-alloy steels predominate such as 4340, 300M, HY-TUF and D6AC which have
tensile strengths in excess of 1500 MPa. These steels are normally produced for
aerospace applications by vacuum arc remelting of electrodes prepared via induction
melting. The steels are used in their tempered martensitic form after heat treatment
by austenitising, a subsequent cooling to room temperature during which most of the
austenite is transformed to martensite and finally, a tempering treatment during which
carbides are precipitated [2].

Typical compositions and mechanical properties for these steels are presented in
Table 1 and Table 2 [2-6]. 300M was introduced as a higher strength replacement for
4340. This material has slighty higher carbon than 4340 and has silicon added to
allow it to be hardened to 1860-2070 MPa tensile strength with a higher tempering
temperature well outside the temper embrittlement region. The silicon addition
retards carbide tempering during heat treatment and shifts the ‘350°C Embrittlement’
through to higher temperatures (of approximately 450°C) [5-7]. HY-TUF is a lower
strength material but has a higher level of defect tolerance. However, its resistances
to hydrogen embrittlement and stress corrosion cracking are reported to be
comparable to those of the other UHSS used in the manufacture of LG components
[4]. D6AC has the advantage of being deeply hardenable and suitable for heavy
sections. It is also heat resistant, which is an advantage for components such as axles
(5).
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Fatigue Properties

Typical fatigue crack growth rate data and fatigue threshold value data for these steels
are presented in Table 2 [5-11]. Under strain controlled conditions these steels are
reported to cyclically soften, potentially leading to earlier crack initiation in the
material [6]. A consequence of the high operating stresses imposed on LG and the
modest fracture toughness of the steels (see Section 2.1.2) is that only very limited
fatigue crack growth will occur before the critical defect size is reached and
catastrophic failure occurs. For these reasons, it is essential that conditions exist
which preclude fatigue cracks from initiating. Intrinsic factors of LG components
which influence crack initiation include residual stress, surface roughness and
corrosion resistance. These factors are discussed in detail later.

Fracture Toughness

Typical fracture toughness data for LG steels are presented in Table 2 [2-4]. It can be
seen that they have a relatively low defect tolerance with typical fracture toughness
values of 7OMPam’. It has been shown that critical flaw sizes of approximately 0.25
to 0.50 mm can be expected [2] (where the critical flaw size is defined as the depth of
the smallest long, slender surface flaw that will cause catastrophic failure under stress.
Stresses of yield strength magnitude are assumed). It is of interest to note that the
300M alloy has higher strength than 4340 but with only an equivalent fracture
toughness (see Table 2). The combination of a higher strength without a
corresponding increase in fracture toughness results in a smaller critical flaw size (if
the increased strength level is utilised) and, is thus, even less damage tolerant. Such
relatively small critical flaw sizes makes meaningful non-destructive examination
difficult during service. For this reason LG’P are designed using the safe life
approach [12].

Stress Corrosion Cracking

The stress corrosion cracking resistance of some LG steels are presented in Table 2 [2,
13, 14]. Stress corrosion cracking involves failure by cracking in the presence of both
a stress and a corrosive medium. It can be seen that UHSS are particularly vulnerable
to this type of failure with Kjscc values as low as 11 MPam'” reported [2]. The need
for comprehensive corrosion protection is clear and it is for this reason that cadmium
plating is applied to the surface of UHSS parts.

Hydrogen Embrittlement

Failure of UHSS may also be influenced by the absorption of hydrogen, leading to
embrittlement. There have been many reported failures of UHSS into which
hydrogen was introduced during electroplating of protective surface layers [14].
Concentrations of a few parts per million are often sufficient to cause failure [15].
While much hydrogen escapes from steel in the molecular form during treatment,
some can remain and precipitate at internal surfaces such as inclusion/matrix and
carbide/matrix interfaces, where it may form voids or cracks. Crack growth may then
occur slowly under internal hydrogen pressure, until the critical length for instability
is reached and failure occurs rapidly. Hydrogen embrittlement is most sensitive to
strength level and relatively insensitive to composition [16]. It is also clearly possible
that a sub-critical crack may form due to hydrogen absorption which may then further
propagate by a fatigue mechanism until catastrophic failure occurs.
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Surface Treatments Used in the Production of Landing Gear Components

Practically all fatigue failures initiate at near surface locations under conditions of
plane stress and whose localised yielding is promoted [17]. This is also due to the
fact that for many common types of loading such as bending and torsion, the
maximum stress occurs at the surface. In addition, the surface is subjected to possible
corrosion. There is a large body of evidence that suggests that fatigue properties are
very sensitive to surface condition [18]. The factors which affect the surface of a

component subject to fatigue loading can be divided approximately into three
categories:

a) surface roughness or stress raisers at the surface;

di) changes in the strength of the surface metal and

ii) changes in the residual stress conditions of the surface [18].

Consequently, any processing stage in the manufacture of LGs that affects the
condition of the surface will potentially have an influence on the fatigue performance
of the component. The processing operations which are considered to have the
greatest effect on fatigue life of LG components are discussed below.

Shot Peening

Shot peening is a method of cold working in which compressive stresses are induced
in the exposed surface layers ofmetallic components by the impingement of a stream
of shot, directed at the metal surface at high velocity and under controlled conditions.
The major purpose of shot peening is to increase fatigue strength [19]. In many
cases residual stresses can be considered identical to the stresses produced by an
external force with the exception that they are in self equilibrium (i.e. the resultant
sum of forces and bending moments at any point in the body must be zero) [18].
Although the addition of a compressive residual stress, which exists at a point on the
surface, to an externally applied tensile stress on that surface decreases the likelihood
of fatigue failure at that point, tensile residual stresses will be produced sub-surface.
These could have a deleterious effect, but the importance of near surface regions in
promoting crack initiation under fatigue loading tends to dominate. The principal
variables in the process are the shot velocity and the size, shape and hardness of the
shot. Care must also be taken to ensure uniform coverage over the area to be treated
[19], otherwise localised regions of tensile residual stress could be produced at
surface positions.

Cold working can also have beneficial effects due to work hardening, improving
grain structure, improving surface texture and closing porosity. Hence the benefits
obtained from the process, in addition to improved resistance to mechanical fatigue,
can include resistance to stress corrosion cracking, intergranular corrosion and
hydrogen embrittlement [20].

It should be recognised that improvements in fatigue properties do not automatically
result from the use of shot peening. It is possible to damage the surface by excessive
shot peening and in certain cases increase the surface roughness. It has also been
demonstrated that these residual stresses are not always permanent, but can tend to
diminish as a function of time, temperature, load history and metal removal in the
form of either wear or corrosion [21].
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Grit Blasting

Abrasive blast cleaning entails the forced direction of abrasive particles against the
surface ofmetal components, to remove contaminants and/or to condition the surface
for subsequent finishing [19]. Grit blasting is required in the manufacture of LG
components so as to remove the passive layer associated with the presence of certain
alloying elements such as chromium, vanadium and silicon. If the passive layer is left
untreated the plating cycle will have to be lengthened and increasing the risk of
hydrogen absorption and subsequent embrittlement [22]. Additionally, the cadmium
may not adhere to the substrate satisfactorily [19]. Pickling is not used to remove the
passive layer due to the risk of hydrogen absorption [22]. The grit blasting operation
is thus carried out immediately before the cadmium plating cycle.

Although grit blasting is considered necessary by the industry to ensure successful
cadmium plating it may introduce potentially deleterious effects in terms of fatigue
resistance. It has been shown that grit blasting may roughen the surface and leave
embedded grit particles in the surface [1]. It may also reduce the level of beneficial
compressive residual stress at the surface formed through shot peening, although
such effects are expected to be relatively modest because of the limited depth of
material removed by grit blasting. Typically, this might be expected to be of the
order of 104m. It is well established that an increase in surface roughness will
generally lead to a decrease in fatigue life [18]. Furthermore, the effect of surface
roughening on the surface life of a coating is not well understood. For example, a
rough surface may actually improve the service life of the cadmium plating by
increasing the surface area for adhesion. Alternatively, a rough surface may be
detrimental in that it may affect the electrochemical behaviour of the surface and
make it more difficult to protect the steel from corrosion, since a very rough surface
requires special care to insure that the peaks of abraded surface are covered by an
adequate coating thickness [23].

Cadmium Plating

UHSS landing gear components are protected from corrosion by electroplating a thin
coating (<1lmm thick) of cadmium on the surface. Cadmium plating functions as a
very effective barrier coating, particularly in the environments frequently experienced
by aircraft [24]. Furthermore, cadmium is anodic to iron and therefore, the
underlying ferrous metal is protected at the expense of the cadmium, even if the
cadmium becomes scratched to expose the substrate. Additionally, the potentials of
aluminium alloys are similar to that of cadmium so that the risk of damaging galvanic
interactions occurring between them is small [25].

Cadmium is usually deposited from an alkaline cyanide solution; alternatively, a
cadmium fluoborate solution may be used. After careful surface preparation by
degreasing and grit blasting the components will be thoroughly washed in cold water
to remove particles of abrasive. Plating will then occur followed by a water rinse,
acid rinse, water rinse, de-embrittlement heat treatment and finally passivation [22].

Cadmium has the disadvantage of being highly toxic [26]. Moreover, it may embrittle
steel at elevated temperatures (above 200°C) [27] and there is also hydrogen
absorption associated with the plating process [28]. It has been reported that
electrodeposits can reduce the fatigue strength of plated parts [29]. The reasons for
this include:
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(i) hydrogen pick up resulting from the cleaning and plating process,

(ii) surface tensile stresses in the deposits; and

Gii) lower strength of the deposits compared to the base metal leading to cracks in
the deposit which subsequently may propagate through to the base metal
[16].

Residual Stress Resulting From Surface Treatments and its Effect on Fatigue
Life

Residual stresses arising from fabrication or surface and heat treatments, when
superimposed with the applied fatigue loads, alter the mean level of the fatigue cycle
and the fatigue life for crack initiation. This is particularly important for steel LG
components which have been shown to have relatively small critical defect sizes [4].
Consequently, during design, the fatigue life of LG components is based on the
initiation stage of crack development. In general, residual stresses may affect the
fatigue behaviour of materials in the same way as the static mechanical stresses
superimposed on a cyclic stress amplitude. Therefore, residual stresses are
favourable if compressive and detrimental if tensile; this is particularly true for high
strength materials [18]. Any fabrication process which introduces a more compressive
residual will have a beneficial effect on fatigue life. Likewise, any process which
introduces a more tensile residual stress will reduce the fatigue life of a component.

Shot Peening

The magnitude of compressive stress produced by a shot peening process can be as
high as 60% of the tensile strength of the material being treated [20]. A number of
shot peening stress profiles are presented in the literature [30, 31] a selection for
UHSS used in LG components are reproduced in Figure 1. The magnitude of
compressive stress reaches a maximum at approximately 0.1mm from the surface,
before changing to slight tensile stress beyond 0.5mm. Peak compressive residual
stresses ranging from 1600 MPa to 700 MPa have been reported for UHSS. Since most
fatigue failures initiate from some feature at the surface, the high degree of pre-stress
afforded by shot peening can have a profound improvement on the fatigue life of a
component (see Figure 2) {17, 31].

Control of Process Variables

Major variables in the shot peening process are shot size and hardness, shot velocity,
peening intensity, surface coverage, angle of impingement and shot breakdown.
These are now briefly discussed [19]:

(i) Figure 3 shows the relationship between depth of compressive layer and shot
peening intensity [31]. A higher peening intensity will result in a greater depth
of compressively stressed layer.

Gi) Size of shot. When other factors are kept constant an increase in shot size will
result in an increase in peening intensity and a decrease in coverage.

(iii) Hardness of shot. Variations in the hardness of the shot do not affect peening
intensity, provided the shot is harder than the workpiece. If the shot is softer
than the work piece, a decrease in shot hardness will result in a decrease in
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intensity [19, 31]. This is shown in Figure 1b. Special hardness shot should be
used for high strength, high hardness steels.

(iv) Velocity of shot. Peening intensity increases with velocity. However, adverse
effects due to shot breakdown may occur.

(v) Surface coverage. This is the measure of how completely an area has been hit
by the impinging shot particles. With less than full coverage, the improvement
in fatigue characteristics normally produced by shot peening will not be
obtained. The results of a recent study into the effects of partial coverage on
fatigue life are presented in Figure 4. It can be seen that fatigue lives may be
200% greater for specimens receiving full coverage compared with 35%
coverage. However, it is of interest to note that even at only 35% coverage the
fatigue life may be improved by up to 50% compared with unpeened specimens
(32].

(vi) Angle of impingement. By definition, the angle of impingement is the angle
between the surface of the workpiece and the direction of the blast. As this
angle is decreased from 90°, peening intensity is reduced. Peening intensity
varies directly as the sine of the angle of impingement [19].

(vii) Breakdown of shot. Broken or sharp edged particles may be damaging to the
surface. It is therefore essential to ensure that the shot used is always in good
condition and conforms to size restrictions.

Intensity Measurement

Calibration of the impact energy or peening intensity of the shot stream is essential to
produce controlled shot peening. In order to specify, measure and calibrate peening
impact energy the Almen strip method is generally used [32]; this method is detailed
in Appendix A. This allows the peening process to be accurately controlled and acts
as an effective quality control check to ensure satisfactory peening has taken place.

Grit Blasting

The grit blasting operation is performed after shot peening to prepare the surface for
cadmium plating. It may also, unintentionally, affect the residual stress profile at near
surface locations. It should be noted that the surface will be in the fully hardened,
pre-stressed condition prior to grit blasting taking place.

No data in the literature has been found as to the effects on residual stress of grit
blasting a previously shot peened surface. However, it has been shown that grit
blasting on an as ground surface will introduce compressive residual stress, much in
the same way as shot peening does. Interestingly, there was a slight reduction in the
compressive residual stress (by up to 30MPa) as the time of grit blasting increased
from 30 to 90 seconds [33]. Similar results are presented in another study [34], the
reasons for this decrease in residual stress are not given. It is not clear from the
literature what the overall effect of the grit blasting process has on the residual stress
present at the surface. The extent of any change in the residual stress state through
grit blasting will presumably depend upon the grit blasting procedure [19].
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Cadmium Plating

It has been shown that in the cases of ‘hard’ plating materials such as chromium and
nickel, high residual tensile stresses can be induced in the plated metal by the
electrodeposition process [35]. Tensile residual stress levels as high as 413 MPa have
been reported for chromium deposits on hardened steels [25]. However,
electrodeposits of relatively soft cadmium exhibited stresses which are generally low
in magnitude and compressive. It is reported that the stress produced for cadmium
deposits produced by cyanide baths without brighteners or alloying additions is
usually within the range -3.5 MPa to -21 MPa. The internal stress in cadmium
deposits (8 and 14m thick) from sulphate solutions with additions of naphthalene
disulfonic acid and gelation was relatively low (5 to 15 MPa) in tension [25]. A
number of theories have been proposed to account for the induced stress and are
summarised elsewhere [36, 37]. Therefore, it is considered that the electroplating
process will have an insignificant affect on the overall residual stress profile of the LG
components. It is standard practice to perform a post plating ‘bake out’ heat
treatment after plating to reduce the risk of hydrogen embrittlement. It is important
that the temperatures are controlled to ensure that thermal induced relaxation of the
residual stresses does not occur. The standards for cadmium plating generally specify
a bake out temperature of 190°C.

Residual Stress Relaxation

The shot peening operation performed during the manufacture of LG components is
primarily carried out in order to introduce a beneficial residual compressive stress
state to the surface layer of material and consequently increase its fatigue life.
However, the residual stress distribution may be modified by plastic deformation,
thermal activation and metal removal through wear or corrosion [18]. Any reduction
in the magnitude of the compressive residual stress will be expected to reduce the
fatigue life of the component (see Figure 2 [31].

Residual stresses would be expected to relax whenever the applied loading resulted
in reversed plastic straining in the steel (possibly as a result of heavy landings or
severe gear walk). Many steels, including UHSS used in LG components, exhibit
cycle-dependent softening which may occur at lower stresses than would be
anticipated based upon monotonic yield strengths [38]. Furthermore, the residual
stress may relax on the application of a fatigue stress which is less than that of the
pre-straining stress [39]. The relaxation of the residual stress can follow an

exponential function with the number of fatigue cycles (see Figure 5). Residual
stresses have their greatest influence near the fatigue limit, where little fading occurs.
Conversely, the fatigue life at high applied stresses depends little on residual stress
[40]. The relaxation behaviour is little affected by the magnitude of the residual stress,
but depends primarily on material strength and applied strain amplitude. The highest
strength materials will tend to have the greatest resistance to stress relaxation [38].

Evidence of cyclic relaxation occurring in LG components is given in Reference [41].
Here it was found that cracking occurred in two locations of a LG during full scale
fatigue testing. The two locations where cracking occurred experienced compression
dominated loading during the test and there was sufficient plasticity at these locations
to allow the stress to relax under cyclic loading. Introducing cyclic relaxation of the
mean stress into the analysis gave life estimates that correlated well with the full-scale
fatigue test results. The significantly shorter than predicted fatigue lifetimes (by a
factor of 3.5 and 10 on life) of the LG components were considered a result of stress
relaxation.
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Exposure of a peened component to elevated temperatures will relieve induced
stresses. In the case of UHSS used in LG, post peening heat reatments and in-service
operating temperatures should be kept below 250°C in order to avoid stress
relaxation [31]. Removal of material from the surface after peening will diminish the
depth and magnitude of the induced compressive residual stress. Care must be taken
to avoid material removal through excessive grit blasting, wear or re-work.

Surface Roughness Resulting From Surface Treatments and its Effect on
Fatigue Life

The surface roughness of a component can significantly affect its fatigue life [18].
Scratches and machining marks which exist in engineering components can be
considered as stress concentration features. As the roughness of a component’s
surface increases, an increase in the local levels of stress can be expected for a given
applied load. This will lead to a corresponding reduction in the fatigue life of that
component (see Figure 6) [18]. It is of interest to note that the fatigue life becomes
more sensitive to surface roughness as the tensile strength of the material increases.
Therefore, it is expected that the fatigue lives of UHSS used in landing gear will be
strongly influenced by surface roughness. As discussed previously, the surface is of
particular importance because this is where the highest stresses are generally found.

It is reported that if the surface damage, such as increased roughness, is contained
within the compressive residual stress layer formed by shot peening it will not
significantly affect the fatigue life of a component [42]. However, if the compressive
stress state should reduce in magnitude through thermal or cyclic stress relaxation
then a pronounced effect on fatigue life may result.

Shot Peening

There is little data in the literature which reports the effect of shot peening on surface
roughness. This may be because the benefits derived from the compressive residual
stress induced at the surface through shot peening on fatigue life are generally
considered to override the possible deleterious effects of increased surface roughness
[31]. Results presented in Reference [43] suggest that a greater shot peening pressure
(presumably leading to an increase in shot velocity and peening intensity) will create
a rougher surface for a given shot size. Air pressures of 0.2, 0.4 and 0.6 MPa
produced surface finishes of 7.8, 10 and 14.4 R, Gum) respectively on a UHSS
(6,=1420 MPa, 67=1919 MPa). A corresponding decrease in high cycle fatigue
strength resulted with fatigue strengths of 1330, 1280 and 1210 MPa reported at 5
million cycles for the three conditions previously detailed respectively. The shot size
was 1.1mm in diameter and the fatigue loading ratio employed was R=0.05.
However, in all the cases above it is likely that the fatigue strengths recorded are
higher than would be obtained on the material in the non-shot peened condition (see
Figure 4).

Work presented in Reference [44] shows that an increase in shot velocity and
intensity will have the effect of increasing the size of the impressions left by the shot
after it has impacted at the surface of the material. This will result in an increase in
the surface roughness values of R, and R, (where R, and R, are defined as the mean
and maximum amplitude of the surface in microns respectively). It was found that for
a hard material (620Hv) surface roughness values of R, =1 and 2.5um were recorded
for Almen intensities of 30A2 and 60A2 respectively. The size of shot was also shown
to affect the surface finish. The diameter of the impression made at the surface by the
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shot will be proportional to the diameter of shot used. Generally, for a given peening
intensity a larger shot size will produce a finer surface finish [45]. The level of surface
roughness found after peening will be dependent upon the initial surface finish,
peening intensity and shot size, assuming full coverage has been achieved.

Grit Blasting

Work performed on a 080 M80 grade steel in the as ground condition showed that
grit blasting with alumina grit with a mean diameter of 1.1mm significantly increased
the surface roughness [46] R, values were increased from 1 to 134m for the as ground
and blasted conditions respectively. Grit blasting is reported to produce a random
and isotropic surface topography [47]. The number of passes of the grit blasting gun
over the surface necessary to fully transform the surface will vary depending on the
stand-off distance, the grit used, the intensity of erosion and the speed of traverse.
Normally, some five or six passes are needed. How many passes are required is
normally determined by the operator by simple observation. Figure 7 shows the
relationship found between the number of passes and R,. As can be seen, a maximum
roughness is achieved at 4 passes, after which the surface becomes less rough.
Another study reports similar findings [34]. Here it was shown that the surface
roughness reaches a maximum after a relatively short blasting time (2.5 seconds);
after this nothing but an increase in grit residue took place. Further studies [48] have
shown that for a given blasting time a 45° angle led to significantly less residues in the
surface than if the angle of blasting was perpendicular to the surface. Also, the
distance between the grit blasting equipment and the specimen plays a minor role for
surface properties, within 0-250mm, for pressures at 3 or 4 bar. It has also been
reported that a larger grit size and a higher pressure will result in a rougher surface
[34].

The effect grit blasting has on the surface of LG components is shown in Reference
[1]. The surface layer of the failed LG can be seen to be rough with evidence of
embedded grit particles (see Figure 8). No data in the literature was found as to the
effects on surface roughness of grit blasting a previously shot peened surface.

Cadmium Plating

The cadmium plate layer will tend to have a smoother finish than the underlying base
metal [49]. However, the roughness of the base material at the steel / cadmium plate
interface will be unaffected by the plating process. The relatively thin cadmium plate
layer is significantly weaker than the steel substrate. Therefore, it may be considered
that it is the surface properties, including the roughness, of the underlying base metal
which will determine the fatigue life of LG components.

Cadmium Plating and its Effect on Fatigue Life and Steel Embrittlement

Little data exists in the literature pertaining to the effect of cadmium plating on fatigue
life. A limited study compared bare and plated UHSS fasteners subjected to high
cycle fatigue [29]. Testing using the same cyclic loading on five specimens gave
average fatigue lifetimes of 114 600 and 121 500 cycles for the plated and unplated
conditions. This modest decrease in fatigue life for the plated fasteners is within
normal experimental variation for this type of test.

The low levels of stress associated with cadmium deposition are unlikely to influence
fatigue resistance greatly [25]. Also, the cadmium plate is significantly weaker than



2.5.1

2.5.2

the UHSS used in the manufacture of LGs with approximate tensile strengths of 70
and 1800 MPa respectively. It is also of lower modulus (approximately 55 GPa
compared with a value of 210 GPa for steel [25]) and has a good ductility.
Furthermore, it is reported that the pre-stressed layer formed during the shot peening
process will inhibit crack propagation through the relatively weak plated layer into
the base metal [31]. The limited research in this area suggests that the cadmium plate
layer in itself will have only a modest affect on fatigue life. This may be contrasted,
for example, with the effect of depositing a relatively hard material such as chromium
on steel. It has been reported that tensile residual stresses of up to 413 MPa may form
in the chromium plate layer during deposition and fatigue strengths may be reduced
by up to 73% compared with unplated components [25]. However, hydrogen
embrittlement resulting from the cleaning and cadmium plating process may
significantly influence the service life of LG components.

Hydrogen Embrittlement

For hydrogen embrittlement to occur, hydrogen must be absorbed into the steel; this
is not an issue during the shot peening and grit blasting operations. However, the
cadmium plating process can be a potent source of absorbable hydrogen [28]. This
includes cathodic cleaning, pickling and electroplating. Hydrogen in the atomic form
is produced during plating at the cathode surface. This is due to the cathode over
voltage which inhibits its association to form molecular hydrogen [25]. This atomic
hydrogen may then enter the surface of the steel at dislocations and grain boundaries
and precipitate at internal surfaces such as inclusion/matrix and carbide/matrix
interfaces. Concentrations of only a few parts permillion are often sufficient to cause
failure in UHSS components [15, 50].

Post plating ‘bake out’ heat treatment at 190°C for up to 24 hours is a common
practice for reducing hydrogen embrittlement [22]. It had also been shown that shot
peening before plating, avoidance of cathodic cleaning or pickling, the use of grit
blasting for oxide and scale removal rather than pickling and the use of solvent
cleaning before cleaning in aqueous solutions reduce the hydrogen absorption [16].
It is better to minimise hydrogen absorption during processing than rely on the bake
out procedure. It has also been reported that the use of fluoborate or cadmium-
titanium instead of cyanide cadmium plating process will result in reduced hydrogen
pick up [28].

Cadmium Embrittlement

It has been shown that molten cadmium embrittles UHSS 4340 in a high strength
condition by a grain boundary penetration mechanism [14]. However, it was also
reported that embrittlement can also take place at temperatures below that of the
melting point of electrodeposited cadmium (22°C). Embrittlement of D6AC, 4340
and maraging 200 steels was shown to occur at temperatures as low as 204°C [27].
Therefore, it is important that cadmium plated components do not experience
temperatures above 200°C to ensure freedom from embrittlement. This requires
control of the bake out heat treatment after plating. It may also be possible for
localised areas experiencing plastic strains during service to experience elevated
temperatures. No reports of cadmium embritthement being associated with the failure
of LG components have been found.
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Review of Surface Treatment Processing Standards Employed Currently

The three manufacturing processes of shot peening, grit blasting and cadmium plating
are covered in a number of standards; many of which are specifically written or make
special mention of processing using UHSS which are used in aerospace applications.
A list of Boeings’ approved process specifications and contractors, including those
connected with the manufacture of LG, can be found on their web site [51]. The
major LG manufacturers include Messier-Dowty (UK), Messier-Bugatti (France),
Menasco Aerospace Group (Canada) and B F Goodrich (US). In the UK there are two
CAA approved manufacturers of LG: Messier-Dowty and APPH Ltd. The various
standards employed currently for these manufacturing processes are compared and
discussed below. They include Douglas Processing Specifications (DPS), Aerospace
Material Specifications (AMS), US Military Standards, Defence Standards and
individual company specifications.

Shot Peening

The principal operating parameters which affect the results of the shot peening
process and the various process specification requirements for these parameters are

presented in Table 3 [45, 52-57]. Possibly the most important parameter in the
process is the shot peening intensity. In all cases this is determined by the
engineering drawing requirements and section thickness to be peened. Almen strips
are used to ensure the correct intensity is achieved. The level of peening intensity is
normally specified in the engineering drawing requirements. However, the standards
give guidance on suitable peening intensities depending on material type and
thickness. These are reviewed and presented in Tabie 4 [45, 52-57].

In all cases it is required that at least 100% coverage of the surface is achieved. Post
peening checks are specified to ensure this has occurred and take one or more of the
following forms:

@) visual examination using a x10 magnifying glass;

Gi) visual examination using an approved liquid tracer system whereby a control
specimen is completely coated and then shot peened using the correct intensity
and parameters specified for complete coverage. On re-examination the tracer
residue should have been completely removed.

(iii) The length of time to achieve complete visual coverage shall be measured. The
final operation shall last twice that time for steel shot, i.e. 200% coverage.

Shot size, hardness and type are specified according to the strength level of material
to be peened. In the case of UHSS used in the production of LG all the specifications
require cast steel shot within the size range of 170 to 230 mesh and with a hardness of
between 52 and 65 Rockwell Hardness C (RHC). It is important that the shot is at
least as hard as the material to be peened. Also, in certain standards it is
recommended that the angle of impingement is kept at 45° or higher (see Table 3).
In all cases, it is required that broken shot be continuously removed from the system
to ensure that the correct size and shape of shot is maintained. Acceptable levels of
deformed or broken shot are specified.

Post process requirements are specified to ensure the induced compressive residual
stresses are not subsequently degraded. These include that excess removal of
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material does not occur (10% of hardened layer) and subsequent heat treatments or
operating temperatures do not exceed 250°C. This is in order to preserve the
protective residual compressive layer formed at the surface.

It is considered that the standards reviewed give comprehensive and specific
guidance on the shot peening variables to be used during the manufacture of LG.
Moreover, it can be seen, Table 3 and Table 4, that the standards are consistent with
each other. A system using Almen strips is employed to ensure the correct intensity
of peening is achieved and thorough visual inspection ensures full coverage.

Surface Preparationprior to Cadmium Plating

The primary cause of premature coating systems failure is thought to be poor surface
preparation [23]. The principal process operation carried out to prepare the surface
prior to cadmium plating of LG components is grit blasting. The various process
specification requirements for the preparation of LG components are presented in
Table 5 [58-61].

The standards reviewed generally specify that a stress relief heat treatment and shot
peening operation are carried out prior to grit blasting. In all cases, following the grit
blasting operation, the component should be rinsed clean and transferred to the
plating baths. The stress relief and shot peening process have been shown to inhibit
the absorption of hydrogen associated with the plating procedure [25]. The
operations of shot peening and heat treatment are well defined and consistent
between the specifications reviewed (see Table 3 and section 2.6.1).

The grit blasting requirements outlined in the specifications are relatively poorly
defined and can vary markedly between the standards (see Table 5). Generally
alumina grit is specified, but the size required varies between 90 and 180 mesh
between different standards. Blasting pressures, when specified, range from below
25 psi to a maximum of 100 psi (see Table 5). Requirements for coverage, blasting
angle, blasting distance and blasting time (which will affect the depth of material
removed) are in the majority of cases ambiguous where given, and are largely left to
the discretion of the operator. For example, it is stated that blasting should take place
‘.. until a uniform matt finish is obtained’. In certain cases, it recommends the
continuous movement of the grit blast nozzle across the surface to prevent localised
heating and excessive removal of material. There are no methods of testing in the
specifications which check the quality of grit blasting and hence no way to quantify
the condition of the surface after the blasting procedure. The level and quality of
blasting is largely at the discretion of the operator and is, therefore, likely to vary
accordingly.

Cadmium Plating

The cadmium plating specifications reviewed are outlined in Table 6 [61-69] and the
main processing steps and requirements are summarised. Generally, although
different plating solutions may be specified, the standards are consistent with their
approach and requirements. Specific guidance is given as to plating solution
maintenance and the plating cycle. In all cases a post plating ‘bake out’ heat
treatment is required in order to minimise the risk of hydrogen embritlement. The
plating procedures are monitored to ensure effective treatment with tests required for
plate thickness, adhesion strength, embrittlement and corrosion resistance. In this
way it can be confirmed that the plating process has been carried out within
specification requirements.

12
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Discussion

The standards which cover the process procedures of shot peening and cadmium
plating carried out during the manufacture of UHSS LG components are generally
comprehensive and are consistent in their approach and process parameter
requirements (see Table 3 and Table 6). Methods are specified and required which
check the coverage and intensity of the shot peening process and the corrosion
resistance, hydrogen embrittlement and plate adhesion properties of the plating
process. Therefore, it is possible to quantify and check that the processes have been
performed within specification in both cases.

The grit blasting operation is relatively poorly defined in many cases and specified
process parameters vary significantly between the different standards reviewed.
Compared with the shot peening and cadmium plating specifications, procedure
parameters are largely at the discretion of the operator. Additionally, there are no
methods specified in the standards which quantify the process or can be used to
check that blasting was performed satisfactorily. Consequently, variations in the
levels of blasting are likely to occur both between components and for different areas
of the same component.

Alternatives to Cadmium Plating

Cadmium plating is widely used on aircraft for the protection of steel components.
The advantages of cadmium plating have been outlined earlier, see Section 2.2.3.
The main disadvantage associated with the use of cadmium is the high toxicity of the
metal and its compounds [26]. This has resulted in restrictions in the use and
exposure to cadmium [26]. At present, only aerospace, mining, nuclear and marine
industries, are exempt, but only until a substitute material can be identified. The use
of an alternative offers the potential for eliminating two environmental hazards —

cadmium and cyanide [24].

As a result of these health and safety issues a number of alternatives to cadmium have
been proposed. Boeing has developed a zinc-nickel coating under the name
CorroBan [70]. It is an acid zinc-nickel process producing a deposit containing 8-12%
nickel. It is reported that the coating is a viable alternative to cadmium, exhibiting
superior corrosion protection in certain cases and greatly reduced effluent problems.
Further research has shown that zinc, IVD aluminium and zinc-nickel coatings have
comparable substrate corrosion resistance as cadmium [71]. Work performed by the
Defence Evaluation and Research Agency (DERA) also shows that zinc-nickel
coatings were comparable to cadmium in terms of corrosion resistance [24].

These studies have shown that the corrosion resistance of cadmium plating can be
matched or exceeded by several different alternative coating types. However, no one
coating would appear to offer the same broad range of properties as cadmium
plating. These include galvanic compatibility with aluminium alloys, good surface
lubricity and the possibility of in-situ repair by brush-plating. Therefore, there is
unlikely to be, as yet, a single direct substitute for cadmium plating [24].

Lifing of Landing Gear Components

The code JAR Joint Aviation Requirements) 25.571 [12] prescribes airworthiness
standards for the damage tolerance and fatigue evaluation of LG used on ‘large
aircraft’ of more than 5700Kg maximum certified take-off weight. It is stated that ‘an
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evaluation of the strength, detail design and fabrication must show that catastrophic
failure due to fatigue, corrosion and accidental damage, will be avoided throughout
the operational life of the aircraft’. For structures, such as LGs, which could
contribute to a catastrophic failure, a safe-life fatigue evaluation is specified. LG must
be shown by analysis, supported by test evidence, to be able to withstand the
repeated loads of variable magnitude expected during its service life without
detectable cracks. Appropriate safe-life scatter factors are applied. In the case of
nose and main LGa factor of at least 5 on life is required, whilst a factor of 3 has been
used for LG not essential for landing of the aircraft such as body LG on certain aircraft.
It should be noted that the Federal Aviation Administration (FAA) and other bodies
may use different safety factors from those detailed above.

The ACJ (Advisory Circular, Joint) [72] contains guidance on compliance with JAR
25.571. These are not necessarily the only means of compliance.

During the design stage of LG, the potential benefits of shot peening on increasing
the fatigue life are not generally taken into account, but rather considered an
additional bonus. However, account is not taken of the increased surface roughness
associated with the grit blasting and shot peening processes which may reduce the
fatigue resistance of the component. The effect of surface roughness will become
more pronounced if some relaxation of the compressively stressed surface layer
occurs.

Fatigue Failures of Landing Gears

In addition to defects introduced during the manufacture of LGs, service operation
can result in mechanical and environmentally induced damage. Fatigue cracks may
initiate from these various kinds of damage. Once initiated the fatigue cracks usually
propagate to cause component failure, since stresses are high and there is litte or no
redundancy. In turn component failure may lead to operational failure of the entire
LG [5].

The MORs submitted to CAA and connected with LG for large commercial aircraft
over the past ten years were reviewed. The only incident where fatigue cracking,
which led to catastrophic failure, was thought to initiate from surface features
associated with the processes of shot peening and grit blasting during manufacture of
LG components was the one in which an MD-83 aircraft’s main landing gear outer
cylinder cracked at Manchester airport [1]. All other catastrophic failures were
considered primarily as a result of one or more of the following: heavy landings;
corrosion and incorrect maintenance procedures.

A search of the literature revealed only one other fatigue failure attributed to the shot
peening process in an aerospace component [73]. It was considered that the failure of
a helicopter tail rotor spindle resulted from a fatigue crack and that primary initiation
had resulted from stress raisers in the form of surface discontinuities in its as forged
and de-scaled surface and/or flaking caused by shot peening at an oblique angle.

Based on the past operational record of LG it would appear that the surface
treatments carried out during manufacture do not have a significantly deleterious
effect on the fatigue resistance of UHSS components under the present conditions of
use. Only one recorded incident of fatigue failure has been reported to the CAA in
the last ten years where failure has initiated from the surface condition induced
through abrasive blast cleaning and/or shot peening. However, features such as
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surface roughening and embedded abrasive particles, which are present after
manufacture, may have a greater influence on the fatigue lifetimes as higher
performance, more highly stressed LG are developed.

Conclusions

The finishing surface treatments of shot peening, grit blasting and cadmium plating,
which are carried out during the production of large civil aircraft LG, have been
reviewed and assessed in terms of their affect on the fatigue life of ultra high strength
steel landing gear components. The following conclusions have been made from this
review of the available literature.

(1) Areview of the MORs, covering the UK fleet only, revealed that only one fatigue
failure has been reported in large civil aircraft LG in the past ten years where
crack initiation has thought to have occurred as a consequence of the surface
condition produced through the shot peening and/or grit blasting operations.

(2) The shot peening: operation has a number of beneficial effects due to the
introduction of a compressive residual stress layer at the components surface.
This primarily results in an increase in fatigue lifetimes, but may also inhibit
hydrogen embrittlement and stress corrosion cracking. The standards which
cover the shot peening process during manufacture of landing gear components
are comprehensive in their requirements and consistent with each other.
Furthermore, quantitative quality control methods are specified which ensure
the correct levels of peening have been carried out.

(G3) The grit blasting operation is carried out to remove the passive layer found at the
surface of ultra high strength steel alloys used in the manufacture of landing gear
components. This enhances the adhesion of cadmium during the plating
operation. However, the grit blasting process also roughens the surface and
leaves embedded grit particles at the surface. Grit blasting parameters are
relatively poorly defined in the standards used in the production of ultra high
strength steel components and the levels of blasting achieved are largely left to
the discretion of the operator. Therefore, it is considered likely that a range of
blasting levels will be experienced during the manufacture of ultra high strength
steel landing gear components. No quantitative quality control test methods are

specified to check the blasting procedure has been performed satisfactorily.
Some degradation of the compressive residual stresses, induced by the shot
peening process, may also be possible if the grit blasting operation is very
poorly controlled.

(4) The cadmium plating operations are carried out to give corrosion protection to
UHSS LG components. Careful control of the plating process is required in order
to reduce the risk of embrittlement caused by hydrogen absorption associated
with the cleaning and plating procedure and this is reflected in the associated
standards. Post plating test methods are specified in the standards to ensure
satisfactory levels of plate adhesion, corrosion protection and resistance to
hydrogen embrittlement are met. A number of alternatives to cadmium have
been proposed in the literature; the most promising appears to be a Zn-Ni
coating. However, no one coating would appear to offer the same broad range
of properties as cadmium plating and hence there is, as yet, no single direct
substitute available.
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(5) The increased levels of roughness at the surface and embedded grit particles
associated with the shot peening and grit blasting operations may reduce the
fatigue lifetimes of landing gear components. However, any deleterious effect
of the rougher surface on fatigue life is normally overshadowed by the beneficial
compressive stress state at the surface produced by the prior shot peening
operation. Fatigue lifetimes for rougher shot peened components are actualy
reported to be greater than for smoother unpeened ones. However, residual
stress relaxation may occur as a result of subsequent processing and / or during
service life.

EXPERIMENTAL PROGRAMME

A short term experimental programme was undertaken after consideration of findings
of the literature review. In particular, the review suggested that the standards which
govern the grit blasting operation performed during the manufacture of UHSS LG
components, were loosely defined and that the levels of blasting were largely at the
discretion of the operator. Therefore, it was considered likely that a range of blasting
levels could be experienced during the manufacture of UHSS LG components.

This experimental programme has examined the possible effects associated with
different grit blasting procedures in terms of surface topography, residual stress
profile and fatigue life. Work has been conducted on a 300M alloy steel in a
quenched and tempered (Q&T) condition appropriate to its in-service application as
landing gear. Specimens were ground initially prior to shot peening and grit blasting.

Experimental Procedure

Material

The material investigated was a 300M grade UHSS manufactured by British Steel
Engineering Steel, Stocksbridge; a CAA approved source and under cover of a CAA
approved certificate. The steel was electrically (air) melted and vacuum arc remelted
(VAR). It was supplied as three inch diameter round bar in the normalised and
tempered (N&T) condition. The certified chemical analysis is detailed in Table 7 [74]:

Testing was performed on the material in the Q&T condition. The heat treatment
hardened the steel and produced a condition representative of that found in UHSS LG
components prior to the shot peening, grit blasting and cadmium plating
manufacturing processes.

Heat Treatment

Heat treatments were carried out in air using a muffle furnace. The specimens were
initially heated to a temperature of 870°C and were held there for 1 hour. An external
thermocouple was employed to measure the temperature of the specimens and it was
possible to control the hold temperature to within the range 865-875°C. After an hour
at temperature the specimens were quenched into oil. The oil had an initial
temperature of 26°C and was agitated to ensure hot spots did not form during
quenching. After cooling completely to room temperature, the specimens were
degreased using solvent. A double tempering treatment was then conducted, i.e. the
specimens were heated to 300°C and held at temperature for 2 hours. They were then
removed from the furnace and allowed to air cool to room temperature. This
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tempering treatment was then repeated. A Hardness value of 600 Hv30 was measured
using a 30 Kg load after these heat treatments.

Specimen Preparation

All specimens were initially machined from the bar in the as-supplied, N&T condition
by using Electro Discharge Machining (EDM). Specimens were machined to
dimensions of 14x12x70mm. Heat treatment was then undertaken as described in
section 3.1.2. The surfaces of all specimens were subsequently ground usinga flat
bed grinder. Care was taken during grinding to avoid cracking of the surface. The
specimens which had been heat treated were ground back by at least 700um on the 3
faces which would experience the highest tensile stresses during subsequent fatigue
testing. This was sufficient to remove the layer affected by the EDM process and to
remove the surface layer affected by de-carburisation as assessed by performing
microhardness traces on sectioned specimens and to eliminate any cracks which may
have formed during heat treatment [75]. Full hardness was measured 400um from
the surface. After grinding, the specimen surfaces were protected from the
environment by coating them in oil. In all cases the comers bordering the face of the
specimen which would experience the highest tensile stresses during fatigue loading
were then rounded off by hand using silicon carbide papers down to 800 grit. This
was performed in order to reduce any effect of stress concentration caused by the
sharp comers formed by EDM.

Prior to fatigue tests, surface topography and residual stress analyses, specimens were
processed as detailed in Table 8. Sets of 9 or 10 specimens were processed for each
condition. All specimens were initially ground and the as ground condition is
designated as surface condition 0. Selected sets were then shot peened and, in the
majority of cases, subsequently grit blasted to various levels. All shot peening and
grit blasting operations were performed by the Metal Improvements Company,
Derby.

Shot peening was carried out in accordance U S Military specification MIL-S-13165C
[45]. Cast steel shot of size 230 and hardness 55-62 HRC was employed. Peening was
carried out on all four of the major faces of the specimen surface and at an angle of
90°. The shot velocity was calculated at 23m/s using PEENSTRESS software. This
gave a measured intensity of 0.07 inch on Almen strip A. Specimens whose surfaces
were ground, shot peened, but not grit blasted are designated here as having surface
condition 1.

Grit blasting of the ground and shot peened specimen surfaces was performed at two
different levels: surface conditions 2 and 3. Sets of specimens for surface conditions 2
and 3 were blasted using aluminium oxide grit of sizes 120/220 and 40/60 mesh (over
grit blasted) respectively. The severity of the blast was controlled by the coarseness of
grit. In each case the pressure used was 60 psi, with a nozzle stand-off distance of
150mm and at an angle of 90° to the surface. 5 passes of the nozzle were made
across each specimen face.

Metallograpby

Specimens for optical examination were first mounted in bakelite and then ground
down through 150 to 1200 grades of SiC paper and then polished down to 3um using
diamond polishing wheels. Specimens were etched using 2% Nital reagent
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(2%HNO3,_ 98% Ethanol) prior to optical examination. Microstructures of the material
were then observed using a Leica optical microscope.

Hardness and Compression Testing

Vickers hardness testing was carried out using an Indentec 5030 SKV machine.
Ground specimens were tested using a 30kg load and pyramidal diamond indentor.
Micro hardness testing of the heat treated samples was performed on a Mitutoyo
MVK-H1 machine using a load of 500 grammes and a pydramidal diamond indentor.
Measurements were made on sectioned, heat treated specimens, which had been
ground and polished. Hardness traces were made at measured distances from the
specimen surface by the use of a stage with digital micrometer. Several traces were
made in each case at staggered distances in order to ensure results were not affected
by previous indentations.

Compression testing was carried out using a 50kN ESH servo hydraulic test machine.
Test cylinders were 12 mm in length and 5 mm in diameter.

Surface Roughness Analysts

The fatigue life of a material can be highly sensitive to the surface roughness [6].
Therefore, the relative magnitudes of roughness (stress raisers) of the four different
surface conditions of specimens tested under cyclic loading, i.e. as-ground, shot
peened and shot peened and grit blasted to two different levels, have been
measured. The surface roughness of all surface conditions were assessed using a
Form Talysurf 120L machine. The stylus tip is a conical diamond of tip radius 1.5 —

2.5um and the vertical deflection is measured by a laser with 10nm_ vertical
resolution. A stylus force of 70-100 mgf was used over the full range. The surface
roughness was measured over a distance of at least 4mm in all cases. Measurements
were made both along the length and across the width of specimens. R,, R,, R, and R,
values were measured in microns where R,, R,, R, and R, are defined as: the
arithmetic mean of the absolute departures of the roughness profile from the mean
line; the geometric mean of the absolute departures of the roughness profile from the
mean line; the maximum peak to valley height of the profile in the assessment length
and the maximum depth of the profile below the mean line within the sampling
length of the surface respectively. A hard copy trace of each surface was also
produced. Additionally, the surface roughness was measured over an area of 2x2mm
in each case and three dimensional images were generated with the results using
Surfascan Toposurf imaging software.

Residual Stress Analysis

The residual stress profiles of the various specimen surface conditions were
determined by employing a X-ray diffraction technique. A Rigaku Strainflex PSF-2M
stress analyser machine was used in all cases operating at 30kV and 10mA. Cr K,
radiation (=2.291A) was used in conjunction with a 1° receiving slit, 1° primary beam
slit and a vanadium filter. The (211) piane of a-Fe was chosen for the diffracting
plane: this has a peak at approximately 26=156°. Sample rotating angles (Wo) of 0°,
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3.1.8

3.1.9

3.2

3.2.1

3.2.2

15°, 30° and 45° were chosen and the residual stress was determined by the 20-Sin2y
method (see Figure 9), where:

180 — 26.
Y=Wo tn and =

The stress profile through the depth of the specimens was determined by repeatedly
etching away the surface layer to measured depths of typically 20 xm increments and
taking further X-ray measurements. The etchant used was dilute nitric acid (15%
HNO3z and 85% distilled water) and the depth of etching was measured using a
micrometer.

Fatigue Testing

S-N curves were generated using a 250kKN ESH servo hydraulic test machine. Tests
were performed at frequencies of 8 Hz and under constant amplitude loading. A
nominal R-ratio (where R is the ratio of minimum stress to maximum stress applied
over the fatigue cycle) of 0.1 was used. Tests were performed at ambient
temperature, in air and the number of cycles to cause failure were recorded. Testing
was conducted in order to achieve failure in 104-105 number of cycles. This is
considered representative of the number of significant loading cycles encountered
during service on commercial aircraft landing gear. In all cases four point bend
loading was used with major and minor spans of 60 and 15mm respectively. A hemi-
spherical thrust bearing was employed to ensure even loading at each contact point.
Test piece dimensions were approximately 12.5x11x70mm. Tests which endure a

cyclic loading cycles of 10° are counted as run-outs in this present study.

Fractography

Fracture surfaces were examined on a Jeol JSM 5410 Scanning Electron Microscopy
(SEM) operating at an accelerating voltage of 20kV and 0° tilt. The SEM was used to
assess the fracture surfaces produced under fatigue loading in order to characterise
failure mechanisms and sites of crack initiation. Energy-dispersive spectrometric
(EDS) analysis, using an electron probe analyser, was performed in order to identify
qualitatively the chemistry of particles found at positions local to crack initiation sites.

Results and Discussion

Metallograpby

The microstructure of the material after the Q&T heat treatment is shown in
Figure 10. It can be seen that the material comprises a uniform tempered martensitic
structure.

Hardness and Compression Tests

The average hardness values measured for the Q&T material conditions was 600
Hv30. The hardness level of 600 Hv30 is typical of that used for UHSS LG.
Compression testing conducted on four specimens gave 0.2% proof stresses of 1793,
1817, 1852 and 1902 MPa with an average of 1841 MPa.
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3.2.4

Surface Roughness

Surfaces have been characterised in terms of R,, R,, R, and R, for measurements
determined both along lines of at least 4mm length and over a 2x2mm square
sectional area. R, is the most commonly quoted surface roughness parameter and
represents the average departure from the mean line. However, in terms of fatigue
crack initiation resistance it is perhaps the value of Ry, the deepest valley recorded
over the assessment area, is most important. This is because fatigue cracks will
generally initiate at the sites of greatest stress concentration whereby one deeper
scratch on the surface may be more damaging than many shallower ones. The results
of the surface topography analysis in terms of both R, and R, are presented in
Figure 11 and Figure 12 respectively. It can be seen that the ground surface has the
smoothest topography with R, and R, values of 0.5 and 3.6lum (over the square
section) respectively. The shot peened and shot peened and grit blasted surfaces
(surface conditions 1 and 2) have similar surface roughness values with only a
relatively small further increase in roughness occurring during grit blasting. They are
both approximately twice the roughness of the as-ground condition. The surface
roughness of the over grit blasted samples (surface conditions 3) is approximately
twice as rough as conditions 1 and 2. R, and R, values for surface condition 3 of 1.66
and 19.85 um were recorded respectively.

It can be seen that shot peening process roughens the surface when compared with
the as-ground finish, with R, values increasing from 3.61 to 5.7 um. There appears to
be further degradation of the surface when grit blasting to condition 2, which was
considered, before testing, to be the ideal grit blasting procedure, is subsequently
carried out. When the aluminium oxide grit particle size was increased from 120/220
to 40/60 mesh (surface condition 3, over blasted) a more significant increase in
surface roughness was measured. R, values of 7.39 and 19.85 um were recorded for
surface conditions 2 and 3 respectively.

The results obtained from the line measurements, both along the specimens length
and across the width, show that the as-ground surface exhibits a strong directionality
in surface profile with peaks and valleys running parallel to the direction of grinding
(see Figure 13). This directionality can even be discerned after shot peening and grit
blasting, as shown by Figure 14 and Figure 15. This demonstrates the general
resistance to deformation exhibited by the Q&T material.

An example of the variation in blasting level which may occur during the grit blasting
process, even on small simple components such as the testpieces used in these
experiments, is shown in Figure 16. A region on a specimen prepared in accordance
with surface condition 3 was observed by eye to be shaded differently to the rest of
the specimen and other specimen surfaces of the same set. Subsequent surface
roughness measurements, Figure 11 and Figure 12, revealed that R, and R, values
were approximately half those measured on other specimens. The 3D image of the
surface also revealed that the underlying as-ground topography could still be
observed (see Figure 16), suggesting that this area had been significantly under
blasted when compared with other regions.

Residual Stress

The results of the residual stress analysis performed in various surface conditions are
presented in Figure 17. There are clear differences between specimens which were
analysed in the as-ground surface condition when compared with those which had
undergone shot peening during processing. The shot peening procedure has
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produced a compressive residual stress layer of significant magnitude at the surface.
From the stress profiles shown in Figure 17 it can be seen that the highest
compressive stresses, for those specimens which were shot peened during
processing, are found at the surface or within approximately 40um of the surface. The
magnitude of the residual stress steadily reduces through the depth of the specimen
until it stabilises at a level of near zero residual tensile stress. In comparison the as-
ground samples havea significantly different residual stress profile with small residual
tensile stress found at surface.

It can be seen that the compressive residual stress layer extends approximately
150 um in from the surface (see Figure 17). The highest compressive residual stresses
were recorded at about 40 uum from the surface for all the shot peened conditions.
The peak compressive stress of -843 MPa was measured at about 35 um depth from
the surface for the as ground and shot peened condition 1. This represents
approximately 45% of the 0.2% proof stress of the material (6,=1841 MPa). It can be
seen that subsequent grit blasting of the ground and shot peened samples, surface
conditions 2, 3, slightly increases the magnitude of the peak compressive residual
stress and the compressive residual stress depth. It is interesting to note that this result
is opposed to the expectation in literature review, see section 2.2.2 and 2.3.4, where
the compressive residual stress value and the depth were suggested to be lowered by
grit blasting due to the material removal by grit blasting and the likely elevated
temperature caused by this material removal and plastic deformation. The results in
this present work suggest that the grit blasting process imposed on a shot peened
surface can further increase slightly the effect of shot peening in creating compressive
residual stress layer for the high strength material such as Q&T 300M steel used in LG
components. It can be argued that the impingement of the grit particles on
component surface during grit blasting procedure is, at least theoretically, similar to
the impingement of shot on component surface during shot peening procedure.
Whether the grit blasting strengthens or lessens the effect of the previous shot
peening procedure depends on the combination of the blasted material and the
blasting parameters. Any assumed erosion of the surface during grit blasting and any
assumed localised heating of the surface do not affect the residual stress profile
presumably because of the high strength of the material used in this present
investigation.

However, it should be pointed out that in the present study it was necessary to
perform the residual stress analysis in a very short period. One compromise was not
to compensate for the removal of surface layers in recalculating the effective residual
stress shown in Figure 17 (This can be achieved by measuring the back face strain on
the testpiece as a function of surface removal, to allow a force and moment balance to
be established). Therefore, the profile shown in Figure 17 should be regarded as
approximate only (although the near surface stresses and the point of zero stress with
depth can be considered to be accurate). Clearly as shown in Figure 17, there is no
tensile stress sub-surface to balance out the high compressive near surface stress, but
the analysis is considered sufficient for the present investigation.

Fatigue Results

The results of the S-N fatigue tests are presented as S-N curves in Figure 18.
Individual data are presented in Table 9. It can be seen that all the specimens which
have undergone shot peening during their processing have markedly superior
lifetimes to specimens with the as-ground surface condition. When comparing the
fatigue lifetimes for all the shot peened surface conditions (conditions 1 to 3), it can
be seen that the two grit blasting conditions employed are not detrimental to fatigue
life.
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3.2.6

Fractography

Fractography shows that fatigue cracks can initiate from both surface and sub-surface
positions for all the shot peened surface conditions 1 to 3. When cracks were initiated
from the surface the positions of crack initiation sites can be either at the corner, or at
the centre of the surface having the highest stress (see Figure 19 and Figure 20).
Crack initiation from a sub-surface position is shown in Figure 21. It was found that
the tendency of sub-surface crack initiation is promoted at lower applied stresses. It
seems that a transition stress exists above which cracks initiate from surface positions
and below which cracks initiate from sub-surface positions. The transition stresses for
conditions 1, 2 and 3 are approximately 1400, 1700 and 1500 MPa respectively.
Evidence of grit particle related crack initiation, which was suggested to be the cause
for the failure of a MD-83 aircraft's main landing gear outer cylinder [1], was not
found. Instead, cracks were found to initiate from damaged surface features such as
shot indentions or scratches left by shot peening and grit blasting in the case of
surface crack initiation (see Figure 22 In the case of sub-surface crack initiation,
cracks were initiated from Ti-containing inclusions (see Figure 23). An EDX profile
shown in Figure 24 clearly indicates that the inclusion in Figure 23 is a Ti-containing
inclusion. The existence of large Ti-containing inclusions in the material is also
confirmed by the optical microscopy (see Figure 25). The locations of the sub-surface
crack initiation sites were found to be just beyond the predicted compressive residual
stress depth. In many cases, particularly at higher stress levels, a number of initiation
sites were present on each specimen (see Figure 26).

Effects of Residual Stress and Surface Roughness on Fatigue life

Specimens which had been shot peened prior to fatigue testing recorded superior
fatigue lifetimes when compared with the as-ground specimens. This improvement in
fatigue resistance has been measured even though the as-ground specimens have the
least rough surface topography. In this case it would appear that any detrimental
effect of a rougher surface on fatigue performance has been negated by the effects of
a compressive residual stress layer at the surface, resulting from the shot peening
process. It may be considered that the effective stress acting on the specimen is a
combination of both the applied and residual stress. Because of high compressive
residual stresses at surface positions, the maximum combined tensile stresses are
transferred to sub-surface locations. Consquently the crack initiation sites can be
found at sub-surface locations. Indeed, sub-surface crack initiation is found in all shot
peened conditions. However, the stress concentration effects of a rough surface may
magnify the stresses at localised areas, increasing the near surface stresses. In this
manner the surface roughness may still affect the fatigue life if cracks initiate at
surface positions. In this study surface crack initiation can occur at high applied stress
levels where these applied stresses are greater than the yield strength of the material,
and where residual stresses are presumably relieved by local plastic deformation.

Engineering Implications

The fatigue design of UHSS LG components is based on a safe-life approach with a
safety factor of at least 5 on life required [12]. During the design of UHSS LG
components, fatigue life is calculated assuming an as-ground surface finish and with
no account taken of the effects of the manufacturing processes of shot peening, grit
blasting and cadmium plating. It is well established that the shot peening process
imparts a compressive residual stress at the surface of a component that may
significantly increase the fatigue life of components. It has been demonstrated in this
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investigation that an improvement in fatigue life may be expected after shot peening
even when the surface has been roughened by the shot peening and grit blasting
processes, when compared with the as-ground condition. Therefore, any assessment
that used the as-ground surface condition during the design stage would be overly
conservative in terms of fatigue life. However, the improvement in fatigue life will
only occur if the induced compressive residual stress state at the surface is maintained
through the life of the UHSS LG component. It has been reported elsewhere that the
beneficial compressive residual stresses are not always permanent, but tend to
diminish as a function of time, temperature and load history [76]. If the magnitude of
compressive residual stress at the surface is reduced, then the effects of increased
surface roughness will become more pronounced with respect to fatigue life. It may
be expected that in the case of no residual stress or a tensile residual stress being
present at the surface, that the increase in surface roughness associated with the shot
peening and grit blasting processes could conceivably reduce fatigue lifetimes below
those of the smoother, as-ground surface condition. Therefore, if residual stress
relaxation should occur during the manufacture or during the service life of UHSS LG
components it may result in shorter than expected for fatigue lifetimes. This is
perhaps most likely in localised areas of high stress concentration. If plastic
deformation should occur during overloading, as may be experienced during a heavy
landing or as a result of severe gear walk, then the compressive residual stress state in
these localised areas may be reduced in magnitude or transformed to a residual
tensile stress. In such cases, it is conceivable that a rougher surface related to grit
blasting may then reduce the fatigue life compared with as-shot peened conditions

Conclusions

The finishing surface treatments of shot peening and grit blasting, which are carried
out during the production of large civil aircraft LG, have been examined and assessed
in terms of their affect on the fatigue life of ultra high strength steel landing gear
components. The following conclusions have been made from this experimental
programme.

(1) Specimens which have been shot peened during processing have markedly
superior fatigue lifetimes to those tested in the as-ground condition. The
improvement in fatigue lifetimes is considered to be due to the high residual
compressive stress state induced at near surface locations by the shot peening
process. The beneficial effect of the compressive residual stresses have more
than compensated for any reduction in fatigue life which may have been caused
by an increase in surface roughness associated with the shot peening and grit
blasting procedures.

(2) The grit blasting procedures performed on the previously shot peened surfaces
have been shown to further roughen the surface, but for the range of parameters
studied they can actually increase slightly the magnitude of the compressive
residual stresses.

(3) At lower stress levels compressive residual stresses were found to transfer the
crack initiation sites to sub-surface locations roughly corresponding to the
compressive residual stress depth. However, at higher stress levels, cracks were
initiated from surface positions and in such cases, it is considered that
compressive residual stresses at the surface layer have been relieved by plastic
deformation.
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OVERALL SUMMARY

This short-term literature review and experimental programme on UHSS 300M LG
steels has confirmed:

(1) The beneficial effect of shot-peening in enhancing fatigue life compared with as-
ground conditions, and that the standards covering the shot-peening process
during manufacturing landing gear components are comprehensive and
consistent. Quantitative quality control methods are specified to assure that the
correct levels of peening have been attained.

(2) No detrimental effects of "optimised" and "over-blasted” grit blasting procedures
on the fatigue life of prior shot-peened testpieces have been obtained in this
experimental programme. Therefore, although the standards and quality control
procedures for grit blasting are not as well established as those for shot peening,
this study has found no reason to recommend any tightening of the procedures.

24



10

11

12

13

14

15

16

17

18

19

20

21

22

REFERENCES

D F King — ‘Report on the accident to Douglas Aircraft Company MD-83, G-DEVR at
Manchester Airport’, Air Accidents Report No. 1/97 (EW/C95/4/2), 1997.
W M Garrison — ‘Ultrahigh-Strength Steels for Aerospace Applications’, JOM, May 1990,
pp20-24
W

M Imrie — ‘Undercarriage material requirements’, Rosenhain Centenary Conference, The
Royal Society, 1976, pp91-104.
E W Lee, C E Neu and J Kozol — ‘Al-Li Alloys and Ultrahigh Strength Steels for US Navy
Aircraft’, JOM, May 1990, pp11-14.
R J H Wanhill — ‘Fatigue Fracture In Landing Gears’, ICAS Proceedings 1986, pp1347-1355.
W B Jones — ‘Mechanical stability of ultrahigh strength steels’, Materials Science and
Engineering A, Vol 41, 1979, pp225-235.
J E King and J F Knott — ‘Crack size and shape and the toughness of 300M’, University of
Cambridge report, December 1979.

T L Mackay, B J Alperin and D D Bhatt — ‘Near-threshold fatigue crack propagation of
several high strength steels’, Engineering Fracture Mechanics, Vol. 18, No.2, 1983, pp 403-
416.

P K Liaw, T R Leax andJ K Donald — ‘Fatigue crack growth behaviour of 4340 steels’, Acta
Metallurgica, Vol.35, No.7, 1987, pp 1415-1432.

R
O

Ritchie — ‘Influence of microstructure on near-threshold fatigue crack propagation in
ultra-high strength steel’, Metal Science, August 1977, PP 368-381.

R O Ritchie — ‘Near threshold fatigue crack propagation in ultra high strength steel:
Influence of load ratio and cyclic strength’, Journal of Engineering Materials and
Technology, Vol.99, July 1977, pp 195-204.

Joint Aviation Requirement 25.571, Fatigue and damage tolerance.

R O Ritchie, M H Castro, V F Zackay and E R Parker — ‘Effects of silicon additions and
retained austenite on stress corrosion cracking behaviour of commercial ultra high strength
steels in aqueous solutions’, Met. Trans. A, Vol.9A, No.1, Jan 1978.

Metals Handbook, Vol.10, Eighth Edition, ASM, Metals Park, Ohio, 1975.
R W K Honeycombe and H K D H Bhadeshia — ‘steels, Microstructure and properties’,
Second Edition, Edward Amold, 1995, p234.

J W Dini — ‘Electrodeposition, The materials science of coatings and substrates’, Noyes
Publications, 1993.

S Suresh — ‘Fatigue ofMaterials’, Cambridge University Press, 1991.

G E Dieter — ‘Mechanical Metallurgy’, Third Edition, McGraw-Hill International Book
Company, 1986.

Metals Handbook, Vol.2, Eighth Edition, ASM Metals Park, Ohio, 1975.
G J Hammersley — ‘Controlled shot peening, scope of application and assessment of
benefits’, International Conference on Advances in surface engineering, Vol.2, 1996.
D W Hammond and S A Meguid — ‘Crack propagation in the presence of shot peening
residual stress’, Engineering Fracture Mechanics, Vol.37, No.2, 1990, pp373-387.

Canning Handbook on Electroplating, Twenty Second Edition, 1978.

25



23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

J W Martin and D P Bentz — ‘Fractal-Based Description Of The Roughness Of Blasted Steel
Panels’, Coatings Journal, Vol.59, No.745, Feb 1987, pp35-41.
K R Baldwin and C J E Smith — ‘Advances in replacements for cadmium plating in
aerospace applications’, Transactions of the Institute of Metal Finishing, Vol.74, Part 6,
1996, pp 202-209.

W H Safranek — ‘The properties of electrodeposited metals and alloys’, Elsevier Publishing
Company, 1974.

M Ingle and T Marchesani — ‘Evaluation of environmentally acceptable substitutes for
cadmium plating’, SAE Transactions, Vol.100, No.5, 1991, pp 1106-1117.

J F Hildebrand — ‘Cadmium embrittlement of high strength, low alloy steels at elevated
temperatures’, Materials Protection and Performance, Vol.12, No.9, Sept 1973, pp 35-40.

R Varma, T Hoeller, L Ross and V S Agarwala — ‘Reduced Hydrogen Cadmium Plating’,
Journal of the Electrochemical Society, Vol.138, No.1, Jan 1991, pp 162-165.

B T Nevill — ‘An alternative to cadmium: Ion Vapour Deposition of Aluminium’, Plating and
Surface Finishing, Vol.80, No.1, 1993, pp 14-19.

H O Fuchs ‘shot Peening Stress Profiles’, Metal Improvement Company.
Shot Peening Applications, Metal Improvement Company, Seventh Edition.

S A Meguid - ‘Effect of partial coverage upon the fatigue fracture behaviour of peened
components’, Fatigue and Fracture of Engineering Materials and Structures, Vol.14, No.5,
1991, pp 515-530.

J M Guilemany — ‘Residual stress characterisation of grit blasted steel surfaces’, Surface
Engineering, Vol.12, No.1, 1996, pp 77-79.

S S Birley and A Owens ‘surface stresses induced by grit blasting’, Anti-corrosion
Methods and Materials, Vol.26, No.7, July 1979, pp 5-7.

H J Noble and E C Reed — ‘The influence of residual stress in Nickel and Chromium plates
on fatigue’, Experimental Mechanics, Vol.14, No.11, 11974, pp463-467.
R Weil — ‘The origins of stress in electrodeposits’, Plating, Vol.57, 1970, p 1231, Vol. 58,
11971 p 50, Vol.58, 1971, p 137.

J B Kushner — ‘stress in electroplated metals’, Metal Progress, Feb1962, pp 88-93.

R W Landgraf — ‘Residual Stress Effects on Fatigue of Surface Processed Steels’, Analytical
and Experimental Methods for Residual Stress Effects in Fatigue’, ASTM STP 1004, 1988, pp
1-12.

V M Radhakrishnan andC R Prasad — ‘Relaxation of Residual Stress with Fatigue Loading’,
Engineering Fracture Mechanics, Vol.8, 1976, pp 593-597.

H O Fuchs — ‘Approximate Analysis for Optimising Pre-Stress Treatments’, Analytical and
Experimental Methods for Residual Stress Effects in Fatigue’, ASTM STP 1004, 1988, pp 13-
20.

E J Tuegel and C L Brooks — ‘Cyclic Relaxation In Compression-Dominated Structures’,
Intemational Journal of Fatigue, Vol.19, Supp. No.1, 1997, pp $245-S251.

S Wang, Y Li, M Yao and R Wang ‘Fatigue Limits of Shot Peened Metals’, Journal of
Materials Processing Technology, Vol.73, 1988, pp57-63.

J K Li, Y Mei, W Duo and W Renzhi — ‘An analysis of stress concentrations caused by shot
peening and its application in predicting fatigue strength’, Fatigue and Fracture of
Engineering Materials and Structures, Vol.15, No.12, 1992, pp 1271-1279.

26



44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

61

62

63

65

66

67

68

69

A Niku-Lari — ‘Overview on the shot peening process’, AST World Conference: Advances in
surface treatments, Vol.5, 1987, pp 155-170.

US Military Specification — MIL-S-13165C, ‘shot peening ofmetal parts’, June 1989.

B J Griffiths, D T Gawne and G Dong ‘The erosion of steel surfaces by grit-blasting as a
preparation for plasma spraying’, Wear, Vol.194, 1996, pp 95-102.

K J Stout, P J Sullivan and E J Davis — ‘Atlas of machined surfaces’, Chapman and Hall,
1990, pp 67-82.

J Wigren — ‘Technical Note: Grit blasting as surface preparation before plasma spraying’,
Surface and Coating Technology, Vol.34, 1988, pp 101-108.

J P G Farr — Private Communication, The University of Birmingham, 1999.

O Shim andJG Byme - ‘A Study of Hydrogen Embrittlement in 4340 Steel I: Mechanical
Science and Engineering A, Vol.A123, 1990, pp 169-180.

Boeing Aircraft Company, World Wide Web Pages ‘www.boeing.com’, 1999.
McDonnell Douglas Process Specification — PS 14023 ‘Peening’, June 1990.

Douglas Process Standard — DPS 4.999 "Shot peening ofmetal parts’, 1997.

Aerospace Materials Specification - SAE AMS 2430L ‘shot peening’, 1993.
US Military Specification — MIL-P-81985(AS) ‘Peening ofmetals’, 1984.

Messier-Dowty Process Specification — PS123 "Steel shot peening’, Issue 6, 1997.

Boeing Aerospace Company Standard — BAC 5804 ‘LHE Cadmium Titanium Alloy Plating.

Dowty Rotol Limited Process Specification — PS 200 ‘Grit Blasting’, Issue 2, 1970.

Ministry of Defence, Defence Standard - DEFSTAN 03-2/3 ‘Cleaning and preparation of
metal parts’, Version 1995.

US Military Specification — MIL-STD-1504 ‘Abrasive Blasting’.

Douglas Process Standard — DPS 9.28 ‘special Cadmium Plating For High Strength Steels’,
1998.

Messier-Dowty Process Specification — PS131 ‘Cadmium Plating of Ultra High Strength
Steel’, Issue 5, 1997.

Aerospace Materials Specification - SAE AMS 2419B ‘Cadmium-Titanium Plating’, 1994.

Aerospace Materials Specification - SAE AMS 2401D ‘Cadmium Plating-Low Hydrogen
Content deposit’, 1986.

British Standard — BS EN 2133:1998, ‘Cadmium Plating of Steels with Specified Tensile
Strength <1450 MPa, copper, copper alloys and nickel alloys’, British Standards Institute,
1998.

US Military Specification MIL-STD 870B "Cadmium plating, low embrittlement
electrodeposition’, 1996.

US Military Specification — MIL-STD 1500B "Cadmium-Titanium plating, low embrittlement
electrodeposition’, 1996.

Ministry of Defence, Defence Standard - DEFSTAN03-19 ‘Electrodeposition of cadmium’,
Issue 2, 1994.

Ministry of Defence, Defence Standard — DEFSTAN03-4 ‘The pre-treatment and protection
of steel items of specified maximum tensile strength exceeding 1450 MPa’, Issue 4, 1998.

27



70

71

72

73

74

75

76

M D Thomson ‘Zinc Alloys — the Boeing altemative to cadmium’, Transactions of the
Institute ofMetal Finishing, Vol.74, No.3, 1996, pp 3-5.

M B Sunthanker and S D Joshi — ‘Novel zero-waste PVD cadmium as an alternative to
electroplated cadmium’, Transactions of the Institute of Metal Finishing, Vol.76, No.5, 1998,
pp 71-73.

Advisory Circular, Joint — ACJ 25.571.
E Blacklay — Private Communication, Civil Aviation Authority, Gatwick, 1999.
British Steel Engineering Steel — Certificate of steel conformity
D Aspinwall — Personal Communication, the University of Birmingham, 1999

J. Luo, PhD Thesis, The University of Birmingham, May 1999

28



Table 1 Typical Compositions of Ultra High Strength Steels Used In Civil Aircraft [2-6]

Alloy Cc Mn Si
:

Ni Cr | Mo Vv Fe

4340 0.40 | 0.75 0.25 : 1.8 0.80 0.25 - Remainder

HY-TUF 0.25 1.3 1.5 1.8 0.30 0.40 - Remainder

300M 0.43 | 0.75 1.6 1.8 0.80 0.40 | 0.07 Remainder

D6AC 0.45 0.7
,

O02 0.5 1.0
,

1.0 0.1 Remainder

Composition (wt.%)

Table 2. Typical Mechanical Properties of Ultra High Strength Steels Used In Civil Aircraft
[2-6]

Tensile Properties Fracture Stress Fatigue Crack Fatigue Threshold
Toughness Corrosion Growth Rates Values

Cracking

Alloys Oy OTs Kic Kiscc Cc
!

m AKth

(MPa) | (MPa) | (MPam") | (MPam"’) | (m/cycle) | (MPam"”)

4340 1480 | 1965 70 11-16 5x1010 25 7.6

300M
|

1690 | 1965 70 11-16 2.5x10°11 | 26 3

HY-TUF
|

1350 | 1600

D6AC 1400 | 1600 70 11-16 7.2x10°12
| 29 6

Fatigue properties at R=0.1

29



o¢

Ta
bl
e

3
Su

m
m
ar
y
of

th
e
Sh

ot
Pe

en
in
g
St
an

da
rd
s
U
se
d
in
th
e
M
an

uf
ac
tu
re

of
St
ee
l L

an
di
ng

G
ea
r
Co

m
po

ne
nt
s
[4
5,

52
-5
7]

(H
RC

)

Sh
ot

Si
ze

an
d
Ty
pe

Ca
st

St
ee
l

Ca
st

St
ee
l

Ca
st

St
ee
l

Ca
st

St
ee
l

Ca
st

St
ee
l

Sp
ec
ifi
ed

on

Sp
ec
ifi
ed

on
Sp

ec
ifi
ed

on
Sp

ec
ifi
ed

on
$1

70
-2
30

Sp
ec
ifi
ed

on
en

gi
ne

er
in
g
dr
aw

in
g

en
gi
ne

er
in
g
dr
aw

in
g

en
gi
ne

er
in
g
dr
aw

in
g

en
gi
ne

er
in
g
dr
aw

in
g

en
gi
ne

er
in
g
dr
aw

in
g

Le
ss

th
an

ha
lf

Si
ze

de
pe

nd
s
on

Re
co
m
m
en

de
d

Le
ss

th
an

ha
lf

m
in
im

um
fil
le
t
ra
di
us

sh
ap

e
an

d
si
ze

of
sm

al
le
st
si
ze

pr
ac
tic
al

m
in
im

um
fil
le
t
ra
di
us

fil
le
ts
,
in
te
ns
ity

an
d

to
pr
od

uc
e
re
qu

ir
ed

$2
30

pr
ef
er
re
d
sh
ot

de
si
re
d
fin

is
h

in
te
ns
ity
.

si
ze

H
ar
dn

es
s
of

Sh
ot

-
55

-6
5

52
-6
2

55
-6
5

55
-6
5

-

Su
rf
ac
e
Co

ve
ra
ge

10
0%

-
Ch

ec
k
by

vi
su
al

ex
am

in
at
io
n
w
ith

10
0%

-
Ch

ec
k
by

vi
su
al

ex
am

in
at
io
n
w
ith

20
0%

-
Ch

ec
k
by

vi
su
al

ex
am

in
at
io
n
w
ith

10
0%

-
Ch

ec
k
by

su
ita

bl
e
m
ea
ns

or
us
e

At
le
as
t
10

0%
co
ve
ra
ge
-
vi
su
al

10
0%

-
Ch

ec
k
by

vi
su
al

ex
am

in
at
io
n
w
ith

th
an

10
%

of
m
in
im

um
‘A
’ i
nt
en

si
ty
Ar
c
he

ig
ht
.

D
o
no

t
re
m
ov
e

m
at
er
ia
l l
ay
er

gr
ea
te
r

th
an

10
%

of
in
du

ce
d

co
m
pr
es
si
ve

la
ye
r.

de
ve
lo
p
de

tr
im

en
ta
l

st
re
ss
es

ar
e
pr
oh

ib
ite

d
D
o
no

t
re
m
ov
e

m
at
er
ia
l l
ay
er
s
m
or
e

th
an

10
%

of
m
in
im

um
‘A
’ i
nt
en

si
ty
Ar
c
he

ig
ht
.

de
ve
lo
p
de

tr
im

en
ta
l

st
re
ss
es

ar
e
pr
oh

ib
ite

d
D
o
no

t
re
m
ov
e

m
at
er
ia
l
la
ye
rs

m
or
e

th
an

10
%

of
m
in
im

um
‘A
’ i
nt
en

si
ty
Ar
c
he

ig
ht
.

x1
0
m
ag
ni
fic
at
io
n

x1
0
m
ag
ni
fic
at
io
n
an

d
|
x1
0
m
ag
ni
fic
at
io
n
an

d
|
pe

en
in
g
tim

e
re
qu

ir
ed

|
ex
am

in
at
io
n.

x1
0
m
ag
ni
fic
at
io
n
an

d
liq

ui
d
tr
ac
er

liq
ui
d
tr
ac
er

to
sa
tu
ra
te

te
st

st
ri
p

liq
ui
d
tr
ac
er

An
gl
e
of

Im
pi
ng

em
en

t
|
G
re
at
er

th
an

45
°
an

d
-

G
re
at
er

th
an

45
°

G
re
at
er

th
an

45
°

-
-

as
ne

ar
to

90
°
as

po
ss
ib
le

Co
nd

iti
on

of
Sh

ot
Co

nt
in
uo

us
re
m
ov
al

of
|
<1

0%
de

fo
rm

ed
or

Co
nt
in
uo

us
re
m
ov
al

of
|
Co

nt
in
uo

us
re
m
ov
al

of
|
20

de
fo
rm

ed
sh
ot

pe
r

|
Co

nt
in
uo

us
re
m
ov
al

of
de

fe
ct
iv
e
sh
ot
.
Ch

ec
k

|
br
ok
en

.
Ch

ec
k
ev
er
y

|
de

fe
ct
iv
e
sh
ot
.
20

/in
2

|
de

fe
ct
iv
e
sh
ot
.
Ch

ec
k

|
12

.7
m
m
2
ar
ea

de
fe
ct
iv
e
sh
ot
.
Ch

ec
k

ev
er
y
8
ho

ur
s
le
ss

8
ho

ur
s
of

op
er
at
io
n

al
lo
w
ab

le
fo
r
sh
ot

si
ze

|
ev
er
y
8
ho

ur
s

al
lo
w
ab

le
ev
er
y
8
ho

ur
s
-
2%

by
th
an

2%
by

w
ei
gh

t
$1

70
-3
20

nu
m
be

r
de

fe
ct
iv
e
an

d

de
fe
ct
iv
e.

5%
m
ar
gi
na

l
ac
ce
pt
ab

le
Po

st
Pe

en
in
g

D
o
no

t
ex
ce
ed

20
4°
C.

|
D
o
no

t
ex
ce
ed

24
6°
C.

|
D
o
no

t
ex
ce
ed

24
6°
C.

|
D
o
no

t
ex
ce
ed

21
0°
C.

|
D
o
no

t
ex
ce
ed

20
0°
C.

|
D
o
no

t
ex
ce
ed

24
6°
C.

Tr
ea
tm

en
ts

Re
m
ov
e
sh
ot

w
ith

ou
t
|
Re

m
ov
e
sh
ot

w
ith

ou
t

|
O
pe

ra
tio

ns
w
hi
ch

Pr
ot
ec
t
fr
om

co
rr
os
io
n.

|
Pr
ot
ec
t
fr
om

co
rr
os
io
n.

|
Pr
ot
ec
tf
ro
m

co
rr
os
io
n.

da
m
ag
in
g
su
rf
ac
e.

da
m
ag
in
g
su
rf
ac
e.

re
lie
ve

th
e
st
re
ss
es

—
_|
Pr
oc
es
se
s
w
hi
ch

Pr
oc
es
se
s
w
hi
ch

Pr
oc
es
se
s
w
hi
ch

D
o
no

t
re
m
ov
e

Pr
ot
ec
t
fr
om

co
rr
os
io
n
|
de

ve
lo
pe

d
by

pe
en

in
g

|
w
ou

ld
re
m
ov
e
th
e

w
ou

ld
re
m
ov
e
th
e

w
ou

ld
re
m
ov
e
th
e

m
at
er
ia
l l
ay
er
s
m
or
e

ar
e
pr
oh

ib
ite

d.
pe

en
in
g
st
re
ss
es

or
pe

en
in
g
st
re
ss
es

or
pe

en
in
g
st
re
ss
es

or

de
ve
lo
p
de

tr
im

en
ta
l

st
re
ss
es

ar
e
pr
oh

ib
ite

d
D
o
no

t
re
m
ov
e

m
at
er
ia
l
la
ye
rs

m
or
e

th
an

10
%

of
m
in
im

um
‘A
’ i
nt
en

si
ty
Ar
c
he

ig
ht
.



Ta
bl
e 4

Sh
ot

Pe
en

in
g

In
te
ns
ity

Re
co
m
m
en

da
tio

ns
Fr
om

th
e
St
an

da
rd
s
U
se
d

in
th
e

M
an

uf
ac
tu
re

of
St
ee
l
La
nd

in
g

G
ea
r
Co

m
po

ne
nt
s

[4
5,

52
-5
7]

Se
ct
io
n
th
ic
kn
es
s

(in
ch
es
)

up
to

0.
09

0
up

to
0.
09

0
up

to
0.
12

5

Re
co
m
m
en

de
d
sh
ot

pe
en

in
g

0.
00

3
-
0.
00

6A
0.
00

3
-
0.
00

6A
no

t
re
co
m
m
en

de
d

in
te
ns
ity

Se
ct
io
n
th
ic
kn
es
s

(in
ch
es
)

0.
09

0
to

0.
37

5
0.
09

0
to

0.
37

5
0.
09

1
to

0.
37

5

Re
co
m
m
en

de
d
sh
ot

pe
en

in
g

0.
00

8
-
0.
01

0A
0.
00

8
-
0.
01

0A
0.
00

8
-
0.
01

0A
in
te
ns
ity

Se
ct
io
n
th
ic
kn
es
s

(in
ch
es
)

ov
er

0.
37

5
ov
er

0.
37

5
ov
er

0.
37

6
ov
er

0.
12

5
ov
er

0.
12

5

Re
co
m
m
en

de
d
sh
ot

pe
en

in
g

0.
00

6
-
0.
01

0A
0.
00

6
-
0.
01

0A
0.
00

6
-
0.
01

0A
0.
00

6
-
0.
00

9A
0.
00

8
-
0.
01

2A
in
te
ns
ity

Pe
en

in
g
in
te
ns
ity

If
on

ly
a
m
in
im

um
sh
al
lb

e
as

sp
ec
ifi
ed

{
in
te
ns
ity

is
sp
ec
ifi
ed

,
Co

m
m
en

ts
on

dr
aw

in
g

th
e
m
ax
im

um
in
te
ns
ity

sh
ou

ld
no

t
ex
ce
ed

th
e

m
in
im

um
in
te
ns
ity

by
m
or
e
th
an

0.
00

4A



ze

Ta
bl
e
5

Su
m
m
ar
y
of

th
e
Ab

ra
si
ve

Bl
as
tin

g
St
an

da
rd
s
U
se
d
in
th
e
M
an

uf
ac
tu
re

of
St
ee
l L

an
di
ng

G
ea
r
Co

m
po

ne
nt
s
[5
8-
61

]

In
di
vi
du

al
St
an

da
rd
s

Pr
e-
Bl
as
tin

g
D
eg
re
as
e

D
eg
re
as
e

in
|
Cl
ea
n
as

pe
r
M
IL
-S
-

Pr
oc
ed

ur
e

an
or
ga
ni
c

50
02

so
lv
en

t

G
ri
t
Bl
as
tin

g
D
o
no

t
ex
ce
ed

25
N
ot

sp
ec
ifi
ed

|
D
o
no

t
ex
ce
ed

90
N
ot

sp
ec
ifi
ed

N
ot

sp
ec
ifi
ed

N
ot

40
-6
0p

si
|

N
ot

sp
ec
ifi
ed

Pr
es
su
re

ps
i

ps
i

sp
ec
ifi
ed

G
ri
t
Ty
pe

an
d

Al
um

in
a
gr
it

Al
um

in
a
or

Al
um

in
a
or

Si
lic
a

Al
um

in
a

Al
um

in
a
or

Si
lic
a

|
D
ry

Al
um

in
a,

|
Al
um

in
a,

al
um

in
a-

Si
ze

90
M
es
h

ir
on

gr
it

80
-1
80

M
es
h

10
0-
18

0
M
es
h

|
10

0-
18

0
M
es
h
|

ab
ra
si
ve

si
lic
a
or

—
_|
Zi
rc
on

ia
,

pr
ef
er
re
d

gl
as
s

80
-1
20

M
es
h

be
ad

s

Co
ve
ra
ge

U
nt
il
a
un

ifo
rm

m
at
t

Bl
as
tin

g
tim

e
no

fin
is
h
is
ob

ta
in
ed

lo
ng

er
th
an

to
cl
ea
n

th
e
su
rf
ac
e

St
an

d-
O
ff

4i
n-
6i
n

3i
n-
12

in
D
is
ta
nc
e

O
th
er

Bl
as
t
at

45
°
an

gl
e

Bl
as
t
at

90
°
an

gl
e

Av
oi
d

Re
qu

ir
em

en
ts

|
av
oi
d
ov
er
he

at
in
g

Sc
re
en

in
g
or

ov
er
he

at
in
g
by

by
co
nt
in
uo

us
cl
as
si
fic
at
io
n

co
nt
in
uo

us

m
ov
em

en
t
of

no
zz
le

ac
ro
ss

su
rf
ac
e

pr
oc
es
s
to

re
m
ov
e

un
de

rs
iz
e
or

br
ok
en

m
ov
em

en
t
of

no
zz
le

ac
ro
ss

ab
ra
si
ve

pa
rt
ic
le
s
_|

Su
rf
ac
e

Po
st

Bl
as
tin

g
Bl
ow

of
f
du

st
w
ith

Bl
ow

of
fd

us
t

Re
qu

ir
em

en
ts

cl
ea
n,

dr
y

w
ith

cl
ea
n,

dr
y

co
m
pr
es
se
d
ai
r

co
m
pr
es
se
d
ai
r

Q
ua

lit
y
Co

nt
ro
l

Vi
su
al

in
sp
ec
tio

n
by

op
er
at
or

Vi
su
al

in
sp
ec
tio

n

Re
je
ct
ed

on
gr
ou

nd
s
of

w
ar
pa

ge
,d

is
to
rt
io
n

or
ex
ce
ss
iv
e

m
at
er
ia
lr
em

ov
al



¢¢

Ta
bl
e
6

Su
m
m
ar
y
of

th
e
Ca

dm
iu
m

Pl
at
in
g
St
an

da
rd
s
U
se
d

In
th
e
M
an

uf
ac
tu
re

of
St
ee
l L

an
di
ng

G
ea
r
Co

m
po

ne
nt
s
[6
1-
69

]

In
di
vi
du

al
St
an

da
rd
s

Pr
e-
Pl
at
in
g

St
re
ss
re
liv
e
4

St
re
ss

re
lie
ve

St
re
ss

re
lie
ve

4
St
re
ss

re
lie
ve

4
H
ea
t
tr
ea
t
an

d
St
re
ss

re
lie
ve

an
d

|
St
re
ss

re
lie
ve

an
d

Re
qu

ir
em

en
ts

ho
ur
s
at

19
0°
C

Sh
ot

pe
en

ho
ur
s
at

19
0°
C

ho
ur
s
at

19
0°
C

pe
en

sh
ot

pe
en

sh
ot

pe
en

Sh
ot

pe
en

D
eg
re
as
e

Sh
ot

pe
en

Sh
ot

pe
en

so
ve
nt

Cl
ea
n
an

d
m
as
k

Va
po

ur
de

gr
ea
se

|
Va
po

ur
de

gr
ea
se

eg
9

ha
nd

le
w
ith

gl
ov
es

|
ha

nd
le

w
ith

gl
ov
es

G
ri
t
Bi
as
tin

g
Se
e
Ta
bl
e
5

Se
e
Ta
bl
e
5

Se
e
Ta
bl
e
5

Se
e
Ta
bl
e
5

Se
e
Ta
bl
e
5

Se
e
Ta
bl
e
5

Se
e
Ta
bl
e
5

Pr
oc
ed

ur
e

Pl
at
in
g
So
lu
tio

n
Cy
an

id
e

Cy
an

id
e
an

d
Ca

dm
iu
m

-
Cy
an

id
e

Cy
an

id
e

Ca
dm

iu
m

-
Cy
an

id
e,

su
lfa

te
,

ot
he

rs
m
ee
tin

g
Ti
ta
ni
um

Cy
an

id
e

Ti
ta
ni
um

Cy
an

id
e

flu
ob

or
at
e,

st
an

da
rd

su
lfa

m
at
e,

su
lfa

te
-

re
qu

ir
em

en
ts

_
_

__
|

flu
ob

or
at
e

Pl
at
in
g
Cy
cl
e

Co
ld

w
at
er

w
as
h,

Co
ld

w
at
er

w
as
h,

|
Co

ld
w
at
er

w
as
h,

{C
ol
d
w
at
er

w
as
h,

|
Co

ld
w
at
er

ri
ns
e,

|
Al
ka
lin

e
so
lu
tio

n

pl
at
in
g
ba

th
,
ac
id

ri
ns
e,

co
ld

w
at
er

sw
ill

ac
id

ri
ns
e,

pl
at
in
g

ba
th
,
co
ld

w
at
er

sw
ill
,
ho

t
w
at
er

pl
at
in
g
ba

th
,
co
ld

w
at
er

sw
ill
,
ho

t
w
at
er

sw
ill
an

d

cy
an

id
e
di
p,

pl
at
in
g
ba

th
,
co
ld

w
at
er

sw
ill
,
ho

t

pl
at
in
g
ba

th
,c
ol
d

w
at
er

ri
ns
e,

ac
id

ri
ns
e,

ho
t
w
at
er

di
p,

w
at
er

ri
ns
e,

pl
at
in
g
ba

th
,w

at
er

ri
ns
e,

ac
id

ri
ns
e,

sw
ill

an
d
bl
ow

dr
y
|
bi
ow

dr
y

w
at
er

sw
ill
an

d
ri
ns
e,

ai
r
dr
ie
d

ho
t
w
at
er

ri
ns
e,

_
bl
ow

dr
y

ai
r
dr
ie
d

D
e-
Em

br
itt
le
m
en

t
M
in
im

um
24

M
in
im

um
18

M
in
im

um
12

M
in
im

um
23

M
in
im

um
23

23
ho

ur
s
at

19
0°
C

|
M
in
im

um
23

Tr
ea
tm

en
t

ho
ur
s
at

19
0°
C

ho
ur
s
at

19
0-

|
23

0°
C

ho
ur
s
at

19
0°
C

ho
ur
s
at

19
0°
C

ho
ur
s
at

19
0°
C

Po
st

pl
at
in
g

in
sp
ec
tio

n

Te
st

fo
r
pl
at
e

th
ic
kn
es
s,

ad
he

si
on

,
em

br
itt
le
m
en

t
an

d
co
rr
os
io
n

re
si
st
an

ce

Te
st

fo
r
pl
at
e

th
ic
kn
es
s
an

d
ad

he
si
on

In
sp
ec
tio

n
as

pe
r

st
an

da
rd

Q
Q
-P
-

41
6
Em

br
itt
le
m
en

t
an

d
tit
an

iu
m

co
nt
en

t
te
st

In
sp
ec
tio

n
as

pe
r

st
an

da
rd

Q
Q
-P
-

41
6
Em

br
itt
le
m
en

t
an

d
tit
an

iu
m

co
nt
en

t
te
st

Te
st

fo
r
pl
at
e

th
ic
kn
es
s,

ad
he

si
on

,
em

br
itt
le
m
en

t
an

d
co
rr
os
io
n

|
re
si
st
an

ce

ho
ur
s
at

19
0°
C

Te
st

fo
r
pl
at
e

th
ic
kn
es
s,

ad
he

si
on

,
em

br
itt
le
m
en

t
an

d
co
rr
os
io
n

re
si
st
an

ce

Te
st

fo
r
pl
at
e

th
ic
kn
es
s,

ad
he

si
on

,
em

br
itt
le
m
en

t
an

d
co
rr
os
io
n

re
si
st
an

ce



Table 7 Certified chemical analysis of UHSS 300M steel

Element
Cc | Si Mn P S Cr |Mo Ni | Cu Sn Al Fe Sn Ti

Wwt% 0.41/ 1.53 0.79 0.004 0.0009 0.80)0.41 1.79 0.05 0.005|0.023 Rem. 0.005 0.005
|
0.066

Table 8 Conditions of shot peening and grit blasting of fatigue specimens

Condition 0 | Condition 1 Condition 2 Condition 3

As-ground | Shot peened | Shot peened and grit blasted |Shot peened and over grit blasted
(grit of size 120/220 mesh) (grit of size 40/60 mesh)

Table 9 Individual data for S-N curve tests

Condition 0 Condition 1 Condition 2 Condition 3

Omax (MPa) N Omax (MPa) N Ginax (MPa) N Omax (MPa) | N

1600 1.32E+04 2000 1.49E+04 2100 1.88E+04 2000 1.55E+04

1500 1.53E+04 1900 1.65E+04 2000 2.66E+04 1900 1.42E+04

1400 1.90E+04 1800 2.43E+04 1900 3.10E+04 1800 3.00E+04

1300 1.88E+04 1700 3.19E+04 1800 2.81E+04 1700 4.59E+04

1200 2.49E+04 1600 3.52E+04 1700 | 4.21E+04 1600 5.90E+04

1200 2.36E+04 1500 8.05E+04 1600 3.79E+04 1600 5.41E+04

1100 : 4.84E+04 1400 8.60E+04 1500 2.91E+05 1500 6.15E+04

1050 6.46E+04 1300 9.97E+05 1400 1.95E+05 1450 1.28E+05

1000
|
1.96E+06 1250 6.95E+05 1250 1.28E+06 1400 6.46E+05
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Figure 2 The effect of peak residual stress on fatigue strength of an ultra high strength
steel 4340. After Metal Improvements Company [31].
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Figure 3 The relationship between depth of compressive layer and shot peening intensity
for three materials: steel HRC 31, steel HRC 52 and a titanium alloy. Depths for
steels with other hardness values can be interpolated. After Metal Improvements
Company [31].
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Void induced in stec! surface

by grit-blasting Cadmium plating

Scanning Electron Microscope view of fatigued arca showing irregular
surface finish and Jumpy’ appearance of Cadmium plating. Note embryonic

faugue crack growing from targer fold (magnification x1000)

Gnipanicle |

-
cite sea! th wits Ke: ee

Scanning Electron Microscope view of surface showing particle of alumina
gmt trapped beneath Cadmium plating (magnification x 1900)

Figure8 Cross sectional view of the surface of a ultra high strength steel landing gear.
Note rough surface topography and embedded alumina grit particle trapped
beneath cadmium plating. After King [1]
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Figure 10 Microstructure of the material tested



2.5

DC Across specimen width
2 Along specimen length

@ Over square section

Bus
oe

1

0.5 7-4

0 Ov “"T

Condition 0 Condition 1 Condition2 Condition 3 Suspect Area

Figure 11 Comparison of surface roughness R, for different surface conditions
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Figure 12 Comparison of surface roughness R, for different surface conditions
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Figure 13 A 3-D topography shows the strong directionality In surface profile with peaks
and valleys running parallel to the direction of grinding for the as-ground
surtace condition 0

Figure 14 Blurred directionality In surface profile after shot peening



Figure 16 Clear directionality in surface profile even after shot peening and grit blasting
(condition 3) in a suspect area
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Figure 19 Crack initiation from a corner of the surface having the highest stress

Figure 20 Crack initiation from the centre of the surface having the highest stress
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Figure 22 Crack initiation from damaged surface features
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50 um

Figure 25 Ti-containing inclusions under optical microscope
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Appendix A Shot peening intensity measurement using Almen
strips

Calibration of the impact energy or peening intensity of the shot stream is essential to controlled
shot peening. In order to specify, measure and calibrate peening impact energy the Almen
strip method is generally used [31]. In this method, an unpeened Almen strip is fastened to a
steel block and exposed to a stream of peening shot for a given period of time. Upon removal
from the block, the residual compressive stress and surface plastic deformation produced by the
peening impacts will have caused the Almen strip to curve, convex to the peened surface. The
height of this curvature when measured in a standard Almen gauge is called the arc height.
Figure A1 illustrates the concept of the Almen system. An Almen strip should not be reused
after peening.

There are three standard Almen strips currently in use: 'A' strip 1.25mm thick, 'C' strip 2.30mm
thick and 'N' strip 0.75mm thick. The approximate relationship between the A,N andC strips is:
3N=A=0.3C. The usable range of curvature on the Almen strips is 0.10mm to 0.60mm. Intensity
designations should include both the arc height and the type of Almen strip used.

Intensity verification locations will vary depending on part size, geometry and stress critical
areas. Whenever possible, Almen strip holders should be mounted in a scrap part so that
intensity is verified under the same conditions as will be experienced by the part. The depth of
the compressive layer is proportional to the Almen intensity. Intensity control is regarded as
one of the essential means of ensuring process repeatability (31).
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Figure A11 The Almen Strip System, After Metal Improvements Company [31]
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