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ABSTRACT

Conventiona approaches to mitigate corrosion related failure mechanisms in aircraft usudly involve
isolation from the corrosive environment via protective coatings, aloy subgtitution, or modifications in
design to reduce stresses. This paper describes an aternate approach employing surface enhancement by
low plasticity burnishing (LPB) to eiminate or reduce the surface tensile stresses necessary for corrosion
fatigue failure in AA7075-T6, without dteration of environment, material or component design.

The restoration of fatigue performance by LPB processing of AA7075-T6 after severe pitting in sat fog
was previoudly described.” This paper describes benefits of introducing a deep compressive residual stress
by LPB on fatigue strength after salt fog pitting and corrosion fatigue (under active corrosion)
performance. Since LPB processing was performed in a conventiona CNC machining center, it offers a
cost effective and practical dternative to alloy substitution or component re-design as a means of
improving the structura integrity of aging aircraft.

KEY WORDS: Fatigue, stress corrosion cracking, aging aircraft, corrosion, surface enhancement, and low

plasticity burnishing.

INTRODUCTION

The pronounced fatigue strength reduction caused
by sdt pit corrosion or corrosion fatigue in a
marine environment is well established for both
seels®® and duminum dloys® The fatigue
strength debit for either mechanism is typicaly
on the order of hdf the long-life, high cycle
fatigue endurance limit. Corroson pits are a
common dSte of fatigue crack initiation in the
duminum dloy 7075-T6 widely used for
structural components of older aircraft. Pitting
arises from intergranular corroson to a depth
dependent upon the service environment and the
time of exposure, i.e., age of the aircraft. Current
annua costs for corrosion inspection and repair of
military aircraft one are estimated to exceed one
billion dollars. Currently, more than 30% of
military aircraft are over 20 years old and over
90% are expected to exceed a 20-year life by the

year 2015.° The total cost of ownership and fleet
readiness are adversely affected. A means of
mitigating corrosion and corrosion-related fatigue
damage is needed.

Low plasticity burnishing (LPB)®*° can provide a
layer of compressive residua stress of sufficient
depth to effectively eiminate the fatigue debit
from prior sdt pit corrosion.' The LPB process
can be performed on conventional CNC machine
tools in a shop environment at speeds comparable
to machining operations. The residua stress
distributions developed by LPB in nickeP,
titanium,” and auminum dloys and steels" * can
exceed 1 mm in depth, well beyond the depth of
typical corrosion pits, which serve as the
initiation sites for fatigue cracks.

LPB applied after sdt fog corroson pitting of
AA7075-T6 has been shown to fully restore the
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HCF fatigue strength, eiminating the corrosion
debit’ The initid study was designed to
investigate whether removal of the corrosion
damaged layer could be avoided during overhaul.
The current investigation addresses the effect of
LPB processing prior to pitting corroson or
corroson fatigue smulating ether  origina
manufacture or repair in which the corroded layer
is removed.

EXPERIMENTAL TECHNIQUE

Materia

Aluminum dloy 7075-T6 was acquired in the
form of %2 inch plate to AMS 4045. The materia
was found to have a hardness of 89 HR.B and
electrical conductivity of 33.0% IACS in accord
with acceptable properties per AMS 2658.
Chemistry was verified to be within the limits of
the AM S 4045 specification, as shownin Table 1.
Tensile properties were verified as UTS = 601
MPa (87.3 ks), 0.2% yield strength = 542 MPa
(78.7 kd) with uniform elongation of 11%.

TABLE
7075-T6 %2 in. Plate Composition

Plate Andyss AMS 4045

Element (Wt %) Limits
Zn 55 5.1-6.1
Mg 244 2.1-29
Cu 145 1.2-2.0
Fe 0.25 0.7 max
Cr 0.19 0.18-0.40
S 0.07 0.50 max
Ti -- 0.20 max
Mn -- 0.30 max
Al Remainder Remainder

Low Pladticity Burnishing

Low plasticity burnishing (LPB) produces a layer
of compressive residua stress of high magnitude
and depth with minimal cold work.® The process
has been described in detail previoudy.™® It is
usudly performed using a single pass of a smooth
freerolling bal under anormal force sufficient to
plastically deform the surface of the material.
Hertzian loading creates a layer of compressive
resdual stress to a depth exceeding 1 mm. The
bl is supported in a fluid bearing with sufficient
pressure to lift the ball off the surface of the

retaining spherical socket. The bal is in solid
contact only with the surface to be burnished and
is free to roll on the surface of the work piece.
Usng CNC pogtioning, the tool path is
controlled so that the surface is covered with a
series of passes at a separation maintained to
achieve maximum compresson with minimum
cold working. The tool may be moved in any
direction aong the surface of a complex work
piece, as in a typica multi-axis CNC machining
operation.

X-ray Diffraction Surface Characterization
Diffraction peak broadening, measured aong
with the residua stress, alows the amount of
damage developed by surface enhancement
methodsto be accurately assessed. The method of
quantifying the degree of cold working of metas,
by relating the xray diffraction peak broadening
to the equivalent true plastic strain, has been
described previoudly.™® The distribution of cold
work as a function of depth into the deformed
surface can be expressed in terms of the
equivalent true plastic strain. If the degree of cold
work is taken to be the equivaent amount of true
plastic strain, the degree of cold work is then
cumulative and is independent of the mode of
deformation. Thus, the yied strength—depth
digribution can then be egtimated from true
stress-strain curves.™ The macroscopic residual
stress-depth digtribution, of primary interest in
design and life prediction, was determined in the
conventiond manner from the shift in the
diffraction pesk position.*****®

High Cycle Fatigue (HCF) Testing

Four-point bending was the HCF testing mode
sdlected to provide maximum sengtivity to the
surface condition.™ Testing was conducted at
room temperature under constant sinusoida load
amplitude at 30 Hz and stressratio, R=0.1. Active
corrosion fatigue tests were conducted with the
sample gage section wrapped in chemica-free
laboratory tissues saturated with 3.5-wt% NaCl
solution and sealed by wrapping in polyethylene
film to avoid evaporation. The corroding solution
was applied only at the start of the fatigue test and
contacted the sample surface for the duration of
the test while the sample was under cyclic
loading.

International Journal of Fatigue Page -2-
Ed. Prof. K.L. Reifsnider, Elsevier Science Ltd., Vol 26/9, Sept. 2004, pp 975-982



Fatigue specimens had atrapezoidal cross section
designed especidly for the testing of highly
compressive surface conditions created by surface
enhancement methods.” This specimen design
provided a nominaly 12.7 mm (0.5 in.) wide by
254 mm (2-in) long region under uniform
applied stress to minimize scatter in fatigue
testing. The original gage section thickness of
nominaly 9.4 mm (0.375 in.) was chosen to be
adequate to support the tensile stressesinduced in
the back of the specimen when a deep, highly
compressive layer wasformed on thetest surface.
The gage section thickness was then reduced to
6.2 mm (0.25 in.) by milling the backsde to
insure failure out of the highly compressive
surface in four-point bending. The specimens
were finish machined by conventiond end
milling to smulate the surface conditions,
including residua stress and cold work, that
would be present on a machined structura
aircraft component manufactured from 7075-T6.
Fatigue data were developed as SIN curves of
nominally eight samples each for the following
combinations of surface condition, corrosion
damage, or corrosive environment:

Machined basdine

Machined + 100 hr. sdt fog

Machined + active corner fatigue

Machined + LPB + 100hr. salt fog exposure
Machined + LPB + active corrosion fatigue

ag~rWNE

Detailed fractography was performed on selected
specimens using both optical microscopy using a
Zeiss Universal optical microscope and a
Scanning Electron Microscope, Cambridge S90B
SEM.

At Fog Corrosion Exposure

The salt fog exposures were performed at 35° C
per ASTM B117 for a period of 100 hours. The
fog produced was such that 1.0-2.0 ml/hr. of
NaCl aqueous solution collected on each 80 cnt
of horizonta surface. The pH of the solution was
maintained between 6.5 and 7.2. Following
exposure to the sdt fog, the samples were
soaked and then rinsed n tap water, followed
with a distilled water rinse to remove any salt
solution remaining, and then dried. Patches of
gray and white corrosion product evident on the
surface in Figure 1 of the samples were

identified by xray diffraction as a- Al,Os. The
corroson product was not removed prior to
fatigue testing.

Figure 1 - Macroscopic appearance of a 7075-T6 specimen
after 100-hr. salt fog exposure showing patches of Al,O;
corrosion product.

RESULTS AND DISCUSSION

Residua Stress Distributions

The residua dtress distributions developed by
machining and LPB processing are shown in
Figure 2. Machining produced low tension on
the surface and compression of less than —68
MPa (10 ks) beow the surface. In contragt,
LPB produced maximum compresson on the
order of —480 MPa (—70 ksi) between the surface
and a depth of nominaly 0.2 mm (0.008 in.).
Maximum cold work of nomindly 8% was
observed from the surface through the region of
maximum compression, and then diminished
with greater depth. The compressive layer
extended to over 075 mm (0.030 in.),
diminishing in magnitude nearly linearly with
depth. X-ray diffraction measurements could not
be made reliably below a depth of 0.75 mm
(0.030 in.) because of the coarse grain size
encountered at depths beneath the deformed
surface layer.

No attempt was made to optimize the LPB
parameters to achieve a specific leve of residual
dtress or cold work that would provide the best
fatigue performance. The parameters were
smply chosen, based upon prior experience, to
produce a deep layer of compresson with
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available tooling. Optimizing the combination of
LPB parameters (including normal force, ball
size, bal modulus, and feed) can be done to
dlow the resdua dress and cold work
digributions to be tallored to gpecific
applications. Previous experience with LPB of
IN718°, Ti-6Al-4V’, and 4340° gted indicated
that by controlling the burnishing parameters,
the resulting cold work and residua stress
distributions can be engineered to achieve an
optimal fatigue performance for a given failure
mode, applied stress spectrum, and environment.

LONGITUDINAL RESIDUAL STRESS DISTRIBUTION
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Figure 2 —Residual stress and cold work distributions
produced by end milling and LPB in 7075-6.

The effect of LPB processing on the surface
finish of the origind machined materid after
100 hr. exposure to sdt fog and resulting from
corrosion fatigue with prior LPB are shown in
Table Il. The results are the average of three
repeat measurements made on each of two
sampl es representing the conditions shown. LPB
processing reduced the roughness of the origina
machined surface from nomindly 40 to 8 min,
Ra Sat fog exposure for 100 hr. produced a
non-uniform, rough surface finish and a wide
spread in surface roughness, as indicated by the
high standard deviations for the corroded

specimens. Active corrosion fatigue, with 3.5%
NaCl solution in contact with the specimen
surface for the duration of the fatigue test,
produced no sgnificant change in the initia
surface roughness of either the machined or LPB
surfaces.

Tablell
Surface Finish of Machined and
LPB Processed 7075-T6 Aluminum

Surface Roughness (nin, Ra)
Surface Baseline  Corrosion 100h

Condition Fatiuge Pitting
Machined 39+7 36+2 139+ 34
LPB 8+3 11+3 31+33

Corrosion Damage

Corroson during fatigue testing was termed
“active corrosion” for the purposes of this study,
to indicate that the corrosion process was active
only during cyclic loading, resulting in a
condition of “corroson fatigue.” In contragt,
sat fog exposure prior to fatigue testing
produced pitting damage, but the corrosion
process was not active during fatigue loading.
Fatigue testing then measured the effect of the
prior damage. In this case, fatigue crack
initiation from the corrosion pits is assumed not
to be assisted by continuing corrosion. However,
testing was conducted in ambient laboratory air
a nomindly 40 to 50% humidity, so the
posshility of some further corroson during
testing cannot be completely ruled out.

Corroson damage was documented both in
terms of the nature of the oxide layer formed and
the depth of pits. Surface oxidation was
examined by optical microscopy with both low
and high magnifications. Pt depths and
digributions were measured a  high
megnification using the cdibrated fine focusing
adjusment on a Zeiss Universa optica
microscope after removal of the surface layer of
oxide corroson product with nitric acid.
Macroscopic and fractographic examination of
the exposed surfaces revealed that 100-hr. salt
fog exposure of the machined surface resulted in
pitting corrosion distributed uniformly over the
test surfaces. Typical pit depths were 100 mnnto
120 mm (0.004 to 0.005 in.). After penetration of
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the surface, the corrosion crevices often were
observed to progress laterally, thereby
delaminating layers of materiad and apparently
following the eongated gran boundaries
produced during rolling of the plate. Salt fog
exposure for 100 hr. after LPB produced a
different pattern of oxidation. Predominantly,
crcular patterns were observed in the surface
oxide a higher magnification, as shown in
Figure 3. Striking spird patterns were observed
at the edges of the exposed surface, as shown in
Figure 4. Shallower pitting was observed on the
surfaces that received LPB after machining and
prior to salt fog exposure than those machined
surfaces directly exposed without LPB. Fits in
the LPB surfaces after 100-hr. salt fog exposure
had irregular boundaries, but overall equiaxed
shapes with a 34 mm (0.0014 in.) average depth
and anomina 44 mm (0.0018 in.) diameter. This
is nomindly one-third the depth of pitting
observed for the machined samples exposed
without LPB treatment.

Figure 3 —Circular oxidation patterns at mid-width of an
LPB 7075-T6 surface after 100 hr. salt fog exposure.

Figure 4 — Spiral oxidation patterns at the edge of an LPB
7075-T6 surface after 100 hr. salt fog exposure.

Active corrosion during fatigue cycling at
ambient temperature produced much shallower
pits than 100 hr. salt fog exposure at 35C, even
in samples receiving the maximum exposure for
the full 10" cycles to run-out (108 hours of
testing in 3.5% NaCl solution). For both the
machined and LPB surfaces, the pits were
nomindly 9 mm (0.0004 in.) deep and were
numerous across the entire exposed surface. Pits
on the machined surface tended to be circular
with a nomina diameter of 5 mm (0.0002 in.).
Pits on the LPB surface tended to be irregular
and interconnecting, extending up to 20 mm
(0.0008 in.). A typicd group of pits produced by
active corroson on the machined surface is
shown in Figure 5 adjacent to a region of oxide
film. A comparable region in the gage section of
an LPB sample is shown in Figure 6.

Figure 5 — Central gage section pitting and surface
oxidation produced by active corrosion during fatigue
testing of a machined 7075-T6 surface.

Figure 6 — Pitting and surface oxidation produced by active
corrosion during fatigue testing of a 7075-T6 machined
surface after LPB.
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Corrosion Fatigue Performance

The S/N curves generated for 7075-T6 in both
the basdline as-machined condition and with
LPB after 100-hr. sat fog exposure or prior to
active corrosion fatigue are presented in Figure
7. Fatigue tests were continued for a minimum
of 25 x 10° cycles if no failure occurred first.
Maximum run-out sustained was 1.2 X
10cycles.

Effect of Low Plasticity Burnishing
on the Corrosion Fatigue of 7075-T6 Aluminum
4-point Bending, R=0.1, 30 Hz, RT
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Figure 7 - High cyclefatigue results for salt fog pitted and
active corrosion fatigue of machined 7075-T6 with and
without LPB processing prior to exposure to corrosion.

The SN curves for samples with pitting from
prior salt fog exposure appeared to exhibit an
endurance limit, implying infinite life below that
stress level. The SN curves for samples exposed
to active corrosion fatigue during testing d not
agopear to have an endurance limit, as is
commonly reported in sudies of corrosion
fatigue."® Because fatigue tests were limited in
both number of samples and applied load cycles
to nomindly 1.0 x 10’cycles, the presence of a
true endurance limit camnot be confirmed
without additiona testing. In the discussion that
follows, the results are considered and compared
in terms of the fatigue life a nominaly 2 x 10°
cycles. The fatigue data in Figure 7 are
presented as semi-logarithmic SN curves at
stress ratio, R, of 0.1, in terms of the maximum
stress.

The machined (end milled) surface condition
produced an apparent endurance limit on the

order of 200 MPa (30 ksi). Salt fog exposure for
100 hrs. reduced the endurance limit to
nominaly 100 MPa (15 kd), haf that of the
origina machined surface before exposure to
sdt fog. The fractiona loss of fatigue life at
stress levels above the endurance limit for salt
fog exposed samples increased rapidly with
decreasing maximum stress level, reaching an
order of magnitude a the 200 MPa (30ks)
endurance limit. Active corrosion fatigue in
35% NaCl solution, with no prior corroson
damage, degraded the fatigue strength relative to
the as-machined condition by an amount only
dightly less than for prior pitting corrosion from
100 hr. sdt fog exposure up to a life of 10’
cycles. A failure occurred in active corrosion
fatigue a 10’ cycles, i.e, a the nominad 100
MPa endurance limit for pitting corrosion. The
data appear to suggest both further reduction in
fatigue strength with increasing life and the
absence of an endurance limit for active
corrosion fatigue. LPB prior to sdt fog pitting
resulted in a 70% increase in the endurance
limit, from nominally 200 MPa (30 ks) to over
330 MPa (48 ks). The fatigue life at stress
levels above the 310 MPa (45 ks) endurance
limit for LPB prior to corrosion is two orders of
magnitude (100X) greater than that of the
basdline machined surface. A comparable
benefit in fatigue performance was observed for
LPB prior to active corroson fatigue in 3.5%
NaCl solution. As noted earlier, a true endurance
limit may not exist for the active corroson
fatigue mechanism, however, the fatigue
drength at 10’cycles was at least 282 MPa
(41ks). Fatigue lives were 100 times that of the
baseline machined surface for stress levels
above 275 MPa (40 ks).

Fractographic analysis reveded that al fatigue
falures in gspecimens without prior LPB,
whether exposed to sdt fog pitting or active
corrosion fatigue, initiated at the surface. A
typica surface fatigue initiation dte is shown in
Figure 8. All st fog pitted sample initiations
were exclusively from corrosion pits, as shown
in Figure 9. Specimens tested at lower stresses
generdly exhibited fatigue origins from a single
pit, while specimens tested at higher stress levels
tended to have multiple origins.
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Figure 8 — Typical surface fatigue initiation site on
machined 7075-T6 in active corrosion fatigue.

Figure 9 —Fatigue fracture surface of typical machined +
100hr salt fog exposure sample. Arrow indicates fatigue
origin at the site of corrosion pit.

The effect of the layer of high resdud
compression produced by LPB was to drive
fatigue origins below the surface by as much as
1 mm (0.04 to 0.05 in.). All fatigue cracks in the
LPB + sdt fog pitted samples initiated not at the
damaged surface, but subsurface. The subsurface
stress in bending smply exceeded the fatigue
limit of the materid below the compressive
layer. A typica subsurface origin is shown in
Figure 10. Only one active corrosion fatigue
sample failed from the LPB surface. This was at
the highest |oad tested. Subsurface initiation was
observed in a previous study of LPB after pitting
corrosion damage.' As fatigue failures did not
originate at the LPB processed surface, the
results can be interpreted as demonstrating that
the LPB surface has even higher fatigue strength
than indicated in this testing.

The subsurface initiations are thought to be
associated with the tensile residua stress
developed below the compressive layer. The
coarse grain size of the material used in this

invetigation prohibited direct measurement of
the maximum subsurface tensile stress. Finite
element anadysis and fatigue life modeling are
being employed to more thoroughly analyze the
subsurface failure mechanism.

Figure 10 — Subsurface fatigue origin below the
compressive layer produced by LPB.

CONCLUSIONS

The fatigue performance of the marine
environment corrosion senditive auminum aloy
7075-T6 is greatly improved by low pladticity
burnishing (LPB) prior to exposure to either sat
fog pitting or active corrosion fatigue in 3.5%
NaCl solution. Both corroson mechanisms
reduced the fatigue endurance limit of machined
(end milled) 7075-T6 from nominaly 205 MPa
(30 kd) to only 100 MPa (15 kg), haf of the
origina, fatigue strength. LPB prior to exposure
to either corroson mechanism increased the
endurance limit to over 310 MPa (45 ks), over
three times the strength of a machined surface
exposed to corrosion and 50% stronger than the
un-corroded original machined surface. The
fatigue life at maximum dstress levels above the
endurance limit is at least 100 times greater for
LPB processed 7075-T6.

The improvement in fatigue life and strength are
atributed to the introduction of a layer of
resdua compresson with a magnitude and
depth  sufficient to suppress fatigue crack
initiation and propagation, even in aggressve
corrosive  environments. The depth and
magnitude of compression are sufficient to close
cracks emanating from corrosion pits shallower
than the layer of compression, rendering them
innocuous, and atering the mode of fatigue crack
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nucleation. In active corrosion fatigue, the
compressive layer retards the growth of fatigue
cracks, producing two orders of magnitude
(100X) life increase at stresses above the
endurance limit.

LPB prior to corrosion has been demonstrated to
substantially improve the fatigue performance of
the aduminum dloy 7075-T6 widdy used in
structural  aircraft applications. The ease of
implementation in sandard CNC machining
centers offers the possibility of employing LPB as
an effective means of mitigating corrosion fatigue
and pitting fatigue initiated failures in arcraft
components without atering either materia or
design. Applied locdly to high stress fatigue
prone locations in aging arcraft, LPB could
extend the service life of arcraft structura
components, reduce the tota cost of fleet
ownership, and improve fleet readiness.
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