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igue failure depends on the depth and magnitude of compression,
nd the stability of the compressive residual stresses during fur-
her processing of components and in service. Shot peening and
avitation peening produce relatively shallow compression, while
PB and LSP impart relatively deep compressive residual
tresses, well beyond the depth of fretting-induced microcracks.

The potential for relaxation of the compressive residual stresses
n components exposed to mechanical overload or elevated tem-
erature depends significantly on the cold work introduced during
urface treatment processes. Typically, shot peening leads to ex-
essive cold work �often �80%�, while LPB and LSP result in
ery low cold work ��5% �, ensuring that the beneficial compres-
ion is retained during extended service. Attempts are also being
ade to develop duplex processes, by applying the coatings/

ubricant systems after imparting the compressive residual stress
19� through surface treatments. Since most of the coating pro-
esses lead to heating the surfaces or are done at elevated tem-
eratures, the stability of compressive residual stresses will be
ffected by the amount of cold work.

The differences in the nature of the subsurface compressive
esidual stress distributions imparted by different methods lead to
arying degrees of improvement in fretting fatigue resistance.
hallow compression from conventional shot peening signifi-
antly improves fretting fatigue performance, but does not fully
itigate fretting-induced fatigue failure. When used in conjunc-

ion with coatings, the effectiveness of shot peening to improve
retting fatigue resistance is significantly reduced �20�. These de-
ciencies are attributed to the relatively shallow depth of com-
ression, typically 0.005 in. �0.125 mm� deep, and the heavy cold
ork associated with the shot peened surface. Several indepen-
ent studies have now shown that the deeper compressive residual
tresses from LPB with low cold work have resulted in complete
itigation of fretting fatigue damage �14,17,18�.
This paper describes recent developments in �a� the fatigue de-

ign methodologies to determine the magnitude and distribution of
ompression needed to mitigate fretting fatigue, �b� LPB tooling
eveloped to process the complex geometries of turbine compres-
or blade dovetails and the disk slot contact regions, and �c� the
mportance of taking a comprehensive design approach by includ-
ng residual stress measurements to verify and validate the design
rocess.

aterials and Methods

Components and Characterization of Fretting Damage in
ntreated Components. Photographs of a Ti–6Al–4V compres-

or blade and disk are shown in Figs. 1 and 2, as close-up views of
he fretting affected edge-of-contact regions. Figure 3�a� shows a
ypical network of parallel microcracks found in the dovetail
OB. A micrograph of the cross section, Fig. 3�b�, shows that the
epth of the microcrack �arrows� is less than 0.003 in.

ig. 1 A close-up view of the dovetail EOB region prone to
icrocracking „dark arrows… due to fretting
0.075 mm�.
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Fatigue Design Method. The implementation of sophisticated
surface enhancement technologies like LPB to induce deep, con-
trolled compressive residual stresses requires the use of advanced
predictive and design tools, so that the LPB treatment parameters
can be optimized for a given application and component. In this
context, three major predictive and design analysis tools are being
used, viz., linear elastic fracture mechanics �LEFM� based fatigue
crack growth codes such as AFGROW �21�, finite element �FE�
codes such as ALGOR and ANSYS, and Lambda’s fatigue design
diagram �FDD� �22� to predict fatigue performance in the pres-
ence of compressive RS in components. The optimal compressive
residual stress distribution is determined iteratively by introducing
the compressive residual stress from FDD into the FE model and
determining both the magnitude and locations of compensatory
tension and part distortion.

The FDD is a novel adaptation of the traditional Haigh diagram
to estimate the compressive residual stress magnitude and distri-
bution to achieve optimal fatigue performance. This method is
demonstrated for Ti–6Al–4V in Fig. 4, which is a plot of the mean
stress �Smean� extended into the compressive quadrant versus al-

Fig. 2 A close-up view of the dovetail disk post slots

(a)

(b)

Fig. 3 „a… Optical photo of typical network of parallel microc-
racks found in the dovetail EOB. „b… Optical micrograph of the
cross section showing the depth of the microcrack „arrows…. As
seen here, the fine microcrack is less than 0.003 in. „0.08 mm…
deep from the surface.
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ernating stress �Salt�. The traditional fatigue design approach us-
ng the Goodman line in the tensile mean stress quadrant does not
end itself to the analysis of fatigue performance under compres-
ive mean stresses. The Smith–Watson–Topper �SWT� model �23�
s valid for mean stresses in both tension and compression. By
ombining the fatigue stress concentration factor, kf �ratio of fa-
igue strength for a given life for the smooth condition over the
amaged condition� with the SWT model, a series of curves can
e drawn in place of the Goodman lines for various kf values
epresenting levels of damage. Figure 4 shows the construction of
he SWT lines for kf =1, 3, and 10.

As seen in Fig. 4, the limiting cases of kf =� and R=−� define
region where the stress state will never go into tension, and

ence Mode I crack growth is not possible. This region is indi-
ated as the “safe” region. For damage producing a known fatigue
ebit, say, kf =2.8 for fretting of Ti–6Al–4V, the FDD allows the
etermination of the minimum residual compression �RSmin�
eeded to restore the fatigue performance and the amount of com-
ression �RSmax� that will provide the maximum possible fatigue
erformance. The FDD has been validated in a number of material
ystems �24�.

LPB Process. LPB is a surface treatment that develops a deep
ayer of high compression on surfaces to mitigate fretting, corro-
ion pitting, or foreign object damage �FOD�. Through-thickness
ompression can be achieved in thin sections, such as blade edges,
roviding dramatically improved damage tolerance �25�. LPB
ools are designed to allow access to the fatigue critical areas of
he component. Examples of LPB tools designed to treat the dove-
ail region of a compressor blade and the dovetail post contact
urface in a compressor disk are shown in Figs. 5�a� and 5�b�,
espectively.

The LPB process itself has been described in detail previously
26�. Unlike other burnishing or “deep rolling” methods, a single
ass of a smooth free rolling spherical ball tool, as shown in Fig.
, is used under a normal force just sufficient to deform the sur-
ace of the material, creating a compressive layer of residual stress
ith controlled plastic deformation. The LPB tool path and posi-

ion are controlled in a computer numerical control �CNC� ma-
hine tool or robotically in a machine shop environment. Any
urface topography that can be followed with a multiaxis CNC
ool and allows tool access can be LPB processed. LPB can pro-
uce high compression to a depth exceeding 1 mm in thick sec-
ions and entirely through thin sections such as structural sheet or

ig. 4 FDD for Ti–6Al–4V to demonstrate the method of deter-
ination of minimum and maximum residual compression to

estore or enhance fatigue performance
he edges of titanium alloy fan blades in four-axis or five-axis

ournal of Engineering for Gas Turbines and Power
CNC processing �27,28�. As the ball rolls over the component, the
pressure from the ball causes plastic deformation to occur in the
surface of the material under the ball. Since the bulk of the mate-
rial constrains the deformed area, the deformed zone is left in
compression after the ball passes. No material is removed during
the process.

The surface is permanently displaced inward by only a few ten
thousandths of an inch �0.0001–0.0006 in. �2–15 �m��. LPB
smoothes surface asperities leaving an improved surface finish
that can be better than 5 �in., RA. The compressive residual

(a)

(b)

Fig. 5 „a… LPB processing of the surface of a Ti–6Al–4V com-
pressor blade dovetail contact region using a specially de-
signed LPB tool; „b… LPB processing of a Ti–6Al–4V compres-
sor disk dovetail post contact region using a specially
designed LPB tool
Fig. 6 LPB schematic

AUGUST 2010, Vol. 132 / 082105-3
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tress distributions produced by 8A SP, gravity peening, and three
ycles of LSP are compared to a single pass LPB processing of
N718 in Fig. 7. Note the low cold working produced by both LSP
nd LPB compared to SP. LPB can produce higher magnitude and
eeper compression than LSP. Using large tooling, LPB has pro-
uced a depth of compression to 0.5 in. �12 mm� on a conven-
ional machine tool �24�.

X-Ray Diffraction, Residual Stress, and Cold Work
etermination. X-ray diffraction �XRD� residual stress measure-
ents are made employing a sin2 � technique and the diffraction

f the radiation appropriate for the alloy. It was first verified that
he lattice spacing was a linear function of sin2 � as required for
he plane stress linear elastic residual stress model �29–31�. Sub-
urface residual stress distributions are determined by making
easurements as a function of depth by incremental electropol-

shing to the final depth. Subsurface residual stress measurements
re corrected for both the penetration of the radiation into the
ubsurface stress gradient �29� and for stress relaxation caused by
ayer removal �32�. The value of the x-ray elastic constants re-
uired to calculate the macroscopic residual stress from the crystal
attice strain is determined in accordance with ASTM E1426-91
33�. Systematic errors are monitored per ASTM specification
915.
The K�1 peak breadth is calculated from the Pearson VII func-

ion fit used for peak location during macroscopic stress measure-
ent �34�. The percent cold work is calculated using an empirical

elationship established between the material cold working �true

Fig. 7 Comparison of LSP, LPB,
compression
lastic strain� and the K�1 line broadening �35�. The percent cold

82105-4 / Vol. 132, AUGUST 2010
work is a scalar quantity, taken to be the true plastic strain neces-
sary to produce the diffraction peak width measured based on the
empirical relationship.

High Cycle Fatigue Tests. High cycle fatigue �HCF� tests on
laboratory specimens, special component feature specimens, and
actual components were performed in the untreated and LPB
treated conditions on a Sonntag SF-1U machine at room tempera-
ture at a frequency of 30 Hz. Thick section fatigue specimens
were tested to characterize the base line material behavior, the
effect of fretting damage, and the general benefits of LPB. These
test methods have been adequately described previously �14,36�.
Only results from these tests will be discussed in this paper. Be-
cause microcracking found in turbine engine dovetail joints is
difficult, if not impossible to duplicate in the laboratory, microc-
racking an order of magnitude deeper than that produced by fret-
ting was simulated in laboratory tests of components using elec-
trical discharge machining �EDM� V-shaped notches that were
nominally 0.1 in. �2.5 mm� long, 0.005 in. �0.125 mm� wide, and
either 0.020 in. �0.5 mm� or 0.030 in. �0.75 mm� deep. Because
fretting-induced microcracks are less than 0.005 in. �0.13 mm�
deep, the EDM notches were considered to be substantially more
aggressive than actual fretting damage. Mitigation of naturally
induced fretting fatigue cracks in test samples has been reported
previously �14,17,18�.

Results and Discussion

Fatigue Design. Residual stress distribution design was based

P, and gravity peening depth of
S
on a value of kf determined empirically from HCF tests conducted

Transactions of the ASME
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n laboratory coupons of Ti–6Al–4V. Figure 8�a� shows the HCF
-N data for the base line �untreated� condition tested at R
Smin /Smax�=0.1 with and without active fretting produced during
esting �as apposed to prior fretting damage�. It is evident that
ctive fretting leads to substantial fatigue debit. At a fatigue life of
07 cycles, the effective fatigue stress concentration factor, kf, is
ominally 2.6. When this damage condition is applied to the FDD,
he base line nominal fatigue strength and the fatigue strength
nder active fretting condition can be plotted, as shown in Fig.
�b�. The RSmin of nominally −40 ksi �−276 MPa� is predicted to
estore the fatigue performance, and compression in excess of that
s predicted to show some benefit over the nominal fatigue
trength of the base line condition, even with the fretting damage.
n this particular specimen group LPB generated a RS distribu-
ion, as shown in Fig. 9�a�. The corresponding fatigue perfor-

(a)

(b)

Fig. 8 „a… S-N data showing the fre
specimens in the base line „untreate
for the effective kfÉ2.6
ance of LPB treated specimens without and with active fretting

ournal of Engineering for Gas Turbines and Power
damage, shown in Fig. 9�b�, indicates that the LPB treated speci-
mens indeed showed an improved performance over the base line
condition. These initial coupon tests demonstrated that full miti-
gation of fretting damage fatigue can be achieved in Ti-6-4 with
LPB treatment. In this initial investigation, the effects of compen-
satory tension leading to subsurface initiation and the ensuing
fatigue cracking from that region were also predicted by the FDD.

LPB Treated Blade Dovetail and Disk Post Contact Regions.
Compressor blade dovetail contact regions were LPB treated us-
ing the tool shown in Fig. 5�a�. As indicated earlier, the single
point tool was controlled by a previously designed CNC tool path
and by applying appropriate pressures synchronized to the tool
position. A photograph of the LPB treated blade is shown in Fig.
10�a�. The LPB residual stress distribution measured by XRD is

g fatigue results for Ti–6Al–4V test
ondition; „b… FDD with the SWT line
ttin
d… c
shown in Fig. 10�b�. This graph shows the residual stress as a

AUGUST 2010, Vol. 132 / 082105-5
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unction distance with respect to the EDB on the surface of the
lade dovetail as a function of depth at 0.005 in., 0.010 in.,
.020 in., 0.040 in., and 0.060 in. �0.125 mm, 0.25 mm, 0.5 mm,
mm, and 1.5 mm�, respectively. It is evident from this figure

hat the compression extended to a depth in excess of 0.050 in.
1.25 mm� even though the radius at the platform of the dovetail
as not processed due to the geometry of this region. Subsurface

ompression was evident due to the compression developed in the
ontact surface.

In order to understand the effect of compression on the location
nd magnitude of compensatory tension, a finite element analysis
FEA�, shown in Fig. 11, was constructed with the LPB-induced
ompression. It is evident in this figure that the compensatory

(a)

(b)

Fig. 9 „a… Residual stress profile a
specimen; „b… S-N data showing the
test specimens in the LPB treated co
ension is located near the thick bottom of the dovetail section,

82105-6 / Vol. 132, AUGUST 2010
below the layer of high compression, and away from the critical
high stress fretting damaged regions, where it does not contribute
to fatigue failure under service loading. The material on the dove-
tail surface beyond the LPB processed zone is seen to be forced
into compression by the adjacent highly compressive LPB pro-
cessed zone.

Based on the residual stresses achieved in the dovetail, the fret-
ting fatigue damage should be completely mitigated by the LPB
process. HCF tests were conducted on untreated and LPB treated
blade dovetails. As indicated earlier, since fretting damage on ac-
tual components is very difficult to simulate in laboratory test
conditions, an extreme fretting-induced microcrack damage was
simulated with a 0.020 in. �0.5 mm� or a 0.030 in. �0.75 mm�

a function of depth in LPB treated
etting fatigue results for Ti–6Al–4V
itions
s
fr

nd
deep EDM notch. Because the typical fretting-induced microcrack

Transactions of the ASME
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is shallower than 0.003 in. �0.075 mm�, the 0.020 in. �0.5 mm�
deep EDM notch is a more aggressive damage condition com-
pared to fretting damage. Figure 12 shows the S-N data for these
test conditions. The base line �untreated� blades with 0.020 in.
�0.5 mm� notch failed with a run-out condition at 107 cycles of
about 30 ksi �207 MPa�. The LPB treated blades with 0.020 in.
�0.5 mm� notch did not fail from the notch, even when tested at
stresses of about 90 ksi and 100 ksi �620–690 MPa�, thus show-
ing better than a factor of 3 improvement over the untreated
blades. The LPB treated blades with a 0.030 in. �0.75 mm� notch
showed almost a factor of 2 improvement in fatigue strength �at
greater than 106 cycles� over the untreated blades with 0.020 in.
�0.5 mm� well above the customary kt=3 design criteria.

Based on the compressive residual stress distribution and fa-
tigue performance achieved in the compressor blade dovetail, a
comparable compressive distribution was designed for the com-
pressor disk post contact region. A LPB tool designed to simulta-
neously process the two sides of the disk post is shown in Fig.
5�b�. A photo of the LPB treated disk post after removal from the
compressor disk is shown in Fig. 13. The residual stress distribu-
tion for the disk post contact region after LPB treatment is shown
in Fig. 14. As expected, the results in this figure are comparable to
the residual stress distribution shown for the compressor blade
dovetail contact region in Fig. 10�b�. Similar to the blade dovetail
contact region EOB, the disk post contact region EOB shows a
depth of compression better than 0.040 in. �1 mm�. This verifies
the fact that the LPB process parameters chosen for the disk post
region are effective in producing the desirable residual stress dis-
tribution capable of mitigating fretting damage on the disk post
contact surface.

Fig. 12 S-N data for the compressor blades

Fig. 13 Photo of the LPB treated disk post; this post was re-

ig. 11 FEA simulation of the residual stresses from Fig. 10„b…

dentifies the location „red arrow… and magnitude of the com-
(a)

(b)

ig. 10 „a… LPB treated compressor blade dovetail contact re-
ion; „b… residual stress distribution on the dovetail section of
he LPB treated blade
moved from the compressor disk after LPB treatment

AUGUST 2010, Vol. 132 / 082105-7
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ummary and Conclusions
LPB tooling technology has been developed to introduce deep

igh magnitude compression on the pressure faces of fan and
ompressor blade dovetails and mating disk slots. A FDD method
as been demonstrated to determine the magnitude of compres-
ion needed to restore and even improve the fatigue strength of
retting damaged titanium alloy compressor components. Fretting-
nduced microcracks that form at the EOB on the pressure face of
oth the blade dovetail and the disk slots in Ti–6Al–4V compres-
or components were simulated with 0.020 in. and 0.030 in.
0.5 mm and 0.75 mm� deep EDM notches designed to produce a
ore aggressive damage condition than the shallow �less than

.005 in. �0.125 mm� deep� fretting-induced microcracks. LPB
rocessing introduced the designed compressive layer that not
nly mitigated the simulated damage but also provided fatigue
erformance superior to the base line condition, as predicted by
he FDD. The introduction of deep stable compression using con-
entional CNC machine tools during manufacture or overhaul to
estore and improve the fatigue performance of fretting dovetail
oints in titanium alloy compressor components has been demon-
trated. The compressive residual stress field design method em-
loying the FDD approach was shown to be fully applicable to
ompletely mitigate fretting damage in Ti–6Al–4V. The depth and
agnitude of compression and the fatigue and damage tolerance

chieved are reproducible with different LPB tools to process cou-
ons for fatigue testing, the blade dovetail contact face, and the
ating disk slots. It was found that microcracks as deep as

.030 in., large enough to be readily detected by current NDI
echnology, can be fully arrested by LPB. The depth of compres-
ion achieved could allow NDI screening followed by LPB pro-
essing of critical components to reliably restore fatigue perfor-
ance, minimize inspection requirements, and extend component

ife.
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