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How many times in the past year have I heard the word “syn-
ergy”? And of those times, how many were at home with my
wife or out at a restaurant? I would guess that the ratio is
something like 10:0, because like so many other manage-
ment clichés or buzzwords, “synergy” lives only at the office.
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Things like “cooperation,” “give-and-take,” and “under-
standing” live at home.

Why does this matter? Honestly, it probably doesn’t, but
arent we all just a litde overloaded with how many catch-
phrases come along? I recall having lunch with the CEO
from one of the nation’s largest manufacturers of industrial
carbon products a few years back. He said that there were

three kinds of organizations in business: there were those that
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resist change, those that accept change, and those that seeck
change. He wanted his company to be the lacter. It is
assumed in there somewhere that CHANGE... is GOOD,
but I digress.

In the early 1900, the main use for oil in this country
was for lighting. This application however, was quickly being
supplanted by electrically energized lights, and things looked
pretty bleak for the oil industry in the US. But then, out of
the blue came a new application for oil and refined fuels: the
automobile. Right around the time one application was
dying, another came along and saved an industry. (The rise
of the automobile practically wiped out the saddle and horse-
shoe businesses of course, as every change has consequences.)

In our business, we see change all the time. Sometimes
it is legislative change, such as Acquisition Reform, other
times it is simply a shift in thinking or technology. Most
changes are for the better, like when we learned about duc-
tile-to-brittle transition temperatures in steels for Liberty
Ships, or machining larger radius fillets in crankshafts to
reduce stress concentration. Like Helmut Panke (current
Chairman of BMW A.G.) has said, any organization that
does not adhere to the triple-A strategy of adaptivity, agility
and anticipation will not survive long in today’s climate.

Changes in technology, legislation, innovation, and even
thinking will always alter the landscape for materials and
their applications. As such, change is inherent in all we do,
because we are forever pushing our own boundaries with
innovative development of new materials or clever re-appli-
cation of existing materials.

Materials engineers, by our very nature, are secking
change every day. We seck to utilize natural and physical laws
of structure, chemistry, and mechanics to enhance the per-
formance of materials around us. And we fight for every last
scrap of strength, ductility, thermal stability, conductance,
etc., out of every material we touch.

This brings me to another of Panke’s aphorisms: the four
Cs of continuity, consensus, cooperation, and cadre. Our dis-
cipline is one of continuously striving to make better materi-
als to meet the challenges of tomorrow. We work separately
on our projects, but together in our mission. From these, we
develop strength and fraternity in this dynamic world.
Materials engineering truly is the building block of all other
engineering disciplines... and that is no cliché.

Wade Babcock
Editor in Chief
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Preventing Fatigue Failures
with Laser Peening

INTRODUCTION

Laser peening is an innovative surface enhancement process
used to increase the resistance of aircraft gas turbine engine
compressor and fan blades to foreign object damage (FOD) and
improve high cycle fatigue (HCF) life. [1,2,3,4] The process cre-
ates residual compressive stresses deep into part surfaces — typi-
cally five to ten times deeper than conventional metal shot peen-
ing. These compressive surface stresses inhibit the initiation and
propagation of fatigue cracks. Laser peening has been particu-
larly effective in aircraft engine titanium alloy fan and compres-
sor blades, however the potential application of this process is
much broader, encompassing automotive parts, orthopedic
implants, tooling and dies, and more. Significant progress has
been made to lower the cost and increase the throughput of the
process, making it affordable for numerous applications from
gas turbine engines to aircraft structures, land vehicles, weapon
systems, as well as general industrial use. Laser peening may also
be referred to as laser shock processing (LSP), and various other
commercial trade names. This paper reviews the status of laser
peening technology, material property enhancements, and
potential applications.

How Laser Peening Works

Laser peening drives a high amplitude shock wave into a mate-
rial surface using a high energy pulsed laser. The effect on the
material being processed is achieved through the mechanical
“cold working” effect produced by the shock wave, not a ther-
mal effect from heating of the surface by the laser beam.

The laser system is a high-energy, pulsed neodymium-glass
laser system having a wavelength of 1.054 pm. The laser peen-
ing system produces very short laser pulses, selectable from 8 to
40 nanoseconds, with a pulse energy of up to 50 joules. The
laser spot is typically 5-6 mm in diameter. The laser peening
parameters are typically selected to achieve a power density or
laser irradiance of 5-10 GW/cm?2. [5]

To prepare a part for laser peening, an overlay opaque to the
laser beam is applied to the material surface being treated. An
additional layer, transparent to the laser beam, is placed over
the opaque overlay. With the two overlays in place, the laser
pulse is directed through the transparent overlay and interacts
with the opaque overlay as shown in Figure 1. The interaction
consists of the laser energy being absorbed in the first few
micrometers of the opaque overlay surface, vaporizing the
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material and forming a plasma. The plasma temperature rises
rapidly through further heating from the incoming laser beam,
but thermal expansion of the plasma is limited by the transpar-
ent overlay material. The pressure in the confined plasma
increases rapidly, causing a shock wave to travel into the mate-
rial through the remainder of the opaque overlay, and outward
through the transparent overlay material.

The opaque overlay serves to protect the part’s surface from
direct thermal contact with the laser-induced plasma, and pro-
vides a consistent surface condition for interaction with the laser
beam, independent of the actual material being treated. Direct
contact of a metal surface with the plasma will, in most cases,
form a thin melt layer on the surface of the metal, ranging from
a surface discoloration to a surface melt layer up to 15 to 25 pm
thick, depending on the laser irradiation conditions and metal
properties. Opaque overlays can be of a variety of forms; dry or
wet paint, black tape, metal foils, and adhesive-backed metal
foils have all been used with varying, but nominally equivalent
results in terms of the pressure pulses generated.

The transparent overlay serves to confine the plasma gener-
ated at the surface of the opaque overlay against the surface
being treated and can be any material transparent to the laser
beam. The simplest and most cost-effective method is to flow
water over the surface from an appropriately placed nozzle. The
water is not used to cool the part but serves the key function of
confining the plasma generated when the laser beam interacts
with the opaque overlay surface. The confinement increases the

Component
~— Transparent Overlay
(flowing water)
Laser Pulse
Shack Wave _
\ Confined Plasma

Opaque Overlay
(paint or tape)

Figure 1. Schematic of the Laser Peening Process.
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pressure developed by the plasma on the surface up to 10 times
over the surface pressure developed if the plasma is unconfined
and allowed to accelerate away freely from the material surface.

In practice, the laser system is located next to a peening cell
in which the parts are robotically positioned during processing.
The size of the area to be treated depends on the part design
and service conditions. Sometimes, a part requires that only a
small area be treated and a single treated spot will suffice.
Examples might include around small bolt holes, or at the root
of a notch in the side of a thin section[6]. In other instances,
the areas requiring treatment will be larger, such as a patch on
a turbine blade, crankshaft fillet, or gear. In these cases, succes-
sive spots are overlapped until the desired region is completely
covered.

The shock wave traveling into the material being processed is
the means for enhancing material properties. If the peak pres-
sure of the shock wave is above the dynamic yield strength of the
material, it will cause dynamic yielding as it travels into the
material. The yielding of the material introduces tensile plastic
strain in the plane of the surface, creating a residual compressive
stress. As the peak pressure of the shock wave decreases with dis-
tance into the material, the total plastic strain associated with
the shock wave decreases. This plastic strain gradient gives rise
to the compressive stress gradient below the surface. Because the
plastic strain produced by the shock wave extends much deeper
then that produced by conventional shot peening, the compres-
sive residual stresses produced by laser shock peening also extend
deeper into the material. The deeper residual stresses, in gener-
al, provide much more substantial property benefits.

MATERIAL PROPERTY ENHANCEMENTS

Residual Stress

Laser peening produces a number of beneficial effects in metals
and alloys. Foremost among these is increasing the resistance of
materials to surface-related failures, such as fatigue, fretting
fatigue and stress corrosion cracking. Numerous metals and
alloys have been laser peened successfully, including titanium
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Figure 2. Residual Stress Profiles for Laser Peened and Shot
Peened Titanium Alloys.
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alloys, steels, aluminum alloys, nickel-base superalloys, cast
irons, and a powder metallurgy iron alloy.

The material property enhancements are derived from the
deep compressive residual surface stresses imparted by laser
peening. Figure 2 shows an example of the deep compressive
stresses achieved in two titanium alloys versus the shallower
compressive stress profiles when conventional shot peening was
used. Stress profiles were determined by standard X-ray diffrac-
tion measurements. The compressive residual stresses produced
by laser peening extend in excess of 1.0 mm deep into the sur-
face, whereas the compressive stresses for shot peened samples
are present to a depth of about 0.2 mm.
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Figure 3. In-depth Residual Stress Profiles after Elevated
Temperature Exposure of Laser Peened Ti-8Al-1V-1Mo
for 4 Hours.

Thermal Stability of Residual Stresses

In service conditions involving elevated temperatures, the ther-
mal stability of the residual stresses becomes an important
issue. To retain the benefits of the residual stresses at higher
service temperatures, they must be resistant to thermal recov-
ery. A titanium alloy, Ti-8Al-1V-1Mo, was laser peened, then
held at elevated temperatures in the service temperature range
of interest, for four hours. Afterwards, the residual stress pro-
files were measured. The results shown in Figure 3 demonstrate
that after four hours at elevated temperature residual stress
recovery near the surface is minimal. [7]

Fatigue

The key benefits achieved in most applications with laser peen-
ing are significant increases in fatigue life and fatigue strength.
The most dramatic increases in fatigue strength are achievable
in thin sections for through-the-thickness cracks propagating
into the structure from a stress concentration associated with an
edge, be it a hole, notch, corner, inclusion or other feature.
Substantial increases in fatigue strength are also achieved in
thicker structures laser peened on a single surface in the area of
a stress riser or stress concentration. Figure 4 shows a compari-
son of fatigue properties for 7075-T7351 aluminum specimens
subjected to laser peening and shot peening. [8] The notched
fatigue specimens were tested in 3-point bending, using test
conditions of R=0.1 and K;=1.68. The data illustrate the typi-
cal fatigue enhancement of laser peened parts, including a 30-
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Figure 4. Comparison of Laser Peening and Shot Peening
Fatigue Properties for 7075-T7351 Aluminum. (Data points
with arrows indicate tests halted with no failure.)

50 percent increase in notched fatigue strength and an increase
in fatigue life of about an order of magnitude.

The earliest investigation of the effect of laser peening on the
fatigue behavior of thin sections was performed on F101-GE-
102 aircraft gas turbine engine fan blades. [9] In this investiga-
tion, the effects of shot peening and laser peening surface treat-
ments on increasing the resistance of the airfoils to foreign
object damage (FOD) were compared. The results of the
fatigue testing are shown in Figure 5. The baseline, undamaged
blades failed within 10¢ cycles at 70 ksi. The notched, untreat-
ed blades failed at 20 to 30 ksi. The estimated average failure
stress for the dual intensity [10] shot peened blades was 35 ksi,
and for the high intensity [11] peened blades, 45 ksi. By com-
parison, the failure stress of the laser shock peened notched
blades averaged about 100 ksi, well above the failure stress of
the undamaged blades. Even the laser peened blades with elec-
tro-discharge machined (EDM) notches averaged around 75-
80 ksi. These results indicated that laser shock peening would
enable a blade to continue to operate safely, even with FOD at
some level above that previously viewed as cause for removal

and repair of the blade.

Corrosion

In limited studies, some laser peened materials have shown
increased resistance to corrosion and stress corrosion cracking
(SCC). In 2024-T351 aluminum, for example, potentiody-
namic tests showed anodic current density shifts after laser
peening, indicating enhancement of pitting resistance for both
initiation and propagation. There was also a reduction of the
passive current density on laser shock peened surfaces, indicat-
ing increased corrosion resistance. [12]

PRODUCTION APPLICATIONS

Beginning in 1991, the B-1B Lancer’s F101 engine began
experiencing failures of titanium turbine blades due to FOD
caused by ice and hard objects ingested into the engine.
Chunks of blades that broke loose, in some cases, did irrepara-
ble damage to the rest of the engine. To avoid grounding the
B-1 fleet, the Air Force required a manual inspection of all the
fan blades before each flight. The time-consuming leading
edge inspections involved rubbing the leading edge with cot-
ton balls, cotton gloves and even dental floss. If a single snag
was detected, the blade was replaced prior to the next flight. In
1994, over one million man-hours at a cost of $10 million per
year were required to complete the engine inspections and
keep the B-1 flying.

GE Aircraft Engines (GEAE) investigated laser peening as a
potential solution to increase the durability of titanium fan
blades and decrease their sensitivity to FOD. The improvement
to high cycle fatigue performance was remarkable. Damage to
an F101 blade can reduce the fatigue strength from about 75
ksi to less than 20 ksi, which is less than half of the design
requirement. However, when laser peened blades are compara-
bly damaged, they retain a fatigue strength of 75-100 ksi. Thus,
laser peening restores the structural integrity of damaged fan
blades. Sensitivity to FOD defects up to 0.25 inch in F101
blades was virtually eliminated.

In 1995, the US Air Force authorized the production devel-
opment of laser peening, bringing this technology out of the
lab and into a production environment. LSP Technologies, Inc.
(LSPT) was founded in 1995 to provide laser peening equip-
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Figure 6. Laser Peening of an IBR for the F-119-PW-100 Engine.

ment and services to industry and the US military. By 1997,
GEAE had proven the beneficial effects of laser peening and
began production application to F101 blades, using four laser
peening systems designed and built by LSPT.

Application of laser peening avoided over $59 million in
blade replacement costs, secondary damage engine repair
costs, and cost avoidance from airfoil failures. Avoiding cata-
strophic engine failures over the remaining life of the B-
1B/F101 program is estimated to save another $40 million.
Due to this success, laser peening was applied to solve similar
problems for the F110-GE-129 engine (used on the F-16
C/D Falcon), and the Air Force estimates cost savings similar
to the B-1B/F101 program. The process has also been imple-
mented in the F110-GE-100 engine (used on the F-16 A/B
Falcon), and the F101-GE-102 engine (used on the B1-B
Lancer). In March 2003, production laser peening also com-
menced on an integrally bladed rotors (IBR) for Pratt &
Whitney’s F119-PW-100 engine, used on the F/A-22 Raptor.
The production use of laser peening has been a notable suc-
cess story for these military engine applications. Overall, the
potential savings from laser peening are estimated to approach
$1 billion when calculating this impact over all engines in the
Air Force fleet.

Figure 6 shows the application of the LaserPeen™ (Trademark
of LSP Technologies, Inc.) process to an integrally bladed rotor
used in Pratt & Whitney’s F119-PW-100 engine for the F/A-22
Raptor. Note that the red laser beams were added schematically
to illustrate the process. The actual laser peening pulses are in the
infrared spectrum (not visible to the human eye).

EMERGING APPLICATIONS
Much progress has been made at decreasing the cost and
increasing the throughput of laser peening, making the process
affordable for many new applications. Further progress is
expected as production applications of laser peening expand.
Numerous applications are under development or are good
candidates for improvement using this technology.

In addition to engine components for the Air Force, numer-
ous applications for airframe structures exist, including:
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* Fatigue-critical components such as F-16 bulkheads, wing
attachments, flight control mechanisms, wheels, brakes,
landing gear,

* Welded titanium and aluminum components for improved
reliability,

* Welded aging aircraft parts for improved reliability,

* Fasteners and fastener holes to combat fatigue, fretting
fatigue and stress corrosion cracking,

* Cost-effective, high reliability castings to replace forgings,
and

* Mobile laser peening for deployment at repair depots for
treatment of large structures and detection of exfoliation cor-
rosion.

For the Army, numerous opportunities exist for laser peening
enhancement of fatigue prone helicopter parts such as trans-
mission gears and other drive train components. Laser peening
will enable the development of lightweight drive trains capable
of higher horsepower loads than present generation helicopters
(Figure 7). Laser peening can also improve the performance
and reliability of rapid cycling firearms and artillery, as well as
toughen support systems and vehicle components in tanks and
armored vehicles.

The US Navy, US Marines, and the Royal Air Force (RAF)
have interest in laser peening for improving the reliability of the
Pegasus engine for the Harrier. Another potential application
includes stress relief of nuclear propulsion system parts such as
tube/sheet welded assemblies in nuclear submarine and surface
ship vessels for improved resistance to stress corrosion cracking
(SCC) and crevice corrosion. Other candidates include fatigue
prone catapult and tail-hook arrest mechanisms, ship drive
gears and bearings, and prevention of stress corrosion cracking
(SCC) in welded components found on vehicles such as
HUMVEES.

Applications for laser peening are not limited to military
parts. As the process has become affordable, numerous indus-
trial applications are emerging. Opportunities exist to apply
laser peening for weight reduction, increased reliability, and
improved fuel economy in automotive and truck parts such as
transmission gears and axles, rotating engine parts, and
impellers. Medical applications include treatment of orthope-
dic implants to improve the fatigue performance of hip and
knee replacement joints and spinal fixation devices. Laser peen-
ing is also expected to find applications in power generation
equipment for land based and nuclear power systems.

THE FUTURE FOR LASER PEENING

The future of laser shock processing is one of continuing
advancement in new production applications and technology
development. The biggest barrier to wider application of laser
peening in manufacturing has been the relatively high cost, and
to a lesser extent, the slow throughput of the process. This sit-
uation has improved rapidly with the availability of robust, pro-
duction-ready laser peening systems and advances in processing
technology such as LSP Technologies’ RapidCoater™ system
for automating the application and removal of the process over-
lay coatings. Much of this recent manufacturing-oriented
development for increasing throughput and decreasing cost has



Figure 7. Comanche RAH-66 Helicopter and Helicopter Drive Train Gears.

been supported by the Air Force Research Laboratory’s
Materials and Manufacturing Technology Directorate. The
variety of applications being evaluated for potential production
applications continues to increase. From several production
applications at present, this number is expected to expand rap-
idly over the next five years.

REFERENCES/ENDNOTES

[1] A. Clauer and D. Lahrman, Laser Shock Processing as a
Surface Enhancement Process, Durable Surfaces, Proceedings of
the Durable Surfaces Symposium, International Mechanical
Engineering Congress & Exposition, vol. 197, Trans Tech
Publications, Ltd, Switzerland, pp. 121-144, (2000)

[2] D. See, D. Lahrman, and R. Tenaglia, Affordable Laser
Peening, Proceedings of the 8th National Turbine Engine High
Cycle Fatigue Conference, Monterey, CA, (April 2003)

(3] A. Clauer, Laser Shock Peening for Fatigue Resistance, Surface
Performance of Titanium, J. Gregory, H. Rack, and D. Eylon
(eds.), TMS, Warrendale, PA, pp. 217-230, (1996)

[4] A. Clauer and J. Koucky, Laser Shock Processing Increases the
Fatigue Life of Metal Parts, Materials & Processing, vol. 6 (6),
pp-3-5, (1991)

[5] Laser Shock Processing, Technical Bulletin #1, LSP
Technologies, Inc., Dublin, OH, (1999)

[6] A. Clauer, J. Dulaney, R. Rice, and J. Koucky, Laser Shock
Processing for Treating Fastener Holes in Aging Aircraft,

Want your own FREE subscription?

Durability of Metal Aircraft Structures, S. Atluri, C. Harris, A.
Hoggard, N. Miller, and S. Sampath (eds.), Atlanta Technology
Publications, Atlanta, pp. 350-361, (1992)

[7] C. Lykins, P. Prevey, and P. Mason, “Laser Shock Peened
Compressive Residual Profile After Exposure to Temperature.”
AF Report WL-TR-95-2108, Wright Patterson AFB, OH,
(September 1995)

[8] P. Peyre, P Merrien, H. Lieurade, and R. Fabbro, Surface
Engineering, vol. 11, pp. 47-52, (1995)

[9] S. Thompson, D. See, C. Lykins, and P. Sampson, Surface
Performance of Titanium, Ed. J. Gregory, H. Rack and D.
Eylon, The Minerals, Metals & Materials Society, pp. 239-251,
(1997)

[10] Dual intensity peening processes involve peening a part at
one intensity level, then specifying an additional peening step
at a lower intensity level. The purpose of the first peening
intensity is to impart deep compressive residual stresses into the
part, and shot peening at the second lower peening intensity
smoothes the surface.

[11] High intensity peening involves peening a part at a very
high level of bead size, bead velocity, and/or peening duration
to achieve severe stress inducement. High intensity peening
may also severely damage the surface of a part.

[12] P. Peyre, X. Scherpereel, L. Berthe, C. Carboni, R. Fabbro,
G. Beranger and C. Lemaitre, Materials Science and
Engineering, A280, pp. 290-302, (2000)

AMPTIAC

http://amptiac.alionscience.com/Help/maillist.html

Visit

The AMPTIAC Quarterly, Volume 7, Number 2

7





