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LASER SHOCK PEENED GAS TURBINE ENGINE SEAL TEETH 

BACKGROUND OF THE INVENTION 

Field of the Invention 

This invention relates to gas turbine engine rotor seals with teeth such as 

labyrinth seal teeth and, more particularly, to such teeth having localized 

compressive residual stresses imparted by laser shock peening and repaired 

seals with teeth rebuilt by welding. 

Description of Related Art 

A variety of stationary and rotating seals, often referred to as the 

labyrinth type, are used in various parts of a gas turbine engine. During 

manufacture, operation, maintenance, et<;., such seals, which include one or 

more projections or teeth connected with a support structure, can be worn or 

damaged. 

It has become common practice to repair in a relatively cost effective 

manner certain types of such seal teeth or projections by first removing the 

damaged portion of the tooth. The same material of the tooth then is 

reapplied as by welding, with excess added material being removed, such as 

by machining, to·regenerate the .tooth. Methods and apparatus for conducting 

such repair is described in U.S. Patent No. 4,657,171 by Bertrand G. Robins, 

issued April 14, 1987. As is described in this and other patents referenced 

the~ein, a filler material in wire form is moved in a reciprocating manner into 

and out of a weld pool created by a heating source such as an elec~c arc to 

build up the teeth. 

Poor weldability, including poor weld flow characteristics and crack 

sensitivity of the metal from which the projection or tooth is made, 

characterizes seal teeth repaired in this manner and often prevents repairs in a 
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practical manner or limits the useful operating life of the components thus 

repaired. Accordingly, when damaged, the costly member may be replaced 

rather than repaired. The weld.ment repairs forms a heat affected zone which 

is that portion of the base metal which was metallurgically altered due to the 

welding heat. The heat affected zone also is very crack sensitive and, 

therefore, reduces the useful operational life of the repaired part. Therefore, it 

is highly desirable to improve the crack sensitivity of the heat affected zone as 

well as that of the part itself. The present invention incorporates laser shock 

peening to accomplish this and provide an improved weld repair and article 

therewith. 

Laser shock peening or laser shock processing, as it is also referred to, 

is a process for producing a region of deep compressive residual stresses 

imparted by laser shock peening a surfa<;e area of a workpiece. Laser shock 

peening typically uses multiple radiation pulses from high power pulsed 

lasers to produce shock waves on the surface of a wor~piece similar to 

methods disclosed in U.S. Patent No. 3,850,698, entitled "Altering Material 

Properties"; U.S. Patent No. 4,401,477, entitled "Laser Shock Processing11
; and 

U.S. Patent No. 5,131,957, entitled "Material Properties". Laser shock peening, 

as understood in the art and as used herein, means utilizing a laser beam from 

a laser beam source to produce a strong localized compressive force on a 

portion of a surface by producing an explosive force by instantaneous 

ablation or vaporization of a painted or coated or uncoated surface. Laser 

peening has been utilized to create a compressively stressed protection layer 

at· the outer surface of a workpiece which is known to considerably increase 

the resistance of the workpiece to fatigue failure as disclosed in U.S .. Patent 

No. 4,937,421, entitled 11Laser Peening System and Method". These methods 

typically employ a curtain of water flowed over the workpiece or some other 

method to provide a confining medium to confine and redirect the process 
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generated shock waves into the bulk of the material of a compon~nt being 

LSP'D to create the beneficial compressive residual stresses. 

Laser shock peening is being developed for many applications in the 

gas turbine engine field, some of which are disclosed in the following U.S. 

Patent -Nos. 5,525,429, entitled "Laser shock peening surface enhancement for 

gas turbine engine high strength rotor alloy repair"; 5,675,892, entitled "Laser 

shock peening for gas turbine engine vane repair''; 5,591,009, entitled "Laser 

shock peened gas turbine engine fan blade edges"; 5,492,447, entitled "Laser 

shock peened rotor components for turbomachinery1'; and 5,674,329, entitled 

"Adhesive tape covered laser shock peening" as well as others. 

SUMMARY OF THE INVENTION 

The present invention includes ~ method of repairing an annular 

metallic article and th~ article which has an axially extending annular support 

and a projection extending generally radially therefrom. The projection has 

an ·associated operating radial height as measured from a radially facing 

annular first surface of the support and an associated shape. The method 

includes removing at least a worn upper portion of the projection forming a 

stub extending away from the first surface and a bonding surface at a stub 

end spaced ·apart from the first surface and metallurgically· bonding a 

sufficient amount of metallic material to the bonding surface so to allow 

restoration of the projection to ~e associated operating height and shape. An 

annular heat affected zone is formed in a portion of the stub bounded by the 

bonding surface during the metallurgical bonding. Next, a first portion of the 

metallic material is removed to restore the projection to the operating height 

an~ shape. A first outer surface portion of the tooth extending over at least a 

portion of the heat affected zon~ is laser shock peened preferably after the 

removing of the first portion.of the metallic material. A tip of the stub formed 

by the removing of the first portion of the metallic material may also be laser 
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shock peened and a non-heat affected zone portion of the stub extending at 

least a partial length of a distance from the heat affected zone to the first 

$ur£ace may also be laser shock peened. 

The restored projection may include opposite forward and aft facing 

annular surfaces, the forward facing annular surface each having the first 

outer surface portion of the tooth and the aft facing annular surface having a 

second outer surface portion of the tooth. The laser shock peening may be 

performed on the first and second outer surface portions, preferably 

simultaneously. The laser shock peening includes firing at least one laser 

beam with sufficient power to vaporize ablative material on the outer surfuce 

portions and impart deep compressive residual stresses extending into the 

heat affected zone from the outer surface portions. The laser beams may be 

fired normal to the surface portions at ~ inclined angle with respect to a 

radial plane that is perpendicular to an axial centerline about which the 

annular support is circumscribed or at an oblique angle to the surface 

portions. The ablative material vaporized on the outer surface portion may be 

a metal of the heat affected zone of the stub, an ablative paint coating, or an 

ablative tape coating. 

The repaired annular metallic article of the present invention includes 

an axially extending annular support having a radially facing annular first 

surface and a projection generally radially extending therefrom. The 

projection has an associated operating radial height as measured from the 

ra<;lially facing annular first surface and an associated shape. The projection 

includes a stub. formed by removing a worn upper portion of the projection, a 

bonding surface at a stub end spaced apart from the annular first surface, and 

a tip. The tip is formed by metallurgically bonding a sufficient amount of 

metallic material to the bonding surface and removing a first portion of the 

metallic material to restore the projection to the operating height and shape. 
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An annular heat affected zone f~rmed in a portion of the stub bounded by the 

bonding surface during the metallurgical bonding includes a laser shock 

peened region having deep compressive residual stresses imparted by laser 

shock peening extending into the heat affected zone from an annular first 

outer surface portion of the heat affected zone. The restored projection may 

have opposite generally forward and aft facing annular surfaces which 

include the first annular surface portion and a second annular surface portion, 

respectively. The deep compressive residual stresses imparted by laser shock 

peening may also extend into the heat affected zone from the second outer 

surface portion of the heat affected zone. and the first and second annular 

surface portions are preferably laser shock peened simultaneously. The tip 

may also be laser shock peened such that the deep compressive residual 

stresses imparted by laser shock peening also extend into the tip and the first 

and second annular surface portions extend over the tip. The stub may 

further include a laser shock peened non-heat affected zone portion of the 

stub" which extends at least a partial length of a distance from the heat affected 

zone to the first surface and includes the deep compressive residual stresses 

imparted by laser shock peening extending into the non-heat affected zone 

portion such that the first and second annular surface portions extend over 

the non-heat affected zone portion. 

ADVANTAGFS 

Advantages of the present invention are numerous and include 

extending the life of worn parts that may be repaired using weldments or 

other high temperature metallurgical buildups. The present invention may be 

used for dimensional restoration of seal teeth which is required due to 

manufacturing errors, wear, and other types of damage. This not only 

extends the life of repaired parts but also lowers the scrap rate of new parts 

which may be saved by the present invention. The present invention may be 
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used to increase the low cycle fatigue (LCF) life and crack growth rate 

capability to acceptable levels of previously unacceptable rotating parts of a 

gas turbine engine such as seal teeth. The present invention offsets defects in 

the heat affected zone that may be caused by the metallurgical bonding such 

as welding during the buildup of the tooth tip. 

BRIEF DESCRIPTION OF THE ORA WINGS 

The foregoing aspects and other features of the invention are explained 

in the following description, taken in connection with the accompanying 

drawings where: 

FIG. 1 is a cross sectional illustration of a portion of a gas turbine 

engine having a labyrinth seal with teeth which may be repaired in 

accordance with an exemplary embodiJJlent of the method of the present 

invention. 

FIG. 1 is an enlarged perspective view illustrating damaged labyrinth 

seal teeth for the gas turbine engine seal in FIG. 1. 

FIG. 2 illustrates forming a stub from a seal ·tooth in FIG. 2 in 

accordance with an exemplary first embodiment of the present invention. 

FIG. 3 filustrates metallurgically bonding a sufficient amount of 

metallic material to the stub in FIG. 3 so to allow restoration of the seal tooth 

in accordance with the exemplary first embodiment of the present invention. 

FIG. 4 illustrates removing some of the metallic material to 

dimensionally restore seal tooth· and laser shock peening of a heat affected 

zone in FIG. 4. 

FIG. 5 illustrates a first alternative laser shock peening method of the 

dimensionally restored seal tooth in FIG. 4. 
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FIG. 6 illustrates a second alternative laser shock peening method of 

the dimensionally restored seal tooth in FIG. 4. 

FIG. 7 is a schematic perspective illustration of the seal of FIG. 2 

mounted in a laser shock peening system in accordance with the exemplary 

embodiment of the present invention. 

FIG. 8 is a schematic illustration of the laser shock peening of FIG. 8. 

FIG. 9 is a schematic illustration of a pattern of laser shocked peened 

spots on the tooth the seal in FIGS. 1-7. 

DETAILED DESCRIPfION OF THE INVENTION 

In accordance with a preferred embodiment of the present invention, 

FIG. 1 illustrates a method of repairing an annular metallic article exemplified 

by a gas turbine engine rotatable annular labyrinth seal 10 which may be used 

around a shaft of the engine in a bearing compartment of the. engine as well as 

in various other sections of the engine. The seal 10 includes one or more 

projections or teeth 12, as the projections are often referred to with respect to 

gas turbine engine labyrinth seal, extending radially away from an axially 

extending annular structural support 14. The annular structural support 14 is 

circumscribed about an axial centerline CL. During manufacture, operation, 

and maintenance of the seals 10, the seals can be worn or damaged as 

indicated by the damaged sectio:n 16 of one of the teeth 12. The teeth 12 have 

an associated operating radial height H as measured from a radially facing 

annular first surface 18 of the support 14 and an associated shapes indicated 

by the cross section of the tooth 12. 

The method of the present invention includes removing at least a worn 

upper portion 20 of the tooth 12 and, as illustrated iri FIG. 2, forming a stub 22 

extending away from the first surface 18 and a bonding surface 24 at a stub 
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end 26 spaced apart from the first surface 18. Referring to FIG. 3, a sufficient 

amount of metallic material 28 is metallurgically bonded to the bonding 

surface 24 so to allow restoration of the tooth 12 to the associated operating 

height Hand shape S. An annular heat affected zone 30 is formed in a portion 

of the stub 22 bounded by or adjoining the bonding surface 24 during the 

metallurgical bonding. The annular heat affected zone 30 is indicated in FIG. 

3 as being disposed between an annular plane indicated by a first dashed line 

L and the bonding surface 24. Next, a first portion 32 of the metallic mate°:al 

28 is removed to restore the tooth 12 to the operating height H and shape S 

and form a tip 34 of restored tooth 12. The first portion 32 is indicated 

outward of a tip dashed line T. The metallic material 28 is metallurgically 

bonded typically with a welding process or some other high temperature 

bonding process which to produce what is referred to as a weldment ~r other 

high temperature metallurgical buildup from which the tip 34 is formed. 

Referring to FIG. 4, an annular first outer surface portion 40 of the 

tooth extending over at least a portion of the heat affected zone 30 is laser 

shock peened, indicated by laser shock peened spots 45, preferably after the 

removing of the first portion 32 of the metallic material 28. The tooth 12 has 

opposite forward and aft facing annular surfaces Sl and 52, including the first 

outer surface portion 40 and an annular second outer surface portion 41 

· respectively, and the laser shock peening may be perform,ed on both of the 

first and second outer surface portions 40 and 41 respectively. The first and 

second outer surface portions 40 and 41, respectively, are preferably laser 

shock peened simultan~ously. 

As illustrated in FIG. 5, the tip 34 may also be laser shock peened in 

addition to the heat affected zone 30 by extending the first and second outer 

surface portions 40 and 41, respeetively to cover tip. FIG. 6 illustrates another 

embodiment of the present· invention which further extends the first and 
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second outer surface portions 40 and 41, respectively, to cover a non-heat 

affected zone portion 44 of the stub 22 which is extends at least a partial 

length P of a distance D1 between the heat affected zone 30 and the first 

surface 18. The partial length P defines a volumetric region extending 

between the first dashed line L and a second dashed line Ll where the second 

dashed line is between the first dashed line and the first surface 18. 

Illustrated in FIGS. 7 and 8 is a laser shock peening system 101 for laser 

shock peening the teeth 12. The annular labyrinth seal 10 is mounted on a 

fixture 15 which is attached to a five-axis computer numerically controlled 

(CNC} manipulator 127, such as one commercially available from the 

Huffman Corporation, having an office at 1050 Huffman Way, Clover, SC 

29710. The five axes of motion that are illustrated in the. exemplary 

embodiment are conventional translational axes X, Y, and Z, and conventional 

rotational axes A and C that are well known in CNC machining. The 

~pulator 127 is preferably used to move and position the seal 10 and to 

effect laser shock peening "on the fly" in accordance with a laser shock 

peening method and of the present invention "(see U.S. Patent No. 5,756,965), 

The manipulator 127 is used to continuously move and position the blade to 

provide laser shock peening 11on the fly" in accordance with one embodiment 

of the present.invention. 

The laser shock peening is illustrated in FIGS. 7 and 8 as including 

firing at least one and preferably two laser beams 102 with sufficient power to 

vaporize ablative material of an ablative coating 161 such as paint or 

preferably adhesive tape as disclosed in U.S. Patent Nos. 5,674,329 and 

5,674,328. The ablative coating 161 is placed on the outer surface portions of . 
the heat affected zone and the laser beams 102 are fired through a clear 

containment medium which may be a clear fluid curtain such as a curtain of 

flowing water 121 produced by a flow of water 12.2. The laser beams 102 may 
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be directly fired on first an~ second outer surface porti~ns 40 and 41, 

respectively which are uncoated and the ablative material is the metallic 

material of the tooth 12 through the curtain of flowing water 121 in which 

case a small portion of the surface material will be ablated away. The laser 

shock peening imparts deep compressive residual stresses into a laser shock 

peened region 56 extending into the heat affected zone from the forward and 

aft facing annular surfaces Sl and 52, respectively. The laser beams 102 may 

be fired normal to the forward and aft facing annular surfaces Sl and S2 

respectively at a first oblique angle Al inclined with respect to a radial plane 

RP. Alternatively, the laser beams 102 may be fired oblique to the forward 

and aft facing annular surfaces Sl and 52, respectively, as shown in dashed 

line at a second more inclined oblique angle A2 that is inclined with respect to· 

the radial plane RP at a shallower angle than the first oblique angle Al. The 

embodiment which fires the laser beams· 102 oblique to the forward and aft 

facing annular surfaces Sl and 52, respectively, forms the laser shock peened 

spots 45 in an oval shape since the circular cross-section laser beams intersect 

the annular surfaces at an oblique angle. 

Preferably, the seal 10 is continuously moved or rotated about the axial 

centerline CL while the stationary high power laser beams 102 are 

continuously repetitively fired through the curtain of flowing water 121 on 

the forward and aft facing annular surfaces Sl and S2, respectively, and 

forming the spaced apart laser shock peened spots 45. The curtain of water 

121 is illustrated as being supplied by a conventional water nozzle 123 at the 

end of a conventional water supply tube 119. The laser shock peening system 

101 has a conventional generator 131 with an oscillator 133 and a pre­

amplifier 139A and a beam splitter 143 which feeds the pre-amplified laser 

beam into two beam optical transmission circuits each having a first and 

second amplifier 139 and 141, respectively, and optics 135 which include 

optical elements that transmit and focus the laser beam 102 on the forward 
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and aft facing annular surfaces Sl and S2, respectively. A controller 124 may 

be used to modulate and control the laser shock peening system 101 to fire the 

laser beams 102 on the coated surfaces 155 in a controlled manner. Ablated 

material is washed out by the curtain of flowing water 121. 

The paint, tape, or other ablative coating 161 material is ablated by the 

laser beam 102 generating plasma which results in shock waves on the outer 

surface portion 40 of the heat affected zone 30. Other ablative materials may 

be used to coat the surface as suitable alternatives to paint. These coating 

materials include. metallic foil or adhesive plastic tape as disclosed in U.S. 

Patent. Nos. 5,674,329 and 5,674,328. These shock waves are re-directed 

towards the outer surface portion 40 the curtain of flowiµg water 121 to 

generate travelling shock waves (pressure waves) in the metallic material of 

the tooth below the outer surface portion 40. The amplitude and quantity of 

these shockwaves determine the depth and intensity of compressive stresses. 

The ablative coating is used to protect the target surface and also to generate 

plasma. The laser beam shock induced deep compressive residual stresses are 

generally about 50-150 KPSI (Kilo Pounds per Square Inch) extending from 

the outer surface portion 40 into the tooth 12 to a depth of about 20.50 mils. 

Suitable materials for the ablative coating 161 include plastic such as 

vinyl piastic film and foil. One suitable source for the tape is Scotch Brand 

No. 471 Plastic Film Tape which can be had with a Qlack pigmented vinyl 

plastic backing, about 4 mils thick, and has a rubber adhesive layer, about 1 

mil thick. The ablative coating may also be in the form of a tape without an 

adhesive layer which may be used with a suitable adhesive materia.1 applied 

directly to the forward and aft facing annular surfaces Sl and S2, respectively. 

The tape should be rubbed or otherwise pressed against the metallic material 

of the tooth 12 to remove bubbles that may remain between the tape and the 

forward and aft facing annular surfaces respectively. 
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The preferred embodiment of the method of the present invention 

includes continuously rotating the annular seal 10 while continuously 

repetitively firing the laser beams 102 on the forward and aft facing annular 

surfaces 51 and 52, respectively, to form overlapping laser shock peened spots 

45. Several passes may be made with offset spots 45 in each pass. 

An exemplary pattern of stacked rows of overlapping laser shocked 

peened spots 45 are illustrated in FIG. 9. All the laser shocked peened spots 

45 with their corresponding centers XC lie along a row centerline 162. The 

pattern of sequences entirely covers the laser shock peened portions the 

forward and aft facing annular surfaces 51 and 52, respectively. The laser 

. shocked peened spots 45 have a diameter D in a row 164 of overlapping laser 

shock peened spots. The pattern may be of multiple overlapping rows 164 of 

overlapping shock peened spots 45. A ffyst exemplary overlap, illustrated as 

about 30%, is between adjacent laser shock peened spots 45 in a given row. 

The overlap is typically defined by a first offset 01 between _centers XC of the 

adjacent laser _shock peened spots 45 and though illustrated as 30% it can vary 

from about 30%-50% or more of the diameter D. A second overlap is between 

adjacent laser shock peened spots 45 in adjacent rows and is generally defined 

by a second offset 02 between adjacent row centerlines 162 and though 

illustrated as 30% it can vary from about 30%-50% of the diameter D 

depending on applications and the strength or fluency of the laser beam. The 

pattern is referred to as stacked because the centers XC of adjacent spots 45 in 

adjacent rows are all linearly aligned. Other patterns are disclosed in the 

references, see U.S. Patent Nos.: 5,591,009, 5,674,329 and 5,674,328. 

While the preferred embodiment of the present invention has been 

described fully in order to explain its principles, it is understood that various 

modifications or alterations may be made to the preferred embodiment 
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without departing from the scope of the invention as set forth in the 

appended claims. 
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WHAT IS CLAIMED IS: 

1. A method of repairip.g an annular metallic article (10) having an axially 

extending annular support (14) and a projection (12) generally radially 

extending therefrom, the projection (12) having an associated operating radial 

height (H) as measured from a radially facing annular first surface (18) of the 

support and an associated shape (S), the method comprising: 

removing at least an upper portion (20) of the projection (12) forming a 

stub (22) extending away from the first surface (18) wherein the stub (22) has 

a bonding surface (24) at a stub end (26) spaced apart from the first surface 

(18), 

metallurgically bonding a sufficie~t amount of metallic material (28) to 

the bonding surface (24) so to allow res~oration of the projection (12) to the 

associated operating height (H) and shape (S) and wherein an annular heat 

affected zone (30) is formed in the stub {22) adjoining the bonding surface (24) 

during said metallurgical bonding, 

removing a first portion (32) of the metallic material (28) to restore the 

projection (12) to the operating height (H) and shape (S), and 

laser shock peening an annular first outer surface portion (40) of the 

restored projection (12) wherein the first outer surface portion (40) extends in 

a generally radial direction over at least a portion of the heat affected zone 

(30). 

2. A method as claimed in claim 1 further comprising laser shock peeni,ng 

a tip (34) of the metallic material (28) on the stub (22) wherein the tip (34} is 

formed by the removing of the first portion (32) of the metallic material (28). 

3. A method as claimed in claim 1 further comprising laser shock peening 

an annular non-heat affected zone portion (44) of the stub (22) extending 
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generally radially at least a partial length (P) of a distance (01) from the heat 

affected zone (30) to the first surface (18). 

4. A method as claimed in claim 1 wherein: 

the restored projection (12) has opposite forward and aft facing annular 

surfaces (Sl, 52), 

the forward facing annular surface (Sl) includes the annular first outer 

surface portion ( 40) of the restored projection (12), 

the aft facing annular surface (52) includes the annular second outer 

surface portion (41) of the restored projection (12), and 

said the laser shock peening is performed on both of the outer surface 

portions (40, 41) simultaneously.· 

5. A method as claimed in claim 1 wherein said laser shock peening 

further comprises firing at least one laser beam (102) with sufficient power to 

vaporize ablative material (161) on the first outer surface portion (40) of the 

heat affected zone (30) and impart deep compressive residual stresses 

extending into the heat affected zone (30) from the first outer surface portion 

(40) of the heat affected zone (30). 

6. A method as claimed in claim 5 wherein the laser beam (102) is fired at 

different inclined angles (Al, A2) with respect to a radial plane (RP) that is 

perpendicular to an axial centerline (CL) about which said annular support 

(14) is circumscribed. 

7. A method as claimed in claim 6 further comprising laser shock peening 

an annularly extending tip (34} of the metallic material (28) on the stub (22) 

wherein the tip (34) is formed by the removing of the first portion (32) of the 

metallic material (28) and laser shock peening an annular non-heat affected 

This Sheet Has Been Replaced 
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zone portion (44) of the stub (22) extending generally radially at least a partial 

length (P) of a distance (Dl) from the heat affected zone (30) to the first 

surface (18). 

8. An annular metallic article (10) comprising: 

an axially extending annular support (14) having a radially facing 

annular first surface (18) and a projection (12) extending generally radially 

therefrom, 

said projection (12) having an associated operating radial height (H) as 

measured from said radially facing annular first surface (18) and an 

associated shape (S), 

said projection (12) comprising a stub (22), a bonding surface (24) at a 

stub end (26} spaced apart from said anriular first surface (18), and a tip (34) 

comprising an amount of metallic material (28) met~urgically bonded to said 

bonding surface (24), 

an annular heat affected zone (30) formed in said stub (22) adjoining 

said bonding surface (24) during the metallurgical bonding, and 

~ laser. shock peened region having deep compressive residual stresses 

imparted by laser shock peening extending into said heat affected zone (30) 

from an annular first outer surface portion (40) of said heat affected zone (30). 

9. An article (10) as claimed in claim 8 wherein said projection (12} has 

opposite generally forward and aft facing annular surfaces (Sl, S2) which 

include said first outer surface portion (40) and an annular_ second outer 

surface portion (41) respectively and said deep compressive residual stresses 

imparted by laser shock peening extend into said heat affected zone (30) from 

said second outer surface portion (41) of said heat affected zone (30). 

This Sheet Has Been Replaced 
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10. An article (10) as claimed in claim 16 further comprising an annular 

laser shock peened non-heat affected zone portion (44) of the stub (22) 

extending at least a partial length (P) of a distance (Dl) from the heat affected 

zone (30) to the first surface (18) wherein said tip (34) is laser shock peened 

and said deep compressive residual stresses imparted by laser shock peening 

extending into said tip (34) and said non-heat affected zone portion (44). 
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