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Abstract

Pratt and Whitney Canada (PEWC)L a world
renowhed producer of aerospace gas turbine engines,
refentlessby mvestizates new methods of Increasing
the lile ol engine components. Laser cladding
provides unique capabilities for repairing damaged
componsnis that cwrently are difficult or even
impessible 1o repair using conventional methods. Tn
this paper. laser cladding of IN-625 alloy was
inveslizaled. Testing results reveal that laser-clad [N-
625 oo wrought IM-623  substrate  demonstrares
comparable or even substantially improved fatigue
tife as compared to the TN-623 baseline spacimens at
the room temperature as well as at elevated
temperature, Laser-clad IN-625 also shows slightly
mproved wear resislance. Therelore, laser cladding
of IM-625 1 wvery atlractive for repairing various
damaged wrought |N-625 components for asrospacs
gas turbine engines. A case study is also prasented in
this paper on laser cladding of TM-625 to vestore
fretted fuel nozzles that cwrently are difficull 1o
repalr using conventiomal methods.

Keywords: laser cladding, TW-0625, fatigue, high
temperature, fuel nozzle, repair, gas turbine engine

Intreduction

IMN-625 34 4 solution hardening  nickel-chrombun
superalloy containing molybdenum, tantahom  and
niobium alloying elements. It has excellent corTosion
and oxidation resistance, and outstanding strength
and tonghness in the temperatne range up to 1093°C
(Z000°F). The alloy has excellent fatigue strength and
stress-corresion cracking resistance to chloride fons.
IM-625 has heen used o manulaciure compooents for
gag turbine engine ducting, combustion liners and
spray bars, heat shields, furnace hardware, chemical
plant hardware, and special seawater applications,
ele. 1]

Prait and Whitney Canada (PEWC) = a world
renowned manufacture of aerospace gas turbine
engines. Many nickel bascd alloyvs such as IN-623 are
used in lhe manufactore of various engine parts,
These parts must withstand  very harsh engine
conditions for lomg periods of time. Freguently,
fretting of adjacent metallic surfaces due to vibralory
lozds, can lead to zulficient material deterioration so
as Lo limil Lhe life of the part in spite of the fact that
ils primary function remains intact. For example, fugl
nozzles mav become life limited by external surface
freming in apite of the fact that they still spray fuel
perfectly. Because of the complexity of their internal
desizn, fuel norzles with excessive external [retiing,
as shown in figure 1, can be challenging o restore.
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Figare T: Damsged fuel noele swirler,

The Industrial Materials  Instilele ol National
Fessarch Council of Canada (MRC-IMID) has been
working -on the development of laser conselidation
process  to manufacture  net-shape  functienal
components that are difficult or even mpossible 1o
produce using  conventional — manufacturing
technologies [2-4], Tt also developed unigque precision
laser cladding process that cnables the repair of



damaged components that are difficult to repair using
conventional technologies [5-7].

NRC-IMI collzborated with PEWC to investigate the
feasibility of repairing fretting damaged TN-G25 fuel
nozzrles using laser cladding of IN-625 alloy powder.
Among many defined tasks, the effccts ol laser
cladding on the fatigus life of the repaired wrought
[MN-625 fuel nozzles were evaluated.  Although
various papers reported the applications of laser
cladding of IN-625 for repairing turbine components
[%] and for improving corrosion resistance [%-10],
ete., very limited information 13 available on the
tatigue behavior of laser-clad TN-625, except few
papers were published on the invesligation-of fatigue
life of laser deposited IN-625 material without any
substeate [11].

The present study focuses on the investigation of
Fatigue life of laser-clad TN-625 on wrought IN-623
substrate at the toom lemperature as well as at
elevated lemperature.  Fracture  analysis  was
performed o reveal crack initiation sites. Sliding
wear resistance of laser-clad TN-625 was cvaluated
and compared with wrought IN-623  sobstrate,
bicrostructure of Jaser-clad IN-623 was investigated,
The repair methodology for the fuel nozzle was also
briefly discussed in Lhis paper.

Experimental Details

The chemical composition of IN-823 alloy powder
used for laser cladding is listed o Table 1. The gas
atomized powder 1% spherical in shape with the siz¢ in
therangs of 15 -45 pm.

Table 1: Chemical composition of powder material
(wi. %3]

Element C Mi | Cr | Mo Ta I Nb |
IN-625 003 | Bal. | 220 9.0 £ )

Found IM-8625 bars in annealed condition were

purchased for making cylindrical fatigue spseimens.

These round TN-623 bars were cut to the required

length and majority of them were heat treated in

vacuum furngee (Vac HT) to simulate the conditions
of the nozzle before repair:

s Heated to 996°C (1823°F), soaked for 10
minntes, slowhy cooled o #57°C (1575°T) and
then rapidly cooled W below 204°C (400°F)
using Ar gas quenching.

¢ Followed by a tempering at 388°C ([D90°F}
soaked [or 2 hours and slowly cooled to room
temperature.

+  The wvacuum for aEE the  heat  treatments
maintzined between 107 to 107 tor,

Some [N-623 bars were heat treated in a box furmace

{alr T for comparison:

o Heated o 998°C (1823°1), sosked for 10
mineies, siowly cooled to B577°C (1573°F) in
furnace and then rapidly cooled 1o below 204°C
(A00°F) in air,

+  Followed by a twempering at S88°C (1090°F),
soaked tor 2 hours and slowly cooled in furnace
10 roorm temperature.

s All specimens were sealed in stainless steel foil
bags before heat ireatments to minimize
oxidation tendency,

The heat-treated TN-623 bars were machined to
undersized cylindrical cores for laser cladding
{Figure 2&) and baseline fatigue specimens (Figure
2h), respectively.
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Fizure 2: Dimensions of figue specimean, (a) undersize
gore for cladding, and (&) final dimensions,

Figure 3; Laser-clad 1N-623 fatigue specimen alier
machining,.

A Lasag Nd:YAG laser coupled to a fiber-optic
processing head was used for cladding fatigue
eoupons. The laser was operated in a pulse mode
with an average power of 530 W A Sulzer Metco 9ME
poweder feeder was used to deliver IN-625 powder info
the melt pool through a nozzle with a powder feed rate
of 10 gfmin, During the cladding process. the laser
beam and the powder delivery nozzle were Kept
stationary, while the sample was rotated using a
rotary lable on a S-axis CNC motion system. Al laser



cladding work was conducted at room temperature in a
glove box, in which the oxygen content was maintained
below 30 ppm during the processing. Without any post
heat treatment, the laser-clad coupons were machined
to final dimensions, leaving a uniform clad laver of
about 0.33 mym thick (Figure 3},

The laser-clad IN-6235 samples were examined
metallurgically with an optical microscope, The
polished specimens were etched clectrochemically in
V05 acetic acid with - 5<7 V (DC) for 20-120 see. A
Hitachi 5-3300N Scanning  Electron Microscope
(SEM) was used to examine the microsiruciures at
high magnification as well as the fravlures of fatigue
specimens.

After machining, the surface of the fatizue specimen
was inirially polished with 400 grit and finally with
600 grit sand paper. All fatigue tests were performed
ona 100 KN [nstron 8516 servo-hydralic mechanical
testing svstem operated under siress control with
sinusoidal waveform. Room temperature fatigue was
tested ar the maximum stress level of SEO MPa, 600
MPa and 620 MPa. respectively, with a min/max
srress ratio of R=0.] {tension-tension) and a
frequency of 40 Iiz. Wrought [N-625 bascline
specimens were also losted at additional maximum
stress levels (360, 568 and 640 MPa, respectively),

High temperature fatigue testing was performed at
B49°C {1 200°F) with a 10 kW Ameritherm mduction
heating unil through a specially designed coll to heat
the testing specimen (Figure 4). During the testing,
temiperature  gradient along  the specimen  was
maintained in the range of 6437C-649°C while the
temperature variation during the testing was in the
range of 640°C-655°C. Two maximum stress levels
(480 MPa and 500 MPa) were used for high
temperature fatigue testing with a minimas stress
ratio of B=0.1 and a [requency of 60 Ha.

Figure 4: A sel-up for high tempemature fatlzue wsting,

Sliding wear testing was performed on a Falex pin-
on-disk tester against a 6.35 mm (147} diameter

AISISZ2100 stee] ball (HEc 63) Wear testing was
conducted under a normal load ol 100 g with &
sliding speed of 66 mm/s for a shiding distance of
3000 m. The microhardness of clad material was
measured with a Buehler Micromet 1T Micrehardness
Tester.

Results and Discussion
Metallurgical Examination of Clad Specimens

Laser cladding procedure was developed to clad IN-
623 on pre-machined cvlindrical TN-6253 cores to
form fatipue specimens, Figure 5 shows a cross-
section of a clad specimen machined to its centerline
to examing the ¢lad quality. Laser-clad TN-623 laver
is metallurgically sound and bonded well with the
IM-625 substrate, withowt any cracks or pores
observed in the clad layer, substrate snd boading
area.

Figure 5 As-clad faizue specimen machined 1o its
centreling to cxamine clad quality.

Foom Temperaturs Fatigue Testing

Room temperature  fatigue  tesling  results  are
displayed in Figure 6. Tt is interesting to note that
heat treatment method has plaved a significant rols
on the fatigue life of wrought TN-623 baseline
specimens. The wrought TN-625 specimens heat-
treated in air (Air HT) show significantly longer
faligue life than the same specimens heat-treated in
vacuum (Vac HT) For example, tested at the
maximum stress of 620 WMPa, the wrought IN-625
specimens heat-treated in vacuum (Vae HT) has a
fatigue life between 405160 cycle and 490,300
cvcles, while the same material heat-treated in alr
{Air HT) demonstrated a fatigue life of 3050018
cviles.
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Laser-clad specimens without any post heat treatment
demonstrated substantially improved  Toom
temperature fatigue life than the IM-623 baseling
specimens heat-treated in vacuwm and comparable
{or even longer) faligue life than the IN-623 baseline
specimens heal-treated o air, Under all three testing
conditions {the maximim stress level of 380 MPa,
GO0 MPa and 620 MPa, respectively), majority of the
laser-clad specimens showed a fatigue life longer
than 10,000,000 cveles. For example. for testing at
the maximum stress level of 620 MPa, two laser-clad
specimens fasted 10,000,000 cycles without failure
and one failed at 5,302,538 cycles.

SEM fraciure observation reveals that the wrought
[M-625 specimens heat-treated in air (A HT) have
much finer fracture facets than the wrought TN-G23
specimen heal-treated in vacuum (Vac HT) (Figure
bFi

{a) ihj
Figure 7: SEM fraciure observations of IN-625 baseline
spectmens after Fatigue westing, (a) vacuum T {=200), and
iy abr HT (=200

SEM observations (Figure 8} alse reveal that for the
laser-clad TN-625 specimen, the crack was initiated
due to a defect (gas pore), which resulted in its early
failure at 8,132,863 cveles affer testing at a maximum
stress of 380 MPa, while other four clad 1N-623
specimens tested at the same condition lasted more
Lhars 10000000 eveles without failure.

ki

(4} (b
Figure #: SEM fracture observations of a laser-clad 1N-623
specimen after fatizue testing, (2) =100, and (B} = 1000,

High Temperature Fatigue Testing

Al wrought 1N-6235 bazeline spacimens used for high
temperature fatigue testing were heat-treated in air
{air 1IT). Laser-clad IN-625 specimens without any
post heat reatment demonstrated comparable or even
substantially improved fatigue 1ife as compared (o the
bascline  specimens  during  the [fatigue  testing
performed at 849°C (1200°F) (Figure 9).
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Figure 9: High temperamure fatigus testing results

performed at 64570 (1200°F).

When testing al the maximum siress level of 430
MPa, the [atigue life of baseline specimens was in the
range from 3,284,399 cycles to above 10,000,000
cveles,  Laser-clad  specimens  demonstrated
comparable [atdgue life (from 3,864,632 cyveles 1o
ahove 10,000,000 ¢ycles), At higher maximum siress
level (300 WPa), the bascline specimens showed a
fatigue life in the range of 156,316 ¢yeles to 186,311
cycles. Two  laser-clad  specimens  demonstrated
substantially improved fatigue life (lasted 5,600,000
oycles and 10,000,000 cveles, respectively, without
failurc), while one clad specimen showed similar
fatigue life (failed at 162,982 cycles) as compared to
the baseline specimens. SEM observalion reveals that
the early failure of the clad specimen may be
antributed to multi-site cracking initlation (Figure 10).



() (k)
Tigure 10: SEM fracture ehservation: there are three crack-
iniliation sizes on the clad specimen early tailed at 162,982
oveles, «35,

SEM fracture observalion reveals that there is always

a mark ohserved at the crack initistion site on the
wrought [N-625 baseline specimens after high
terperature testing (Figure 11a). which may indicate
that the crack initiation in baseling specimens may
ocenr at the early slage and thers may be a lot of
fubbing  between  fracture surfaces  during  crack
initiation. Laser-clad [N-623 specimens do not show
similar mark (Figure | 1b). which may indicate that
the crack Initiation in lascr-clad IN-623 specimens
may ooeur at the relatively later stage and, therelore,
may have less rubbing effects berwsen [racture
surfaces.

(=) {b)
Figure 112 SEM fracture whservations of crack initiation
site, [a} wrought IM-623 baseling specimen (= 1000, and
(b} aser-clad 1M-525 spocimen (3000

Discussion on Fatigue Testing Results

Testing results reveal that the wrought IN-623
specimens  heat-ivsated in alr (Alr TIT) showed
significantly Tonger [atigue life than the same
specimens heat-trsated in vacuum (Vac HT). which
may he attributed to its relatively fine grain size,

Wronght TN-625 bar heat-ireated in vacuum  has
significantly slow cooling rate (about 5.5"C/min) and
shows relatively low hardness (zhout HRc 19 on
average). Optical microscope and SEM observation
reveal that the vacuum heattreated [N-623 also has
relatively large grain size (about 32 um oh average)
(Figure 12a). Both coarse and fine carbides weers
observed at intra-grain and inter-grain areas (Figure
12h).

@ (5}
Figurs |2 Microsiructure of wrooght TN-5235 heat-treated
i vacin: {2} x 300, and {b) = 1000,

The heat treatment in air with direct air guenching
resulted in relatively higher vooling rate (more than
100°CAning than the reatinent in vacuum, Therefore,
the wrought IN-623 bar heat-treated in air has
relatively finer grain size {aboul 5 - 20 pm in
average) (Figure [3) and slightly higher hardness
{about HRe 31 in average) than that heat-lreated in
vacuum. The relatively refined grain size and slightly
increascd hardness may coniribute lo the increased
fatigue life of the wrought TN-625 specimens heat-
treated inoair,

Figure 13 }viicmsluure wngh IN=-625 heat-treated
i air, =[O0,

The improved fatigue life of the laser-clad TH-625
specimen may be atiributed to its very fine dendritic
microstructure  and  increased  hardness, although
more comprehensive investigation is required Lo
understand the dewiled mechanism imvolved in the
future.

: fa o

Figure 14: Microstructure of laser-clad [N-625, (2) very

[necellular dendeitic strocture, =200, and () a layer of
fine equinxial grains tormed at the interface, =300

Oplical microscops and SEM observations reveal that
the laser-clad IN-625 laver shows very fine cellular
dendritic microstructure with a secondary dendritic

arm spacing (SDAS) of about 1 1o 2 um (Figure 14a).



A layer of fine equiaxial grains was formed at the
interface between TH-6235 clad and wrought TMN-623
substrate (Figure 14b).

The microhardness of a lazer-clad specimen was
measured using a Vickers indenter undee 200 g
loading for 15 second. Figure 15 shows the
microhardness profile slong the cross-section of the
specimen, The clad IMN-6235 laver shows higher
hardness (zhout Hv 270 — 290) as compared to the
wronght TMN-625 substrate heat-treated in air {aboul
HY 250 om average).

380 - T T

Substrate : Clad

1’51:'-"" PPN PP N | 1 |
-2.0 -1.0 0.0 1.0

Distance from the Interface {mm}

Figure | 5: Microbardness profile of laser-clad TK-523
specimen.

Based om the above preliminary obscrvation, the
rapid solidification associated with the laser cladding
results in very fine dendritic microstructure i the
laser-clad  IN-625  layer, which also Increases
hardness of the material. Both factors coniribute to
the prevention ol carly erack initiation and, therefore,
the significant improvement in fatigue life of the
laser-clad TN-625 specimensz. In general, the laser-
clad IMN-6235 specimens demonstrated much longer
fatipue life than the swrought TWN-G23 baseline
specimens  (especially at elevated  temperature).
Hewever. the defects (such as gas pores) in the clad
laver may result in carly crack initiation (as indicated
in Figures 8 and 10% and relatively short fatigue life
{but still comparable to the baseline specimens}).

Sliding Wear Testing

Since the fuel nozzles will subject to significant loads
impozed by combustor during the operation, woar
resistance is essential for the repaired nozzles. 1t s
desitable  that the clad TN-625 material has
comparable or better wear resistance as compared to
the wrought [N-625 baseline material.

Sliding wear testing of laser-clad IN-625 specimen
was performed on a pin-on-disk tester against 52100

ol steel (Crosteel) ball and compared to the heal-
freated [N-625 baseline spacimens, Figure 16 shows
that the as-clad IN-625 szpecimen demonstrated
slightly better sliding wear resistance (97% of wear
volume loss) than the heat-treated IN-6G25 bascline
SPeCiTENS.
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Figure 16 Comparison of sliding wear resisiance of laser-
clad 1M-623 with bascline speciman.

Surface hardness of the laser-clad [N-623 wear fest
specimen was aboul HRe 24 while the heat-treated
IM-675 haseling specimen was about HEe 21-22,

Based on the hardness measurements and shiding
wedr 1est results, it 15 rezsonable o predict that the
laser cladding repaired IN-623 fuel nozzles will have
at least comparable (or even betier) wear resistance as
compared to the wrought [N-6235 fuel nozzles.

Development of Repair Methodology

A methodology was developed to repair damaged
fuel nozzle assemblies with complex geomelry,
which includes in-line measurement of the damaged
nozzle surface, automatic generation of the NC
programt for individual nozzle, cleaning of damaged
nozzle surface, laser cladding repair of fuel nozele
with missing  pieces, final  machining, NDT
inspection of repaired nozzle, ete.

Adter service, the dimensions of each damaged
nowzle assembly ave different due to the dilTerences
in the location and depth of wear damages. To chsure
accurate repair, the external dimensions of each
damaged nozzle assembly were measured using a
laser scan measuring  systern developed in our
laboratory, The swslem consists of a laser distance
sensor a@nd a4 measuring controller, which can be
integrated Lo any motion system through R5232 port
[12]. The system has a maximum absolute error of
about 0.0% mm as compare to CAD mode] (including
sampls dimension emor, sensor error, Measuring
noise, motion system error, fixture dimension error,



ete.) and has a repeatability (maximum deviation} of
about (L.06 mm.

A Sepxis ONC motion system was used for the laser
cladding repair. The fixture holding the nozzle
assembly was mounted on the rolary table tilted to
horizontal direction. Laser cladding of TN-625 alloy
was successfully conducted 1o repair damaged
nozzles using a NdYAG laser, Cross-scctional
examination reveals thal the laser-clad IN-623 is
metallurgically sound and bonded well to the nozzle
surface.

Figure 17: Laser clad repaired fusl noxele swirlers
after final machining,

Figure 17 shows two laser ¢lad repaired luel nozzle
swirlers after final machining. Compared to Figure 1,
it is obvious that laser cladding process successiully
restored damased areas (including the missing edges
of holes), Fluorescent Penetration Inspection (FPL) of
the repaired fuel nozzles was performed as per
PEWs specification. FP1 results revealed that all
laser cladding repaired fuel nozzles met the
inspection reguirements.

Conclusions

s Laser-glad  IN-625  material s densg,
metallurgically bonded 1o the IN-625 substrate.

o Laserclad TN-625 specimens demonstrated
comparable or substantially improved Fatigue life
as compared to the wrought 1N-625 baseline
specimens at the roomn temperature as well as at
BAS°C (1 200°F).

s The improved fatigue life of the laser-clad IN-
625 specimen may be altributed to its very fine
dendritic microstructure and incressed hardness.
However; the defects (such as gas pores) in the
clad layer may result in early crack initiation and
relatively short fatigue life (but still comparable
1o the baseling specimens).

¢ The laser-clad IN-625 specimens demonstrated
slightly higher hardness and slightly improved
sliding wear tesistance than the wrought TN-625
haseline specimens.

s Repair methodology has besn developed 1o
repair damaged fuel nozzles using laser cladding
of IN-625 material.

s The repaired fugl nowzles passed fluorescent
penetration inspection (FPI) performed as per
clicnt’s specification.
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