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Abstract

Leading edge curl is a deformation phenomenon that has been observed to occur
on thefirst 0.01:0.03 inches of the leading edge of compreddades in jet turbine
aircraft operating in sandy odusty environmemst This deformation affects the
aerodynamic properties of the blade, causing decreases in engine performance and time
between regired maintenancelhis thesis focused on-meeating thdeading edge curl
phenomenorusing finite elemenmodeling (FEM)to design dynamic two and three
dimensional models of particles impacting a compressor blade leading edge. Once a
modeling methodolog was determined in which curl could be-arated with
consistency, a range of conditions was finally identified in whgdahing could be
expected to occur, includirgarticle velocities, particle sizes, and angles of impingement
In total, approximatelyfive thousand different blade, particle, impact, and modeling
configurations were simulated.

Additional modeling efforts were performed an attempt to explore possible
methods of reducing or mitigating the deformation and curbagsed under these
idertified conditions. Ticker leading edgeladegeometry was modeled and compared
against the original bladgeometry It was found that thickening tHeading edge of the
blade prohibitedsignificant deformatiorand could prevent all curling in the absende
erosion. New materials were explored for the blad®leh including a more elastic
titanium alloy and a less elastic nickel chromium superalloy. These materials were found

to perform slightly less than the original material in terms of deformation qbiate



likely due to both materials' lower yield stresses in comparison to the original material.
Finally, thin titanium nitridgTiN) coatings were modeled on a blade model to determine

how effectiveceramic coatingsvere against impacting particles. Ciogis were modeled

wi th a r ange ioirford® doudetgrdiise itsmedfettuon erosion resistance.

Thin TiN-basedcoatings were found to decrease deformation under all conditions, but

were susceptible tdamage unddnigh velocity and large particiempacts.The difference

in erosion protection offered with differi

obtained simulation results.



Table of Contents

ADSTIACT. ...t mmmn e e e e e e e e e [

TabIe Of CONENTS ... ..uiiiiiii et e e e e e e e 11

IS A T U SO Vil

LISt Of TaDIES...c et i e XVii

ACKNOWIEAGEMENTS ... ..o ere e e e et e e e e e e e e e eeesennnnnnans XiX

(@ gF=T o] (= g A 1 1 0 T [0 Tox 1 ) U PUPPORR

Chapter 2: Literature Review and Modeling CharacteristiCS............cceeeevvvvvvvvvnnnnnn 4
2.17 Compressor Blade EroSiOn..........ccooiiiiiiiieiiiccce e 4
2.27 Leading EAQe CULL........ooviieiiiiie e e e e e e e e e eeaaannees 6

2.37 Engine Air Particle Separators (EARS)

2.47 Erosion ResSistant SYSteMS...........oovviiiiiiiiiiiiee e 9....

2.4.17 Ductile Erosion Mechanisms

2.4.271 Brittle ErosSion MeChaniSmMS.........coiiiiiiiiiiiiiieeiiiiieee e 11
2.4.37 Baseline and New ContoBlades.............coooouviiiiieiiiiiiiiiieee e 2.1
2.4.47 Blade Material Properti@S...... ... cceiieeeieeeeiieeeeeeeiitiiee s e e e e e e eeeeenanaaes 13
2.4.57 ProteCtivECOatiNgS.........covvviiiiiiiiiiii i e e e e e e e e eeeemraee e e e e e e e e e e e e e e e eeeeeaarnnnnes 14
2.4.5. 17 Titanium NIt .....eeviieiiiiiiie e 15
2.4.5.3i Material Properties of Titanium Nitride..............coooviiiiiiiiiiiienee, 17

2.4.5.2i Ternary Nitrides

2.4.5.2. 71 Titanium Aluminum Nitride



2.4.5.2.20 Titanium Chromium NItHde ............ouiiiiiiiiiiiiiiiiieeeeee 19
2.51 PreviousFinite Element ModelingVork ... 20

2.5.17 Deformation of a Metallic Substrate Under Impact from Small Partidés

2.5.21 Erosionof Metallic SUDSEIates..........oevvvviiiiiiiiiii e 22
2.5.31 Erosion and Deformation of Titanium Nitride Coating Systems......... 23
2.67 Abaqus FEM CalCulations ............cccciuiiiiiiiiiiiiieeeeecmcceee e 25
2.6.17 ADAQUS/EXPIICIE ..o 25
2.6.21 Materials MOUEIS ........c.cuiiiiiiiiiiiieii e 26
2.6.2.11 EIaStiCity MOUEI ......oeeeiiiiiiiiieeeeee e 26
2.6.2.21 PIAStiCity MOEI .......oooiiiiiiiieiiii e 28
2.6.2.31 BIittle MOUEI .....oeeiieeiiiieeeeee e 29
2.6.2.3.27 CraCking ....ccoooeieiiiiiiiei ettt 30
2.6.2.3.20 Shear REetENTION .........oeiiieiiiiiiiiiiee et 31
2.6.2.3.30 FAIUIE ...ooeiiiieeeeee e 32

Chapter 3: Experimental Procedure for Finite Element Modeling with Abaqus.... 33

3.17 Model Creation and Simulation SetUpP...........oooiiiiiiiiiiiiiiiieeeee e 33
3.1LAT PArt GEOMEIIY. ...ttt e e e e e e 34
3.1.27 PropertyASSIGNMENT. ......cuiiiiiiiieieeeeeei e e e e e e e e e e e 36

3.1.2.1i Section Assignment and-PAlane Thickness..............cccccvvviiiieeneee. 37

3.1.2.21 Material Properties........ccoooiiiiiiiiiiiiitim e 38
3.1.2.2. 1 ElaStiC PrOPEITIES ....uveiiiiiiiiiiiieieeee e 38
3.1.2.2.21 PlastiC PrOPEItIES ........uuviiiiiiiiiiiiieieeeeee e 39.....
3.1.2.2.3 Brittle PrOPerti€S ...ccooiiiiiiieiii ettt 41



G I I 1Y/ [T 11 T TR 42

3.2.17 FEM MeShCoNSIAErations..........coooviiiiiiiiiiiiiiiitiiiie et 43
G4 IS Y=< [ 0T SRR PPUPPUPPPPRRRN 44
3.2.31 ElEMENT TYPES..coiiiiieiiiii ettt 44
3.2.41 Preventing Mesh Instability and Simulation Failure.................ccccuveee. 45
3.2.4.1i DiStortion CONIOL........uueeieiiiiiiiiieaeeee e e 45
3.2.4.21 ALE Adaptive MESNING.........uuuuiiiiiiiiiiiiiiiiiieeee e a7
3.31 Assembly and Simulation Parameters..............ueevvviiiiiiiiieeniiieiiieeee 48
3.3.17 Boundary CONAITIONS. ........uuuuuiiiiiiiiiiiieeieee e e e e e e e e 48
3.3.21 VElOCItY FIEIAS. .....eeiiiiiiiiiiiee e 50
R I Y I [ 1 =] = Toi 10 £ ST PPPPPPPP 50
R B 0] K11 7= 11 1 TP UPPTPPPPPPPRN 51
3.471 Processing SimulatiorsRuNNiNg JODS..........coooiiiiiiiiiiiiiiieeeeeee e 53
Chapter 4: ReSults and DISCUSSION .........uuuiiiiiiiiiiiiieeeeeeaaaaas s 55.....
4.17 Preliminary Attempts at Modeling Curl on the Baseline Blade.................. 56
4.1.17 Initial Two Dimensional TeStNG.........coooviiiiiiiiiiiiiie e 56
4.1.27 Attempts to Reduce Blade Deflectian............cccocvveeeeeiiiiiiiiiiiiiiiiiee 61
4.1.2.17 Boundary COAItION ...........uuuiiiiiiiiiiiiieeieaee e 61
4.1.2.27 Varying and Multiple Impact ANgIes.........cccccveeieiiiiiiiiiiiiiiiie, 63
4.1.2.2.17 Altering Initial Particle Angles..........ccccoviiiiimee 64
4.1.2.2.77 Multiple Impact ANGIES.......cooviiiiiiiiii e 65
4.1.2.31 In-Plane ThIiCKNESS........ccooiiiiiiiiii et 67
4.1.2.47 Thinning the Blade Leading Edge to Simulate Erosion............... 69



4.1.2.51 Reducing Blade Deflections DiSCUSSION.............ccoeveeeeiiiivrnnnninnnnn 72

4.27 Two Dimensional Modeling of Curl on the Baseline Blade....................... 73
4.2.17 Multiple Iterations DeSCIHPLON.......uuuiiiiiiiiiiiiiiie e 73
4.2.27 Multiple Iterations RESUILS........coooiiiiiiiii e 75

4.37 Three Dimensional Magling of Curl on the Baseline Blade......................... 81
4.3.17 Three Dimensional Parameters and Model Setup..........ccccccvvvvieeennnn. 83

4.3.1.17 Boundary CONAItION...........uuuuuiiiiiiiiiiiiieiee e s e 84
Tt A B 1 (=] = (0] PP PPPPPUPPTPPN 85
4.3.27 Three DiImensional RESUILS...........couiiiiiiiiiii e 90
4.3.2.17 Initial Testing with Ideal Parameters...........cccevveeieeeieeiiiiiiie 91
4.3.2.27 Further Parametric EvaluatioGnmpact Angle and Velocity.......... 95

4.471 Discussion of Overall Two and Three Dimensional Modeling Results..... 98

4.4.17 PartiCle DIAMETEIS......ceiiiiiiiiiiee et e e e 99
4.4.27 PartiCle VEIOCITY.......cooiiiiiiiieeeeeeee et 100
4.4.37 Particlelmpact Angle and LOCAtION............uuuuiiiiiiieiiiiiiieeeeeeee s 101
4.4.47 Boundary Condition and Model Constraints...............ccccvvveieeeieeeeeennnn. 102
4.4.57 Model Validation.............uuuiiiiiiiiiiiiiieeeieee e e e e e 102
4.57 Methods for Suppression of Leading Edge Curl.........cccccoviiiinnn. 105
4.5.11 Thicker Leading Edge GeometiyNew Contour Model....................... 105
4.5.1.17 Model Sety and Parameters..........ooooveeiiiiiiiiiiiiiiieeeeeeeeee e 106
4.5.1.21 MOAEI RESUILS.......eueieiiiiiii et e e e e e e e e e e e e e eeeenennnnes 107
4.5.1.2.171 Two Dimensional ReSUILS.............coooiiiimmmeciiiiiiii, 107
4.5.1.2.Z1 Three Dimensional RESUILS.............uuuiiiiiiiiiiiiiiiie 109



4.5.1.3i Discussion and Comparison to Baseline Madel......................... 111

4.5.27 New Blade Materiai Ti-6Al-4V and Inconel 718..................oooiiiee 115
4.5.217 MOAEI RESUILS......ccoeeiiiiiiiii e 116
4.5.227 Discussion and Comparison to Baseline Madel..................... 117

4.537 Using a Thin Titanium Nitride Coating to Suppress Leading Edge.C10I

4.5.3.17 TiN Coating Model and Parameters.............ccccccvvvviiiiiiiiieieieneenn. 120
4.5.3.21 MOAEI RESUILS.......cooiiiiiiiiiii ettt 121
4.5.3.3i Discussion and Comparison to Baseline Madel......................... 128
4.67 Discussion and Evaluation of Curl Suppression Results................cc........ 129
Chapter 5: CONCIUSIONS. ... ..o e e e e e 132
5.171 Leading Edge Curl CONCIUSIONS............cccuiiiiiiiiiiiiiiiieeeee e 132
5.27 Leading Edge Curling Suppression COSOINS. .............euvrrreiiiiiineeeeeerereeene. 134
5.2.17 New Contour MOGEL.........ooviiiiiiiiiie e 135
5.2.21 NeW MALEIIAIS......cooiiiiiiiiiie e e 135
5.2.371 Titanium Nitride@ COatING.......uuuurrriiiiiiiiiiiiiie e 136
Chapter 6: FULUIE WOTK.........oooieee e 138
RETEIEINCES ...ttt e e e e e e as 140
F Y or=To [T o1 ToRY 1 - PP PUPPPPPPPP 145

Vil



List of Figures

Figure2.11 Typical trajectories ofa) 2.5 micron diameter and (b) 135 micron

diametermparticles in @urbojet engin&€ompressor SeCtion.............cevvvvvevvvvvnnnnns 5
Figure2.21 Erosion of a first stage ogpressor bladdt can be observed thdtd

Trailing edgeof the bladéhas suffered considerably more eoosdamage

Than the leading €AQE .......coooiiiiiier e e e e e e
Figure2.31 Leadingedge of dirst stage compressor blademonstrating the

geometry of curling. This figure also gives the method used for measuring

the magnitude of both vertical and horizontal deformation with regard to

(o1 11 T PSP 7
Figure 2.4 Examples of the effects of high energy particle impacts @@patuctile

and(b) brittle materials. The ductile material shows plastic deformation and

abrasiorafter impact, while the brittle material shows subsurface cracking,

cratering,fracturing and spallation of material..............ccccoeeieiiiiiiiiiii, 10
Figure2.57 General erosion trends for ductile and brittle materials as a function of

impact angle. This graph shows the erosion peak for ductile materials at low

angles, while the erosion peak for teitmaterials is at 90 degrees ................... 10

Figure2.61 Outlines oftheBaseln e and New Contour bll2desd

Figure2.71 165 micron particle trajectories through a compressor. Two compressor

DIAdES A VISIDIO. . ..o e 15

viii



Figure2.81 As is demonstrated in thisaph, the effectiveness of a coating system
on acompressor blade is proportional to the thickness of the coating. However,
in order to preserve the aerodynamic properties of the blade, coating
thicknessegreater than 50 microns are rarely consideregfactical use..... 17

Figure 2.10° Curve describing the assumed stress strain response of brittle materials.

The materi al reacts elastically based
stress i s reached. The maitregiaur véé&n
which is specified in atable ... 21

Figure3.1i A comparison of ta different particle geometriesed fo in-house

testing and finite element analysis: (a) irfegwlumina, (b) spherical glass

beads, (c) modified-spec (silica), (d) three dimensional particle model,

(e) two dimensional particle model ... 36
Figure3.21 Curled Baseline blad@)withoutand @) with theextra data point........ 40
Figure3.31 The result of a simulation with (left) and without (right) a specified

failure point for element @letion ... 42
Figure 3.4i A single (a) two dimensional element and (b) three dimensional element...43
Figure3.57 The progression of a quadrilateral element to failumger a high

compressive loadhe final state is an example of an element with a negative

OF UNAEINEA @A ...ttt e e e et e e e e e e e aeeeeeas 46
Figure3.6- A demonstration of how ALE Adaptive Meshing might remesh a

deformedmMOdEl.... ... 47

Figure3.71 The result of an early simulafiG@ttempt ... 49

f

o

(0]



Figure 3.8 Example of model instability seen for all attempts to model a cohesive

Figure4.1i Schematic illustration showing ampact angle of 37 degrees based

upon theblade coordinate tangent to the presssurface tthe leading edge

midway between the root and the tip ... 57
Figure4.2i Two dimensional Baseline@sh used for initial study ............ccccvvvvinnnn. 58
Figure4.371 Initial simulaion setup for twenty#0 mil diameter particle impacts at

45° ontheBaselinemOdel. ... 59
Figure 4.4i The result of twenty 40 mil particle impacts at 30 degrees and 1700 feet

per second on the Baseline blade model ..............cccciiiiiiiiiis 60
Figure4.57 Modelresuling from twenty 40 miparticleat 45 degrees and with a

velocity of 1200 feet per secondhpact, showing a large degreeanirling

even with a boundary CONAItION ...........cooiiiiiiiiiiiiiii e 62
Figure4.6- The setup of a multiple impact angle simulatiamere impact progress

frOmM 37 10 0 UEQIEES ...ttt ettt e e e e e e e e e e e e e 63
Figure 4.71 Altering the initial(a) impact angleand(b) velocity vectoiin an

attempt to ensure consistent particle impacts on the leading edge tip as the

blade @formed throughout @ SUFBLION ............eeeviiiiiiiiiiii 64
Figure 4.8 Appropriate curlinggeometry and magnitude (about 0.034 inches

vertical and 0.02 inches horizontphoduced on the Baseline iusing

MUItiple IMPACE ANGIES ... 66



Figure4.91 Model results showing the effect of anplane thickness value of
(a) 0.0306, (b) 0.050, (c) 0.080, (d)
Baseine model under identical impact conditions of twenty 40 mil particle
impacts at a velocity of 1700 feet per second, an angle of 37 degrees, and
with a boundary condition at 0.375 INCHES ........couviiiiiiiii e 68
Figure4.107 Baseline(a) 50percent tipand (b) 15 percent tip models ....................... 70
Figure 4.111 Results of various 50 and 15 percent tip simulations
(a) 50% tip,40 mil, 20 degrees, 1700 fp8,. 2B& 0
(b) 50% tip,40 mil, 37degrees, 1700 fpy, . 2B&E 0
(c) 15% tip, 40 mil, 20 degrees, 1700 fp8,. 2B& 0
(d) 15% tip, 40 mil, 37degrees, 1700 fph, . 2BEQ.......cccccvvvvrririiiiiiiiiieieeeeeeeenn, 71
Figure 4.12° Model reuslts of 6 iterations of 40 mil particles at angles of 10, 20, 30,
37,45, and 60 dgrees, at particles velocities of 590, 900, 1200, 1490, and
1700 feefper second, with a 0.04 inch boundaoydition....................cceeee. 76
Figure 4.13 Model results of four to twelve 40 mil particle impacts at an angle of
37 degrees, Vecities of 590, 900, 1200, 1490, and 1700 feet per second,
with boundary conditions of 0.02, 0.04, 0.08, and 0.16 inches. The number
above and to the left of each image shows the number of iterations run on
L1 = U 14T Yo [ 78
Figure 4.14 Progression of the model deformation through twelve attempted
Iterations of 40 mil particles at an angle 37degrees, a velocity of 590, 900,
1200, 1490, and 170@et per second, and with a boundary condition of 0.04

(111 4 11T RPRPRPRPR 79



Figure 4.15 Model results from twenty 6 and 12 mil impacts at an angB8¥ of

degrees, a velocity of 590, 900, 1200, 1490, and 1700 feet per second, with

a 0.02 and 0.04 inch boundary condition ..............eueuiiiiiiiiniee e
Figure 4.16 Model result showing the degree of deformation proddiced a

single 40 mil particle impacted at O degrees and 1490 feet per second; (a)

gives an Isometric view of the deformation while (b) is a view of the suction

side of the leading €dge ............uueiiiiiiiiiiiiii e 82
Figure4.171 The setup of a three dimensional simulatbi30 degreewith 40

Total particles comprised of fouparticleseachin tendifferent particle

[0 0T 0 ] 1 PP 83
Figure4.181 Unrealistic deflections resulting fromgh frequency particle impacts ... 84
Figure 4.19 Deformation geometry and magnitude typically observed with a 0.04

iNch boundary CONAITION..........ooiiiiiii e 85
Figure4.207 lllustration ofthe differences in termihagy when referring to (a

Directand @) grazing iIMPACES ........ooooiiiiiiiiiiiiiiiii e 87
Figure4.21i Extremely distorted Baseline three dimenslonash ................ccccccooe. 88
Figure4.221 Baseline leading edge mesh configured to prevent distortions and

AUIUIE et a e e e e e e e 89
Figure 4.23 Model results of 40 mil particles impacting at an angle of 37 degrees,

With 21, 42, 84, and 168 impacts per iteration, a velocity of 1200 and 1490

feet per second, aredboundary condition of 0.16 inches. Eight iterations

were attempted and the two that did not produce appropriate curling are

] gF= o [=To [0 e ] >\ VPP PPPPPUUPPPTPPR



Figure4.241 The progression of a 37 degree, 1490 feet per second, 40 mil

simulationwith 42 impacts per iteration ..o 94
Figure4.251 The progression of a 37 degree, 1200 feet per second, 40 mil

simuation with 21 impacts PEILEration ...............eeeeeiiiiiiiieeeeaii e 94
Figure4.261 Model results of five iterations of 84 impacts at angle of 10, 20, 30,

37, 45, and 60 degrees, velocities of 590, 900, 1200, 1490, aadeEtper

second, and with a boundary condition of 0.16 iNChes ...........cccccceiiiiiiiieeeeinneee. 96
Figure 4.27 A single iteration of 40 particle impacts from 37 degrees with a

velocity of 1490 feet per second and particle diameters of (a)l4(jn60

mil, and (c) 120 mil. Smaller particle sizes (6 and 12 mil) are not shown

due to their lack of observable deformation ............cccoooiiiiiiiiiiiiiiieeen 99
Figure4.281 Model results showindhe different effects of ineasing velocities

on (a) two and(b) threedimensional modelshe velocities tested were 590,

900, 1200, 1490, and 1700 feet per SECON ..........ccuerieiiiiiiiiieiaeeiaeeeeeieeeee 101
Figure 4.29 Model results from 6 impact iterations®#0 mil particle at 1200

Feet per second and angle between 10 and 60 degrees ..........cccceeeeeveevveveevennnnns 101
Figure4.30TAdvanced Coatings Departmento6s erosic

VEITICALION ..eiiiiiiiiiiie e ettt e e e e e e e e e e e e e e b e 103
Figure4.317 (a) A opticalmicrographshowing the leading edge cross section of a

deformed Baseline blade taken from the fi¢lj smilar deformation that

wasobtained through irhouse testig; (c) two and (d) three dimensional

MOdE] SIMUIALION TESUIES ....enee i e 104

Xiii



Figure4.321 (a) Meshed model of the New Contdaladecompared to &)

Meshedmodel of theoriginal Baseline blade ...............cciiiiiiiiiiiiieiie 106
Figure 4.33 Model results from six iterations of 40 mil particle impacts at 10, 20,

30, 37, 45, and 60 degrees, 590, 900, 1200, 1490, and 1700 feet per second,

and with a boundargondition of 0.04 inches...........ccccooooiiiiiiiii e, 108
Figure 434717 Model results from eight 40 mil particle impacts at 37 degrees, 590,

900, 1200, 1490, and 1700 feet per second, and with boundary conditions at

0.02, 0.04, 0.8, and 0.16 INCRES.....cuuiieiei e 109
Figure 4.35 Model results of fivaterations of 84 impactsom 40 mil particles

At angles of 10, 20, 30, 37, 45, and 60 degrees, velocities of 590, 900, 120

1490, and 1700 feet per second, and with a boundary condition of 0.16

Figure 4.36 Progression of deformation on the two dmamnal Baseline and New
Contour models through four impacts of 40 mil particles at 37 degrees, with
A velocity of 1200 and 1490 feet per second, and with a boundary condition
(o 0 077 T 1= 112

Figure 4.37 Deformation on the two dimensional Baseline and New Contour
models through five iterations from 84 impacts of 40 mil particles at 30 and
37 degrees, with a velocity of 590, 900 and 1200 feet pense and with a

boundary condition of 0.16 INCNES .........ccovviiiiiiiiiiiee e 113

XV



Figure4.381 Comparison between AM355,-6iAl-4V, and Inconel 718 on the

Baseline blade after six impacts from 40 mil pagscat 37 degrees, 590,

900, 1200, 1490, and 1700 feet per second, and with a 0.02 and 0.03 inch

boundary CONAITION...........cooiiiiiie e 117
Figure 4.39 Differences in response ofdtlBaseline blade using (a, d) AM355,

(b, e) TE6AI-4V and(d, f) Inconet718 (a-c) have a 0.02 inch boundary

condition while (df) have a 0.03 inch boundary condition................ccc..ouuvunee. 118
Figure 4.40° The New Contour blade model with{@ 20 and(b) 50 micron

COALING APPHEA ... 120
Figure 4.4%1 Model results from twenty impacts from 6 mil particles at an angle of

37 degrees, a velocity 600, 900, 1200, 1490, and 1700 feet per second, a

boundary condition of 0.03 inches, and with the 20 and 50 micron coatings

with the baseline and adjusted Youngos

did not run to COMPIELION ....oooviiiiiiee e 122
Figure 4.42° Model results from twenty impacts from 12 mil particles at an angle

of 37 degrees, a velocity of 590, 900, 1200, 1490, and 1700 feet per second,

a boundary condition of 0.03 inchesdamith the 20 and 50 micron coatings

with the baseline and adjusted Youngods
Figure 4.43 Model results from twenty impacts from 40 mil particles at an angle

of 37 degrees, a velocity of 590, 9000021490, and 1700 feet per second,

a boundary condition of 0.03 inches, and with the 20 and 50 micron coatings

with the baseline and adjusted Youngods

XV



Figure 4.44 Model results from twenty impactsom 6 mil particles at an angle of
37 degrees, a velocity of 590, 900, 1200, 1490, and 1700 feet per second, a
Boundary condition of 0.05 inches, and with the 20 and 50 micron coatings
with the baseline and adj us.t.ed...Yd3bn g
Figure 4.45 Model results from twenty impacts from 12 mil particles at an angle
of 37 degrees, a velocity of 590, 900, 1200, 1490, and 1700 feet per second,
a boundary condition of 0.05 inches, and with the 20 and 50 micetimgs
with the baseline and adjusted Young
Figure 4.46 Model results from twenty impacts from 40 mil particles at an angle
of 37 degrees, a velocity of 590, 900, 1200, 1490, and 1700 feetcpadse
a boundary condition of 0.05 inches, and with the 20 and 50 micron coatings
with the baseline and adjusted Young
did not run t0 COMPIELION ...cooeiiiiieiiii e 127
Figure 4.47 Demonstration of erosion of 50 micron coating through nine impact
iterations from a 6 mil particle at an angle of 37 degrees and with a velocity

Of 900 feet PEIr SECONM ......oeiiiiiiiiiiiiee e e 128

XVi

(@)

(@}

(@}



List of Tables

Table2.17 Elastic and physical properties of the blade materials.......................... 14
Table 2.2 Elastic and physical properties of titanium nitride..................cccceveeee. 18
Table 3.1' Elastic property definition for all materials ............cccceeeieiiiieieeiiiiiieeeiiis 38
Table 3.2 Plastic behavior of AM355, T6AI-4V, and Inconel 718 .............cccceeeeene 39

Table 3.3° Work hardening behaviajiven defined as the plastic strain rate for

different yield StreSS ratios .........ccoiiiiiiiiiiice e 40
Table 3.4i Table used to specify pestackinginitiation behavior for TiN ................ 41
Table 3.5 Values used to specify shear retention for TiN ..........cccooviiiiiiiiii e, 41
Table4.17 Parameters and variables used for initial two dimensional modeling ......... 41

Table4.27 Boundary condition study parameterglavalues selected for minimizing

the amount of deflection within the model .............cccooii 58
Table4.31 Particle angles study parameters and values ................cccviiiiiiieeeeeeeieeeeeeinns 62
Table4.47 Multiple impact parameters and ValUes................uvvuviiiiiiiiieeeeeeeeeeeeeeeeeeiians 64
Table4.57 In-plane thickness parameters and values ...........ccccoeeeeiiiieeiiiiiiiccecii, 66
Table4.61 Blade thinning parameters and@s ...............ouvvvieiiiiiiiiiieeeeeeeeeeeeeeeeiiiaaans 67
Table4.77 Multiple iterations parameters and Values ...............evvvviieiiiiiieeeeeeeeeeeeeeeeinns 70

Table4.971 Initial three dimensional iterations testing parameters and values..... 91

Table4.107 Further three dimensional testing parameters and values .......................... 95
Table 4.11- New Contour two dimensional parameters and values .................cccc....... 107
Table 4.12 New Contour three dimensiahparameters and values ..............cccccc...... 110



Table 4.13 Measured maximum vertical and horizontal deformation of the three

dimensional Baseline and New Contour blade models ...............cccocciiiiiiiinnee. 114
Table 4.14 New blade matgals testing parameters and values .................cccoeeene 116
Table 4.15 Thin ceramic coating testing parameters and values ..............cccccvvvvveeeeee. 121

XViii



Acknowledgements

| would like to extend a large degree of gruadg to my thesis advisoDr.

Doudas E.Wolfe, for giving me the opportunity to work in his lab and complete the

research for this thesis. His guidance and continuous help and effort has made this thesis

a possibility. 1 would also like to thank my hon@dvisorsDr. LeeD. Coraor andr. R

Allen Kimel, for their assistance and guidance in my academic pursuits. Thanks are also
extended to Tom Medill and John Pitterle for their work, assistance, and support in the
early stages of these modeling effofs.na |l | vy , I would Iike to

Performance Computer Group for allowing my use of their computers to process most of

the simulations created for thissearch.

XiX

t



Chapter 1

Introduction

This thesis explores the usage of finileneent modeling (FEM) to examine
turbojet aircraft compressor blade leading edge curl and possible solutions for the
prevention of its occurrence. Leading edge curl is a type of deformation that has been
observed to take place on turbojet engine first estagmpressor blades of aircraft
operating in sandy or dusty environments. Small granular particles are ingested into the
enginesodo intakes, where t-Be93erodbesandf def
leading edges into a curled shape. This defoonaffects the aerodynamic properties of
the blade, decreasing engine performance and increasing maintenance costs.

Solutions for the prevention of curl and erosion to compressor blades include
filtering incoming air to remove most large particles frim airstream, the application
of a thin ceramic coating to the compressor blades, changing the material composition of
the blades, and altering the blades' leading edge geometry to be more resistant to
deformation and erosion. Most turbojet aircraft athg have air filtration systems
incorporated into their design. However, the effectiveness of filtration systems suffers in
two main ways. They tend to decrease the overall air intake into the engine, which can
reduceengine performance, and they stilloll a number of large particles to bypass the
filtration system and impact compressor components, causing deformation and erosion.
Therefore, the alternative approaches of a thin erosion resistant coating, different blade

materials, and a change of blademetry were all explored through FEM simulation.
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A variety of particle impact conditions were simulated on a finite element model
createdbased on the geometry of an existing aircraft compressor blade. Differing particle
sizes, particle velocities, and rpgale impact angles were examined in an effort to
determine under which conditions curling was most probable to occur. After observing
cur |l , the blade model 6s geometry was chanc
resistant to deformation. Therigind blade model was also examined with a new
material composition. A thin ceramic coating was then applied to the new bladeimodel
orderto determine its ability to resist erosion and prevent deformation of the blade. These
new configurationswere all simlated under the same particle impact conditions that
curling was initially observed vit t he di f f er en c e sdefarnmatiot he bl
responses being observed. This allowed a quantitative judgment about the efficacy of

these solutions with regard tcetprevention of compressor blade leading edge curl.

Objectives

The primary objective of this work was to determine the particle impact
conditions under which leading edge blade curl is most probable to occur. This included
modeling the blade material,dule leading edge geometry, particle diameter, angle and
velocity of particle impacts, as well as different numbers of particle impacts. Upon
modeling these conditions, it was then necessary to validate the model through
comparing results to compressor tdaddeformed in situ and those deformed in the lab

through irhouse testing. By gaining a thorough understanding of the component



working environment that results in leading edge deformation, solutions to mitigate or
suppress the leading edge curl coulgph®posed.
A secondary set of objectives was developed in ordeletttify effective ways to
accomplish the goal of minimized leading edge deformation. These objectives included:
1 Observe the efficacy of thicker leading edge geometry with respect to curl
prevention
1 Observe the efficacy of a new blade material with respect to curl prevention
1 Observe the efficacy of a thin ceramic coating with respect to curl prevention
1 Determine the most effective way to prevent or minimize leading edge erosion

and curl dedrmation based on all observations



Chapter 2

Literature Review and Modeling Characteristics

Turbojet engines operating in sandy or dusty environments are likely to intake a
large number of small granular particles up to ~0.04 inches oerlangdiameter. A
majority of this intake occurs as the aircraft creates a dust plume while landing and taking
off. The intake of these particles results in significant erosion and deformation to engine
components, especially to first stage compressoreblatisks. Although there has been
little research specifically studying leading edge cunnpessor blade erosion has been

studiedin more detail.

2.1 Compressor Blade Erosion

As turbojet aircraft intake particles, these particles will possibly implaet
|l eading and trailing edges of the engines
particles were calculated through numerical methodddoyed and Tabakoffl] and are
shown in Figure2.1 It is apparent from Figure 2.1 that the expected trajexstooif
ingested patrticles are heavily dependent on particle size, with smaller particle following

the airstream and larger particle following a more ballistic trajectory.



[dl d = 135 mlcrons

Figure2.1- Typical trajectories ofa) 2.5 micron diameters and (b) 135 micromukters
particles in aurbojet engineompressor section

A large number of impacts will often erode and deform the blades to the point
where engine performance can be significantly impaired. It is obsbywBagy et al. [2]
that the thinner trailing e of the compressor blade will suffer greater erosion compared
to the thicker leading edge as demonstrated in Figure 2.2, althtbigybffect can be
heavily dependent on the geometry of the component. Eroded compressor blades increase
engine vibration, del consumption, and combustion temperat@&s This leads to
higher maintenance costs and a shorter engine life expectancy. Erosion and other types of

foreign object damage are estimated to cost in excekbition dollars annually4].
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Figure2.2- Erosion of a first stage compressor bldtlean be observed thdtd trailing
edgeof the bladehas suffered considerably more erosion damage than the leading edge.

[2]

2.2 Leading Edge Curl

As the compressor blades continue to erode, the leadigg ddcreases in
thickness, and can eventually defointo a curled shape as shown in Figure ZI3e
horizontal and vertical magnitudes of the defation, measured using the method shown
in the figure, are expected to each be between-@@A inches.This final curling

magnitudds heavily dependent on the geometry of the leading edge.



Figure2.31 Leading edge of first stage compressor blademonstrating the geometry
of curling. This figure also gives the method used for measuring the magnitioioi of
vertical and horizontal deformation with regard to curling.

Currently, no systematicstudies exist in the literature examining the exact
conditions under which curlinig likely to occur It has been observed that, depending on
leading edge thicknessarger diameter particles can deform the leading edge without
smaller particles first thinning the leading edge through erosion. Smaller particles are
unable to plastically deform the blade without significant erosion. The velocity and
trajectories (an@ and location of impact) of impacting particles have been studied, but
purely in the context of erosion. The investigation and substantiation of the possibility of

curl without preliminary erosion and the particle impact conditions under which curl

occurswasone of the primary aims of this thesis.



One thing is certain, however, the combined effects of erosion and curling
deformation severely limit engine performance. Several solutions have been proposed to
counter this damage, including filters to reragarticles from the air stream, altering the
material propertiesr geometryof the compressor blade, and adding an erosion resistant

coating to the compressor blades.

2.3 Engine Air Particle Separators (EAPS)

Filtration systems, commonly known as engaireparticle separators (EAPS), are
designed to filter out particles from the airflow of the engine intake. EAPS have been
used for decades with a high degree of success. Separation efficiencies of 93 to 98.5
percent can be achieved. However, large dagiof sufficient mass will follow a
ballistic trajectoryas was demonstrated by Figure,21 bypassi ng an EAPSS®O
air flow to impact and damage the first stage compressob][1Because filtration
systems work by filtering incoming air, they alease the overall air intake into the
engine and can affect engine performance. Filtration systems can also fail or become
clogged, at which point bypass ducts open up to allow all particles to flow into the
engineds compr ess or nssems aregpresenthithe phinoaty gneansft i | t
to prevent compressor damage from small particles, they do not meet current system

performance.



2.4 Erosion Resistant Systems

Due to the prevalence of damaging impacts even with a filtration system, a
secondarymeans of protection is necessary to prevent damage to the compressor blades.
A thin coating on the order of 20 to 50 microns in thickness can be applied to a
compressor blade without affecting the aerodynamic prope@igsently, many coatings
are approed for use to protect turbojet compressor blades, including monolithic and
multilayer titanium nitride and ternary nitrides coating systems.

Along with the addition of protective coating systems, properties of the
compressor bladesuch asits material makup and lading edge geometry, are being
investigatedand studied for possible improvements. Possible first stage compressor blade
materials include titanium alloys such as6Ril-4V, precipitationhardening stainless
steels such 286 and AM355, and nickl-chromium based superalloys such as Inconel
718. Thicker leading edge geometry for the bladsalso been considered to suppress
leading edge cubdy increasing the energy necessary to damage the blade. A combination

of these new properties in additit;ma coating will possibly offer the greatest protection.

2.4.1 Ductile Erosion Mechanisms

Increases in observed compressor blade life with the addition of a thin erosion
resistant ceramic coating can be explained through the differing mechanisms at which
erosion occurs for the ductile blade material versus the brittle coating. The ductile erosion
mechanism occurs primarily through plastic deformation of the blade surface. As

particles harder than the ductile blade material strike the blade surfaceloihgly fhe



material in the direction of impact to create an impact crater with a builduptefiaha
around the edge as shown in Figure 2Has buildup of material is called a platelet in
theliteratureby Levy and otherf6-8]. Once enough material hasen displaced to the
edge of thempact zone, a subsequent imparetals the builtup material free from the
surface. This process repeats for each particle striking the blade surface. After enough
impacts, significant material loss will occur. The high=gree of ductile erosion has
been observed in experimentation to result fropaats occurring at ~30 degrees as

shown graphically in Figure 2.6ut is heavily dependent on the material syst@hd.

a) / b) - )
ed P

Ductile

Figure 2.4 Examples of the effects of high egg particle impacts upofa) ductileand

(b) brittle materials. The ductile material shows plastic deformation and abrasion after
impact, while the brittle material shows subsurface crackiragering fracturing and
spallation of material
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Figure2.5- General erosion trends for ductile and brittle materials as a function of
impact angle. This graph shows the erosion peak for ductile materials at low angles,
while the erosion peak for brittle materials is at 90 deg(adspted fronj9]).

2.4.2 Britle Erosion Mechanism

Ceramic materials with a high hardness
nitride or ternary nitride systems, undergo a different erosion mechanism than ductile
materials. Erosion primarily occurs in these materials through ccaeiescence
generated by multiple particles impacting the surfacevas shown in Figure 2.4Bach
impact needs to have high enough energy to initiate or propagate a crack within the
material [11, 12]; otherwise the particles simply deflect off withouantaging the
material. Since this erosion mechanism is primarily dependent on how much energy the
particle directly transfers to the coating upon impact, higher angle impacts are the
greatest source of damage, lwdngles of 90 degrees, shown in Figure Bding the
most damaging. This has been verified through experimentation on multiple ceramic

materials and coating systenzs 9, 10,13, 14.

11



2.4.3 Baseline and New Contour Blades

An initial compressor blade was modeled based off of an existing component
This blade specifically came from the first stage compressor of a turboshaft engine that is
currently widely used in helicopters operating in relatively extreme environments. This
blade model is referred to as the Baseline. A newer blade model fomntleeesgine was
developed in an effort to suppress leading edge curl deformation by thickening the
leading edge geometry. This updated model is referred to as the New Contour Model.
Verification through simulation wagerformedto determinethe magnitude opossible
deformationas well as therosion protection the thicker leading edge provided. The two

bladegeometries investigated are shown in Figure 2.6

Baseline

New Contour

Figure2.6- Outlines of the Baselne and New Contour bl adesdo |

The outlines showm n t he figure are of the first
leading edge. The leading edge of each blade is on the left, the suction side is on the top,

and the pressure side is on the bottom. These outlines were produced from measurements
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taken on physal bladesby a coordinateneasuring machine (CMM)Although
measurements were taken on almost the entire blade length, the entire length of each
blade model was rarely used. Since only the leading edge response was being observed, it
was much more computanally efficient to simulate only the first ~0.4216 inches of

the blade. The material properties of the blades used in the finite element model are

discussed in the followingaragraphs

2.4.4 Blade Material Properties

One of the most important aspe®f this finite elements modeling work was
choosing and determining the correct material parameters to represent the blades. The
Baseline and New Quour blades are composed of B86 SCCRT stainless steel.

AMS355 is a precipitation hardening stainlessebtdts high tensile strength after heat
treatment and very good corrosion resistance make it well suited for the environments a
first stage compressor blade is expected to encounter.

In addition to AMB55, the Baseline blade was further modeled using hoth
titanium and nickethromium based alloy. The alloys aden were FbAI-4V and
Inconel 718. T6AI-4V is considerably more elastic and lighter than AM355, having a
|l esser Youngos modul us, hardness and dens
modulus, adesser hardness, but a similar density. The response of these materials with
respect to leading edge curl deformationwas coepar t o t hat o0f353 he Bas

Plastic and elastic data for all compressor blade materials were fouihd itlas

of StressStrain Curves ¥ Ed [15] and theASM Handbook Volume 19: Fatigue and

Fracture [16]. The ASM Handbookvas used to determine yielc
13



Moduli for Ti-6Al-4V [16 pp. 833, 967, 978] and Incon&l8[16pp. 35,377] A M3 550 s
yield stress ah modulus were calculated from its elevated temperature curiden

Atlas of StressStrain Curveg15 pp. 259]. Other material data for AM355 was found in

the ASM Handbook 16 pp. 713, 715]A compari son of each ma

modul us, P dhardnesse, dehisty, and yield stress is s in Table 2.1

Table2.1- Elastic and physical properties of the blade materials

Property/Material AM355 Ti-6Al-4V Inconel 718
Youngds Modul 23,500 17,000 29,000
Poi ssonds Rat 0.3 0.33 0.3
HardnesgHRC) 52 40 42
Density Ib/cu 0.2857 0.1600 0.2930
Yield Stress 0.2% (kpsi) 260 145 170

AM355: Test Direction: longitudinal. Sheet thickness = 0.457 mm (0.018 inches).

SCCRT: subcooled, cold rolled, tempered. RT, room temperature. Composition: Fe
15.5Cr-4.5Ni-3Mo. UNS S35500.

Ti-6Al-4V: Millannealed U + b hot work, anneal at 7O05AC
air cool.

Inconel 718 Heat treatment: 980°C (1800°F) 3/4h, air cool; double age 720°C (1325°F)

8 h, furnace cool to 620°C (1150°F), hold for 10h, air cool.

2.4.5ProtectiveCoatings

The use of ceramic coating systems to prevent erasiorbe partiallypasedon
the observed angle at which particles impact the blade. Tabakéfifed numerical
simulation to find the trajectories of sand particles as they flowed througtba@jetu
engine. An example of different particle trajectories is shown in Figure 2.7. As is shown,
alarge number of impacts occur along the entire length of the pressure surface. Particles
are also observed to impact off the leading edge and strike thenssick of the blade

after rebound.
14



Figure2.7- 165 micron particle trajectories through a compressor. Two compressor
blades are visibldadapted from17])

It was found that the impacts from large particlesld occur anywhere along the
entireturbine blade and at any angléowever, the highest velocity and most damaging
impacts occured nearest the leading edge. €Be impacts tended to occur at angles
closestto 3045 degrees. Due to the relatively small angle of these impacts, ductile
erosionwas prevalent on uncoated bladds]. As previously mentioned, studies have
shown that ductile erosion occurs mostly due to low angle impacts from small high
energy patrticles. Also, these findings would suggest that a thin ceramic coating would
offer significany more protection from these small angle impacts than a ductile coating

or just the substrate itself.

2.4.5.1 Titanium Nitride

An ideal coating material would need to be highly resistant to low angle and high

energy hard particles. A promisingaterial for coating application is titanium nitride
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(TiN). TiN is a widely used surface coating that has found applications ranging from
cuttingtool edges to jewelry to prosthetic limbs. Because of its present widespread usage,
the properties of and appdition methods for TiN have been extensively stufite@, 10,
18, 20, 21] Titanium nitride has been previously explored as a first stage compressor
bl ade coating with positive results. This
as well as itgelative inertness. Titanium nitride also has strong adhesion characteristics
and a similar coefficient of thermal expansion to compressor materials. Preliminary
studies have demonstrated that coatings as thin as 20 microns show a threefold increase
in ercsion life overjust the base substrate [2]. Although TiN does not have as high
erosion protection at large angles due to its highly brittle nature, it is still highly resistant
to erosion at lower anglg$7]. Since it has been demonstrated that a majofitsnpacts
that occur on jet engine compressor blade leading edges are low angle, a thin TiN coating
would potentially offer protection against erosion and curling of the blade.

The coating thickness has been shown to be directly proportional to hatweffe
it is at protecting the underlying substrabeit depends on the working environment and
erodent material, velocity, size, and morpholodye previously mentioned study by
Nagy et al. [2] showed that increasing coating thickness prevents erosiveipvea a

plateau at abdut00 micron thickness (0.016 inches), as demonstrated in Figure 2.8
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Figure2.8- As is demonstrated in this graph, the effectiveness of a coating system on a
compressor blade is proportional to the thickness of the coatinge\lo, in order to
preserve the aerodynamic properties of the blade, coating thicknesses greater than 50
microns are rarely considered for practical ugp. [

A very thin coating has minimal to no impact on the aerodynamic properties of
the blade, while ioreasing the coating thickness beyond 50 microns will begin to cause a
less than negligible degree of impairment to engine performance. The ideal coating

systemshould offer the best combination of erosion resistance and cost effectiveness,

with a minimalimpact on airflow or engine performance.

2.4.52 Material Prgerties of Titanium Nitride

Relative to the underlying substrg#®M355) used for this modeling work, TiN

has a much higher modulus of elasticity and hardness but a much lower density. Material
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datafora TiNcoating i ncl uding the Younwad®kemfiodul us

Latellaet al.[18]. Other material properties for TiN were found r${21].

Table 2.2- Elastic and physical properties of titanium nitride

Property Value
Yo ung 6 sus (k) ( 57,300
Poi ssonods 0.25
Hardness (N) 2060
Density (Ib/cu) 0.1951

[18] TiN: Deposition method: dual source pulsed cathodic arc system. Pulse length of
0.5ms with a freqsuency of 4.5 Hz. Arc current of 220 A and system base pressure of
1x10° Torr (1x10° Pa) with N gas flow rate at 50 sccm and chamber pressure at*6x10
Torr (0.08 Pa) during deposition.

2.4.53 Ternary Nitrides

Other coating materials considered for applications on turbojet compressor blades
are titanium aluminum nitrid€TiAIN) and titanium chromium nitride (TiCrN). Both of
these materials belong to a class of compounds known as ternary nitrides. Ternary
nitrides are compounds that consist of three elements, one of which is nitrogen, and can

show a highly variable rangd properties, depending on composition.

2.4.5.3.1 Titanium Aluminum Nitride

Titanium aluminum nitride(TiAIN), the most studied tertiary wear resistant
compound is a defect structure having a wide range of compositions and properties
including hardnessTiAIN provides added oxidation and corrosion protection as

aluminum can migrate to the surface forming a protectiv®Akyer. TiAIN coatings
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have exhibited both highardness as well as higiosion resistancé peak in TiAIN
hardness occurs whereetlattice parameter is a minimum and the material is close to
transitioning from a NaCl crystal structure to a ZnS crystal structure. The hardness
increase of TiAIN (3500 VHN as compared to TiN) is most likely due to compe>aff

the crystal structure?hysical properties of TiAIN system which variesaafinction of
composition areE = 434.7 GPa, G = 178.4 GPa, melting temperature of’2930ermal
expansion coefficient = 7.5 pm##g, and specific gravity = 4.6 g/cc.

Interestingly, composite matelsaor composite features alreadist in the
ternary systemd-or example, TiAIN, based on the composition of the bulk coating can
be considered a composite material of TIN and AIN comprised of the Rocksalt and
Wurtzite structures, respectivelylt is beleved that the proper ratio of the
Rocksalt/Wurtzite phases is what gives TiAIN its unique properties of increased hardness
and increased toughness undmrtain deposition parameter3ypically, increased
hardnes results in lower toughnes3urrentreseach efforts are expected to clarify this
complex relationship of composition, Rocksalt/Wurtzsite ratiodimass, and fracture

toughnessThe nanocomposite behavior of TiAIN is also seen with,BN. [22-25]

2.4.5.32 Titanium Chromium Nitride

Titanium chromium nitride TiCrN) coatings are a class of coatings which
typically incorporate Cr into a TiN based coating system in order to enhance specific
characteristics of TiN including high temperature hardness and corrosion resi$taace.
increased resiance to corrosion and degradation of mechanical properties at higher
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temperaturesis typically contributed to formation of protective chromium oxide
compounds.The coating composition and microstructure is very dependent on the
depaition techniqueA wide variety of coating compositions can be produced including
single phase TiCrN, or a mixture of phases such as TiN, CrMNN,Cand the
microstructure of these coatings can range from nanoscale columnar grains to an
amorphous like norostructureFor many R/D techniques, a single phase of TiCrN with

the NaCl structure is typically produced or a mixture of NaCl structured simettiic

TiN and CrN compoundsThe hardness values of the coatings can be tailored from
similar to CrN (1202000 Hv) to greatethan that of TiN (>3000 Hv)Other mechanical
properties such as wear resistance can also be tailored with deposition parameters, so

TiCrN is readily adaptable fa wide range of application2%-29]

2.5PreviousFinite Element Modelin§Vork

All modelingwork for this thesis waperformedusing the finite element analysis
(FEA) software Simulia Abaqus/Explicit v.6XZ Simulations were solved using an
explicit time integration method. This method solves only for the displacements,
velocities, and accelerahs of the model for every time increment, which are on the
order of fractions of nanoseconds [0.1x18econds] in duration. The explicit solution
method is relatively efficient at calculating solutions for very dynamic andlinear
responses. Sincedmonlinear plastic response of the blade upon particle impact occurs
in less than a microsecond [16econds], this makes Abaqus/Explicit an excellent choice

for particle impact modeling. The use of Abaqus for the finite element modeling of
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erosion anddeformation to compressor blade substrate and coating materials has been

successfully demonstrated in a number of studies.

2.5.1 Deformation to Metallic Substrates under Impact from Small Particles

Xi Chen used Abaqus/Explicit to examine the stressedtiresudrom particle
impacts simulating foreign object damage. In two separate stégligg,[Chen analyzed
the residual stresses and geometric stress concentrations resulting from simulated small
particle impacts on the leading edge and main body @AT44V turbine blades. The
resulting implication these stresses had on fatigue cracking was also explored.

In each study, a single rigid particle was modeled to impact and rebound from the
substrate at a normal angle. The substrate model for the leadjegvas simplified to be
a thin metallic sheet and the model for the blade body wasairgfinite axisymmetric
block For i mpacts along the bl ade body, Chen
depth and width, U0U/D andew/ DUu(whered®nt sde
width) is primarily dependent o nandicadbe mens i
determined analytically as shown in equation 2.1.

Y o= KE) (8 #FM%2 (421

Where:
Y = dimensionless kinetic energy pareters
0y = substrate yield stress
D = the impacting particle diameter
} p = particle density

Vp = initial particle velocity
21



Chen also found that stress concentrations and deformation size along a leading
edge were primarily dependent on the normalized s a | penetration de
therefore also highly dependent on the kinetic energy parameter. Stress concentrations
were highest along the impact crater base, and increased with increasing penetration.
Residual stresses also increased the stresseg aotsmall fatigue cracks, especially at
the bulge tips and outside the ind¢ft These findings show the weakened plastically
deformed areas around the particle indent characteristic of the beginnings of ductile

erosion.

2.5.2 Erosion of Metallic Swudbrates

Eltobgy and Elbestawi[l] also used Abaqus/Explicit to model erosive wear on a
block of T6AI-4V under impact from small rigid steel particles. Erosion rates and
volume for the substrate was studied based on number of particle impacts, gaegdge s
impact angle, and particle size. Their results closely matched those previously reported in
literature B2-35] through experimentation and numerical methods. Erosion rates of the
metallic block were found to be an exponential function of particlecitgl and a

parabolic trend with angle of impact.
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2.5.3 Erosion and Deformation of Titanium Nitride Coating Systems

Sun and Bell 36] used Abaqus to model the plastic deformation of multiple
titanium nitride coated substrates contacted by a rigidrepfiéae substrate materials of
high speed steel, a titanium alloy, and an aluminum alloy with TiN coatings of various
thicknesses between 0 to 9 microns were modeled. They found that yielding almost
always initiated in the coating/substrate interface andlavgrow in the substrate along
the interface and away from the coating. Yielding of the coating at the interface would
not occur until significant plastic deformation has taken place in the substrate. The strains
in these two distinct plastic zones caad to interfacial microcracking and eventually
decohesion of the coating. Decohesion can also occur when shear stresses at the interface
surpasses the bond strength; however, coating deposition methods allow for optimization
of bond strength which results plastic strains in the substrate causing a majority of
coating decohesion. Sun and Bell also determined that the overall load bearing capacity
of the TiN/substraténterfaceincreases with increasing substrate strength (yield strength
and Youn gs)and inteeasing coating thickness. They also found that there is a
greaer relative increase in coatisgibstrate system strength for softer substrates. This
implies that titanium nitride is more effective at increasing the load bearing aifility
softe substrate materials

BieLawski and Bereg37] used Abaqus/Explicit to model the tensile surface
stresses in muHiayered TiN coatings on 3 PH steel under single particle impacts.
Because the primary mechanism for coating erosion is brittle fradugeo tensile
surface stresses coating | ayer thicknesses, Youngaos

parametrically studied in an attempt to minimize the surface tensile stresses. They found
23



for monol ayer coatings, a hoduub eesulted ih the k n e s s
best stress reduction. A titanium bond layer was found to decrease surface stresses,
although only marginally. For multilayer coatings, the best coating architecture from a
surface stress reduction standpoint was a low surface Yayeu ng6s modul us
relatively higher subsurface | ayer Youngo0s
modeling only the first stages of coating éoosbefore crack propagation.

Hassani et al.38] used Abaqus/Explicit to model various titaniuitride coating
systems on titanium alloy and stainless steel substrates to estimate their erosion resistance
based on maximum tensile surface stresses. They parametrically studied coating
thicknesses between 1 and 10 miad6@GRa, Ti N
and particle impact velocities between 50 and 300 m/s witBODOmicron diameter
particles. Their results correspond to Bi
modulus and higher thickness corresponded to better stress reduction. [Sbey a
determined that stronger substrates outperform weaker ones since penetration depth of
the impacting particle has a large impact on coating surface stresses. Haskaaiset a

calculated a critical stress threshalg;, based orequation 2.2.

Oeit = Ko/ (1) * (2.2)
Where:
Uerit = the critical stress for cracking
K¢, = the fracture toughness
"= 3.141¢

| =the initial defect size
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From this calculated critical stress (3.9%°4} they determined cracking was
likely to occur under a majority dhe tested conditions. They also found that most of
their tested multilayer coating combinations resulted in at least a half stress reduction

compared to a monolayer TiN.

2.6 Abaqus FEM Calculations

There wereseveraldifferent methods within Abaqus tovauate the different
material response®lastic, plastic, and brittld)eing examined. From these methods, it
had to be determined which were the best suited for the modeling efforts. This section

will explain the materials and solutions methods chosen.

2.6.1 Abaqus/Explicit

The Abaqus software package has two main solution methods for FEM analysis,
Standard and Explicit. For simulations that are highly dynamic and contain large
deformations, it is more efficient to use the Explicit solver. Expliciveslfor the
displacements, velocities and accelerations of each node using explicit integration,
meaning the solution is dependent only on the inputs from the immediate preceding state.
Standard solves for each time increment by using an iterative metrsmlve a set of
nonlinear dynamic equations. The efficiency that is produced from using Explicit comes

mainly from the lack of iteration and simpler matrix inversions.
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2.6.2 Material Models

There are a number of different ways available within Abagusnodel the
elastic, pastic, and failure responses wfaterials. A primary goal of finite element
modeling is to use the proper models that wiltuaately reproduce the matesal
response. This becomes difficult whexaterial data isacking, or the marial definition
within Abaqus asks for esoteric data that woaortdly result from a highly specific set of

experiments.

2.6.2.1 Elasticity Model

The elastic response of the blade, coating, and particles were all modeled using
Abaqusos | i avwamodel39 8.37t2] This maddl is valid andtable for
strains less than 5 percemModeling particles using only an elastic model introduced
some initially difficult to diagnose instability that resulted in simulation abortion. It was
found that, uder some conditions, particles were undarg strains much higher than 5
percent This required minor reconfigurations to the simulation parameters. All materials
were also assumed to be viscoelastic. Viscoelasticity implies the materials behave purely
assolids, in that their straining was not a function of time but only of applied stresses.

An isotropic material definition was assumed. All materials were considered to be
nondirectionally dependent. The shear modyl@% used for stress and strain cdddion

was determined by Equation 2.3.
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G=E/2(1+v] (23)

E = the material s Youngdés modul us

v= t he material 6s Poissondés ratio

Using this calculated shear modul us al o
and Poi s shennormalorsaint sheamn ! strains for two dimensionsan be
determined. The matrix used to determine the relationship between stresses and strains is

given in Equation 2.4

11 ].I.IHE —IJ;E ” 71
o W= | —/E 1/E 0 T3
12 0 0 1/G 712

Further expanding these calculations into the third dimension yields a total of six

stress and «in variables, with the relationships between them given in Equation 2.5.

(511 ) r 1/E  —-v/E —uv/E 0 0 0 7 (o011
-v/E 1/E —v/E 0 0 0 Ta9
—-v/E —-v/E 1/E 0 1] 0 Tas

b —_—
| (S —_—

£33 _
Yo (| 0 0 0 1/G 0 0 | Yo
113 0 0 0 0 1/G 0 o1y
v o J | 0 (0 0 0 0 1!(:_ \ (Tag J (25)

(Equations adapted fron39 s.17.2.1])
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2.6.2.2 Plasticity Model

Abaqusds cl assical met al plasticity mod

all modeled ductile matexis [39 s.18.2] A Mises yield surface was used with this
model. Mises yield surfaces assume yielding is independent of equivalent pressure stress.
This is an assumption that has been confirmed experimentally for most metals, except
undercertain specificconditions that are not expected to be encountered during particle
impact and deformation. With the Mises yield surface, an isotropic hardening model was
used for plastic straining.

Isotropic hardening assumes that there are uniform changes to yielkessida
and yield stresses in all directions as plastic deformation occurs. This was used for
current leading edge modeling since Abaqus recommends the use of it for gross plastic
straining. Using this model, the yield stress is defined as a tabular fumaif plastic
strain with Yield stresses for states between given data pbeitsg interpolatedand
yield stresses for states past the last strain value are constant at the last value given.

The yield stress for most materials has a large degree ehdepce on the strain
rate the material is undergoing. Larger strain rates usually result in a larger yield stress.
Since the impacts occurring in this simulation work were highly dynamic, strain rates are
expected to be very large. This required the mioln of ratedependent yield stress, or
work hardening.

To define work hardening within Abaqus yield stress ratios were used. This
assumd that the strain rate behavior is separable, and sitesa dependence is similar
at all strain ratesEquation 26 shows how the dynamic strestsain behavior is

calculated.
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Where

__||_|.' :_.l-"r‘- . . .
(=7 =" ) = thedynamic stresstrain behavior

o = the static yield stress

pl , : ,
-~ = the equivalent plastic strain
=F

=" = the equivalent plastic strain rate

R = the ratio of the yield stressabnzero strain rates to the static yield stress.

R is definedto be equal to 1.0 wher=”' = 0.0. SpecifyingR within Abaqus

consisted of supplying a table of R values for certain strain rates.

2.6.2.3 Brittle Model

The brittle model within Abaqus contairthree main parts: a brittle cracking
model to simulate tensile weakening of the material upon damage, a shear retention
model to simulate weakening shear retention of the material, and a failure model that
removes elements upon tensileluee. The britte model within Abaqus is useful for

modeling concrete and other brittle materi@3 §.18.5.2].
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2.6.2.3.1 Cracking

To define the brittle fracture and failure properties for the brittle mat@riil)
used in the coating models, Abaqus's concretekorg model was used. This model
provided a capability for modeling the progressive damage and failure of brittle
materials. The model's main assumption is that cracking is the primary response of the
material behavior upon loading. The model also assuntbat the behavior of the
response of the material is dominated by tensile stresses and that compression is a purely
linear elastic response. These assumptions are valid in that the response of titanium
nitride is nearly that of a purelgrittle material.

The concrete model further assumes that the material follows an elastic response
based on the material's Young's Modulus until a certain critical tensile cracking stress is
reached. Upon reaching that stress, the matsrdmaged and progressively weake
until complete failure at a certain strain. The cracking model does not track individual
micro-cracks, but only macroracks. This correlates to numerous microcracks existing at
a certain point within the modelhe presenceof which affects the stresand material
stiffness associated with the point during calculation.

The post failure behavior of the material is defined by tension stiffening. A-stress
strain curve associated with the cyclic behavior of this is given in FRjafe Once the
materialpasses the critical stress/strain value, it follows a curve of stress strain values
until complete failure. If the stresses on the material relax then the material follows an
elastic curve given as the slope between the origin and the stress for the stighes

value the material reached.

30



Strass, O _— Failure peint
-

o .I.

_——"tension stiffening’

y curve

Figure 2.10 Curve describing the assumed stress strain response of brittle matéeals.
materi al reacts elastically based on its Y
The material then follows@t ensi on sti ffening curved whic
(adapted from39 s.18.5.2])

2.6.2.3.2 Shear Retention

Using this cracking model, it is also necessary to define the shear retention of the
material as it undergoes progressive cracking and genTais is due to how the shear
stiffness of a brittle material diminishes as it cracks. The definition for shear retention is a
function of the opening strain across the crack, with shear retention given as a ratio of the
damaged shear modulus to the amaged shear moduluBhese values are defined in a
table, with a minimum of two points needed. One point denotes 100 percent shear
retention with zero strain, and a second point is used to denote zero percent shear
retention at a given failure strain. Airwe of shear retentions and associated strains

between those two points can also be defined for additional accuracy. As will be
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discussed in the next chapter, the material definition for only used two points, assuming a

linear relationship between cracktiation and eventual failure.

2.6.2.3.3 Failure

In order to simulate erosion of the coating, it was necessary to include a brittle
failure criterion into the simulation. This criterion removes completely failed elements
from the simulation when a cemastrain value is reached for one, two, or three
coordinatedirections. The mainisadvantagdo using this modeivas the fact that it
relied purely on tensile stresses for calculation. This can bring inaccuracies into the
simulation through the fact thabost brittle materials can still withstand compressive
stresses even after experiencing tensile failure. Howasewjll be discussed in the next
chapter preliminary modeling of the brittle fracture of THbased coatings replicated the

progression oérosivefailure observed in the field.
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Chapter 3

Experimental Procedure for Finite Element Modeling with Abaqus

There are many advantages to using finite element analysis to model dynamic
events such as particles impacting a compressor bladdelidg aids in the design
process of complex aerospace components in which complex phenomenon can be
modeled without the high cost and long lead times in constructing prototype systems. In
addition, modeling allows faster and cheaper ways of investigdififierent material
systems and designs while also allowing for a closer examimof the transient stresses
andstrains that occur during high velocity impacts. The methodology used to create and
setup simulations using Abaqus will be discussed in tepter, as well as the different
material models used within Abaqus to define the material properties for the blades,

coatings, and patrticles.

3.1 Model Creation and Simulation Setup

Every individual component of the simulation required a separate nbodusd
created. I n gener al , t hese model s includ
geometries and property definitions. Separate models were developed for each particle
size, each blade design, and the various coating thicknesses for each blade design. A
mentioned previously, the blades were modeled at both their full length and only the
leading edge to reduce simulation processing time. The leading edge was most commonly

modeled as the first 0.16 inches of the blade. Model parameters were often delected
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decrease the overall simulation time and size in an attempt to balance computational

efficiency with simulation accuracy.

3.1.1 Part Geometry

Coordinate data used for the blade geometry model was obtaineddorthnate
measuring machine (CMMneaswements of the Baseline and New Contour blades. To
create the blade models for use within Abaqus, a program was created to process the
coordinate data and output an appropriate blade model. The program used data for all of
the (x, y) coordinate pairs takdrom the blade measurements. The component blade
model was constructed by iterating over and drawing lines between the ordered (X, y)
pairs to obtain a two dimensional outline of the component, which was then used to
create the final two or three dimens& model.

The geometry for the ceramic coating was created by first taking the boundary
coordinates for the metallic blade model as the inner layer of the coating, which was to be
in direct contact with the blade. For every coordinate on this layehemobordinate
point was created with an offset of the desired coating thickness. The offsetting angle for
this point was derived from the slope between the two neighboring coordinate points. For
coordinates on the far edges of the full length BaselineNswd Contour and all 0.16
inch leading edge models where there is only one neighboring point, the offset was just
taken +f vertically.

The creation of a three dimensional model involved taking the base two
dimensional model and extruding it some widtitoithe third dimension. Extrusions were

initially performed to the bladeds full W |
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inches and then eventually to 0.5 inches. This was done to limit computation time and
improve efficiency. The shortened widththe blade was not believed to greatly effects

its overall response since observations of the three dimensional blade model during and
after particle impacts have shown its elastic and plastic responses to be relatively
localized.

The particls were moeled to be circular for two dimensional work, and spheres
for three dimensional work-he geometry of the impacting particle can have a significant
impact on the resulting deformation. However, modeling different geometries was well
beyond the scope of theffort. Different particle geometries and typ@sreused for iR
houseanalysis, including irregularly shaped alumina and modifieppex particles, as
well as spherically shaped glass beads. A comparison of the different particle shapes in
shown in Figue 3.1 The irregularly shaped patrticles, (a) alumina and (c) modified c
spec, are more likely representative of particles impactiffgelch blades. The (b) glass
beads are more representative of thes)(garticle models impacting the blade in this

modelng work.
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Figure3.1- A comparison of ta different particle geometriesed f@ in-house testing
and finite element analysis: (a) irregular alumina, (b) spherical glass, lfeaa®dified
c-spec (silica)(d) three dimensional particle model, (e) tdimensional particle model.

Thepatrticles were also modeled under the assumtiairthey elastically
respond upon impact, but do not deform plastically or fracture. This has been observed to
not always be the case, especially for high velocity ingpd&ist analysis of impinging

media has confirmed that some particles do fracture after impact.

3.1.2 Property Assignment

Af ter a componentds geometry was <creat:
assigned to it. The property definitions were assigiedugh what Abaqus terms a
section assignment. A section assignment takes a geometric section of a component part
(for current modeling work it was only necessary to create a single section for every
component) and assigns certain properties to it. Theggerties include an 4{plane

thickness for two dimensional models, which will be explained in the next section, and a
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material property definition. A material property definition contains all of the material

data necessary for modeling the componennasctual material.

3.1.2.1 Section Assignment andplane Thickness

As was previously stated, a section is used to assign material properties to a given
part . For two di mensional model s, the sect
plane thi&ness. The ikplane thickness can be thought of as the distance the part extends
into the plane; the hypothetical width of
result in less deformation for a given particle impact, while a smaller value nexutt
in greater deformation. An appropriate value would be close to the amount of blade width
affected by a single particle impact. Based on observations made during the three
dimensional modeling work, this valuediaeen demonstrated to be between &ba05
and 0.08 inches. However, it was heavily dependent upon particle size and velocity. The
value used for a majority of the simulations was 0.027 inches, since it had provided
accurate results while keeping consistency with all previous work. Pai@aesituation
of different inplane thicknesses at varying velocities, angles, and particle sidedsba
shown this value of 0.027 inches to be appropriate. Appropriate, in this sense, meaning
that accurate magnitudes of deformation were obtained ubmgested thicknesses,

velocities, angles, and patrticles sizes as compared to field evaluated components.
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3.1.2.2 Material Properties

When creating a section on a given component part, a material propetty e
assigned to it. A material propertycludes definitions for the physical, elastic, plastic,
brittle, and failure properties of the material. It is also possible to specify more specific
properties such as electrical, thermal, and fluidic characteristics. Not all properties need
to be speciid for a simulation to run. For modeling contact between impacting bodies,
only the density of each material needs to be defined. Each additional material definition

adds more accuracy to the model.

3.1.2.2.1 Elastic Properties

For current modeling workall material properties were given the physical
property of density, and the &elastic pro
Poi ssonds ratio. The i mpacting hard partd.i
The material for the particleswass sumed t o be that of sedi mer

modulus value provided byiar k6s St andard Handbod4). for M

The Poisson6és ratio and density for the paeé

the other materials werediks ed i n the previous chapter.
modul i, Poi ssonds r definetbesmaterale useddnehmssnodelingge s u s
effort.

Table 3.1 Elastic property definition for all materials

AM355 | Ti-6Al-4V | Inconel 718 TiN Particle

Youngd6s Mo| 23500 17,000 29,000 60,000 15,000

Poi ssonds 0.3 0.33 0.3 0.27 0.3

Density (Ibf s*2/in”4) | 0.00074 | 0.0004144| 0.0007589 | 0.000505, 0.000258
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3.1.2.2.2 Plastic Properties

The three ductile metals modeled (AM355;6Rl1-4V, Incanel 718) all required
the use of a plastic material definition. These definitions were used to specify both the
plastic and work hardening behaviors of all of the materfdswas mentioned in the
previous chapter, the plastic behavior for a given matsridefined by a table of yield
stresses versus plastic strains. The values used to define the three materials modeled are

listed in Table 3.2.

Table 3.2i Plastic behavior of AM355, TAI-4V, and Inconel 718

AM355 Inconel 718 Ti-6Al-4V
Yield Stress Plastic Yield Stress Plastic Yield Stress Plastic
(psi) Strain (psi) Strain (psi) Strain
240,000 0.0 161,500 0.0 151,013 0.0
259,100 0.000773 170,000 0.002 158,961 0.002
1,792,000 1.719 853,526 2.0 792,266 2.0

As listed in Table 3.2, the table of yielgtresses and strains has three rows of
values. The first row defines a point at the highest applied stress immediately prior to
yielding. The second row gives a point defining the initiation of yielding of the material.
The values for AM355 were calculdteand determined from a strestsain curve 14],
while Ti-6Al-4V and Inconel 718 used given 0.2 percent yield stress valigsThe
third value was created for additional model stability, and was calculated based on the
sl ope bet ween dt hset rneastseersi ad sdd tyhel materi al s
This extra data pointvas calculated for a poinfiar beyond the strain limits the material
would experienceduring simulation For modeling without a material definition

including material failure fia part of themodelwould strain beyond the final data point,
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model instability would occur and the simulation processing would possibly oease
produce poor result®\n example of the results of a simulation with and without the extra
point is presente in Fgure 3.2 As can be observed, the additional data point greatly

increasd model stability without have a large effect on the overall deformation shape or

magnitude.
a) b)
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Figure3.2- Curled Baseline blade)withoutand p) with theextra data point.

In addition to the plastic behavior of the material, a definition for work hardening
was included. As was mentioned in the previous chajdat stress ratios were useml
define work hardening within Abaqgu$able 3.3 lists the values used to define work
hardening behavior for all of the material by the relationship given in Equation 2.6. These

values were calculated by Pitter#l] to define work hardening of 10 percent.

Table 3.3° Work hardening behavior given defined as the plastic strarfoadifferent
yield stress ratios

Yield Stress| Equivalent Plastic
Rati o Strain Rate (R)

1.00 0

1.05 0.001

1.10 0.01

1.15 0.1

1.40 10

1.60 100

2.00 900
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3.1.2.2.3 Brittle Properties

Titanium nitride required a brittle definition within Abaqus to specify its post
cracking damge and failure behaviors. Tal8e4 lists the values used to define the post

cracking behavior for TiN modeling.

Table 3.4i Table used to specify pestackinginitiation behavior for TiN

Direct Stress After | Direct Cracking
Cracking (psi) Strain
122,000 0
55,000 0.0186
0 0.0481

Table 3.4lists three rows of data. The first row is a given stress value
immediately before cracking initiates. The third row is the strain value at which there is
crack saturation within the material. The middle row isrdermediate value for addition
accuracy in the model. The values in Table 3.4 were determined fn@an galues in
Latella et al. [18

The brittle material model for TiN also needed a definition for shear retention.
The definitionused for simulation waa curve of two pointswhich are listed in Table

3.5

Table 3.5 Values used to specify shear retention for TiN

Shear Retention| Crack Opening
Factor Strain
1 0
0 0.0481
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The first point gven specifies that there is one hundred persieear retentin for
zero damageor a strain beneath the damage initiation valliee otherpoint specifies
that there is zero percestear retention, or complete shear failfive the strain atwhich
the coating fails. There is a linear relationship interpolatedtfain values between the
two points. This simplified definition was used due to a lackdaffa onthe shear
retention behavior for titanium nitride.

The brittle model for titanium nitride also included a value used to define failure
removal of failed ements. This value was the same strain value specified previously for
shear retention and pestacking behavior failure: 0.0481t was also observed that
models without this failure option tended to produce unrealistic reasltshown in
Figure 3.3t should beobviousfrom the figurewhy the choice was made to include this

option in most simulation work.

£ I

Figure3.3- The result of a simulation with (left) and without (right) a specified failure
point for element deletion.

3.2 Meshing

A meshis the FEM representation of geometric modetefinedthrough nodes

and elements. The meshing process takes the basic geometric shape of the model and
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converts it into the nodes and elements necessary for processing the FEM calcélations.
node can be considst a discrete point, while elements are a finite shape made of
connected nodes. Most of the element shapes used for this modelenguadrilateral,

and were composed of four connected nodes for two dimensional modeling and eight
connected nodes for thremensional modeling. Figure 3.4 gives an example of both

two and three dimensional elements.

Figure 3.4i A single (a) two dimensional element and (b) three dimensional element.

3.2.1 FEM Mesh Considerations

Considerations for meshing include howmef (size of elements) the mesh is
throughout the different regions of the part, the shape of elements, and the type elements
that are used. Generally, it is ideal to have small element sizes near the area of greatest
deformation. This improves accuracy thfe model, and helps to prevent failure and
instability of the mesh during simulation. In compressor blade modeling, smaller
elements were used on the leading edge, with a gradual increase in element sizes as
distance from the leading edge increased. fiagelement sizes alloyd more elements

to be placed where accurasxas important while still keeping the number of total nodes
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and elements down to limit the amount of processing. A-eagifigured mesh will strike

the ideal balance between simulatioowecy and computation time.

3.2.2 Seeding

The creation of a mesh within Abaqus was done by first selecting a meshing
method and applying seeds. Seeds are the basis for mesh creation by being the initial
nodes from which the mesh is developed. Theyatg applied to the edges of the model
geometry. Internal nodes are created based on the particular meshing algorithm selected.
Creating a higher density of seeds along a certain edge will result in a finer mesh
throughout that region of the model. Altlgtuit is possible to manually create a mesh
without using Abaqus's internal meshing algorithms, this was not done because of the
minimal benefits and increases to turnaround time between mesh creation for different

models.

3.2.3 Element Types

Along with defining the mesh for the model, the type of elements for the model
also needed to be specified. The element types determine which specific calculations
Abaqus uses for the given simulation. Abaqus provides a large number of different
element type§39 s.21-26], with each element type being useful for specific applications.
For two dimensional modeling of curl or erosion, the most appropriate elementaype
that of OPlane Strain.o®6 This el ement type
dimenson under the assumption that the modeled part has a laygan@ thickness

relative to the planar (x, y) dimensions. This correlates to an aircraft compressor blade as
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part of a blisk, which has a much longer radial length than thickness or width.r€®r th
di mensi onal model ing, the el ement type 063D
most appropriate three dimensional element, in that it does not make any assumptions

about the stresses and strains the model will undergo during simulation.

3.2.4Preventing Mesh Instability and Simulation Failure

In simulations with particles of a large enough size and velocity to result in high
energy impacts with large deformation, distortion of a mesh to the point where the
simulation is unstable and resultgnthils hal a high possibility. This failur@ccurred
due to instability in the calculations, where the solution for a certain increment is unable
to be produced. High energy impacts that cause a large deformation wave tend to have a
high probability of dstorting meshes. There are a number of options within Abaqus to
control these distortions to prevent or delay the failure of the simulation. The two used
for current modeling work were Distortion Control and ALE (Arbitrary Lagrangian

Eulerian) Adaptive Mdsing.

3.2.4.1 Distortion Control

Distortion Control[39 s. 21.1.4fttempts to prevent the elementsmprisingthe
model from distorting beyond a certain limit. This limit is defined in a way to ideally
prevent failure of the simulation caused by exaessompression of the mesh. When a

mesh is not fine enough relative to the strain igr@dor amount of compressioan
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element might invert in on itself resulting in a negative or undefined di@a. is

demonstrated in Figure 3.5

Compressive Force

Figure3.5- The prayression of a quadrilateral element to failure under a high
compressive load. The final state is an example of an element with a negative or
undefined area.

Distortion control attempts to prevent this type of mesh failure by not allowing an
element to d®rm beyond a certain length ratio. This value is the ratio of element
charateristic lengths between trdistorted andundistorted elements. A characteristic
length (L) can be considered the average distance between connected nodes on a

element and isetermined by Equation 3.1 for two dimensional elements.

Lc= U*sert B1A
Where:
U= a constan(1.0 for two dimensional elemets

A =the area of the elemen

The default valuéor the ratio of distorted to undistorted characteristic lenfgths

a given elemenf.1, was usedn most simulations.
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3.2.4.2 ALE Adaptive Meshing

ALE Adaptive Meshing[39 s. 12.2]is a tool that remeshes the model as the
simulation runs. This remeshing allows the mesh to move independently of the material.
Every gven number of increments, Abaqus will analyze what portions of the mesh have
undergone deformation and remesh the region appropriately to prevent mesh distortions
from occurring An example of how ALE Adaptive Remeshing might alter a mesh within
a simulaton is demonstrated in Figure 316is observed that the structure of the mesh is

changed independently from theagnetry of the deformed model.

Figure3.6- A demonstration of how ALE Adaptive Meshing might remesh a deformed
model.(adapted from39s.12.2.1)

Adaptive remeshing will slightly increase the processing time for a simulation.
This time increase is dependent on how often remeshing is set to occur. ALE Adaptive
Meshing is especially useful in simulations where drastic plastic defamiatexpected
to occur, such as to a blade undergoing leading edge curl.

Distortion Control and ALE Adaptive Meshing could only be used exclusively
from one another. They were also not able to work with a brittle material model, so they

were only appliedo the blademesheslit was also observed that these methods were not
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absolutely effective. Distortion and failure of meshes still regularly occurred on many
models, even with the highest possible degredlisfortion control set. It isvorth
mentioning khat the initial mesh configuration for a model was far more effective in

preventing failure than any settings for distortion control.

3.3 Assembly and Simulation Parameters

Once the individual parts for a simulatiarere created and defined, thaeyere
imported into an assembly. The assemi#{dithe parts' final configurations and relative
positioning for the simulation. The assembly also coethithe definitions for the
parameters of the simulation, including boundary conditions, velocities, intera@mhs

constraints.

3.3.1 Boundary Conditions

Boundary conditions are the part of the model that is held fixed relative to one or
all global or rotational coordinates. Boundary conditions can be defined as part nodes,
element edges, or certain geometaattires. The main purpose of the added boundary
condition for this simulation work was to stabilize the blade and remove the possibility of
large deflections. Large deflectiomerecaused by particles impacting the blade at such
a high rate or with suchigh energy that the blade continues to deflect without being able
to oscillate around its level position. After enough impattts blade would eventually
deform nto the highly deflected state as shownFigure 3.7. The high frequency of

particle impactsdeflected and eventually deformed the blade model to an unrealistic
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degreeThis geometry of deformation has never been observed and is likely impossible to

occur in reality, so the additional boundary conditicas necessary.

Figure3.7 - The result ban early simulation attempt.

The boundary conditiowas reasonable to assume for a number of reasons. One
reason is that the impact of large partichs occurring at a much greater frequency in
the simulations than would likely occur in situ. Alsogst compressor blades/blisks have
design features that limit oscillations, which the simplified models used in the
simulations were lacking. Rather than allow time for the blade deflections and
oscillations to dampen out,was much more computationaléfficient to help force the
damping throughraexpandedboundary condition.

Most of the simulations were run with a boundary condition set at 0.02 to 0.16
inches back from the leading edge. This allowed only a small percentage of the blade to
deform duringhe simulation. A range of boundary condition sizes was evaluated in order
to determine the most appropriate size for reproducing leading edge curling. A boundary
condition too smallwould be too restrictive and not allow the blade to curl or be

unrealisic and only allow the blade to deform into a given geometry and magnitude. A
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boundary condition too largeould result in higher than observed deformation sizes with

distorted geometries.

3.3.2 Velocity Fields

The velocity field is what is termed in Abagjas a predefined field. This means
the field is specified by the user. The velocity field was appiggto the particle nodes.
All velocities are nortime-dependent and are defined only at the initial sthrthe
simulation. For simulations with myile impacts, this meant that the particles had to be
offset from the blade and each other by enough distance to allow most blade oscillations

to dampen.

3.3.3 Interactions

In order for impacts to be defined, it was necessary to define interactiongbetwe
the separate parts. For all simulations, the interactions existed between the blade and
particles or the blade and coating and coating and particles if applicable. Particles were
not defined to interact with each other. Rebounding particles interagiingeach other
and new impacting particles would have increased the complexity and added too many
additional variables into the simulation. This was considered beyond the scope of this
effort.

When defining an interactiont was necessary to specify @ntact friction
coefficient. The frictional coefficient allows for a definition of the maximum shear stress

along the contact boundary. This is according to the relatiogslep in Equation 3.2.

50



U = Op (@32
Where:
U = the maximum all owed shear stress
K = the friction coefficient

p = the pressure stress between the contastirfgces

When the maximum allowed shear stress is reached, slipping begins to occur with
the frictional coefficient switigcing between the static and kinetic modes according to the
Coulomb frictional modef39 s. 30.1.5]

For all simulations, a coefficient of friction was set at 0.3. This was chosen as it
has been observed with other simulation work that crater depth faicimg particles
has a strong dependence on the frictionaffcment between 0.0 and 0.For values
between 0.1 and 0.5 the differences in dependencies are nedgédblé value of 0.3 is

both physically realistic and more than suitable for the atigienulation work.

3.3.4 Constraints

A constraint issimilar to a boundary conditioim that it adds a restriction to the
movement of parts within the assembly. However, while a boundary condition restricts
absolute movement relative to the global comate system, a constraint restricts the
movement of one part relative to that of another. This made constraints useful in defining
the surface boundary between the blade and coating models.

The type of constraint used in the blade/coating interfacitdsiboundary was a

Tie. A Tie is termed as such because it 'ties' both surfaces together and does not allow
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any relative motion or sliding between the surfaces. This ddfeeassumption that there
existed an infinite bond strength between the surfaseserosion and delamination will
occur through fracture of the coating tae interface. This interface coulte defined
between the coating and substrate or within the coating itself, depending on the mesh
size. This assuption is not wholly inaccuratand corresponds to previous observations
[36-39].

It was initially attempted to define the bonding interaction of the blade/coating
interface in terms of bond and shear strengths. To do this required the creation of a layer
of cohesive elements. Cohesiverakents are used in Abaqus to model the bond strength
of interfaces. Numerous attempts at modeling with cohesive elements failed, including
modifying the cohesive layer properties far outside the realm of physical possibility,
differing cohesive layer thiclesses, modifying interaction properties, and changing mesh
distortion controls. Based on repeated failure through model instalfilisas decided
that the use of cohesive elements in Abaqus is not particularlysuigdld for modeling
the highly dynamicesponse of an interfacial boundary layer between a ductile metal and
a brittle material that is anticipated to fail and eroBegure 38 shows the results

typically obtained with cohesive layer attempts.
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Figure 381 Example of model instability sedaor all attempts to model a cohesive layer

3.4 Processing SimulatioinsdRunning Jobs

Jobs are referred to within Abaqus as being the way in which the processing of a
single simulation is handled. They can be run either locally on the machine useatdo cre
the simulation, or the jobs can be processed on a dedicated server. The choice to process
locally or not depended on the size of the model. Particularly, the number of total
elements and the time duration of the simulation give a good correlatioa thutation
of time the simulation needs to be processed. Other factors, including model instability
due to certain parameters and definitions can influence time duration as well.

For larger models, or large sets of models, it was more efficient to ugetime
State High Performance Computing Group's (HPC) supercomputing clusters for
processing. There are two files needed to run a job on these servers: The Abaqus input

file containing all of the model data and a Portable Batch System (PBS) file which tells
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