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Abstract

AlSi abradables are commonly used in the compressors of jet engines to minimise tip
clearances and improve efficiency. Results from abradable testing rigs have shown the
abradability of different coatings vary with changing hardness and incursion rates, with
Metco 601 (AlSi-Polyester) bonding to the blade (adhesions) at high incursions rates (0.2 -
2um/pass) but leading to blade wear at low incursion rates (0.02um/pass). The wear
response at high incursion rates is well documented, but the low incursion rate response is
not well understood.

In this thesis in-situ tools have been developed for the low-speed spindle test rig at the
University of Sheffield to monitor blade profile, temperature and abradable temperature
simultaneously. These tools have been applied to rub tests with M601 to show that there is
a relationship between abradable temperature and adhesion formation. These tools were
applied furtherin a study targeting rubs at low incursion rates. It was found that the change
in behaviour at low incursion rates was a consequence of the ability of the abradable to
dissipate thermal energy, with the behaviour changing with changes in the coatings
thermal properties.

These findings were applied further through the development of a sample heater block,
allowing the bulk temperature of the abradable to be controlled during a test. Analysis of
the in-situ data collected at different temperatures allowed the key criteria which influence
adhesion formation with M601 to be determined.

To validate if these criteria could be applied to the wider range of AlSi abradables, elevated
temperature testing was also completed on M320 (AISi-hBN) and XPT268 (AlSi-Polyester-
hBN). The wear of these materials was also found to follow the criteria proposed, but it was
also identified that the addition of hBN had a further impact on the properties of the
adhesions formed beyond what could be explained by this work.



Contents

ADSTIACT ..ttt ettt ettt ettt et bt et et a et bt et e b e et et e s b e et e sbeeat e besat et enbesatentens i
CONEENTS ettt ettt e b e a e s a e st e st e et e e bt e bt e s ateeae e e st e bt e st e satesateease e beeeneeeneenns ii
ACKNOWIEAZEMENTS. ...ttt ettt ettt be et et e et e s bt et e be s st e besbeeatebesatenbessesneen v
LISt Of TADLES.cuveuteteieteteee ettt ettt ettt s bbbt e st et e e e s bt ebe st e sbenae b et e st eneeneebeeee Vi
LISt OF FIGUIES .veeeiieeeeteeeeterte ettt te sttt et st e e s e e e e et e e st e s e e se s s e s e esaessesseessassesnsassassesnsessesssensesssensans Vi
DECLATALION ceeeeeteeteee ettt sttt ettt s a e bbbttt h e s et b e bbb e e et et eneenes Xiii
1 INEFOAUCTION ittt ettt et b ettt et b s be b e b et et e e esesaeesessessensen 1
1.1 Abradable Materials used in Gas TUIDINES........ccceeerererenienieineneeesesteseeee et seens 4
1.2 Blade Wear Mechanisms due to Blade-Abradable Interactions........ccccceevecveeeerenereennennes 5
1.3 Impact of Wear on Gas Turbine Performance.......oceveeveeeeeecieeseeseeeeeseeeese e 5
1.4 AIMS aNA ODJECLIVES ..ttt ettt ettt sa st e st sbe st e sbe s e ebesaaenes 7
1.5 NOVELILY @aNd IMPACT....ciciiciiiictececeer ettt ae e ae e be e beesbaesraesnaasneean 7
1.6 TRESIS LAYOUL ...eeviieieeieecieecteete et eete e tteeteeteeste e steesbe e staesate s te s bessseesssesssesnsesnsessessseesnsesnsnn 8
1.7 PrOJECE TIMELINE ettt sttt et et st e et s st et e s st et e sbe st esaesaeeaee 8

2 LItErature REVIEW ..c...couiiieeieeieettete ettt ettt s e st b et e st e st e et e e st e s st e satesaeesaeesasenn 10
2.1 INtroduction t0 ABradables ..o 10
2.2 Demands on an Abradable Coating within a Gas Turbine .......cc.cocoeevevieniennienienenenennens 12
2.3 Determining the Abradability of @ COatiNg .....coceevevvevierieieirieereereeeeee e 15
2.3.1 Tribological Studies of Abradability .......cccevererierieriririninereeeeeeeeeee e 15
2.3.2 Theuse of Modelling to Predict Abradability ........ccccceeverirenenenenienieieeeneeeneene 16
2.3.3  Rub Testing of ADradables ........ccccveieieirineninecceeceesee et 18

2.4 Material Studies Completed on AlSi Abradables........ccveeceecieeieeieeneeceeseece s 22
2.4.1  Material Studies 0N MetCO 601 .......ccevirierierieiiniieteneet st et ste st estes e stesae s e eseesaeeneas 22
2.4.2  Material Studies 0N MetCO 320 ......cccivirrieriereeieieetereet ettt st et be st e e e e e e saeennes 25
2.43  Material Studies 0N XPT268 ......ccccceeirieerenienieienieeeteteesseesessessessesesteseesesseesessessensenns 28

2.5 Research into the Wear Mechanisms of MBO1 .........ccccevvieeriienenieneneeieseseeeeseee e seeenees 31
2.6 CONCIUSION ittt ettt et sb e et e st e s et et e st e s e sse e e e sesseesesasensesesnsansensesnns 35

3 Materials and MethOdOLOZY .....cocueeueriiriiiieieieteteeeee ettt ettt ettt 37
31 Abradability TEST RIGS ...ccoueeieriereiieeetetee ettt ettt ettt e s et e st st sae st e e aeeaeen 37
3.1.1  Low-Speed SpIiNdle TEST Rig....cc.cecieiieririeienteieeeetesteet ettt sttt eaeas 38
3.1.2  High Speed Spindle TEST RIZ ...cc.cocteiiririeienteeee ettt sttt et 41
3.1.3  RIG OPEIAtION ..ttt ettt st s e s st st ne e 42



3,14 FOIrCE MEASUIEIMENT....uei e i eeeeeeiticeeee e eeerettireeeeeeeeeratsreeeeeeessassssnneeseesssssssnnnnsesssssssssnnnnnsees 44

0 T o4V (o] 1 1= (= GO PP PRSP PRTTROPPRRROt 47
3,16 S CAMEIAuuiiieiieiiriieientertetet ettt ettt ettt et et sa e b st bt et et e et besae s ae e 49
3.1.7  Abradable Heater BIOCK .......ccuooerieiiinirieieeteeeetecet ettt sttt 50
3.2 Blade and Abradable Sample DeSIgN.......cocevuerirvierenieieeetereetee ettt 53
3.3 Processing Of TESt Data ...ccceuevuerienieieieieerieeestese ettt ettt sbesbe b saens 55
34 Material CharaCteriSatioN ........coccevueeuiriierierieierte ettt ettt ettt et saeeaees 60
3.4.1  Alicona Profile MEasUrEmMENT.......cccocuverererenienienietetete sttt sae e 60
3.42 Sample Preparation and Optical MiCrOSCOPY....ccccvvveereereerireriieriieesreesreesreesreeeesssesnes 60
3.43  Rockwell Hardness MEasUr€MENt .......ccceevuerverierieeririeenieereniesseneeteteeeesseesessessensenes 61
3.5 CONCLUSION ittt ettt ettt et e s st e b st e be b et et et enesaeesessessensen 63
In-Situ Measurements of Blade-Abradable Wear...........coeoveieieerinineneneeeeeeeeeesese e 64
4.1 INEFOAUCTION L.ttt ettt ettt et et e et e b sbesbesbeeens 64
4.2 Requirements for In-situ Measurement tools on the Low-Speed Rig........ccceceeverervenuennene 64
4.3 MEENOM ...ttt st sttt ettt et b st st e st et et et ae s saesbenbennens 65
4.3.1  Front Camera SEE-UP coociieiieiieeieiieeeeiieeesesreeesssreeesssteeessssaeesssssaeesssssneesssssssesssssesesans 65
4.3.2  Thermal Camera SE-UP ....iciicieeiieeieeieecie e ecteecre e e e e aeesteeteesbeesseessaesreesasessesesessseenns 67
4.3.3  Design of the Stroboscopic IMaging SYSteM......ccccvvevierieiiririnenenerene e 75
4.3.4 Test Matrix for the Application of In-situ Temperature and Blade Profile Measurements
7
4.4 RESULES ..ttt ettt b e st ettt et s bt be s bbb e b et et e e e seebesbesbensentens 77
4.5 DiISCUSSION .ttt ettt ettt et et s et b e et et s bt et e s bt et e s e e st et e s st et e besatensesseensenseenean 81
4.6 CONCLUSION ittt ettt ettt ettt ae st et ettt s bt e b s b e be b et e b et enesaeesessessensen 83
The Role of Thermal Properties in MB0L WEAN ......cceceecveeeereereeeeeieseeeeesiesreesessessessessesssessesses 84
5.1 INEFOAUCTION .ttt sttt e a st e b e st et e be s e e sessaesesseeneen 84
5.2 MEENOM ..ttt sttt s ettt a st e b e st et e besae et e s aa et e nseeaeen 84
5.2.1  Calculating Blade Wear VOIUME......cooevciiriereeieneeteneeeete st steseeeste e snesaes e sssesseenees 85
5.2.2  Calculating RUD LENGEN c..coviiiiiiieeseeeeetee ettt st s 86
5.2.3  Sampling of Measured Normal FOrce Data........ccecvevererrienenienieneeieneseeneesesseeseeenees 87
5.3 RESULIES 1.ttt ettt ettt et st s b et e st et e s be et e sae e st e s e saeensebesanensenseensenseeneen 88
5.4 Thermal Model of Heat Flow Through an Abradable ...........cocevevereninienienieninenencnene 93
5.5 DISCUSSION ittt ettt ettt s e st s st e bt e st e s e s et s et e sseesmeesseesmeesasesabesaneesneenne 97
5.6 CONCIUSION Lttt ettt ettt st et s b e st b e e bt et e b e et e besatebesbesatenseeneenee 99



6 Varying M601 Wear Mechanisms Through the Control of Bulk Temperature........ccccecevueueee. 100

6.1 INEFOAUCTION L.ttt 100
6.2 MEEROM ... 100
6.2.1  Controlling Bulk Temperature during a TeSt.......cccceeerterierrernienenrienieneeteseeeeeeseenes 100
6.2.2  Extracting Rates of Adhesion and Blade Wear .........ccccceceeevenenenenienieieeenenesenieniens 101

6.2.3  Test Matrix to Determine the Impact of Bulk Temperature on Wear Mechanisms.... 107

6.3 RESULES . ettt ettt ettt et ettt et e sb e et e b e e at et e s ae et e se et ebesaaens 108
6.3.1 Impact of Bulk TEMPErature 0N FOICES ......coueverrieieeteeeeieeeeteste et e e 113

6.4 DISCUSSION ettt ettt ettt et st e st e st e st e st e bt e e bt e st e e e e et e e st e st e st esntesaeesanenn 114
6.4.1 Thelmpact of Bulk Temperature for Medium Hardness Abradables......................... 115
6.4.2  Thelmpact of Bulk Temperature for Low Hardness Abradables ...........ccoevervevennenee. 115
6.4.3  Thelmpact of Bulk Temperature for High Hardness Abradables..........c.cccverenuennee 117

6.5 CONCLUSION ittt ettt sttt et ettt et s b b sb e b et et et eneenesaessessensens 122

7  Evaluating if M601 Adhesion Relationships Apply to M320 and XPT268.........ccccceverereruenuensen 124
7.1 INEFOAUCTION L.ttt st b sttt st be bbb e 124
7.2 MEEROM ..ttt ettt ettt et e sb et e b e s at et e s ae et e ae et ebesaaens 128
7.3 RESULIES 1.ttt ettt ettt ettt e b e sb e et e b e s at et e s be et e sse et ebesaaens 130
7.3.1 Thelmpact of Bulk Temperature 0n M320 ........ccceceeeeieriieeeienreeeesie e ereee e sae e eens 130
7.3.2 Thelmpact of Bulk Temperature 0n XPT268 .......cccccveveevreereerienreeeenienreeceenreseesseeseens 135

7.4 DISCUSSION .ntteiieeieeieeteett et ettt et et e st e st e st e s be s bt e bt e s bt esutesabesaeesaseestesstesseesanesasens 139
7.4.1  Analysis of Results from M320 Bulk Temperature TeSting.......cocevevververeererereseseneens 139
7.4.2  Analysis of Results from XPT268 Bulk Temperature TeSting ........ccceeveveeverererenennens 146

7.5 CONCLUSION ittt ettt ettt ettt ettt sae st sb e be st et et et enesaeesessessens 148

8 DISCUSSION .uieiteteeiteteste ettt ettt ettt et et e s et et et sue et e s b et e b e e st et e s et eut e besateat e besneensesseentenseentan 150
O CONCIUSION ettt ettt ettt ettt ettt e st b e s b e s b e b et e b et enteneenesaesbessessensen 154
9.1 CONCLUSIONS .ttt ettt ettt ettt ettt e st s s s b e sb e be st et enteneenesaeesessesens 154
9.2 FULUIE WOTK ittt sttt ettt sttt st et s et et e sa e st et e sasessesseessesnnensensasanans 155
REFEIENCES ... ettt ettt ettt et st st et e e st et e sbe st e s e s st e tesseestesesatansansesnsensesnsensesanans 156
A, RecOrd Of COMPLETEd TESES....uiiiiieeieeieeeteierte ettt st sae et sae et esbesseessessesssessesnsessesanans 166



Acknowledgements

The results presented in this thesis would not have been possible without the support and guidance
of many people.

I would therefore like to express my gratitude firstly to my supervisor, Professor Matthew Marshall,
as well as the other members of the abradables research group. It has been a privilege to work in
such a passionate and supportive team, in an environment which has allowed for both personal and
professional growth.

I would also like to thank Glen Pattinson, Lloyd Pallett, Matthew Hancock, and Daniel Tejero at Rolls
Royce PLC for always going above and beyond to help with our research and ensuring we are kept
up to date with the impact that our work is making.

I would like to thank Oliver Cooper and Chris Todd for helping to keep us safe and our rigs running
smoothly.

Finally, | would like to thank my family and friends, especially Flo Best, for all their love and support.



List of Tables

Table 1.1 - Location of abradable materials within an €ngine .......cccecvveveeceeenveereeereeeeeee e 4
Table 1.2 - An overview of the project timeline with hardware, software and research milestones .9
Table 2.1 - List of abradable teStiING MZS.....ccivireririeirirreserereree ettt ee 18
Table 2.2 - Manufacturer supplied properties for ME01 (89)......ccccceveerierereerieseeeesieeeesiesreeeessesenens 23
Table 2.3 - Manufacturer supplied properties for M320 (96)........cccerverrvererreerenereeneseeseesesseesseseens 26
Table 2.4 - Manufacturer supplied properties for XPT268 (89) .....c.cccevevererreerienerreenreseesieseeseesennens 29
Table 3.1 - Features of the test rigs with details of changes made during this work........c..cccceueu..... 38
Table 3.2 - Test Parameters for the Rockwell Hardness 15Y Scale.......ccceeverenenenienennenenenenennenn 61
Table 4.1 - Test matrix for tests to determine the impact of bulk temperature on wear mechanisms
FOrMBOL ...ttt ettt ettt ettt et e bt s b b e b et et e e et e st e b e s b e b e b et et e st e st entesesaeesenbenee 77
Table 5.1 - Test matrix for tests used to evaluate relationships between adhesion rates, normal force
AN NAIANESS ...ttt ettt ettt s bbbt e et e e bt s st b e s b et et et et e st st sae b e saesaenbenee 87
Table 6.1 - Surface temperature of sample before starting test using the abradable heater block
............................................................................................................................................................ 101
Table 6.2 - Magnitude of false wear volume due to vertical shake.........ccocvevenenieniecncinicncnenenne. 105
Table 6.3 - Test matrix for tests to determine the impact of bulk temperature on wear mechanisms
FOIMBOL ...ttt ettt ettt sttt ettt et e bt e b b e s b e b et et e st e st e st e b e s b e b e b et et e st enesaeebessenbensen 107
Table 7.1 - Test matrix for tests to determine the impact of bulk temperature on the wear of M320
ANA XPT268......eeeieeieeciteeteecte et et estesteste s te e beesbeessaesrtesstasteeseesseeaseessseanseasseasseessaesssesssessessseesseenns 129
Table 7.2 - The extracted blade wear rates for M601 and XPT268 at varying hardnesses and
L]0 0] 01T = L U TSP 148
Table A.1 - Tests completed as part of this WOrK.......c.cceeeeceiiecienecicceeceeeeee e 166
List of Figures

Figure 1.1 - A simplified depiction of @ jet eNgINe (5) ..cecvvererirerierieeerserereree e 1
Figure 1.2 - A pressure - volume plot of the Brayton thermodynamic cycle .......cccecevveveevrcerenennenne. 2
Figure 1.3 - Blade-casing interaction without an abradable ..........ccccevveirininininenenereeeceeee 2
Figure 1.4 - Abradable position within a gas turbine (9) .......cecceeveveieiinininreeeeeeeeeen 3
Figure 1.5 - Blade-casing interaction with an abradable ..........cococeririiinininninceeeeeee 3
Figure 1.6 - Temperature distribution within an engine (12)........cccecevrerieereieneieneereeeesreeeeeenes 4
Figure 1.7 - Blade wear mechanics observed during blade-abradable contacts (13).......cccccecervenenee. 5
Figure 1.8 - Examples of poor abradable performance within an engine. A - Pitting on the abradable
surface. B - Adhesive pickup on the blades. C - Smearing on the abradable surface......................... 6
Figure 1.9 - Thermal damage to titanium blades following a tip Strike ......ccccecevvevevievrinienenencnenne. 6
Figure 2.1 - The powder (A) and as sprayed microstructure (B) for a NiCrAl Bentonite abradable (20)
.............................................................................................................................................................. 11
Figure 2.2 - The stress strain curves measured during tensile tests for a range of abradable coatings
(19) oo e e e e e ee e et eee et e e e e e et e e et e et ee s et e et e et e et e eeeeea et eeee e e e e e e e et e e seeeeeeeeeneaeeaneeeeeeeeees 11

Vi



Figure 2.3-A-Anormalised image of a Durablade 1605 abradable, with the metallic phase in white.

B - The modelled heat flux through the material (21)......cccecveeerrierireeereeeeeeeee e 11
Figure 2.4 - Erosion wear mechanisms for abradables under 90° (a) and 30° (b) impingement angles
(28) tuteereiteeeecte st e et et et e e et e s e et et e e e et et e et e beara et e aba et ebeera e teeba et e bee st enteereentebeereenteereertaseentan 13
Figure 2.5 - Schematic for the standard GE erosion test rig (30) ......cccecevverererererenienieieeneseneneens 13
Figure 2.6 - Relationship between erosion resistance and hardness for arange of abradable coatings
1 ) I TSRS 14
Figure 2.7 - Prediction of abradable wear at the leading edge (a), mid chord (b) and trailing edge (c)
Lo R g =) o] e [l (1 ) IR 15

Figure 2.8 - Standardized results from ball-on-flat (a, b) and ball-on-disk tests (c, d) for AlSi-
Polyester and AlSi-MoCr Abradables and a comparison of the wear seen for each material (e) (45)

.............................................................................................................................................................. 16
Figure 2.9 - Predicting the temperature (A) and modulus (B) for the blade and abradable during a
FUb from a NUMErICAl MOAEL (48) ....uveieeeeeeeeeee ettt ee e e e b e e eatesebeeesareeeans 17
Figure 2.10 - Rigs to test abradable performance within labyrinth seals at A - Universite de Toulouse
(56) and B - Karlsruhe Institute of TEChNOIOZY (55) .euveerrireririerienieieieieeresesiessenseneeeeeeeseessesseneens 19
Figure 2.11 - The projectile test rig at the Universite de LOrraing (58) .......cceceververvenveeeenieriesenennens 19
Figure 2.12 - Test rigs with engine representative blades at A - The French Aerospace Lab (63) and
B - Technische UNiversitat DreSAEN (B1)......cocueiieviieeeieereieieeceieeeereeeeteeeeteeenseeeeaeeensesessnesesesessseesnns 20
Figure 2.13 - The high-speed spindle test rig developed by Oerlikon Metco (13) ...ccecvvveererenuennene 21
Figure 2.14 - An example of the Microstructure of M601 captured optically (A) and with an SEM (B)
(BA) ettt ettt h bttt h e e h e b e b b et et e Rt e Rt e Rt e et e b e s b e b et et en s e st eneeaeesessenten 22
Figure 2.15 - Wear maps for an AlSi-Polyester abradable created by Borel et al. (A)(23) and Chupp et
L0 (B)(9L) wvrveeereeeeeeeeeeee e e e eee e e e et e et et ee et ee et e e et e e e s e e aee et ee e aeeeeeneeane s et aneaeeaeean 23
Figure 2.16 - Wear scars created during 200m/s M601 tests at varying incursion rates and hardnesses
7. TSRS 24
Figure 2.17 - Differences in the material releases mechanisms at low and high incursion rates for
IMBOL (40) vevreeeeeeeeeseeseeseeseeseaeseeeaseeeeeesseeseeseseseseseseeeseseseseseseseeseeeesseasssssaeesesssessesssesesessessenesssaneasseseaees 25
Figure 2.18 - An example of the Microstructure of M320 captured optically (A) and with an SEM (B)
3 TSRS 26
Figure 2.19 - Wear maps for an AlSi-hBN abradable created by Borel et al. (A)(23) and Bounazef et
Lo (B)(BT7) wvrvreereereeeeeseeeeeseeeeaeeeeesee e eeseeeee e eeeesesee s e e eeese e et e eeeeee et eeee et e e ese e aee e see e aeeeeeteeene s et aneaeeaeean 27
Figure 2.20 - Wear scars created during 200m/s M320 tests at varying incursion rates and hardnesses
(94) ettt ettt h e s bbbttt h e h e bbb et et e Rt e Rt e Rt s a e b et et et et et e st eneeaeebesbenten 27
Figure 2.21 - Wear map for M320 based on nondimensional terms (94) ........coceeevvevevererrenenienennens 28
Figure 2.22 - An example of the Microstructure of XPT268 captured optically (A) and with an SEM (B)
(89) eeueeueeeeetertestete ettt ettt e st e ettt h e st et et et e at e Rt e R e e Rt et et et et e Rt e Rt e Rt e R e eRe et e et et et ente st eneeneeseeteetentans 29
Figure 2.23 - Wear scars produced by ball on disk testing for M601 and XPT268 (44) .......ccccecervennee 30
Figure 2.24 - The wear scars (A) and extracted profiles (B) for M601 and XPT268 samples tested with
A SPINALE LEST TG (44) ittt ettt ettt st e et e st et e sbe st e ssessesstesseesaensesaeensensesssensensennes 30
Figure 2.25 - An optical microscope image showing the microstructure of Metco 601.................... 32
Figure 2.26 - Compressive quasi static mechanical response of Metco 601 abradable coating at
AIffErent tEMPErALUIES (46) c.veeveeieeeeeeeeteetetese e terte et e e sre et e e s e e stesbe s e e aeesesssesseessessesseessensesssansensennes 33

Vii



Figure 2.27 - Cross section of M601 xCT results showing the microstructure of an as sprayed sample

(54) ettt ettt ettt ettt ettt h bbbttt a bt e h e b e b b et e Rt e Rt e Rt e Rt e et b e b et et et et enteneereebessennen 34
Figure 2.28 - M601 material composition at varying hardnesses (22) .......cccceevevverveeeerceerenerseenennens 35
Figure 3.1 - Image of Low-speed test rig prior to this Work package........cecceveverereevierenenienenenennens 39
Figure 3.2 - The location of the test blade and abradable sample on the Low-Speed Rig............... 39
Figure 3.3 - New design for the Low-Speed rig disK ......cccoceeviererieniinenieneeieseseetese e ee e 40
Figure 3.4 - Schematic of blade holder design with detail on mass removal.......cccccceceeeeererenenene 41
Figure 3.5 - Model of the new disk aSSEmMDBIY .....c..ccueiiiriririninieicccercsese e 41
Figure 3.6 - Image of the high-speed spindle test rig (82) ......ccuveruerieririirerererererieeeeeeeesese e 42
Figure 3.7 — Schematic Of the PLC SYSTEM ....cc.cvuiviiiiiieiririteertetetetetetee ettt sse s nnene 43
Figure 3.8 — Spindle cONtrol PLC INTEITACE ..co.evveriirieieeeerieeterterteteeetetee ettt sre s naene 43
Figure 3.9 - LabView interface for data acquiSition.........cccceeverienienieininencnesereeee e 44
Figure 3.10 - Schematic of the dynamometer and microscope stage arrangement (94) ........c..c..... 45
Figure 3.11 - Unprocessed normal force data collected during 6 tip Strikes........ccceeveveeenerenenennene 45
Figure 3.12 - Raw force data collected during a 0.2um/pass test with the offset extracted ............ 46
Figure 3.13 - Peaks extracted from the corrected normal force data shown in Figure 3.10............. 46
Figure 3.14 - The final output of the normal force processing completed on the data shown in Figure
0 PP 47
Figure 3.15 - Raw Pyro data and data clipped to measurable limits for a lum/pass test ................ 48
Figure 3.16 - The Clipped thermal data from Figure 3.13, sorted with trend line extracted ............ 48
Figure 3.17 - The final output of the pyrometer data processing applied to the data shown in Figure
R0 PP 48
Figure 3.18 - Schematic for side camera strobe trigger system (94)......cccveeerereneeneereeeeienenenennens 49
Figure 3.19 - Example image from the Side Camera ........coceevevieniecieieriinrcseseeeee e 49
Figure 3.20 - An exploded view of the design of the abradable heater block .........cccecvevevirenennennene 50
Figure 3.21 - Load paths within heater block during a tip Strike ......ccecevereeenineneneeerceenene 51
Figure 3.22 - A snapshot of the transient thermal analysis of the heater block, with a backplate
temperature 0f 300°C @fter ~1 NOU......couieiecieceieecteceetee ettt re et et besbe e s ensesrnens 52
Figure 3.23 - An image of the heater block mounted to the Low-Speed rig........ccocevvevevrcerenenennens 52
Figure 3.24 - Plasma spray gun SChemMatiC (106) .......ceceeerreererrenienieeeieieeriesressessenseneeseeneesessessessensens 53
Figure 3.25 - Abradable Sample GEOMELIY......cocviiriiieieererereretetetetee ettt sse e saens 54
Figure 3.26 — Test blade SEOMETIY..c..ciciiiieieeeet ettt ettt ettt st s e s enees 54
Figure 3.27 - Images of a test blade and abradable SamPple .......cccccvevveieireninineneneceesesene 55
Figure 3.28 - Structure of the MATLAB code to read in test data.......cccocecevecerenineninenncniccnccnieens 56
Figure 3.29 - Structure of the MATLAB code to calculate variables needed for data processing.....57
Figure 3.30 - Structure of the MATLAB code to process the test data ......c..coceeevveveevevenenencnenennens 58
Figure 3.31 - Structure of the MATLAB code to create test Videos..........ccoeeivuevircninicniiiniicnicinienens 59
Figure 3.32 - An example frame taken from a video created for a 0.02pm/pass M601 test.............. 59
Figure 3.33 - Abradable samples prepared for optical inSPection.........ccceeeerererenievieeeienenenenene 61
Figure 3.34 - Load (a) and displacement (b) profiles for a HR15Y test (109)......ccceuevverveerrerererennens 62
Figure 3.35 - Schematic of HR15Y hardness test Setup .......cccouecvvveinieiniiiniciiniciicicccccccins 63
Figure 4.1 - Theoretical visualisation for the field of view of the Low-Speed Rig front camera....... 66
Figure 4.2 - Example image from the High-speed rig front camera system (79) ......ccccecevverererennne 66

viii



Figure 4.3 - Example Front and side camera outputs from tests completed against (a) M601 and (b)

M320 ON the LOW-SPEEA Ri...uveeuiiiereieiitieterieeeetesestesteseeestessesseessesseessessesssessessesssessesssessessesssessesnees 67
Figure 4.4 - Image of the thermal camera set-up on the Low-Speed Rig .......cccecevvveeervereinerreennnnnen. 67
Figure 4.5 - An example of thermal camera raw output, showing an image of the abradable during a
L3 ST PP PP PPPTPTRPPRTPRR: 68
Figure 4.6 - Examples of the homography process run on the PCB with holes template (A, B), and
then on a tested abradable SAMPLE (C, D) ..ccveveeeierieeeeieeeeeereetee ettt steste s seesaesre e esaesnnens 68
Figure 4.7 - Variation in the values of each element of the warp matric with increasing stage height
.............................................................................................................................................................. 69
Figure 4.8 - An example output of the in-situ measurement tools for a 0.2um/pass, M601 test from
the A - Front camera. B - Side camera. C - Warped abradable thermal........c.cccoovvevencinvenenciinennnns 70
Figure 4.9 - Image of the dual light gate trigger set-up to allow capturing frames of both the blade
ANA @DIAAADLE ..ttt ettt ettt et st e b e b s e besaeeaee 70
Figure 4.10 - An example output of the in-situ measurement tools for a 0.2um/pass, M601 test from
the A - Front camera. B - Side camera. C - Warped abradable thermal. D - Blade thermal............ 72
Figure 4.11 - Image of the delay measurement tool used to align the thermal and visible cameras
.............................................................................................................................................................. 73
Figure 4.12 - Image of the set-up for the camera temporal alignment testing........ccccceceevererenenene 73

Figure 4.13 - Example images of the delay timer captured by (a) the optical camera and (b) the
ENEIMAL CAMEIA .ttt ettt ettt et e s st st et e sat et e sbe s st e besasenbessesnsensesanens 73
Figure 4.14 - Images of the position of the optical and thermal cameras for the temporal alignment

testing from the front (2) and the tOP (D) ..e.eeveeverierieiieieeee e 74
Figure 4.15 - Images of the setup for rotational period measurements (a) and an example of the
COLLECERA FESULES (D) vveeveeireiireiirieiecetecete ettt ettt et e et ete e beeebeeesbeesseensseaseenseenssessessseesrnesnseen 74
Figure 4.16 - Image of the Low-Speed rig modifications to allow for in-situ blade front monitoring.
.............................................................................................................................................................. 76
Figure 4.17 - Exploded view of the design for the LED strobe assembly ........c.ccceeevievirinenenenennne 76
Figure 4.18 - Images showing examples of the cutting variability of 65.8HR15y M601 seen during
tests at Varying iNCUISION FateS......oo ittt ettt et be ettt ss e e s 77
Figure 4.19 - Maximum blade and abradable temperatures measured during 65.8HR15y M601 tests.
.............................................................................................................................................................. 78
Figure 4.20 - Rub maps for a 0.2um/pass test on 65.8HR15Y MB01 .........ccecevverrerrerienrereeeeereseseneens 79
Figure 4.21 - Thermal rub maps for 2um/pass and 0.02um/pass tests on 65.8HR15y M601............ 79
Figure 4.22 - Force response and in-situ output for 0.02pum/pass test on 65.8HR15y M601............. 80
Figure 4.23 - Isolated adhesion event highlighted for a 0.2um/pass test on 65.8HR15y M601 ........ 81
Figure 4.24 - Zoomed view of the adhesion event highlighted in Figure 4.23 showing the A -
Abradable hotspot. B - Adhesion formation. C — Blade hotSpot.........cccceveevirvevcernienercieneeceeeneneen 81
Figure 4.25 - A rub map for the blade profile for a 0.2um/pass test on 65.8HR15y M601 with a line of
extracted points highlighted ...ttt 82
Figure 4.26 - The temperature and adhesion height time history from the line shown in Figure 4.25
.............................................................................................................................................................. 82
Figure 5.1 - An example image from the High-Speed rig front camera showing uneven illumination
OF DLATE. .ttt 85



Figure 5.2 - Blade profile measurements from a test at 200m/s on a 77.5HR15y sample A - The
stroboscopic image of the blade. B - Comparison of edge detection to Alicona profile
MEASUTEMIENTS. couviiiiiiiiiiiiiiteiiie ittt s bt sb e sab e s aat e s bb e e sabe e sasesnatesansesbnesssnaesnneesans 86
Figure 5.3 - Rub maps at different incursion rates for abradables of hardness 69HR15y at a tip speed

oY B K010 oY £ 88
Figure 5.4 - Adhesion Rates against Force/Hardness. The data collected on the Low-Speed Rig is
RILIZNTEA IN TEA ..ttt ettt b ettt sbe s b benens 89

Figure 5.5 - Rub Maps for 0.02um/pass tests with decreasing hardness at a tip speed of 100m/s ..90
Figure 5.6 - Force application rate at varying incursion rates for samples of hardness 77.5HR15y at

Figure 5.7 - Snapshots showing hotspots from tests at 200m/s of 77.5HR15y samples. A - The blade
front at 0.2um/pass. B - The abradable temperature at 0.2um/pass. C - The blade front at

0.02um/pass. D - The abradable temperature at 0.02UM/Pass. ...ccceeceeeeeerieerieerieeireeneeseeseeseesnnens 91
Figure 5.8 - Blade and abradable temperatures alongside blade height at a single point on the blade
fora 0.02um/pass test at 200mM/s, 65.8HRLISY ......ccceeeeriieeeierieeeeeereeeesreeeesaesseseessesseessessesssessesseens 92
Figure 5.9 - An example output of the abradable thermal model .........cceeveveneninieieiinirinenenne 93
Figure 5.10 - Transient analysis of temperature distribution across abradable for a 1W thermal load
At A SOOIM INCUISION .. .eiiiiiieeciie et eeceeeeteee st e e teesteeebeeeeseeesae e sseeasasassseessseeasaseassessseeessseensessnsseenn 94

Figure 5.11 - Temperature distribution through abradable 1s after a 50°C thermal load is applied95
Figure 5.12 - Simplified abradable geometry used to generate the analytical solution for thermal

FESISTANCE <ttt ettt ettt et et e et e et e bt e s at e s at e st e s be s b e e st e bt e e at e e et e st e st esstesatesatesabesbeeeneennaenns 95
Figure 5.13 - Predicted thermal resistance of the abradable at varying incursion depths............... 96
Figure 5.14 - Peak blade and abradable temperatures from the data shown in Figure 5.8 alongside
DLAdE NEIGNT ..ttt ettt st e et e st et be st e b e ae e b e saeenean 97

Figure 5.15 - Plots from a 0.02um/pass test showing the abradable and blade temperatures
alongside blade height from three cycles extracting from A - early in the rub B - late in the rub ... 98

Figure 6.1 - Visualization of Area vs pixel-based wear measurement .........coceeeveeveeveeerenenenennene 101
Figure 6.2 - Visualization of horizontal shake induced error .........cccoceveeevenenenenenieeeeeesesenaenes 102
Figure 6.3 - Stabilizing blade images through side profile detection.........cccceevevevevieverccnverenennne. 102
Figure 6.4 - Impact of blade stabilization on measured wear rates .........cccecevevevererreneerenenennenn 103
Figure 6.5 - Visualization of vertical shake induced error........cocoeeveveeerenenenenenereeneeeseseenee 103
Figure 6.6 - Measured blade height variation before contact.........ccocveeevvenenineneniccceeresene 104
Figure 6.7 - Simplified representation of how vertical oscillation of the blade is recorded as false
AdhesioNs Or Blade WEAT ........cuiuiiiiiieietcc ettt 104
Figure 6.8 - Wear measurement error due to vertical Shake........cocoeceverieieniniininineneeiesenene 105
Figure 6.9 - Wear measurements corrected for vertical Shake ........ccceceeeveneninencncinnincnene 106

Figure 6.10 - Separation of adhesion wear and blade wear extracted from a front camera image106
Figure 6.11 - The influence of hardness on peak normal loads for M601 tests at 0.02um/pass. Data
has been separated by backplate temperature, alongside room temperature tests completed by

RANIMOV (82).1uteeuveeteeteeiecteetecteeteste et ete e e et esre e e e tesre e b esseessesbeeseessesseessesesssensenseessesseessensesseensensesseens 108
Figure 6.12 - Image of a tested blade from a 0.02pum/pass, 52HR15y M601 test showing multimodal
{T =T | PP PP PT PP PPPRRON 109



Figure 6.14 - Examples of the wear track and blade profile of M601 samples with varying hardness

E= 0o I =T 00T 01T = (U PRSP 111
Figure 6.15 - Examples of the rub maps from M601 samples with varying hardness and temperatures
............................................................................................................................................................ 112
Figure 6.16 - Example of peak force extraction from a 300°C, 73HR15y test......ccccevverurerererrennne 113
Figure 6.17 - Impact of temperature and hardness on peak normal forces for soft (A), medium (B),
and hard (C) M601 tested at 0.02 M/ PaSS...c.eceerererrrerereereeserstesseseeseeseeeseessesseessessesssessessesssessessens 114
Figure 6.18 - Modelled stress distribution within M601 under compression (54) .......cceceeverervennene. 116
Figure 6.19 — Heat flow plot fOr MBOL (A7) ..c.cvirierieieiririerienienieniesieteteee e srestessesaeste s e e e e ssessensenes 116
Figure 6.20 - Rub maps and sample images for hard M601 tests at 100°C with varying wear
01T o] 0 4 = o Lot RO SRRPRRRSRR 118
Figure 6.21 - Sample images for each test completed on 72HR15y (hard) M601 at 200°C ............. 119
Figure 6.22 - Rub maps and sample images for hard M601 tests at 300°C with varying wear
o TSI Te] o 4 =1 o Lot TR SRPRPR 120
Figure 6.23 - Comparison of adhesion formation and blade wear rates for two hard M601 tests at
B00°%C ctieiteeeieeeite et e ettt e et e e et e e et e e s bt e et e e et e e e b ae e s ta e e baeeara e e s baeehae e e aee e haeeatae e aaeearaee e baeenataeesaesrees 120
Figure 6.24 - Difference in blade orientation between two hard M601 tests at 300°C with varying
WEAT PEITOIMIANCE ..utiuieiertertitet ettt ettt ettt ettt b e sb s b b et et e e e st e st ebesbesbesbebensentenesaessessessensan 121

Figure 6.25 - Rub maps for Abradable and Blade temperatures, highlighting the impact of changes
IN DlAade OrIENTATION.....iiiiieicice ettt ettt s be b 122
Figure 7.1 - Images of M320 microstructure after a 0.02um/pass test, with the region of compaction

highlighted in A, and magnified iN B (78) ....coevevierieirieinerertereteteteceese ettt ee 125
Figure 7.2 - Results of a thermal model showing the hotspots produced by clumps of hBN in M320
of hardness 55HR15y (a) @and T3HRL5Y (D) (T6) .ecvevueevveererreeiieereeeenieeeeiesreerestesreeresseeeesesseensessesnnas 125
Figure 7.3 - Variation in the microstructure of M601, M320 and XPT268 for a range of hardnesses.
Samples prepared by Turbine Surface Technologies, Nottingham .........ccccoevevevinvinininicncnennenne. 126
Figure 7.4 - Changes in thermal conductivity of M320 at varying temperatures for two hardnesses
(TB) o eeeeeeeeeeeese e e s eese st seaeeeseaseaseae s e e eses s e eeeeeeeee s et eneseeeseaeee et aseaeeaee e e e e e e see e e e eeeeeeeeeeeeane et eeeaneanean 127
Figure 7.5 - The volume fraction of AlSiin M601, M320 and XPT268 at different hardnesses (22,44,94)
............................................................................................................................................................ 127
Figure 7.6 - Blade profile images collected for M601 (A), XPT268 (B) after a 50m/s, 50um/s test with
force and temperature results provided in C (44) ...ttt 128
Figure 7.7 - Example of the force response for a Soft (50.8HR15y) M320 test with a 200°C backplate
............................................................................................................................................................ 130

Figure 7.8 - Trend of maximum forces for M320 samples with varying hardnesses for all backplate
tEMPEratures COMDINEd ......cc.ioiiiiieeeceeeeece ettt sttt st ss st e s e sae et e besanessesaeenes 131
Figure 7.9 - Image of blade after a M320 50.8HR15y, 0.02um/pass test with a 100°C backplate ... 131
Figure 7.10 - Section of M320 50.8HR15y rub track showing pitting after 0.02um/pass test with a
0[O O o =Tl 24 o] £ OO RSP 132
Figure 7.11 - Image of mixed modal wear on a blade tested against M320 62HR15y, 0.02um/pass
With 200°C DACKPIALE c.eveeeeieieeteeeeeee ettt sttt st sa st e st e s s e st e b e sanessanseenes 132
Figure 7.12 - Image of blade and M320 74.3HR15y abradable after a 0.02pum/pass test with a 200°C
oF: [l o] - | L= OO OO R 132

Xi



Figure 7.13 - Images of the wear track and blade profiles of M320 samples with varying hardnesses
E= 0o I =T 00T 01T = (U PRSP 133
Figure 7.14 - Rub maps from M320 samples with varying hardnesses and temperatures. ............. 134
Figure 7.15 - Example of the force response from a hard (75.6HR15y) XPT268 sample at 200°C... 135
Figure 7.16 - Trend of peak forces for XPT268 tests with varying hardnesses for all backplate

tEMPEratures COMBDINEd ......cc.i ittt et te s s e e se e s e sse e s esbesrnessesseenns 135
Figure 7.17 - Image of blade and XPT268 63.2HR15y abradable after a 0.02um/pass test with a 200°C
0T [ o1 - | (= RO RSP 136
Figure 7.18 - Images of the wear track and blade profiles of XPT268 samples with varying hardness
AN LEMPEIALUIES ..vveveeeieierieeteteee et et e rte et et e st et et e sse et este st essesseessessesssessesseessansesssansessesssessessens 137
Figure 7.19 - Rub maps from XPT268 samples with varying hardness and temperatures ............. 138
Figure 7.20 - For a 51.1HR15Y M320 test at 100°C: B - The force plots. A - The rub map, with a data
line highlighted. C - The temperatures and blade height along the data line ........cccecevervinnencene 140
Figure 7.21 - For a 51.1HR15Y M320 test at 300°C: B - The force plots. A - The rub map, with a data
line highlighted. C - The temperatures and blade height along the data line ........cccceeeeruenennene. 141
Figure 7.22 - Footage captured of the blade front (A) and sparks (B) during a sudden wear event
highlighted iN FIGUIE T.21 .ooiiiieeeteeeeete ettt sttt ettt et et st et s et st e b e s st et esbesanens 141
Figure 7.23 - For a 63.2HR15Y M320 test at 100°C: B - The force plots. A - The rub map, with the
adhesion fracture event highlighted ..o 142
Figure 7.24 - Blade front images captured just before (A) and after (B) the adhesion fracture event
highlighted iN FIGUIE T.18 ...coiiiieeeteeeeet ettt ettt ettt et sat et s s et st e b e sae et esbesanens 143
Figure 7.25 - For a 75.6HR15Y M320 test at 100°C: B - The force plots. A - The rub map, with two data
lines highlighted. C - The temperatures and blade height along the 12mm data line ................... 143
Figure 7.26 - The temperatures and blade profile data extracted along the 2mm data line
highlighted in FIGUIE T.20A ..ottt sttt sttt et ettt et st et e s ae st e b e s e ssaesseentensesanans 144
Figure 7.27 - For a 75.6HR15Y M320 test at 300°C: B - The force plots. A - The rub map, with a data
line highlighted. C - The temperatures and blade height along the data line ........ccccceveeeruenennnne. 145

Figure 7.28 - The temperature and blade profile data from the extracted region in Figure 7.22C. 146
Figure 7.29 - Comparison of the peak normal forces at varying hardnesses between M601 and

XPT268 for all backplate temperatures COMbINEd .......c.coveiiiieiecececeeeee e 147
Figure 7.30 - The total volume of adhesions measured during test of 60HR15Y M601 and 63.2HR15Y
XPT268 @t 200°C...ueiitieiieiteeteete et et et et e st e st e st e st e s bt e bt e s st e st e sutesase e st eseesstesatesatesasesasessesseesseenns 147

Figure 8.1 - An extracted video frame from a 60HR15y M601 test completed at 0.02um/pass...... 150
Figure 8.2 - The extracted blade profile (A) and front camera image (B) showing adhesion formation
during a 62HR15y M320 test at 0.02M/PASS c..cecueruerrierierieerienieeteniesteteseeetesse st etessesseessesneensesaeenees 153

Xii



Declaration

I, Aaron Baillieu, confirm that the Thesis is my own work. | am aware of the University’s Guidance on
the Use of Unfair Means (www.sheffield.ac.uk/ssid/unfair-means). This work has not previously
been presented for an award at this, or any other, university.

Work completed in this as part of this thesis has been published in two publications:

Baillieu A, Parody A, Rahimov E, Garcia Panizo J, Marshall M. In situ measurements of thermal-
mechanical wear in blade-abradable liner contacts. Proceedings of the Institution of Mechanical
Engineers, Part C: Journal of Mechanical Engineering Science. 2023; 238(5). doi:
10.1177/09544062231187204

Baillieu A, Rahimov E, Marshall M. The role of thermal properties in the wear mechanisms of an
AlSi-polyester abradable. Wear. 2025; 562-563. doi: 10.1016/j.wear.2024.205618

Xiii


http://www.sheffield.ac.uk/ssid/unfair-means
https://doi.org/10.1177/09544062231187204
https://doi.org/10.1016/j.wear.2024.205618

Introduction

1 Introduction

The increasing popularity, and accessibility, of aviation has seen a significant increase in the
number of civil flights per year, with 9.4 billion passengers flying in 2024 alone (1). Although the
increased accessibility of aviation can have economic and societal benefits, it also has a severe
impact on the environment with more than 2% of global CO, emissions coming from civil aviation

(2).

To combat this the International Air Transport Association (IATA) has introduced the Carbon
Offsetting and Reduction Scheme for International Aviation (CORSIA), aiming to make commercial
aviation carbon neutral by 2050 (3). To limit the schemes impact on the accessibility of aviation it
has a heavy focus on the efficiency of the Jet Engine, the propulsion system commonly used by civil
aircraft. Any improvements in the efficiency and reliability of the Jet Engine will also lead to financial
benefits to engine manufactures and operators, for example the improvements enabled by the
Abradables Research Group at the University of Sheffield have saved Rolls Royce over £100M in
maintenance and servicing costs (4).

To determine methods to improve the efficiency of the Jet Engine a fundamental understanding of
its operation is required. Figure 1.1 shows a simplified view of a Jet Engine, with its key components
annotated, and the path of air through the engine shown by blue arrows. The engine operates by
sucking air into the front (location a in Figure 1.1) and passing it through a compressor, the high-
pressure air is then mixed with fuel and ignited in the combustion chamber, producing high
temperature air which rapidly expands through a turbine. The turbine is connected to the
compressor and extracts some energy from the air, turning the compressor to keep the cycle going,
the rest of the energy can leave the back of the engine, providing thrust to the aircraft.

a b C d
Compressor Combustion  Turbine
Chamber

Figure 1.1 - Asimplified depiction of a jet engine (5)

This cycle is known as the Brayton Cycle and is visualised in Figure 1.2 as a Pressure - Volume plot.
The labels on this plot (a-d) align with the positions marked in Figure 1.1. Visualizing the cycles as a
Pressure - Volume plot makes it clearer to see which optimizations will lead to the largest efficiency
benefits within the engine.
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The area under the curve on a Pressure - Volume plot is equal to the work done on/by the air (6). In
Figure 1.2 two areas have been highlighted, Ac (blue) shows the work done by the compressor to
compress the air, Ar (red) shows the work done by the air as it expands through the turbine. Some
of the work done by the air leaving the engine is used to turn the compressor (equal to Ac), the rest
is used to produce thrust. The propulsive efficiency of the engine can therefore be increased by
increasing theratio of Arto Ac, this can be done by increasing the pressure ratio over the compressor.

A
b C
g
>
A
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o
a d
4—
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>
Volume

Figure 1.2 - A pressure - volume plot of the Brayton thermodynamic cycle

One theoretically simple way to improve compressor efficiency is to minimise the gap between the
blades and the casing, limiting the amount of air which can travel around the outside of the blades.
This alone could lead to a 1-5% improvement in compressor efficiency (7).

Due to machining and assembly tolerances, a nominal clearance between the blade and casing
must be provided to ensure the blades and casing do not touch in assembly, this allows a path for
air to flow around the blades during initial operation (Figure 1.3). As the engine spins up the blades
will move outwards due to thermal expansion and centrifugal loads, the engine will also warp
during operation as the aircraft manoeuvres and the engine is spooled up and down, these changes
can result in blade tip strikes with the engine casing, damaging the blade and increasing airflow
around the blades further (8).

Blade
Airflow 1
|
I
Casing
Large nominal Blade moves out, damaging Increased airflow
clearance blade and casing around blades

Figure 1.3 - Blade-casing interaction without an abradable
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To overcome these limitations an abradable coating is placed between the casing and the blades
(Figure 1.4). This coating is designed to provide enough erosion resistance to survive the harsh
environment within the jet engine, but also soft enough that the blades can cut into the coating in
the event of a blade tip strike without incurring damage.

casing X bladed-disk

abradable

Figure 1.4 - Abradable position within a gas turbine (9)

With the addition of an abradable coating around the casing the nominal clearance can be reduced,
with the blade cutting a path through any interference with the abradable during the initial run-in
of the engine. Any warping of the engine during operation will result in additional incursions into
the abradable but should not result in blade damage. As shown in Figure 1.5 this will result in the
blade running inside a groove in the abradable, minimising airflow around the blades.

Blade

Airflow 1

abradable. ([

Casing

Small nominal Blade moves out, Minimal airflow
clearance cutting abradable around blades

Figure 1.5 - Blade-casing interaction with an abradable

The application of an abradable layer to the casing to prevent air flowing around the blades can lead
to significant improvements to the specific fuel consumption of a jet engine, with improvements of
as much as 0.6% per compressor stage (10). These benefits are not only limited to jet engines but

can also be applied to land-based gas turbines, with trials showing efficiency improvements of 0.3-
1% (11).
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1.1 Abradable Materials used in Gas Turbines

Abradable coatings are applied in both the compressor and the turbine to reduce tip clearances and
improve efficiency. However, as the air is compressed and combustion occurs the temperatures
increase significantly, this means that materials which are suitable at the ambient temperatures of
the fan would melt if applied in the turbine. This thesis focuses on coatings applied within the
Intermediate-Pressure (IP) and early stages of the High-Pressure (HP) compressor, reducing the
peak temperatures. However, as shown in Figure 1.6, there is still a significant temperature range.

e 650°C
) 450 c’ 6 ressor
. Comprgsio P comp

Figure 1.6 - Temperature distribution within an engine (12)

Because of this wide temperature range multiple different coatings are applied within the
compressor, the coatings are selected based on the operating temperatures of that stage within the
engine. Towards the rear of the High-Pressure Compressor the temperatures reach levels which
exceed the operational limits of the Titanium blades, the blade material is also changed at this point
to Inconel. Typical abradable and blade combinations used within the compressor are given in
Table 1.1.

Table 1.1 - Location of abradable materials within an engine

Engine Fan Intermediate-Pressure (IP) High-Pressure (HP)
Location Compressor Compressor
Abradable Polyester PS;l/Sgs;er AlSi - Polyester- | AlSi-hBN Blz:i:)Ar:i;e
Material (M601) hBN (XPT268) (M320) (M314)
Blade L
Material Titanium (Grade 5) Inconel 718
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As a further focus to the work the wear mechanics of Aluminium Silicon (AlSi) based abradables are
specifically considered, and this study is therefore targeted at the Intermediate-Pressure and
beginning of the High-Pressure Compressor.

1.2 Blade Wear Mechanisms due to Blade-Abradable
Interactions

Abradable coatings have the potential to introduce large efficiency savings. However, in reality the
cutting performance of the abradable is highly variable and can result in adhesions forming on the
blades, leading to grooving on the abradable. In more severe cases the blades can wear, melt or
even crack (Figure 1.7). These wear mechanisms are not unique to a single blade material but can
be observed with both Titanium and Inconel blades, and all have a negative impact on the efficiency
and reliability of the engine (13).

mixed: e.g
oxidation/ wear/
Blade wear Transfer Tip heating, deformation/  Titanium fire
e.g. abrasion to blade oxidation cracking / meiting

Figure 1.7 - Blade wear mechanics observed during blade-abradable contacts (13)

1.3 Impact of Wear on Gas Turbine Performance

When the blade wear mechanisms outlined above occur within an engine, they can have severe
efficiency and safety implications. Due to the variable nature of the wear mechanisms across a blade
front it is typical to see a combination of adhesion formation and blade wear. The resulting scored
abradable (Figure 1.8A) results not only in air leaking around the blade, but the increased abradable
roughness creates turbulent airflow at the casing, introducing further losses. Weakly bonded areas
within the abradable can also be pulled out, leading to pitting and further roughness.

If severe adhesion events occur (as shown in Figure 1.8B), the abradable will become scored, but
there is the additional risk of large chunks of adhered abradable breaking away from the blade and
passing through the engine. These chunks can create clogs within the fuel injectors, leading to
combustion instability and potential engine stall or surge events (14).

As temperatures increase the surface layer of the abradable or the blade can locally melt and can
therefore be smeared outside of the rub track (Figure 1.8C). This results in an elevated region on the
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abradable surface, reducing tip clearance and increasing the risk of tip strikes occurring with
additional blades.

Figure 1.8 - Examples of poor abradable performance within an engine. A - Pitting on the
abradable surface. B - Adhesive pickup on the blades. C - Smearing on the abradable surface

During more severe interactions, these tip strikes can produce high temperatures on the blade tips,
leading to titanium fires. These fires occur suddenly and are difficult to extinguish, they have
contributed to multiple aircraft crashes (15). An example of thermal damage on a blade tip is
highlighted in Figure 1.9, with the tip showing decolouration due to high temperatures experienced
during a tip-casing interaction.

- Thermal damage
on the blade tip

———— e

Figure 1.9 - Thermal damage to titanium blades following a tip strike
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1.4 Aims and Objectives

The formation of adhesions on the surface of a blade can have significant impacts on the efficiency
and reliability of a Jet Engine, with the impact of adhesions in the compressor adding further risks
of engine stalls and surges. This has created urgency in the development of a better understanding
in how engine conditions impact abradable wear, with wear maps being produced which allow
engine manufacturers to target more favourable mechanisms.

Although the wear of AlSi based abradables has been well documented, there is still a limited
understanding of why these mechanisms occur. Recent work looking at introducing in-situ
monitoring of the wear has produced promising results which show the potential of these tools to
provide a better understanding.

This thesis aims to develop novel in-situ measurement tools to apply during abradable rub tests,
collecting and processing data which will allow for a better understanding of which material
properties and operational parameters impact the wear of AlSi based abradables with a specific
focus on adhesion events. With this understanding further testing can be completed, targeting areas
which will allow for information on how these parameters can be adjusted to impact wear
performance.

The objectives for this study are:

e Develop in-situ measurement tools to capture blade wear and temperatures during a test.

o |dentify the key material and test parameters which impact adhesion behaviour.

e Complete testing to determine how modifying these parameters will impact the wear
behaviours.

e Determine the impact of the dislocators to AlSi abradables in the commonly used materials:
M601, M320, and XPT268.

1.5 Novelty and Impact

The novelty of this work stems from the development of in-situ blade wear and thermal monitoring
tools which allow for the visualisation of the relationship between temperature and the wear
performance of an AlSi abradable. Through the application of these tools, it will be possible to gain
a better understanding of how a materials mechanical and thermal properties, and test conditions
affect adhesion behaviours, and how these parameters can be modified to impact wear
performance - capabilities not possible on any other abradability testing rig.

The results of this work will be applicable by both engine manufacturers and abradable researchers.
A better understanding of the mechanisms which impact abradable performance will allow engine
manufacturers to modify their designs to target, or avoid, certain wear mechanisms. While a better
understanding of the relationships between temperature, force and wear behaviour will allow
researchers to produce more accurate models, or open new avenues of research on how to optimise
the blade abradable system based on its thermal performance.
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1.6 Thesis Layout

Following the introduction, this thesis has been arranged following the development and
application of novel tools to produce a better understanding of the wear mechanisms present with
AlSi abradables.

Chapters 2 and 3 detail the starting point for this study as a literature review and methodology
respectively. The literature review details the progress made by research groups around the world
working to develop the understanding of abradables and their wear properties. Although it is
focused on AlSi based abradables, there is further discussion on the different approaches taken
when studying abradable systems. This ranges from computational modelling to tribological
testing and high-speed spindle test rigs. The methodology then takes this further detailing the test
rigs developed by the Abradables Research Group at the University of Sheffield and how they will be
used in this study.

Chapter 4 details the development of novel in-situ measurement tools allowing for the blade profile
to be measured alongside thermal imaging of blade and abradable, with initial results being
analysed to demonstrate how these tools can be applied to develop a better understanding of
abradable wear and how it develops throughout a rub.

Chapter 5 applies these tools to explore the previously unexplained behaviour of M601 at low
incursion rates, demonstrating how the material does not follow traditional wear relationships at
these conditions, and identifying that it is the materials thermal properties which lead to these
discrepancies.

Chapter 6 explores how thermal properties can be further exploited by detailing the development
of an abradable heater block which allows for control of abradable bulk temperature during a rub.
The results of tests with M601 at varying bulk temperatures allow multiple studies of the mechanical
properties of M601 to be drawn together to form a more comprehensive understanding of the
material.

Chapter 7 repeats the testing completed in Chapter 6, but with two different AlSi based abradables,
M320 and XPT268. The results from this chapter allow existing studies into AlSi abradables to be
combined with the new understanding of M601, to form a better idea of the impact of each additive
within a given material.

Chapter 8 brings together the results of the previous chapters into a general discussion.

Chapter 9 concludes this work, reviewing how well the aims and objectives have been met, and what
future work has been unlocked by the findings within this thesis.

1.7 Project Timeline

The need for novel hardware and software tools to meet the objectives for this project dictated that
the project timeline was front heavy in the development of new capabilities, before the key research
outputs could be delivered towards the end of the work.
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Although the development of hardware and software tools was a continuous, iterative process the
key milestones within the project, and their completion date from the start of the project, are
provided in Table 1.2.

All hardware and software tools developed in this project were designed to not only allow for the
research outputs of this work, but also as a long-term solution which can be shared with the rest of
the research group for wider application.

Table 1.2 - An overview of the project timeline with hardware, software and research

milestones

Completion Research
Date Hardware Software Outpbut
(months) P
Force processing.
Align force, front, and side
camera footage temporally.
Initial 3D printed front camera Homography tools for
and strobe system. warping thermal camera Feasibility
6 Thermal camera setup using footage. study for the
laser tachometer to trigger at Separate the blade and in-situ tools.
both blade and abradable. abradable thermal camera
frames.
Align thermal and visible
camera data spatially.
Edge detection code for
Permanent metal camera mount. . .
. blade profile extraction.
Metal strobe mounts with dust
. Introduce standard output
and electromagnetic data structure with
12 interference (EMI) shielding. . . Chapter 4
. . common time and position
Light gate triggers for the .
. arrays for ease of analysis.
thermal camera to improve . -
- Align thermal and visible
reliability.
cameras temporally.
EMI sealed enclosures for all
electrical connections and for Area-based wear
light gate signal processing measurement tools.
hardware. Abradable profile
18 Replace all cables with EMI prediction from blade Chapter5
shielded alternates to improve profile.
signal reliability within the Pyrometer processing.
camera triggering systems.
24 Design, manufactgre and Combine data into videos.
balance new disk.
Design and manufacture heating
30
block.
36 Pixel-based wear Chapter 6
measurement tools.
42 Chapter 7
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2 Literature Review

This literature review aims to provide an overview of the current state of research into abradable
coatings, with a focus on AlSi based abradable systems. Starting with a general overview of
abradable systems and the demands that they are put under in operation, detailing the tests and
standards used to ensure they are safe for flight. Building on this a review of different abradability
testing solutions is included, highlighting the benefits and drawbacks of each approach. With the
final section, following an overview of the AlSi based abradables, being a focused review of the
current level of understanding of M601 wear mechanisms. The objective of this review is to gain an
understanding of where there are gaps in the understanding of M601 wear mechanisms, and what
tools could be developed to fill these gaps.

2.1 Introduction to Abradables

Abradable coatings have long been in the spotlight as a key technology in the pursuit of efficient jet
engines, with a 1979 report by NASA predicting a potential 1.5% specific fuel consumption saving
through their application. However, they did also acknowledge that these coatings can introduce
addition risk to the engine and that to be safely used any debris must be limited in size to 0.254mm
and coatings must be able to survive erosion for 10* hours of operation (16).

The need for an abradable coating to be both soft enough for a blade to cut without damage or
creating large debris, while also being able to resist the stresses of the tip strikes and erosion
damage means a solid material is not feasible. Instead abradable materials take the form of a
composite material, typically formed with an interlinked metal frame to resist stresses and a softer
dislocator phase to soften, and to increase the friability of the material (Figure 2.1B)(16,17).

However, as an added complication these materials are often used on the inside of engine casings,
or within labyrinth seals, and thus are applied to complex geometries in confined spaces. The
coatings are therefore provided by the manufacturer in the form of a powder (Figure 2.1A) which is
then sprayed onto the component using methods such as atmospheric plasma spraying and
combustion spraying (18). These application methods work by heating the powder to a molten
state and then accelerating the molten droplets towards the substrate. Upon contact with the
substrate the high energy droplets cool rapidly and flatten to form a coating which gains it cohesion
strength from mechanicalinterlocking of the splats. To ensure good adhesion to the substrate a thin
bond coat is typically applied to the substrate before the coating is applied.

Although these methods do allow the coatings to be applied, and through control of the spray
parameters the global material properties can be reproduced consistently, the microstructure is
inherently random with the distribution of the different phases, porosity and cracks differing
between samples.

The nonuniformity within the microstructure results in some nonlinearities within the mechanical
properties, with Ma and Matthews (19) observing progressive failure occurring during tensile testing
of various abradable samples (Figure 2.2). When testing with M601 they were able to observe plastic
deformation occurring at loads as low as 1.88N.
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Figure 2.1 - The powder (A) and as sprayed microstructure (B) for a NiCrAl Bentonite abradable
(20)
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Figure 2.2 - The stress strain curves measured during tensile tests for a range of abradable

coatings (19)

Figure 2.3 - A- A normalised image of a Durablade 1605 abradable, with the metallic phase in
white. B - The modelled heat flux through the material (21)
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Watson et al. was also able to determine that for M601 and M320 the metallic and dislocator phases
did not bond well together thermally (22), this restricts the flow of heat through the abradable to
the connected metallic chains. Thermal models, such as that created by Bolot et al. (21) allow this
to be visualised, with the output shown in Figure 2.3.

The impact of the variability of abradable coatings was observed by Borel et al. during a detailed
investigation into the wear within operational engines fitted with these coatings (23). Findings
highlighted that not only were the coatings producing large scale debris but were also leading to
significant blade damage and were introducing inefficiencies into the engines. This study prompted
researchers such as Novinski (24) and Wilson (13) to develop a more detailed set of criteria with
which to evaluate the performance of abradable systems. The key criteria for a successful abradable
are, in order of priority:

e Abradables must have sufficient bond strength that they do not delaminate during
operation.
e Abradables must resist erosion from debris ingested by, or created within, the jet engine.

e Abradables must possess good abradability, limiting wear of the blade.

With a set of criteria in place work could be completed to both quantify, and understand, how
different coatings perform.

2.2 Demands on an Abradable Coating within a Gas
Turbine

The need to understand and quantify the erosion resistance of abradable coatings led to the parallel
development of bespoke erosion test rigs. Each of these rigs approached the problem differently,
with varying impingent angles, particle sizes, and temperatures (25-27). They did however allow for
an improved understanding of the mechanisms of erosion wear within abradables.

A strong theory of the mechanisms of erosion wear was presented by Maozhong et al. (28) using
results collected on a bespoke erosion test rig capable of testing at varying impingement angles.
They found that at an impingement angle of 90° material removal was primarily due to extrusion
and work hardening of the metallic phase, but at lower impingement angles this mechanism shifted
to ploughing and tunnelling under the metallic phase through channels of the softer dislocator
(Figure 2.4).

The data collected from these rigs allowed for the formation of a robust understanding of the
erosion mechanisms, but their differences prevented the direct comparison of the performance of
different coatings. In response General Electric proposed a standard erosion test for use with
abradables (29,30), this standard is now commonly used within the field.
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Figure 2.4 - Erosion wear mechanisms for abradables under 90° (a) and 30° (b) impingement

angles (28)

The General Electric erosion test standard (E50TF121CL-A) makes use of a simplified set-up shown
in Figure 2.5. The abradable sample is placed 100mm from a blast gun with an impingement angle
of 20°,600g of 50um Al,Os particles are then fired at the sample with a gas pressure of between 0.19-
0.24MPa. Following the test, the test duration is divided by maximum depth of erosion into the
sample, measured in thousandths of an inch (mil), this produces the “GE erosivity number” E* in
s/mil.

Grit

Jet angle
adjusting button

Compressed —m- E ---------- o

air

; . Impingement
Mixture of grit and gist%nce

compressed air Coating
Figure 2.5 - Schematic for the standard GE erosion test rig (30)

With a standard in place to allow for direct comparison between different abradable coatings
Schmid et al. was able to complete a comprehensive review of abradable erosion performance
within the compressor. They were able to determine that for an abradable installed in the
compressor the minimum erosion resistance required was an E* value of 1 s/mil (17).

The work completed by Schmid et al. provided a hard limit for erosion resistance, a limit which could
be applied to work completed by Wilson, who investigated the impact of hardness on erosion
resistance (Figure 2.6), to provide a lower limit on the hardness of abradables (13). By applying
abradables harder than these lower limits engine manufacturers can ensure that the coatings will
meet the criteria of resisting erosion within the engine.
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Figure 2.6 - Relationship between erosion resistance and hardness for a range of abradable
coatings (13)

To determine the minimum abradable bond strength, as with erosion resistance, a standard test
was required (31). A standard was put forward by the American Society for Testing and Materials
(ASTM C633) and takes the form of a tensile test on a coated sample between two cylinders (32).
When preparing samples for the test the abradable material is sprayed onto one cylinder, which has
had its surface prepared and a bond coat added in the same manner as the casing is prepared in the
engine. The second cylinder is bonded to the abradable coating using an adhesive, ensuring the
abradable sample is thick enough for the adhesive to form a strong bond. During the tensile test the
resulting bond strength is either a measure of the adhesive strength between the coating and the
substrate if the coating fails at the bond, or the cohesive strength of the abradable if the coating
fails within the abradable itself. If the sample fails at the adhesive, the result is not a valid
representation of the abradable strength and must be repeated.

The results from testing done to this standard allowed for trends between the hardness and the
bonding strength of an abradable, with Dorfman et al. showing that these two properties are
proportional to each other (33). However, higher hardnesses often lead to poorer abradability (16),
making it difficult to set a minimum hardness for bond strength without also considering the
abradablity of the sample.

As the stresses within the coating are often highest during a tip rub, instead of setting a hardness
limit based on bonding strength, it is better to consider this alongside abradability. The hardness of
the coating should be maximised, to improve bond strength, while ensuring the coating performs
well during a tip rub (34).

Toinvestigate the abradability of different coatings itis firstimportant to understand the conditions
during the rub, with a key parameter being the incursion rate. Unfortunately, testing and monitoring
within a real engine is technically challenging and cost prohibitive meaning there is very little
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published work. One work package completed on real engine hardware was completed by Batailly
et al. (35,36) who monitored the incursions of a blade in a single compressor stage, the incursion
rates were however normalized for confidentiality.

Although no values for incursion rates were presented, this work did lead to the development of a
numerical model for the interaction between the blade and the casing over multiple rotations (37).
This model demonstrated how a single blade-abradable contact could lead to vibrations within the
blade, these vibrations will then lead to further tip rubs as the blade rotates. As the blade is twisting
during this process the rub depth can vary at different positions on the blade (Figure 2.7) (38).
Nyssen et al. then developed this further to show how temperature distributions and initial tip
clearances could impact the incursion profiles (39).

‘[?1
(a) LE (b) MC (c) TE

Figure 2.7 - Prediction of abradable wear at the leading edge (a), mid chord (b) and trailing
edge (c) of the blade (39)

While the results which were published highlight the importance of the dynamics between the blade
and the casing, the lack of incursion rate values limit its applicability in the research of abradability.
Instead, incursion rate values have been provided by engine manufacturers based off numerical
models and inspection of test engines. Rolls Royce have stated that incursion rates due to blade
growth are between 0.01 - 0.2um/pass (40), and that they can target higher incursion rates, in the
order of 2um/pass, during run in by varying the number of cutting blades and the engine spool rates.

2.3 Determining the Abradability of a Coating

Outputs from real engine studies and information provided by engine manufacturers provided an
understanding of the wear problem, including rub conditions and examples of the post rub wear.
This understanding could then be used as a baseline when developing lab-based methods to
determine the abradability of different coatings.

2.3.1 Tribological Studies of Abradability

One approach to the problem is to test coatings using simplified rub test set-ups. These tests do not
aim to replicate the rubs which occur within the engine but instead to create repeatable conditions
which produce a wear response analogous to that seen within the engine.
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An example of this type of testing would be the scratch testing rig developed by Liang et al. which
was applied to quantify the abradability of different coatings and aligned well with wear seen within
engines (41). These studies were then developed further by Ma et al. to create the ‘Progressive
Abradablity Hardness’ metric, which looked to create a standard test which could be applied to
compare different abradable coatings (19).

To measure the Progressive Abradability Hardness (PAH) a diamond cone indenter is scratched
across the sample with anincreasing normal load, a PAH value can be calculated from the measured
forces. They showed that the results allowed for comparisons between materials and predicted
abradability which aligned with results seen from within industry but could not replicate or predict
the wear mechanisms within engines (42).

While PAH allows for comparison between coatings, all scratches are completed using a diamond
indenter, removing the interaction between the blade material and coating. An alternate test is the
Ball on Disk (43) or Ball on Flat (44) test. These tests are completed using balls of the same material
as the blades which leads to adhesion formation on the ball, wear mechanisms closer to those seen
within the engine. Examples of the wear scars which can be produced in these tests are shown in
Figure 2.8.
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Figure 2.8 - Standardized results from ball-on-flat (a, b) and ball-on-disk tests (c, d) for AlSi-

Polyester and AlSi-MoCr Abradables and a comparison of the wear seen for each material (e) (45)

Further work, such as that completed by Pellegrino et al. (46,47), has taken a more fundamental
approach to measure the mechanical properties of different coatings. These properties were
measured at a range of strain rates using both universal testing machines and the Split-Hopkinson
Bar. While it has been shown that it is not possible to predict abradablity from trends in mechanical
properties alone (42), they can form the foundation for wear models.

2.3.2 The use of Modelling to Predict Abradability

Material testing of abradables can allow for comparison between coatings but does not predict how
the blade and coating with respond during a tip strike. However, with the measured material
properties it is possible to make models which can attempt to predict this.
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An example of these models was created by Wang, who modelled the temperature of the blade and
abradable over successive rubs and then, based on the changing material modulus, predicted wear
based on a purely abrasive model (Figure 2.9)(48). These results provided a novel insight into the
conditions at the contact point but due to the simplistic wear model did not produce results which
aligned with observed wear in the engines.
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Figure 2.9 - Predicting the temperature (A) and modulus (B) for the blade and abradable

during a rub from a numerical model (48)

Attempting to build on these models, Berthoul et al. created a more complex wear model based on
the observations made by Borel et al. (23). By combining this wear model with the rotor dynamics
model created Legrand et al. (37) they were able to produce results which aligned with wear seen
within an engine. However, to achieve these results the model parameters had to be finely tuned,
with these parameters being unique to the coating. To allow these models to be more versatile,

more experimental work is required which will enable models to be tuned to a wider range of
materials (49).

While models for the wear and blade-abradable interaction are still in their infancy, models
predicting the mechanical and thermal properties of coatings are becoming increasingly mature.

Applying models created by Bolot et al. (50,51) and Watson et al. (22) it is possible to predict the
thermal properties and the density of two-phase abradable coatings based off SEM or optical
images of the abradable microstructure. These models have all aligned well with experimental
results.

Similar models developed by Faraoun et al. (52,53) attempted to predict the mechanical properties
of coatings based on SEM images but could not validate the results. These models have since been
developed further by Cheng et al. (54) who created a Finite Element Analysis model and applied it
to a 3D model of a 2 phase abradable captured using X-Ray Computed Tomography (xCT). This
model produced results which aligned well with experimental results and allowed for predictions
to be made on the impact of temperature or changes in the microstructure.
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While modelling methods now allow for the prediction of material properties, the ability to relate
these properties to the wear which occurs within an engine is limited to only a few conditions and
materials. To better predict the wear which will occur within an engine therefore requires more
representative testing.

2.3.3 Rub Testing of Abradables

The need for more representative testing has led to the development of multiple abradable testing
rigs, with each design focusing on different applications or rig capabilities. A selection of test rigs
and their focusses are shown in Table 2.1.

Table 2.1 - List of abradable testing rigs

. . Blade Tip
D F R Ref
esign Focus ig speed (m/s) eferences
. Karlsruhe Institute of Technology - (55)
Labrinth Seal ;
abrinth Seats Université de Toulouse - (56,57)
Projectile Université de Lorraine 120 (58-60)
Engine Technische Universitat Dresden Not Stated (61,62)
R tati
epresentative The French Aerospace Lab 95 (63-65)
Blades
Oerlikon Metco 500 (13,18,66)
Engine NRC Institute for Aerospace Research of 495 (31,67)
. Canada
Representative -
Speeds Beijing General Research Institute of
Mining and Metallurgy and Zhejiang 520 (68-71)
University
The University of Washington 100 (72)
. . 200 (73-81)
The University of Sheffield 330 (40,82)
Reduced Scale IMR of Ch}nese Academy of SC|‘ences 150 (83,84)
Praxair Surface Technologies 150 (85)
AVIC Beijing Precision Engineering
Institute for Aircraft Industry 350 (86)
Concordia University 50 (44,45)

Within the engine, abradables are not only applied between the blades and casing but can also be
found within the labyrinth seals used to protect components on the shaft, such as bearings, from
the high-pressure air. The conditions within a labyrinth seal differ from those seen at a blade tip,
therefore bespoke test rigs have been developed. Examples of labyrinth seal test rigs are shown in
Figure 2.10.

More commonly the abradable test rigs focus on the blade-liner interaction, building on the
limitations of the scratch testing by bringing test conditions closer to those seen within the engine.
One such approach is to make use of a projectile test rig, as done at the Université de Lorraine, to
fire a test blade at an abradable sample to generate a high-speed scratch with representative
materials (Figure 2.11). This set-up can reach higher speeds than a standard scratch test, and by
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using samples with materials like those within the engine is able to produce more engine
representative wear. However, by only completing a single pass the impact of abradable
compaction over successive rubs is not included, limiting the ability of this rig design to simulate
the wear which occurs within the engine (58).
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Figure 2.10 - Rigs to test abradable performance within labyrinth seals at A - Universite de
Toulouse (56) and B - Karlsruhe Institute of Technology (55)
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Figure 2.11 - The projectile test rig at the Universite de Lorraine (58)

An alternative approach is to use a rotating test rig which takes a blade and abradable sample, fixes
one to a rotating disk, and then pushes the other into it at a set incursion rate. Rigs of this design
can better replicate the rub within an engine by simulation the repetitive impacts which occur but
can quickly become complicated when trying to accurately replicate the exact conditions within an
engine.

To fully replicate the conditions at the blade-liner interface the blade speeds and the sample
temperatures will need to be the same as those in the engine, the incursion rate of the blade into
the sample will also need to be controlled. However, as shown in the numerical models created by
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Legrand et al. (37), the incursion rate is not uniform and instead varies around the casing due to
vibrations within the blade. These vibrations can be included into tests by using blades of the same
geometry as those used in the engine or, in the case of the rig at the French Aerospace Lab, blades
with a geometry designed to mimic the stiffness of real engine blades. Examples of this style test rig
are shown in Figure 2.12.

Piezoelectric actuator (PEA)  Abradable
seal

Force sensor (FS)

Figure 2.12 - Test rigs with engine representative blades at A - The French Aerospace Lab (63)

and B - Technische Universitat Dresden (61)

These rigs can produce engine representative wear, and the outputs of these tests can be used to
measure forces and vibrations imparted by the tip rubs onto the rest of the engine. However, the
additional complexity in trying to mimic the real engine stiffness increases the complexity of the
samples and setup, leading to increased test costs and setup time. The additional impact of the
varying incursion rate due to vibration is that the data is difficult to abstract, making it hard to
extract relationships between incursion rate and wear mechanisms.

Due to the additional challenges involved in rigs with engine representative stiffness the most
common design of abradable test rigs make use of samples with simplified geometries. An example
of this rig style is shown in Figure 2.13.

These test rigs function by fixing the test blade into a disk which is spun by a spindle motor or an air
turbine, the sample is then pushed into the path of the blade using a motorised stage. Although the
rigs all follow a similar base design, they differ in their capabilities and instrumentation.
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Figure 2.13 - The high-speed spindle test rig developed by Oerlikon Metco (13)

One avenue of rig design focuses on replicating real engine speeds, with the rig developed by
Oerlikon Metco going further to replicate engine temperatures with an Oxy-acetylene torch to heat
blades up to 1100°C. This rig has been used extensively by Borel et al. (23) and Bounazef et al. (87)
to test a range of abradables at varying conditions. The blades and abradable samples were
analysed before and after testing allowing for the different wear mechanisms to be identified and
linked to different test conditions. This knowledge is vital when evaluating which abradables should
be used in different parts of the engine but is not able to provide sufficient information to
understand what causes the different wear mechanisms observed. Although these rigs can produce
engine representative wear, their complexity increases test setup time and makes data collection
during a rub challenging.

A second approach looks to remove complexity from the problem by moving away from replicating
exact engine conditions and instead designing small scale rigs which operate a lower speeds and
temperatures. With rigs of this design, it is possible to simplify the test process, reducing test time
and cost. This allows for rapid testing of different abradables at varying test conditions, the results
from these tests allow for more data to be extracted on how test conditions impact the wear of
different abradables. Although the forces measured on these rigs will not the same as those
experienced by a real engine, the wear results are consistent with those seen in the engine (85). This
provides sufficient information to map how abradable performance varies with test conditions,
information which can be applied directly by engine manufacturers when running in their engines
(77).

The understanding of how test conditions effect wear mechanics was developed further through
the introduction of in-situ measurement techniques. An example of this is shown in the work by Fois
et al. (77) and Rahimov et al. (79) where stroboscopic imaging was used to capture a side on and
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front on view of the blade. Using this tool, the profile of the blade can be measured during a test,
providing further knowledge not only on what wear has occurred, but also how that wear develops
during a test.

These methods have been vital in identifying how different conditions affect abradability, and which
operating regions lead to unacceptable outputs. The results from these rigs also allow for the
knowledge gained from the more fundamental tribological testing to be applied to create theories
on why the abradables exhibit certain behaviours.

2.4 Material Studies Completed on AlSi Abradables

In the low and intermediate compressor of a gas turbine titanium blades are typically used, this has
resulted in the creation of a range of ‘titanium safe’ abradable coatings. Most of these are based on
an AlSi metal matrix which has been selected for its low shear strength (88).

However, AlSi alone has been found to perform poorly, with dense coatings producing large
amounts of blade wear as well as adhesive transfer (70). To improve the performance of these
coatings, secondary phases (known as dislocators) have been added. Commonly used dislocators
are polyester, graphite, and hexagonal Boron Nitride (hBN).

Coatings which are typically found in modern gas turbines are Metco 601 (AlSi-Polyester), Metco 320
(AlSi-hBN), and XPT268 (AlSi-Polyester-hBN), these coatings are therefore the focus of this thesis.
While all three of the coatings are predominantly formed of AlSi, they each exhibit unique wear
properties and as a result have become the subject of many material studies.

2.4.1 Material Studies on Metco 601

Metco 601 (M601) improves on the performance of AlSi alone through the addition of polyester as a
dislocator. M601 is purchased as a blended powder with the composition and particle sizes given in
Table 2.2 and is then applied as a coating using an atmospheric plasma spraying process (89), the
resulting microstructure is shown in Figure 2.14. By adjusting the spray parameters, the ratio of AlSi
to Polyester and voids can be adjusted, with higher polyester fractions producing a coating with a
lower hardness (22).

Figure 2.14 - An example of the Microstructure of M601 captured optically (A) and with an SEM
(B) (44)
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The hardness of the sample has been seen to impact the abradability of the coating, with lower
hardness coatings producing lower cutting forces and temperatures which then leads to a reduction
in adhesion formation on the blade. Ghasripoor et al. showed that increasing the ratio of polyester
does however reduce the bond strength and erosion resistance of the coating, limiting the minimum

hardness level suitable for use within an engine (90).

Table 2.2 - Manufacturer supplied properties for M601 (89)

Powder Composition Al (Balance) Si (7%) Polyester (40%)
Powder Particle Size (um) 125-136
Maximum Operating Temperature (°C) 325
Typical Hardness Range (HR15y) 60 - 75
Bond Strength (MPa) 8-11.5
Erosion Resistance (s/mil) 4-5

Testing completed on high-speed spindle test rigs, such as that completed by Borel et al. (23), have
shown that the wear mechanisms which occur during a blade-liner interaction vary significantly
with changes in incursion rate and tip speed. This information is typically presented in the form of

wear maps, examples of these are shown in Figure 2.15.
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Figure 2.15 - Wear maps for an AlSi-Polyester abradable created by Borel et al. (A)(23) and
Chupp et al. (B)(91)

Borel et al. observed that tip rubs against M601 will lead to adhesion formation at low blade tip
speeds with a transition to blade wear as speeds increase (Figure 2.15A) (23). This work was taken
further by Chupp et al. who created a wear map with a higher resolution, showing a region of good
cutting when blade tip speeds reach ~300m/s. They also trialled alternative polymers to replace the
polyester phase, and found that with a stiffer polymer the transition boundaries on the wear map
would move in the direction of the arrows in Figure 2.15B, resulting in a larger region of good cutting
(91).

Although these wear maps allow for the impact of rub conditions on wear to be visualised, it can be
seen in Figure 2.15 that these maps do not align in their predictions. This is likely due to them being
completed at different, undisclosed, hardnesses. However, they were also completed using
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different test rigs but have presented the incursion rates in um/s. As the disk diameter changes
between rigs a set tip speed will result in different angular speeds, this will lead to the rig with the
smaller disk producing more rubs per second. By recording the incursion rate in um/s a rig with a
smaller disk will be making smaller incursions per pass than a larger disk at the same tip speed. A
more comparable measurement is um of incursion per pass of the blade (um/pass).

A large investigation into the impact of material properties and test conditions, building on the
previously completed wear maps, was completed by Rahimov (82). Rahimov tested M601 samples
at a range of hardnesses at tip speeds varying from 100 - 320m/s and incursion rates from 0.02 -
2um/pass. He found that, while tip speeds did have some effect on wear, the behaviour of M601 is
mostly driven by changes in hardness and incursion rate.

The impact of hardness was seen to align with earlier work by Ghasripoor et al. (90), with softer
samples producing fewer adhesions, resulting in smoother rub surfaces. However, a more
significant change in the wear performance could be seen with varying incursion rates. At low
incursion rates (0.02um/pass) there was little adhesion on the final blade, instead there was
significant amounts of blade wear. As the incursion rates increased to 0.2um/pass the amount of
blade wear reduced and adhesions could be seen on the blade, at 2um/pass the volume of
adhesionsincreased further with very little blade wear visible. Examples of the resulting wear tracks
from these tests are shown in Figure 2.16.
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Figure 2.16 - Wear scars created during 200m/s M601 tests at varying incursion rates and
hardnesses (82)

To explain the change in wear behaviour with incursion rate statistical models, such as the one
created by Watson and Marshall, were developed based off the results of testing completed at
varying incursion rates. The model was founded on a theory that the mechanism for material
removal changes with incursion rate. At low incursion rates (0.02um/pass) the abradable is
compacted, adhesions from on the blade and then the material is released from the trailing edge of
the blade. At higher incursion rates (0.2 - 2um/pass) the blade can cut the abradable more
efficiently, leading to material being ejected from the front of the blade (74).
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Figure 2.17 - Differences in the material releases mechanisms at low and high incursion rates
for M601 (40)

This theory was confirmed by Hadjisoteriou who applied stroboscopic imaging tools to monitor the
wear debris ejection during tests with varying incursion rates. He was able to observe an increase in
material being ejected from the front of the blade as incursion rates increased, aligning with the
theory proposed by Watson and Marshall (92). It was also observed that this trend was dependant
on the material hardness, with harder materials producing more constant debris distributions
across the range of incursion rates.

Although the theory of changing release mechanism was proved to be correct, the statistical model
was only able to predict forces, temperatures, and wear rates for tests at 0.2um/pass. With the data
collected during these tests it could not be determined why tests at higher and lower incursion rates
did not follow the model.

To build on this Rahimov et al. installed an in-situ front on camera to the spindle test rig allowing
for the blade profile to be monitored during a test. They showed that the wear which occurs during
a rub is more complex than a single mode, with both adhesion formation and wear occurring
simultaneously (79). They were able to measure adhesion growth rates for tests with varying tip
speeds and incursion rates and proposed that the adhesion rates were influenced by the abradable
temperature but could not validate these theories with the data available.

2.4.2 Material Studies on Metco 320

As the temperature requirements of the coating increase, the polyester phase must be replaced with
a material which can withstand the higher temperatures. Graphite was initially selected to fulfil this
role, providing a soft phase within the microstructure, increasing the coatings friability, and acting
as a solid lubricator (93). However, the graphite phase suffered debonding at high humidity levels
and was therefore replaced by the more inert hexagonal Boron Nitride (hBN), producing Metco 320
(M320).
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Figure 2.18 - An example of the Microstructure of M320 captured optically (A) and with an SEM
(B) (94)

M320 is purchased as a mechanically clad powder and, like M601, is formed into a coating through
plasma spraying, resulting in a microstructure as shown in Figure 2.18. By adjusting the spray
parameters, the hardness of the coating can be controlled, with softer samples having a higher ratio
of hBN to AlSi (22), but also a lower bond strength and erosion resistance (95), setting a limit of the
minimum viable hardness (Table 2.3).

Table 2.3 - Manufacturer supplied properties for M320 (96)

Powder Composition Al (Balance) Si (8%) hBN (20%)
Powder Particle Size (um) 212 -234
Maximum Operating Temperature (°C) 450
Typical Hardness Range (HR15y) 45-70
Bond Strength (MPa) 10-17
Erosion Resistance (s/mil) 3-5

Attempting to understand the impact of rub conditions on the wear mechanisms, multiple work
packages have been completed testing abradable samples on high-speed abradable testing rigs,
producing wear maps as shown in Figure 2.19. The results of these studies show that M320 differs in
its response to incursion rate when compared with M601. Where M601 transitions from blade wear
to increasing adhesion formation at higher incursion rates, M320 has a trend of adhesion formation
reducing with increasing incursion rates, transitioning to an efficient cutting (71).

As with M601, the change in force with incursion rate is due to change in debris release mechanism,
with compaction and release at lower incursion rates and cutting at higher incursion rates (78).
Debris ejection monitoring by Hadjisoteriou shows that this shift is consistent across the hardness
range (92).

Each of these wear maps were however limited to a single hardness. Fois et al. built on this by testing
samples at a range of incursion rates and hardnesses (Figure 2.20). They found that, while hardness
did not have a significant impact had high incursion rates (0.2 - 2um/pass), at low incursion rates
(0.02um/pass) the wear mechanisms vary significantly. Samples with a low hardness produce high
levels of blade wear, while samples of a high hardness result in adhesion formation (76).
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Figure 2.19 - Wear maps for an AlSi-hBN abradable created by Borel et al. (A)(23) and Bounazef

etal. (B)(87)

To produce a wear map which includes all the test conditions, including hardness, Fois defined a
set of nondimensional terms which can include the contribution of hardness, tip speed, incursion
rate and the diameter of the test disk, making the result test rig independent. They also aimed to
remove the subjectivity in wear mechanism by quantifying the rate of wear. This was done using
stroboscopic imaging to monitor the side profile of the blade, recording the rate of adhesion
formation and blade wear(94). This led to the creation of the wear map shown in Figure 2.21.

While this wear map can be applied by engine manufacturers to predict what wear will occur based

on the conditions within the engine, it does not explain the mechanisms behind the variable wear
performance at low incursion rates.
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Figure 2.20 - Wear scars created during 200m/s M320 tests at varying incursion rates and

hardnesses (94)
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Figure 2.21 - Wear map for M320 based on nondimensional terms (94)

From inspection of the microstructure of M320 (Figure 2.18) the hBN can be seen to form large
clumps, which Watson and Marshall showed to be poorly thermally bonded to the AlSi matrix (22).
By applying a thermal model to the microstructure images of hard and soft abradables Fois et al.
proposed that the change in performance at varying hardnesses was due to the hBN blocking the
heat flow through the coating, leading to surface hotspots and blade wear (76).

These theories have not yet been confirmed experimentally, additionally Stringer and Marshall
observed from stroboscopic imaging that the adhesions grew at rates faster than the incursion rate.
This highlights that substantial phases are being plucked from the surface rather than just cutting
(73), and demonstrates that there is still further research to be carried out to fully understand the
wear of M320.

2.4.3 Material Studies on XPT268

XPT268 is a more recent addition to the range of AlSi based abradables, including both polyester
and hBN as dislocators. This coating was designed to improve on M601 with the additional friability
that the hBN provides to M320, improving its performance at high incursion rates. Instead, initial
reports from engine manufacturers have stated that this material produces significant amount of
blade wear against titanium blades and leads to large adhesion formation against Inconel blades.
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Figure 2.22 - An example of the Microstructure of XPT268 captured optically (A) and with an
SEM (B) (89)

This material is purchased as a mechanically clad and blended powder which, as with M601 and
M320, is sprayed with an atmospheric plasma spray process to form a coating with the
microstructure shown in Figure 2.22. A key difference between this powder and M320 is the powder
particle size (89,96), this results in hBN clumps which are smaller and more uniformly distributed
throughout the material. The impact of microstructure on hardness and corrosion resistance is not
currently well documented for this material, the available data from the supplier is provided in
Table 2.4.

Table 2.4 - Manufacturer supplied properties for XPT268 (89)

Powder Composition Al (Balance) Si (9%) hBN (6%) Polyester (20%)
Powder Particle Size (um) 125-136
Maximum Operating Temperature (°C) 345
Typical Hardness Range (HR15y) 70*
Bond Strength (MPa) 23.4*

*Data only provided for a single hardness

As this material is relatively new there has been very little work published on its abradability. One
recent study completed by Bertuol et al., compared XPT268 to M601 using ball on plate, ball on disk
and abradability tests on a spindle test rig (44).

The testing was completed with samples of M601 with a hardness of 74.7HR15Y and XPT268 at
83.8HR15Y, the large difference in hardness does therefore make it difficult to separate the impact
of hBN from the impact of the higher hardness.

From the ball on disk testing there was a noticeable difference in the wear scar created between the
two materials, with XPT268 producing a smoother more uniform scar (Figure 2.23). This potentially
highlights the benefits of the hBN acting as a solid lubricant during the rub.

They also were able to observe differences in the wear produced during the abradability test with
the spindle test rig, with an increased roughness of the wear track produced for the XPT268 (Figure
2.24). The increase in roughness is due to the increased height of the adhesions formed during the
rub. However, the XPT268 sample was harder than the M601 sample. As the hardness of M601
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increases the rate of adhesions is also expected to rise (90), so it cannot be determined if the
increased roughness is due to the hBN or the hardness.
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Figure 2.23 - Wear scars produced by ball on disk testing for M601 and XPT268 (44)

Although this testing was completed on samples of different hardnesses, it does highlight the
potential for a significant difference in the wear behaviour of XPT268 when compared with M601.
This, alongside the reports from engine manufacturers, confirms the need for further work to be
done to document the wear behaviour of XPT268 and to understand the impact of the addition of
hBN.
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Figure 2.24 - The wear scars (A) and extracted profiles (B) for M601 and XPT268 samples tested
with a spindle test rig (44)
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2.5 Research into the Wear Mechanisms of M601

Work by Borel et al. on AlSi-Polymer Abradables found that the incursion rate was a significant factor
in determining the performance of the abradable. With an Aluminium-Polyester abradable the
primary wear mechanisms observed were adhesive wear and blade melting, with adhesions being
more prevalent at the higher incursion rates (23).

Alongside the increasing rate of adhesions, Watson et al. showed a trend of increasing forces with
increasing incursion rates from 0.2 to 2um per pass of the blade (74), this aligns with well-
established laws of adhesive wear put forward by Archard, stating that the volume of adhesive wear
is proportional to the normal load (97). However, this relationship did not hold at the lower
incursion rate of 0.02um/pass.

Watson et al. showed that, although adhesion rates fell, the peak forces present at 0.02um/pass did
not differ significantly to those seen at 0.2um/pass (74). Beyond this the forces and temperatures
observed during the test followed a cyclic pattern, something unique to tests at these low incursion
rates.

The impact of material temperature on the rate of adhesive wear is not included in the original
relationship proposed by Archard (97). However, recent work by Gaard et al. has shown that severe
adhesive wear can occur more readily at increased temperatures (98), with this result aligning with
Atomic Force Measurements which show adhesive forces at the atomic level increasing with
temperature for titanium, stainless steel and low alloyed steel (99).

Looking to understand the relationship further it is important to understand how energy within a
blade-abradable contact is dissipated. Experimental and analytical work by Agrapart et al. has
shown that during a rub event between a titanium blade and an AlSi-Polyester abradable most of
the energy of the rub is dissipated as heat, with a heat partition ratio of 95% in the abradable coating
and 5% in the blade (100). With a large proportion of the heat flowing into the abradable, its ability
to manage this energy will have a significant impact on the temperature of the rub event.

Considering the nature of the heat transfer further, work looking into the thermal properties of AlSi-
Polyester by Bolot et al. has shown that the microstructure of the abradable has a significant
bearing on its thermal properties. AlSi-Polyester coatings are manufactured using a plasma spray
process, this results in a bulk of AlSi with clumps of polyester dispersed throughout. During the
spray process voids can form within the substructure, this results in a microstructure such as that
shown in Figure 2.25. When there is a thermal gradient across the abradable the majority of the heat
flow flows through connected chains of AlSi (21). As the hardness of a sample reduces, the ratio of
voids and polyester to AlSi increases, which breaks up the connected chains of AlSi and therefore
reduces thermal conductivity of the sample. Watson et al. was in turn able to develop this work
further, showing how the inherent randomness of the plasma spray manufacture process used for
Metco 601 leads to significant variation in thermal properties at different locations within a single
sample (22).
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Figure 2.25 - An optical microscope image showing the microstructure of Metco 601

Any impacts of temperature on the wear of M601 will be further compounded in operation, where
M601 is used in environments with ambient temperatures reaching 325°C (89), with the casing onto
which they have been sprayed also being held at these elevated temperatures. In these conditions
the abradable will not be able to conduct heat to the backplate as efficiently, the increase in
abradable bulk temperature will also lead to changes in its mechanical properties which will further
impact the wear.

The range of operational temperatures for M601 has prompted many studies looking to determine
the impact of temperature on mechanical properties. Work by Skiba et al. (101) was able to show
how the Youngs modulus of M601 reduces with increasing temperature through compressive
testing. This was taken further by Pellegrino et al. (46) who undertook both quasi-static and
dynamic experiments at elevated temperatures to review the impact on mechanical properties at a
range of strain rates. Their findings show how M601 undergoes brittle fracture at room temperature,
but as the temperature increases it becomes increasingly ductile, with an increasing strain to failure
and a reduction in yield stress, these results can be seen in Figure 2.26.

These studies have all been completed within the operational limits of M601. However, some
studies have taken this further, with Liu et al. (102) holding M601 samples at 350°C for 24 hours. This
led to a reduction in the sample hardness from 53.3 to 23.6HR15y with the polyester content within
the sample dropping from 56 to 46%. This study not only highlights the importance of the polyester
phase within the sample but also demonstrates why care must be taken to stay within the
temperature limits provided by Metco.
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Figure 2.26 - Compressive quasi static mechanical response of Metco 601 abradable coating at

different temperatures (46)

Standard mechanical testing of M601 is useful when attempting to develop a fundamental
understanding of how the material responds to changes in temperature. However, when applied
within an engine the blade - liner interaction is more complex and requires more specialised testing.

Although most of the specialised abradable testing approaches developed do not include any
mechanisms for abradable sample heating, there have been some studies which have chosen to
include these features. The abradable testing rigs developed by Zhang et al. and Gao et al. (68,83)
both make use of a rotating blade and an abradable sample on a stage which moves into the path
of the blade but heat the sample using a high temperature flame and irradiation concentrated
heating respectively. Both samples are heated on the surface of the abradable with the aim to reach
engine representative temperatures. Although these rigs have been able to produce engine
representative wear scars, all tests have been completed at the same temperature and the
backplate temperature has not been controlled.

One study which did look to investigate the impact of temperature during a blade - liner interaction
was completed by Martinet et al. (60), who varied the bulk temperature of an abradable sample
which was mounted to a ballistic bench. The high temperature sample was then fired towards a
titanium blade at 120m/s with sample temperatures ranging from room temperature to 270°C. Their
results showed that although normal forces did not vary significantly at different temperatures, the
wear depth increased. This was explained to be due to the increased ductility of the samples at
higher temperatures, aligning with the standalone mechanical testing completed by Pellegrino et
al. (46) and Skiba et al. (101). These tests however only show the results of a single rub and will not
show the impact of thermal energy being added to the system or material compaction over multiple
strikes.
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Testing with specialized abradable testing rigs can produce engine representative wear scars but
are expensive to develop and operate. This has resulted in work looking to develop computational
models of abradable systems which can be used model the blade - liner interaction.

Models developed by Cheng et al. have made use of X-Ray Computed Tomography (xCT) to create a
3D model of M601, separating the material phases (Figure 2.27) (54). They have found that in order
to build a material model which aligns with experimental data they had to not only include models
describing the impact on temperature on Aluminium alloys (103), but also the behaviour of the
polyester phase, including the glassy transition and crystallisation of the polymer.

b) AlSi
Component

d) Polyester
Component

a) Complete ¢) Porosity
Microstructure Component

Figure 2.27 - Cross section of M601 xCT results showing the microstructure of an as sprayed
sample (54)

With both experimental and modelling work showing the importance of both the AlSi and Polyester
phases within M601 to its mechanical properties and response to temperature it is likely that M601
samples of differing hardnesses will respond differently to bulk temperature changes. Watson et al.
was able to measure the change in composition of different hardness M601 samples through image
segmentation (22). The results of this, shown in Figure 2.28, demonstrate how the ratio of AlSi to
Polyester changes as the hardness increases, with the material being predominantly polyester at
low hardnesses and mostly AlSi at high hardnesses.

Although previous studies have highlighted the importance of the polyester phase in the material
properties of M601 at temperature, these studies did not vary the hardness of the samples to vary
how much polyester is present.
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Figure 2.28 - M601 material composition at varying hardnesses (22)

2.6 Conclusion

While the benefits of abradable liners within the compressor can be significant, the conditions
which they witness within the engine can produce large volumes of wear, leading to further
complications within the engine.

Standard tribology tests and modelling of these coatings have allowed for comparison between
different coatings, and a better understanding of the conditions within the engine, but at present
the only way to produce engine representative wear is with dedicated abradable testing rigs. These
vary in complexity, but the most common design is a reduced scale rig which can produce engine
representative wear but does not reach engine speeds.

Within the low and intermediate compressor AlSi based abradables are typically applied, toimprove
on the performance of the AlSi matrix a dislocator phase is added.

M601 is made of AlSi and polyester. Its wear response is primarily a result of incursion rate and
hardness. Increasing incursion rate and hardness leads to increasing adhesions, at low incursion
rates (0.02um/pass) the blade will wear.

M320 replaces the polyester with hBN resulting in a different wear response. M320 produces an
efficient cut at high incursion rates (2um/pass), as incursion rates decrease adhesions will start to
form on the blade. At low incursion rates (0.02um/pass) the blade will either wear with a low
hardness abradable, or adhesions will form with a high hardness abradable.

XPT268 contains both polyester and hBN and is a new product. Initial reports from engine
manufacturers have described significant wear (both blade wear and adhesion formation) which is
dependent on blade material. There is limited academic work looking into this material, but an
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initial publication has identified some differences in the wear of XPT268 compared with M601 but is
not conclusive.

The wear behaviour of M601 has been the subject of many research papers, as a result the spectrum
of behaviours has been well documented and is predicable for high incursion rates. However, there
is a gap in the understanding when explaining the wear behaviour at low incursion rates -
conditions which occur uncontrollably within the engine. Links to the thermal properties of the
abradable have been proposed, with standalone material testing supporting these claims, but there
has been no work which looks to relate the thermal properties to the wear behaviour during
repeated interactions between a blade and an abradable.

The Low-Speed rig at the University of Sheffield is uniquely situated to investigate this relationship
due to its simplicity, allowing for the development of in-situ measurement tools and for rapid
testing at a range of test conditions. However, to fully investigate this relationship additional
capability will need to be added to therig:

e To monitor the blade wear which occurs during a rub an in-situ front camera system must
be developed for the rig.

e To relate this wear to the thermal behaviours the triggering system for existing thermal
camera will need to be replaced to allow for capture of both blade and abradable.

o Novel data processing tools will need to be developed to align all data spatially and
temporally.

e An abradable sample heater is needed to investigate the impact of bulk temperature on

wear.
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3 Materials and Methodology

As discussed in section 2.3.3, physical testing of abradables typically follows one of two paths, it
either attempts to replicate the conditions within a real engine or simplifies the problem to reduce
the testing complexity and provide better control of selected test variables.

This thesis builds on the work completed by the Abradables Research Group, further developing the
capabilities of the spindle test rigs developed by previous researchers (40,73,94). These rigs take the
approach of removing complexity form the blade-abradable interaction by using simplified blade
and abradable geometries. Instead focussing on collecting more, high quality, data through in-situ
measurement techniques and repeats.

While these tests have been simplified, the results are still representative of wear which is seen
within a real engine. This was demonstrated by work completed by Fois who completing large
numbers of tests to produce engine representative wear at varying rub conditions, creating wear
maps which allowed engine manufacturers to target more favourable conditions within the engine
(78,94).

This method details the base methodology which is common to all chapters in this thesis. The more
specialized equipment and analysis tools, which are developed incrementally throughout this
thesis, are described in more detail in the relevant chapters.

3.1 Abradability Test Rigs

There are three spindle test rigs in operation within the Abradables Research Group, each rig
functions in a similar way but has been specialized to provide unique benefits.

The Low-Speed spindle test rigis limited in its peak blade tip speed to 200ms™, but its simple design
and accessible enclosure allow for easy access to instrumentation. The High-Speed spindle test rig
can reach blade tip speed of 330ms™, closer to those seen within an engine. However, due to the
more demanding requirements on the enclosure there is limited access for instrumentation. The
High-Temperature is limited to 200ms™ but includes an induction coil which can heat the blade tips
during a test.

In this thesis tests have been completed on the Low-Speed rig. The Low-Speed rig was chosen for
this work as it allows for the required hardware modifications identified in section 2.6. The
accessible enclosure allows for the development of a front camera solution and an abradable
heater, and the existing thermal camera could be developed further to facilitate in-situ temperature
monitoring. Further data collected by Rahimov (82) on the High-Speed spindle test rig, has been
reprocessed for this thesis. Both rigs are therefore described here.

An overview of the status of instrumentation on the two rigs prior to this work, along with details of
the improvements completed during this work have been listed in Table 3.1.
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Table 3.1 - Features of the test rigs with details of changes made during this work

Test Rig Feature Initial Status Final Status Section
Spindle Analogue System Digital system, integrated with 3131
Control safety systems
2-part assembly, . s
Disk balanced to within Single part, balanced to within 3.1.1
0.05g
0.2g
Side camera with 3D | Strobe replaced with dust and
Side Camera printed strobe electromagnetic interference 3.1.6
mount sealed assembly
Camera and strobe system
Front Camera - installed with permanent metal 43.1
assembly
Pyrometer Pyrometer fitted Improved noise detection 3.15
y y algorithm developed o
Low Force 3-axis dynamometer i 314
Speed Measurement fitted o
Rig Light gate based triggering
. solution produces stable
Camera triggered .
- output and allows for images
with laser pyro to
Thermal capture images of to be captured of both blade
P & and abradable in the same test. 4.3.2
Camera blade or abradable. .
. Processing tools developed to
No post processing
tools warp abradable footage and to
spatially align footage with the
front camera
A heater block has been
samole installed onto the test stage
Heafer - which can heat the backplate 6.2.1
of the abradable up to 300°C
during a test
Spindle Analogue System Digital system, integrated with 3131
Control safety systems
' Improved noise detection
High Pyrometer Pyrometer fitted algorithm developed 3.15
Speed Force 3-axis dynamometer ) 314
Rig Measurement fitted o
Front camera with
Front Camera 3D printed strobe - (79)
mount

3.1.1 Low-Speed Spindle Test Rig

This work builds on the 200ms™ spindle test rig developed by Stringer et al. (73) (Figure 3.1). Tests
on this rig make use of a simplified blade and abradable geometry as shown in Figure 3.27. The test
blade is clamped into a disk which has a dummy blade positioned 180° from the test blade to
provide balance during rotation (Figure 3.2). This disk is then mounted to a spindle motor (GMN
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HSP120g- 21000/9) and rotated. In turn, the abradable sample is mounted on top of a motorised
stage (SIGMA KOKI SGSP80-20ZF) positioned below the disk.

—_ N

- Side Strobe 8
Light ]

Side Camera

Figure 3.1 - Image of Low-speed test rig prior to this work package

During the test, the speed of the disk can be set at any velocity up to a tip speed of 200ms™. When
the disk has reached a steady speed, the abradable sample will be pushed upwards by the stage at
incursion rates as low as 0.02 um for each pass of the blade (um/pass). The stage will then continue
to move upwards until a predefined incursion depth has been reached.

| Abradable
Sample

Figure 3.2 - The location of the test blade and abradable sample on the Low-Speed Rig
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As a novel contribution completed as part of this work a new disk was designed and fitted to the rig,
this was completed as part of scheduled maintenance to the rig. The new disk design (Figure 3.3)
took advantage of advances in the machining capabilities of our suppliers to move to a single piece
design, improving the balance of the disk.

The disk is made of 17-4PH H900 Stainless Steel and has been designed so that peak stresses seen
during a test at 200m/s tip speed (331Hz) will be below the fatigue limit of this material.
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Figure 3.3 - New design for the Low-Speed rig disk

The blade holders work in a clam shell design, with the two-part holder forming a sandwich
assembly with the test blade in the centre (Figure 3.4). This assembly then fits into a dovetail slot in
the disk (Figure 3.5). The blade holder shape was designed such that it could be measured
accurately to ensure blades would always fit. To allow for test blades of differing masses to be
balanced 6 individual holder parts have been manufactured, each with a different amount of mass
removed. By combining the holders in different combinations, the total mass of the test blade and
holders can be balanced to the mass of the dummy blade and holders to within 0.05g.
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Test Blade

®.
N

Slot for grub screw to Mass removal from holders
provide axial retention to allow for blade balance

Clam shell blade holders

Figure 3.4 - Schematic of blade holder design with detail on mass removal

To ensure the new disk has minimal impact on the test results, the new disk was designed to have
the same mass as the old disk (2.3kg) and the same spindle coupling was used (Figure 3.5).

Blade holder assembly

GMN spindle

Coup[ing New disk

Light gate
trigger arm

Figure 3.5 - Model of the new disk assembly

During a test data can be collected using tools such as a camera to record the side of the blade, a
dynamometer to measure forces, and a pyrometer to measure the temperature at the surface of the

abradable.

3.1.2 High Speed Spindle Test Rig

The High-Speed spindle test rig (developed by Watson (40)), follows the same principles as the Low-
Speed spindle test rig but on a larger scale to allow for higher tip speeds.
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The test and dummy blades are clamped within a larger test disk which, unlike the Low-Speed rig,
is permanently mounted to the spindle (GMN HSP170s- 30000/19) via two bearing uprights. The
abradable sample is fitted to a high precision ball screw driven linear actuator (HD30406-MF-M-U2-
20-C20B).

Abradable Sample Load Cell

Figure 3.6 - Image of the high-speed spindle test rig (82)

While the Low-Speed rig is contained within a composite aluminium-wood enclosure which can
slide away from the rig to provide full access, the High-Speed rig requires a steel and concrete
enclosure. This design is far heavier, and therefore only a small access window is available for
changing of samples.

3.1.3 Rig Operation

When operating the rigs the data collection and spindle control systems are independent and
isolated. This ensures that in the event of a failure within the data acquisition system safe operation
of the spindle is still possible.

3.1.3.1 Spindle Control

As part of this project the control of all three spindles were brought under the control of a single
Programmable Logic Controller (PLC). This system manages all communication with the spindle
invertors, requesting speeds based off user inputs and returning the spindle speed measured by the
invertor. This system also monitors and controls the safety systems within the lab, which include
the test cell door interlocks and magnetic locks. The schematic of this system is given in Figure 3.7.
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Magnetic Locks  Interlocks

./

[ | [

==

— vl igll

Figure 3.7 - Schematic of the PLC system

The status of the spindle, interlocks, magnetic locks and the physical E-Stop button are constantly
monitored by the PLC. The system will not allow the spindle to be activated if the doors are unlocked
or open and likewise will not allow the doors to be unlocked if the spindle is spinning. The system
has been setup thatin the event of signal loss between any components the spindle will be stopped.

All the information gathered by the PLC is displayed to the user via a touchscreen control pad, with
an interface shown in Figure 3.8. This system ensures that the spindles can be controlled safely,
removing risk of human error by clearly displaying all vital information and preventing access to the
spindle when itis in operation.

SIEMENS SIMATIC HMI

Status of safety
systems O Low S Inverter

Interlock Maglock Estop

spindle speed

Speed Control
Spindle Moving )
Speed Feedback
Spindle —
status and
speed

Access control for PLC system

Figure 3.8 - Spindle control PLC interface
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3.1.3.2 Data Acquisition

When running a test, the instrumentation and stage are controlled by a LabView script (104), the
interface for this is shown in Figure 3.9. This script will take inputs of the test parameters, and which
instrumentation are connected and will then communicate with the stage and collate the data from
the selected sources, storing themin a test folder.

Recommended STOP
Timer(s)

Magnitude [mm/s ms]  Peak Frequency [Hz]

0 ‘ Stop 0.00 0
Tab Control

Controls | Graphs | Cameras

VISA Devices Name Pattern File Path Control
Camera One M601_SSHR15y_0.2_200_Ti || D:\Aaron Baillieu\Chapter 4

i LSR_FrontCam |

Accelerometer
Load Cell LSR Stage HIRStage  ThermaUHS Camera  Kistler FicoScope

it webea o) OFF . oFF oFF OFF . \

Line Accelerometer I B

% <DAQ2Mod2/2i0 = Camera One Camera Two Pyrometer Acceleromete Strobe S cle Ctl n g
- R o ore instrumentation
ﬁ <DAQIMod3/2i0 |

ﬁ <DAQIMod3/ail = |

& coaqiMods/aiz - Stage Parsmeters

Incursion Rate{um/rev] Disc 0D [mm]
Pyrometer 2= 1022 Stage Speed fumis]
- 2| 5 .

sistoe =l g Speedlomid_ s

A Wheel Speed [m/s] _ Testncursion [wn)

% CameraTrigger/ctel = WS 150) 5

LSR Stage H

L Entering test

HS Camera

Pioscope arameters

TR Stage = X pixels ¥ piels p
p— hi-A h2 320/ = 210/= | Recording speed [FPS]

-C = =
o Corectionz Nomal Force [N Aial Force [N] Fou tmm] o

. : 5000 = 5000/ = 2=
% <DAQIMod2/ctrd = =

Frequency[Hz] Ch1-B

o5 Tangential Force [N]
5000 =

Configuring hardware Setting load cell limits
connections

Figure 3.9 - LabView interface for data acquisition

3.1.4 Force Measurement

Forces are measured on both rigs using a 3-axis dynamometer (Kistler Type 9347C) which is
positioned directly below the abradable sample (Figure 3.10). As the dynamometer is not designed
to resist any torques it is fitted within a steel cage which limits rotation, acting as a mechanical stop
to any excessive torques. The signal from the dynamometer is passed through a charge amplifier

(Kistler Type 5070A) before the data is recorded by a PicoScope 5000 series at a sample rate of
100kHz.

As the loads are applied to the dynamometer in the form of successive impacts the loadcell
responds as damped harmonic oscillator, this can be seen clearly in Figure 3.11 which shows the
force peaks and oscillations over 6 successive impacts. The raw data must therefore be processed
to extract only the peaks resulting from the impacts, this processing is completed in MATLAB.
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Abradable Sample
1mm

60mm

Cage

Dynamometer

Z - Microscope
Stage

Figure 3.10 - Schematic of the dynamometer and microscope stage arrangement (94)
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Figure 3.11 - Unprocessed normal force data collected during 6 tip strikes

Alongside peak extraction, the MATLAB code must also correct for any drift in the force which occurs
during a test. This drift is due to the dynamometer being piezoelectric and is therefore sensitive to

the changes in temperature which occur during the rub.

As can be seen in Figure 3.12 the zero offset changes gradually during a test. With the force values
oscillating about the zero point, the centreline can be found by applying a moving average with a
timestep large enough to highlight only the long-term trend in zero offset. For this application a

timestep of 0.1s was chosen, much larger than the 3ms period between blade strikes.
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Figure 3.12 - Raw force data collected during a 0.2um/pass test with the offset extracted

With the zero offset corrected the negative values can be omitted as the loadcell is oriented so that
compressive loads are recorded as positive. The peaks can then be extracted. Peaks are extracted
by splitting the data into times windows 1.5 times the period between blade strikes and finding the
maximum value in each window. This ensures that there will be at least 1 blade strike in each
window. The result of this is shown in Figure 3.13.
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Figure 3.13 - Peaks extracted from the corrected normal force data shown in Figure 3.12
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The extracted peaks can then have the signal noise, which is introduced by vibrations in the rig,
removed by subtracting the average force value measured before the blade first contacted the
sample. The resulting force plot is shown in Figure 3.14.
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Figure 3.14 - The final output of the normal force processing completed on the data shown in
Figure 3.12

3.1.5 Pyrometer

Each rig is fitted with an infrared pyrometer (Micro Epsilon CTLM-3H1CF3) targeted at the centre of
the rub track. The pyrometer can measure temperatures between 150 - 1000°C at a sampling
frequency of 50Hz. However, during a test sparks and dust are generated resulting in noise in the

output data.

The temperature of the sample during the periods of noise cannot be determined from the
pyrometer, but processing of the data to remove as much noise as possible will reduce the risk of
false peaks in temperature. To remove the noise a novel two-step algorithm has been developed
and implemented in MATLAB as part of this project.

As the pyrometer can only measure between 150 and 1000°C any values outside this range must be
noise and can be removed. The result (shown in Figure 3.15) can capture most of the noise but still

leaves some false peak temperature values.

To identify any further false peak values all temperature values are sorted numerically. As the
abradable surface is heated gradually during a test the sorted temperature values should follow a
steady relationship, a step change would signify an instantaneous jump in temperature.

To identify a step change in the peak temperatures a second order polynomial is fitted to the lower
85% of the data (Figure 3.16). If any peak values above this deviate from the trend by more than 20°C
(equivalent to a heating rate of 1000°C/s) they are considered noise and removed. The result of this

process can be seenin Figure 3.17.

47



Abradability Test Rigs

— Raw Thermal Data Clipped Thermal Data
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Figure 3.15 - Raw Pyro data and data clipped to measurable limits for a 1um/pass test
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Figure 3.16 - The Clipped thermal data from Figure 3.15, sorted with trend line extracted
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Figure 3.17 - The final output of the pyrometer data processing applied to the data shown in
Figure 3.15
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3.1.6 Side Camera

A camera has been fitted to the Low-Speed rig which makes use of stroboscopicimaging techniques
to capture images of the side of the blade during a rub. For this task an LED has been placed on top
of the spindle aiming towards the disk, a camera (Basler Ace acA1600-60gm) fitted with a telecentric
lens (Edmund Optics 1X SilverTL) is placed on the other side of the disk facing the LED. As the blade
passes between the camera and the LED a strobe controller (Gardasoft RT200F-20), triggered by a
light gate (Optek OPB916B) will pulse the LED. The strobing LED illuminates a silhouette of the blade
on each revolution, allowing the camera to capture the side profile. A schematic of this process is
shown in Figure 3.18.

Pulse with X Spindle
delay
\ LED
Strobe control G
Blade Dummy Blade
= \
=
\
Disc
Trigger Pulse Metal arm
Light gate

Figure 3.18 - Schematic for side camera strobe trigger system (94)

The resulting image (Figure 3.19) allows for the peak height of the blade to be extracted and
monitored during a rub. Further development of a front camera system to replace the side camera
is detailed in Chapter 4.

Figure 3.19 - Example image from the side camera
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3.1.7 Abradable Heater Block

To allow for the control of abradable bulk temperature during a test, a heater block has been
developed which can be fitted to the stage of the Low-Speed rig.

Implementations of heater units to abradable spindle test rigs by other research groups have
applied heat, and measured temperature, on the surface of the abradable sample. This has the
benefit of moving the heater hardware out of the load path of the blade-abradable contact but
means the bulk temperature of the abradable is not controlled while also allowing for conduction
of heat through the sample.

For this investigation a novel heating solution has been developed which sits below the abradable
sample to apply heat to the sample backplate. By applying heat to the backplate and measuring at
the surface it is possible to ensure that the bulk temperature of the sample is being controlled and
thermal conduction through the sample is being limited as it is in an engine. However, this
implementation leads to additional complexity in the heater design, ensuring that the heater can
survive the stress of impact, and that heat does not flow into the load cell.

The design of this heater block is shown in Figure 3.20 and revolves around a steel sample interface
plate. This plate contains the threads to mount a standard abradable sample as described in Section
3.2 as well as a pair of 300W resistive cartridge heaters (RS: 860-6921) and a k-type thermocouple
(RS: 334-2622). The heating elements are controlled by a PID thermal controller designed by
Elmatic, employing the Ascon Tecnologic K39 temperature regulator. The piezo dynamometer
installed on the LSR has a maximum operating temperature of 120°C and therefore requires some
thermalinsulation. For an insulative material the fibre filled cement, Syndanyo H91, has been used.
This material was selected due to its low thermal conductivity of 0.5 W/mK, its high operating limit
of 700°C, and its high compressive strength.

Cartridge Heaters Sample Interface
Plate

Thermocouple

Syndanyo Thermal Steel Structural Plate

Insulation

Figure 3.20 - An exploded view of the design of the abradable heater block
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Each impact between blade and the abradable induces vibrations within the load cell and stage
(78), these vibrations are measured as a period of tensile and compressive forces within the load
cell with an initial peak equal to the contact force. These inertial loads will also be experienced by
the heater block and although strong in compression, Syndanyo performs poorly in tension,
meaning additional structural support is required.

This heater block is designed to support the tensile loads through high tensile strength bolts, and
compressive loads through the Syndanyo. To do this a structural steel plate has been placed in the
centre of two Syndanyo blocks. This plate contains the threads which the sample interface plate is
mounted to and acts to spread any compressive stresses within the block across the full area of the
Syndanyo.

Figure 3.21 shows how the stress flows through the block. During impact the blade pushes down on
the sample interface plate, which then pushes on the Syndanyo below resulting in compressive
loads. As the blade moves away and the inertial loads from the oscillations begin, the sample
interface plate will pull up on the structural plate through tension in the screws, this will then apply
a compressive load to the top piece of Syndanyo, which is held in place by a set of mounting screws
with oversized washers to distribute the stress under the screw head.

High Tensile
Strength Bolts to
resist shear loads.

Impact Loadl T Inertial Load
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Figure 3.21 - Load paths within heater block during a tip strike
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In the heater block design, there are no connected chains of metallic parts between the heater block
and the load cell. This ensures that all heat will have to flow through the Syndanyo block, slowing
the rate of heating at the load cell. Thermal simulations completed using Ansys Discovery (Figure
3.22) predict that it will take ~60 minutes for the load cell to reach 120°C, a result which was
validated by heating the block while measuring its temperature using the FLIR A6750sc thermal
camera. This provides sufficient time to heat the sample, ensure the sample has heated evenly, and
to complete a 5 minute 0.02um/pass test.
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Temperature &

Figure 3.22 - A snapshot of the transient thermal analysis of the heater block, with a backplate
temperature of 300°C after ~1 hour

The heater block mounts onto the LSR using the existing sample mounting plate (Figure 3.23). When
mounting the block to the rig an additional thermocouple is added between the base of the heater
block and the load cell assembly to ensure temperatures stay within working limits. While heating
the sample a further thermocouple is mounted to the centre of the abradable sample surface, held
in place with a steel mass.

To validate the strength of the block, and to ensure that additional mass of the heater did not have
any adverse effects on the load cell, a series of tests were conducted at incursion rates from 0.02 -
2um/pass on M601 at 55HR15y with the block unpowered. These tests did not lead to any structural
issues or unexpected resonances within the system.

Figure 3.23 - An image of the heater block mounted to the Low-Speed rig
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3.2 Blade and Abradable Sample Design

The AlSi based abradable samples used in this work were created by an atmospheric plasma spray
process using a Oerlikon Metco plasma spray gun. They were sprayed onto a2mm thick A2 Stainless
Steel backing plate prepared following the surface preparation guidelines provided by Oerlikon
Metco (105).

The plasma spray process works by passing a plasma gas, typically argon, nitrogen or hydrogen,
between a pair of electrodes which are charged with a high DC voltage difference. This results in an
arc forming between the electrodes, stripping the gas molecules of their electrons and forming a
plasma. As the plasma ions recombine back to a gaseous state large amounts of thermal energy are
released. The desired coating material is fed into this high energy gas in the form of a powder; this
melts the powder and propels it towards the sample to be coated. This process is visualised in Figure
3.24.

In this thesis three AISi based abradables are tested: M601, M320, and XPT268. To cover the full
hardness range recommended by the material supplier samples have been sprayed at three target
hardnesses. However, between samples there is some variation in the hardness. The resulting
hardness bands are: 50 - 52, 60 - 63.2, 73 - 75.6. The actual hardness of each batch is measured
before testing, with the hardness value of tested samples provided in the method of each chapter.

Voltage Powder & Carrier Gas

Spray Deposit [

Cooling Water s==p> F
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. SN 7 Spray Stream
Electrode u &
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Insulation Nozzle

Figure 3.24 - Plasma spray gun schematic (106)

The hardness of the abradable can be varied by adjusting spray parameters such as powder flow
rate, the current, and the distance between the gun and the backing plate (107). From each batch
an abradable sample was tested against the Rockwell 15Y scale to validate that the coating is of the
desired hardness.

A harder sample of an AlSi based abradable has a higher proportion of the larger AlSi particles than
voids or dislocator. However, due to the higher temperatures and particle velocities involved in the
spray process of harder samples the particles typically become more compacted on contact with
the backing plate. Due to this there is no clear trend between the hardness and the roughness of the
samples. The samples used in this work all had Sa values between 25 and 35 um (Measured to ISO
11562, applying a linear planar, order 0 roughness filter in accordance with 1ISO 16610-61).
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All samples are sprayed onto a standardized sample backing plate as shown in Figure 3.25, this
geometry is shared between each of the spindle test rigs. The flat design simplifies the coating
processes, allowing samples to be sprayed without the need for bespoke tooling. It also allows for
multiple samples to be sprayed simultaneously, producing more consistent batches.
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Figure 3.25 - Abradable sample geometry

The test blades are made of the same material as the blades within the engine (Grade 5 Titanium for
this thesis), but the geometry has been simplified as shown in Figure 3.26. The flat geometry of the
blades allows for them to be cut from a stock 2mm sheet, reducing the price per blade. A common
blade design is used for both the High and Low speed spindle test rigs.

Examples of a blade and abradable sample made for this study are shown in Figure 3.27.
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Figure 3.26 - Test blade geometry
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(a) Test Blade (b) Abradable Sample - M601
Figure 3.27 - Images of a test blade and abradable sample

3.3 Processing of Test Data

To process the data collected during each test a custom MATLAB program has been developed as
part of this work. The program is centred on a core live script called LowSpeedAnalysis.mlx which
includes graphical controls and plain text instruction, allowing the tools to be easily adopted by
new users.

The live script is broken into sections which are run sequentially, each calling external functions as
needed. The code is structured in this manner to minimize repeated code and to allow for easier
comprehension. Figure 3.28 to Figure 3.31 show the structure of the code, with the live script shown
on the left with data flowing down between sections. On the right the functions are shown, with the
arrows showing where the functions are called and the direction of data flow.

The first stage in the data processing is the inputting of test parameters and the loading of test data.
The code structure is shown in Figure 3.28, with the output of this section being a data structure
detailing the test conditions, processed force and temperature data, and MATLAB representations
of the thermal camera, spark, front and side cameras produced for further processing.

With the data processed, and images accessible, the next stage is the preprocessing of the data
(shown in Figure 3.29). This stage collects a range of user inputs based on the thermal and visible
camera data to ensure the footage is correctly aligned and generates the warp matrix for the
abradable thermal footage. The output of this section is a data structure including all the required
location data. As this data is a function of the rig set-up the data structure can be shared between
any test completed during the test campaign.

With all data loaded, and the camera footage spatially and temporarily aligned, Figure 3.30 shows
the structure of the code which produces the final processed output. The key output is a single,
standardised, data structure which includes all force and temperature data against common time
and rub length arrays. Alongside this data there are 2D arrays showing how the blade and abradable
profiles and temperatures change at any location and time. These variables are all aligned with a
common position array (horizontal axis), meaning any physical characteristics can be extracted for
the same position and time by accessing the same index position in each array. This code section
also produces a series of standard plots which can be directly compared between tests. All
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processed data is saved to a new processed data folder which can be directly loaded into the code,
allowing data to be reviewed in the future without the need to reprocess.

To allow for easy visualization of the data an additional section of code (Figure 3.31) has been
developed which will collate all the processed data and produce a video. These videos align the
visible and thermal cameras, while also displaying the force data and highlighting adhesion and
wear events (Figure 3.32), allowing for relationships to be observed. The addition of a visualisation
of the abradable profile, alongside a quantified gap area between the blade and coating, can be
used by engine manufacturers to visualise how the coatings will perform within the engine.

LowSpeedAnalysis.mix
Test Conditions
The user inputs test and rig details.
Select Desired Analysis extractForceData
The user selects analysis tools to run Loads the force data TDMS file from the
Load Footage test folder. Identifies the start point and
User selects data folder. presents results to user for fine tuning.
Applies the zeroing and peak extraction
Extract Forces algorithm described in section 3.1.4.
Calls extractForceData function. Sends test Returns smoothed forces, rub length and
details and test folder. time arrays.
Pyrometer
Calls extractTemperautreData function. <+—» | extractTemperatureData
Sends test details and test folder. Loads the Pyro Data TDMS file from the
Front Camera test folder. Applies the outlier removal
Creates an array of the file locations of each algorithm described in section 3.1.5.
.E front camera image. Creates a time array Returns pyro data, rub length and time
a which aligns the camera frames to the force arrays.
E data.
Y | Side Camera
2 | Creates arrays of the side camera frame
~ | locations and times.
Sparks Camera
Creates arrays of the spark camera
(Webcam) frame locations and times.
Thermal Camera
Calls loadATS file. Sends the folder path and loadATS
any desired modification to the thermal file | ¢—p
parameters. Loads the ats file created by the FLIR
The frames from the ats file are extracted thermal camera and updates the setup
and stored in a 3D array. The frame rate for parameters to align with the rig setup.
each frame is extracted and the maximum These parameters include the distance to
and minimum temperatures seen during target (0.36m), and External Optics
the test are stored. Transmission (0.68). Returns a MATLAB
Based on the frame rates the thermal object which allows frames to be extracted
camera frames are sorted into images of the from the ats file.
abradable and images of the blade, as
described in section 4.3.2

Figure 3.28 - Structure of the MATLAB code to read in test data

56



Materials and Methodology

LowSpeedAnalysis.mlx

Preprocess Data

Generate Warp Map

The user selects the ats file containing the
recording of the moving PCB template
described in section 4.3.2. The file location
is passed to the loadATS function.

Each frame in the ats file is passed to the
produceTransform function. The returned
matrix is appended to a 3D array.

The data stored in the 3D array is used to
calculate the linear relationships which
describe how each element of the
transformation matrix varies with stage
position.

Set Warp Height

The user enters a set of measurements of
the stage position and abradable thickness
taken before a test. The values are passed
to the polyTform function, alongside the
linear relationships previously calculated.

Rotate Blade Images

A graphical user interface (GUI) is presented
to the user to allow the blade images to be
adjusted to correct for any camera/blade
misalignment.

Select Blade Corners

A GUI is presented to the user to allow the
corners of the blades to be selected. This
datais used to determine pixel size, and to
form a foundation for further image
analysis.

Detect Centre of Thermal Camera Footage
Composite images of the hottest pixels
captured during the test for both the blade
and abradable are created. These images
are used to determine the location of the
blade and abradable within the frame, and
to set the scale of the images to align with
the front camera footage.

Fine Tune Thermal Position

A GUl is presented to the user which
displays the aligned front camera,
abradable, and blade thermal images at any
time during the test. Controls are provided
to fine tune the scale and position of the
thermal footage to better align with the
front camera.
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loadATS

Loads the ats file created by the FLIR
thermal camera and updates the setup
parameters to align with the rig setup.
These parameters include the distance to
target (0.36m), and External Optics
Transmission (0.68). Returns a MATLAB
object which allows frames to be extracted
from the ats file.

produceTransform

Within the received frame the hole pattern
is located, and the relationship between
the hole pattern and the desired
orientation is calculated. The result is
returned as a transformation matrix.

polyTform

Based on the measurements taken the
position of the abradable surface is
calculated. Using the linear relationships a
transformation matrix can be calculated
for this abradable position. The result is
returned.

Figure 3.29 - Structure of the MATLAB code to calculate variables needed for data processing
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LowSpeedAnalysis.mlx

Process Data

Create Polynomial

Loads the first front and side camera
frames.

Calls the preparelmage function, passing
through the frames.

Calls the edgeDetect function for each
frame.

Afirst order polynomial is fitted to the
extracted edge. This polynomial is used a
baseline for further analysis.

Extract Profiles

At a rate of 30Hz force and pyrometer data
points are sampled and placed in arrays
aligned with a common time and rub length
array.

For each time point the front and side
images are loaded. These images are
passed to preparelmage and edgeDetect.
The returned profiles are added to 2D arrays
logging the blade profile at each time step.
From each blade profile a negative profile
can be used to predict what the abradable
profile would be.

The blade and abradable thermal images
are loaded for each time point, warped and
stored in a pair of 3D arrays. The highest
temperature at each position on the blade
and abradable width is extracted and added
as arow in a pair 2D arrays for each time
step.

The extracted profiles are processed as
described in sections 5.2 and 6.2.2 to
determine wear rates.

The savelmages function is called, passing
through the data folder.

preparelmage

Stabilizes the image as described in 6.2.2.
Crops image to either the width of the
blade, or to 1.2x the width of the blade
depending if the image is for edge
detection, or video creation. Returns the
prepared image.

edgeDetect

Receives a prepared image of the blade
and extracts the blade profile based on the
difference in contrast between the blade
and the backlight. Returns the profile as an
array.

savelmages

Images of the post test blade and
abradable are captured and stored
alongside the test data. This function
locates these images and passes them to
the correct functions.

y V

cropBladelmage

cropAbradablelmage

A GUl is provided to
the user to select the
blade corners. Blades
are centred in frame,
rotated, and scaled to
allow for comparison.

A GUl is provided to
the user to select the
edges of the rub. Rubs
are centred in frame,
rotated, and scaled to
allow for comparison.

Plot Rub Maps

Creates a set of standardised plots of the
forces, temperatures, and blade wear. The
createRubPlot function is called for blade
profile, blade thermal and abradable
thermal. All plots are saved with the test
data.

createRubPlot

Rub maps are a standard way of showing
the change in a 2D quantity with time
(section 4.4). The data sent to the function
is plotted as a rub map and returned.

Figure 3.30 - Structure of the MATLAB code to process the test data

58




Materials and Methodology

LowSpeedAnalysis.mix

Create Video

Trial Frame

For any time selected by the user the data
to display is loaded from the structures
created in the Process Data section and sent
to the generateVideoFrame function. The
returned figure is displayed to the user to
proof the output.

Create Video

The user selects the desired frame rate,
time multiplier, and resolution of the video.
Data is extracted from the previously
generated structures at the requested rate
and complied as an MP4 video, with the
option of single or multicore operation
depending on hardware limitations.

Y

generateVideoFrame

Based on a tiledLayout with a 10x10 grid
the function receives the data to be
displayed, arranges it as defined by the
user, and creates a figure. The generated
figure is returned

Figure 3.31 - Structure of the MATLAB code to create test videos
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Figure 3.32 - An example frame taken from a video created for a 0.02um/pass M601 test
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3.4 Material Characterisation

While in-situ measurements allow for a visibility of how wear develops during a rub, it is important
to be able to classify which wear mechanisms have occurred and to determine the state of the
samples, both before and after the test.

This section describes the methods used to prepare tested samples for further inspection, and the
tools used to measure key parameters such as roughness and hardness of test samples.

3.4.1 Alicona Profile Measurement

The Alicona InifiteFocusSL is a measuring system which combines optical microscopy with vertical
scanning to produce a 3D topology map of the sample. From this 3D model it is possible to
measure the form and roughness of the sample and provide high resolution microscopy images
with a larger depth of field than traditional microscopes.

This tool was used to inspect the profile of the blades and abradables before and after the rub to
measure sample roughness.

3.4.2 Sample Preparation and Optical Microscopy

To inspect the microstructure of the samples they must be sectioned and prepared. However, as
the abradables materials can be soft, care must be taken not to compress or introduce cracks into
the microstructure during cutting or polishing (108).

Samples are cut on an Abrasimet using an abrasive cutoff disk designed for use with soft materials
(MetAbrase 11-4207-010). Samples are clamped via the steel backing plate to prevent damage to
the abradable. Each section cut should is less than 20mm long to allow it to be mounted into a
standard 32mm sample preparation cup.

The cut sections of the sample are then placed, in pairs, into a 32mm sample preparation cup and
vacuum impregnated with an epoxy resin (EpoThin 2). By adding two samples to each cup the steel
backing plates act as hard stops during the polishing process, preventing uneven wear of the softer
abradable.

The mounted samples are then ground and polished using an Ecomet, starting with grinding papers
of P240, progressing to P1200. The final polish is completed using a polishing cloth with 3um and
then 1um diamond suspensions. The result is shown in Figure 3.33.

The polished samples can then be inspected using Light Optical Microscopy to inspect the
microstructure, allowing for the compositions and any signs of compaction of subsurface damage
to be observed.
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Epoxy Resin

Abradable
Coating

Backplate

Figure 3.33 - Abradable samples prepared for optical inspection

3.4.3 Rockwell Hardness Measurement

The wear performance of an abradable varies significantly with its hardness (76), it is therefore vital
to be able to accurately measure the hardness of the samples being tested.

The Superficial Rockwell 15Y scale is commonly used when measuring the hardness of abradable
samples. This scale is ideal as the soft abradable will undergo measurable deformation at the low
forces of this scale, and the large diameter of the ball indenter used will produce an average
hardness over the contact patch, limiting the impact of subsurface variability.

The Rockwell scale is a displacement-based hardness measure, this means that after applying a
predetermined load profile with a standardized indenter (1/2” Tungsten Carbide Ball for 15Y) a
measurement of how deep the indenter has pressed into the material is taken and used to
determine the hardness.

For the Rockwell 15Y scale the load and displacement curves are shown in Figure 3.34. In this test
an initial load (F,) is applied to ensure the indenter has contacted the surface and a position
measurement is taken, a test load (F) is then applied and held for a dwell time (tr¢). After the dwell
time the force is reduced back to Foand a second position measurement is taken. The difference

between these two measurements (h), in mm, is used to determine the hardness using the
h

relationship: HR15Y = 100 — ——.
0.001

Table 3.2 - Test Parameters for the Rockwell Hardness 15Y Scale

Variable Standard Range \ Test Values
Fo(N) 29.0
F (N) 147.0
Va(mm/s) 2.5 1.0
tra () 1.0-8.0 4.0
tre () 2.0-6.0 4.0
tr (s) 0.2-5.0 2.5
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(a)
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Figure 3.34 - Load (a) and displacement (b) profiles for a HR15Y test (109)

Hardness tests were completed using a Tinius Olsen Universal Testing Machine (UTM), with a load
profile programmed to follow that shown in Figure 3.34a. The variables for test timings and speeds
were chosen as the midpoint of the range given in the standards (Table 3.2).

To measure the displacement of the indenter relative to the sample the encoder within the UTM
could not be used due to its low resolution and repeatability. Instead, a Laser Triangulation
displacement sensor (optoNCDT 1220) was mounted to the indenter (Figure 3.35), minimising
compliance between the measurement sensor and the contact point and providing a
measurement repeatability of 1um (110).
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Figure 3.35 - Schematic of HR15Y hardness test setup

3.5 Conclusion

This method provides an overview of the common tools applied to all chapters within this thesis,
detailing sample design, the test rigs and the basic data and sample processing. Through the course
of this work further tools and techniques were developed, including novel in-situ measurements
tools, data analysis techniques, and sample heater blocks. These are detailed in the method section
of the relevant chapter.
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4 In-Situ Measurements of Blade-Abradable Wear

4.1 Introduction

This thesis aims to fill gaps in current knowledge around the impact of thermal properties to wear
mechanisms through the development of novel in-situ measurement tools. In this chapter
stroboscopic imaging techniques have been applied to record blade profile, while using a thermal
camera to record hotspots on the blade and the abradable. Together these will allow for the
simultaneous monitoring of blade wear, blade temperature and abradable temperature. Observing
how these variables interact and develop during a test will allow for a deeper understanding of how
abradable wear mechanisms relate to thermal behaviours.

Previous research looking into how in-situ measurement techniques can be applied to abradability
testing, such as the addition of cameras recording the blade (79) and dynamometers recording rub
forces (78). These developments have shown how gathering data throughout the rub makes it
possible to better understand how adhesions form, and how wear mechanics are dependent on
events which have occurred previously. This new insight, alongside force measurement techniques,
has provided a strong foundation to develop theories on why adhesions form. Further to this, in-
situ thermal measurements tools employed by Agrapart et al. (100) have shown the importance of
thermal management during a rub due to the large heat flux into the abradable. This work has been
built on by Nyssen et al (111) showing the benefits of including thermal behaviours in mechanical
models of blade rubs during vibration events.

Although thermal behaviour has been shown to be important, there is a gap in understanding of the
thermal behaviour with respect to adhesion and wear mechanisms. Attempts to model the thermal
behaviour of Metco 601 by Watson et al. resulted in poor correlations (74). It was theorised that this
was to be due to nonlinearities and missed effects within the system, properties that the tools
developed in this study have the potential to observe.

4.2 Requirements for In-situ Measurement tools on the
Low-Speed Rig

Prior to this work the Low-Speed rig was equipped with a dynamometer to measure forces, a
camera recording the side of the blade, a pyrometer for temperature measurement, and a thermal
camera which was triggered by a laser pyro to recorded either the blade or the abradable during a
test.

To allow for the visualisation of blade wear, and to relate this wear to any thermal behaviour, the
full blade profile needs to be extracted during a test and the thermal footage must be collected for
both blade and abradable in a manner where the output can be aligned spatially with the blade
profile.

The side camera was limited as it could only record the highest point on the blade. As wear on the
blade does not typically occur uniformly across the blade front a second camera was required
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pointing at the front of the blade. A front camera solution has been installed on the High-Speed rig
and produced promising results. However, this solution struggled with image quality due to the
uneven lighting of its strobe system, the camera and lens were too large to fit inside the Low-Speed
rig enclosure, and the 3D printed camera and strobe mounts could not be adapted to mount onto
the Low-Speed Rig. For this application a bespoke solution would be required which could improve
on the image quality seen in the High-Speed implementation, while also being more compact so
that it can fit within the Low-Speed rig.

The thermal camera implementation on the Low-Speed Rig allowed the camera to see into the
enclosure and, using a laser tachometer, the camera could be triggered when either the blade, or
the abradable was visible. This setup struggled with triggering reliability when the dust generated
in atest obscured the laser. It was also not possible to extract the position of any recorded hotspots
with respect to the abradable as there were no visible reference points resulting from a filter
blocking anything colder than 150°C. To provide the output required in this work a novel triggering
solution is required, which can reliably trigger for both the blade and abradable positions in the
same test. A novel alignment process is also required so that the thermal and the front camera
footage can be aligned temporarily and spatially.

4.3 Method

This work aimed to build on the existing capabilities of the low-speed spindle test rig to allow for
the measurement of thermal and visible data simultaneously. This chapter details how these tools
have been developed and how they can be used to better understand the fundamentals of
abradable wear mechanics.

4.3.1 Front Camera Set-up

A camera has been installed into the rig which can record the front of the blade during the test. This
set-up uses similar stroboscopic techniques to those employed by Rahimov et al. (79) on the High-
Speed Rig. A bespoke solution has been developed for this application to allow for integration with
the Low-Speed rig and to improve image quality.

Due to the limited space within therig, a fixed focal length lens (Edmund Optics #59-870) and a small
sensor camera (Allied Vision Alvium 1800 U-500c) have been used. This combination results in a
narrow field of view, which the blade fills, while minimising the margin of error between features
measured at the leading edge of the blade compared with those at the trailing edge (112).

Figure 4.1 shows how a feature of the same size (H) appears larger to the camera sensor if it is
positioned at the leading edge of the blade (L:) compared to if it were positioned at the trailing edge
(Ly). The size of the feature on the camera sensor is a ratio of the lens focal length and the distance
of the object from the focal point, the ratios for this set-up are given in Equations 1 and 2. For this
test setup measurements of adhesion heights will have an error of up to 1.2% depending on their
position on the blade (Equation 3).
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Figure 4.1 - Theoretical visualisation for the field of view of the Low-Speed Rig front camera

The stroboscopic set up by Rahimov et al. (79) made use of two separate LEDs to illuminate the
blade. This resulted in a distinct lighting gradient with bright spots at the centre of each diode
(Figure 4.2), this had to be corrected in post processing. To improve upon this for this application a
light diffuser has been fitted in-front of the LEDs, smoothing the light gradient.

Blade edge = Disk edges

Figure 4.2 - Example image from the High-speed rig front camera system (79)

The camera is triggered by the light gate installed by Fois et al. (77) for the side camera. This light
gate has been shown to have a very repeatable response time and is unaffected by dust produced
during a test (73). This minimises the variation in blade position between images. Figure 4.3 shows
the aligned front and side outputs for 0.02um/pass tests for two different abradable materials.
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(a) Metco 601

(b) Metco 320
Figure 4.3 - Example Front and side camera outputs from tests completed against (a) M601
and (b) M320 on the Low-Speed Rig

4.3.2 Thermal Camera Set-up

4.3.2.1 Recording Abradable Hot Spots

The FLIR A6750sc Thermal Camera was selected for this use case for its high frame rate, allowing for
images to be captured for every pass of the blade. Due to the large form factor of this camera, it has
been set-up outside of the protective enclosure, observing the abradable through a window of Zinc
Sulphide, as shown in Figure 4.4. A lens extender (FLIR PN: 222-0006-05 REV-A) has been added to
minimise the working distance.

Figure 4.4 - Image of the thermal camera set-up on the Low-Speed Rig

This set-up results in a shallow camera angle which can view the abradable under the rotating disk.
Whilst practical as a test set-up, this arrangement brings issues as the blade does block the view of
the abradable once per revolution, and the abradable surface cools rapidly after each strike. As
such, for the most consistent results, each image must be taken when the blade is not obstructing
the camera view, with the same time delay after the rub event.

67



Method

To synchronise the frame rate of the camera and the rotational speed of the spindle, the output of
the light gate used for the strobes is connected to the SYNC IN pin of the cameras AUX Connector
(Pin 10). A delay between triggering and capturing a frame is then set within the ReaserchIR
software package provided by FLIR, this allows the captured images to be set to a point where the
blade is out of view of the camera.

Due to the shallow angle of the camera the raw image is compressed, making it challenging to
distinguish individual hot spots. Figure 4.5 shows the raw output of the thermal camera while
recording the abradable during a rub. The red areas show the presence of surface hotspots on the
rub surface. To improve the clarity of the output homography methods have been applied to warp
the output so that it appears that the footage was taken normal to the surface.

Figure 4.5 - An example of thermal camera raw output, showing an image of the abradable

during a test

To create the required warp matrix, a PCB with a gold surface layer was used with a pattern of 9
holes drilled through the board, the gold surface was able to reflect the heat emitted from a flood
light producing a clear image for the thermal camera (Figure 4.6A). The holes were all separated by
7.5mm and were aligned parallel to the direction of travel of the blade with the central hole aligned
with the centre of the rub path.

1

Figure 4.6 - Examples of the homography process run on the PCB with holes template (A, B),

e*s
L
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and then on a tested abradable sample (C, D)
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Using MATLAB, the hole positions are detected using the detectMSERFeatures function. A projective
transformation matrix is then created using the fitgeotrans function. This matrix can then be applied
to any image taken with the same position relative to the camera using the imwarp function,
outputting an image which appears to have been taken from directly above the abradable.

The required warp matrix will change for blades and abradables of different lengths and
thicknesses. To generate the required warp matrix for a given test arrangement a video is taken of
the stage moving with the template on top, and the matrix created at regular intervals as the stage
moves. The elements of the 3x3 warp matrix vary linearly with stage position (Figure 4.7). Finally,
knowing the gradient for each matrix element and the starting stage height for recording, it is
possible in turn to extract a warp matrix for any stage height.
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Figure 4.7 - Variation in the values of each element of the warp matric with increasing stage
height

The output of the warped thermal image, alongside the front and side images, is shown in Figure
4.8.
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Figure 4.8 - An example output of the in-situ measurement tools for a 0.2um/pass, M601 test

from the A - Front camera. B - Side camera. C - Warped abradable thermal.

4.3.2.2 Recording Blade Hot Spots

To capture images of the blade and the abradable during the same rub a second light gate has been
installed. This light gate is positioned 6mm closer to the axis of the disc and can therefore be
triggered by a shorter trigger arm (Figure 4.9). By using the offset light gate as a trigger for the
thermal camera images can be taken twice per revolution, once when the blade is visible, and once
when the abradable is unobstructed.

Figure 4.9 - Image of the dual light gate trigger set-up to allow capturing frames of both the
blade and abradable
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For tests with tip speeds less than 100ms™ the thermal camera can capture two frames for each
revolution. At higher speeds, the maximum frame rate of 400Hz makes itimpossible to capture both
blade and abradable within the same revolution. Increasing the delay between sync input and
image capture by one rotational period reduces the rate of image capture to two images per three
revolutions. This allows the tool to be used up to the maximum speed of the spindle test rig
(200ms™).

To avoid the dummy blade from obstructing the abradable images the two trigger arms are
separated by =160°. Due to the asymmetric positioning of the two trigger arms the time between
frame captures differs for a blade image and an abradable image. The blade and abradable frames
are therefore separated depending on the frame rate. At 200ms™*blade images will have a frame rate
of 230Hz while abradable images have a rate of 210Hz.

With the images captured and separated into two separate videos, they are lined up with each other
and played alongside the front and side footage, as shown in Figure 4.10.

For these results the apparent temperatures of the blade and abradable have been extracted from
the ResearchlIR software package using the default emissivity of 0.92. This is sufficient to identify
hot spots, but the error in any calculated temperature is a function of material and camera
properties (113).

With these limitations the results from this rig can only be compared to other results made using
this rig as the errors will be consistent. At this stage this is sufficient to answer the question of how
wear mechanisms link to hot spots and provides a level of insight which has not previously been
possible. If work using these tools shows that accurate temperature readings would be beneficial
measurements of how the emissivity of the abradable varies throughout the test would be required.
This could be achieved by heating abradable samples which have been tested to varying incursion
depths to known temperatures. By recording these samples with the thermal camera, it will be
possible to extract information on how emissivity varies with temperature and incident angle for
each abradable material.
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Figure 4.10 - An example output of the in-situ measurement tools for a 0.2pum/pass, M601 test
from the A - Front camera. B - Side camera. C - Warped abradable thermal. D - Blade thermal

4.3.2.3 Temporal Alignment of Visible and Thermal Cameras

All cameras are triggered by the LabView code developed to control the spindle test rig, the footage
from the two visible cameras is collected by LabView, with the alignment of these videos confirmed
by observing events such as adhesions breaking off on both video feeds. The thermal camera is
triggered through LabView using the cameras AUX Connector (Pin 8), the video is then recorded
using the FLIR ReasearchIR software. This results in a delay between the thermal and visible
cameras.

To align the cameras a separate test has been completed to measure the delay between them. This
took the form of a protractor being rotated at a fixed angular velocity by a stepper motor with a
needle pointing radially inwards at the protractor markings (Figure 4.11).

The front camera and thermal camera were both triggered to record the protractor, with the
difference in angle recorded by both cameras used to measure the time delay (Figure 4.12).
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Figure 4.11 - Image of the delay measurement tool used to align the thermal and visible

cameras
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Figure 4.12 - Image of the set-up for the camera temporal alignment testing

As shown in Figure 4.13b, the black markings reflect more energy than the clear acrylic and therefore
appear hotter (brighter in colour) in the thermal camera output. This allows the numbers and
markings to be clearly seen.

| (A)JVié}ble iage (b) Thermal image
Figure 4.13 - Example images of the delay timer captured by (a) the optical camera and (b) the
thermal camera
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To reduce parallax error the lenses of the two cameras were positioned on a plane passing parallel

to the pin and normal to the protractor (Figure 4.14). The camera positions were fine-tuned until the
angles measured by both cameras were within 1°.

(a) Front View

(b) T6p View
Figure 4.14 - Images of the position of the optical and thermal cameras for the temporal
alignment testing from the front (a) and the top (b)

To convert the measured degree difference into time delay the rotation period of the compass was
measured. The period was measured 42 times using a laser tachometer (Figure 4.15). All
measurements were between 4.09 - 4.11s, with this period one degree is traversed in 0.0114s.

Tachometer =
o

(a) Test sét—up

6 Tachometer Output
Sal EEN | | ]
[:4]
o
=
227

0 | . . . .

0 10 20 30 40 50 60 70 80

Time (s)
(b) Tachometer output

Figure 4.15 - Images of the setup for rotational period measurements (a) and an example of
the collected results (b)
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The delay between the visible and thermal cameras is primarily a function of the frame rates of the
two cameras. For this investigation the frame rate of the visible camera was limited to 60Hz, and the
thermal camera was set to 220Hz. These frame rates were selected to mimic those for a200ms™test
with both blade and abradable thermal capture. A total of 35 datapoints were collected.

These results fell within a normal distribution with an average delay of 0.252s between the two
cameras, with the visible camera triggering before the thermal, and a standard deviation of 0.036s.

Thermal and visible footage can therefore be aligned by adding a 0.252s delay to the thermal video,
at which point the alignment will be correct to within £0.1s with a confidence interval of 99.5%.

4.3.3 Design of the Stroboscopic Imaging System

The design of the hardware required for the in-situ measurement of blade profile is built upon the
lessons learned from the development of the High-Speed Rigimplementation by Rahimov et al. (79)
and the side camera setup by Fois et al. (77). The key issues faced in these setups were dust build
up on the LEDs, leading to nonuniform lighting, and noise in the electrical signals which interfered
with strobe timing and reliability.

To overcome the issues with signal noise all electrical interfaces and signal processing was placed
within EMI rated aluminium enclosures which were all grounded (Figure 4.16), all connections
between enclosures were done with shielded cables, connected with BNC connectors where
possible. The addition of these EMI mitigation features reduced the noise within the light gate
signals to levels which allowed for the thermal camera to be triggered by the same light gates which
trigger the strobes.

Due to the limited range of voltages accepted by the thermal camera as a sync source, additional
hardware was required. This hardware was included in the Light Gate Signal Conditioning enclosure
and took the form of a voltage regulator to ensure a steady 5V input voltage was provided to the
light gates, and a potential divider which was tuned to the light gates. This ensured that the high
sync signal to the thermal camera stayed within the 3-5V range set by FLIR.

For the strobes, LEDs from the Cree XLamp range were used, the same as those used by Fois et al.
(77). These LEDs are ideal for this application due to their consistent colour temperature, high
efficiency, and integrated solder pads for ease of use. They do, however, have a rough protective
layer over the diodes. This layer quickly becomes dusty during a test, reducing the amount of light
which reaches the camera, it is also difficult to clean without damaging the LED.
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Connector Junction Box

2

Light Gate Signal
Conditioning

Figure 4.16 - Image of the Low-Speed rig modifications to allow for in-situ blade front

monitoring.
To overcome this issue the LED array has been enclosed by a dust proof enclosure which includes a
frosted acrylic diffuser screen (Figure 4.17). This arrangement allows for easy cleaning of the diffuser

screen, while preventing any dust from reaching the LEDs. The aluminium enclosure and BNC
connection also aid in reducing the electromagnetic interference due to the high frequency pulsing.

BNC
Connector
LED Array

Rubber O-Ring

Frosted Acrylic Diffuser

Figure 4.17 - Exploded view of the design for the LED strobe assembly
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4.3.4 Test Matrix for the Application of In-situ Temperature and Blade
Profile Measurements

To validate the new tools described in this chapter a set of rub tests have been completed. These
tests have been completed using AlSi - Polyester Abradable (Metco 601) samples with a hardness
range of 65.8 - 68.6 R15Y, the incursions have been completed with Titanium blades (An example of
a blade and abradable sample is shown in Figure 3.27). These materials have been selected as the
results should align with research completed by Rahimov et al. (79).

Tests have been completed at incursion rates of 2, 0.2 and 0.02um/pass, with a minimum of six
repeats of each condition (Table 4.1)52. The tests were all run with a blade speed of 200ms™. These
tests should therefore make it possible to observe a range of behaviours, while repeats allow for the
evaluation of repeatability of the tools.

Table 4.1 - Test matrix for tests to determine the impact of bulk temperature on wear
mechanisms for M601

Hardness Inc:arts;on Tip Speed Incursion Blade Number of
HR15 m/s Depth (um Material Repeats
(HR15y) (um/pass] (mjs) pth (um) p
0.02 11
65.8 - 68.6 0.20 200 1500 Ti-6Al-4V 6
2.00 9

4.4 Results

AllM601 tests exhibited the behaviours expected from previous research by Rahimov et al. (79), with
atransition from mostly thermal blade wear at 0.02um/pass to mostly adhesion at 2um/pass (Figure
4.18).

0.02pm/pass 0.20pm/pass

2.00pum/pass

Figure 4.18 - Images showing examples of the cutting variability of 65.8HR15y M601 seen
during tests at varying incursion rates
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The transition from thermal blade wear to adhesion is echoed in the recorded thermal camera data,
with a reduction in the maximum blade and abradable temperatures as incursion rates increase
(Figure 4.19).

With the repeats at each condition producing similar levels of wear, it would be expected that at
each test condition the temperatures measured would be similar. The maximum range in
temperatures between repeats was +13%, highlighting the repeatability of these tools.
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Figure 4.19 - Maximum blade and abradable temperatures measured during 65.8HR15y M601
tests.

The data from each test has been analysed through the use of rub maps, using the approach
developed by Rahimov et al. (79). Each rub map presents how one of the measured attributes varies
with rub length, where rub length is the cumulative distance that the blade has rubbed along the
abradable surface during a test.

Figure 4.20 shows the rub maps for a 0.2um/pass rub. Figure 4.20a and d show the blade height from
the front and side respectively. Figure 4.20b and c¢ show the blade and abradable thermal
respectively. These conditions produced the largest quantity of blade adhesion/ fracture events,
with minimal blade melting. As adhesions form on the blade, hot spots can be observed on the blade
and the abradable, the time and location of these hotspots align with the adhesions positionally
and temporally. This can be seen clearly with the set of three adhesion events which have been
highlighted in Figure 4.20. It is notable that the side camera showed the adhesions forming at the
trailing edge of the blade, with this true at all tested incursion rates.

The force and adhesion behaviours measured during this study replicate the results produced by
Watson et al. (74) and Rahimov et al. (79), the new outputs presented here are the thermal
behaviours. At different incursion rates the thermal behaviour of the abradable varies significantly.
At 2um/pass the maximum apparent temperatures observed were the lowest of all test conditions,
these temperatures were however distributed more uniformly across the full width of the rub
(Figure 4.21a). Unlike at 0.2um/pass the blade temperatures did not follow the abradable hotspots,
the blade temperature instead stayed predominately below measurable levels (Figure 4.21b).
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Results

At 0.02pum/pass the highest apparent temperatures were recorded, these temperatures were seen
to form across the full rub width for both the blade and the abradable (Figure 4.21c/d). Unique to
this test condition was the cyclic thermal loading which occurred for the full duration of the rub.

The cycling temperatures aligned with the measured force data. Both normal and tangential forces
show cyclic behaviour which aligns with the temperature pulses (Figure 4.22). With each pulse of
temperature, adhesion and melting events were observed forming across the entire width of the
blade. The adhesions form in small chunks and were short lived, quickly breaking away from the

blade.
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Figure 4.22 - Force response and in-situ output for 0.02um/pass test on 65.8HR15y M601
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4.5 Discussion

The tools introduced in this chapter are intended to provide a deeper insight into how thermal and
visible behaviours relate to one another, the power of these tools is exemplified by the 0.2um/pass
test results.

The aligned video shown in Figure 4.22 is an effective tool for visualising wear behaviour, making it
clear to see when a blade is melting or when adhesions are forming. The created rub maps (Figure
4.20) abstract the problem and allow for easier extraction of time dependant patterns such as
adhesions repeating at a single point.

To extract further information from these plots individual events can be identified and examined.
For this test the event of an adhesion growing and breaking off has been selected (Figure 4.23).
Focusing on this event in Figure 4.24 there is a clear event occurring both visibly and thermally, it
canalso be seenthat notall events occur simultaneously. However, from this view the delays cannot
be immediately resolved.
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Figure 4.23 - Isolated adhesion event highlighted for a 0.2um/pass test on 65.8HR15y M601

Rub Length (m)

Figure 4.24 - Zoomed view of the adhesion event highlighted in Figure 4.23 showing the A -
Abradable hotspot. B - Adhesion formation. C - Blade hotspot

81



Discussion

However, by plotting the adhesion height, abradable and blade temperatures at a single position
on the blade (Figure 4.25) on a single plot direct comparison of the different properties can be
undertaken. From Figure 4.26 it can be seen that while blade temperature lags adhesion formation,
abradable temperature consistently leads the adhesions. The adhesions also increase in size as the
rub progresses. These results align with work completed by Rahimov et al. which showed how
adhesions appear more likely to form in a position where an adhesion previously broke away from
(79).

With these tools being applied in tests of different materials at a range of incursion rates it may be
possible to relate different wear mechanisms to different time phasing and magnitudes of the
thermal and wear properties, this insight will help when trying to determine the root cause of the
wear mechanics and will become a focus in the following chapters.
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Figure 4.25 - A rub map for the blade profile for a 0.2um/pass test on 65.8HR15y M601 with a
line of extracted points highlighted
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The increased visibility that these tools can provide during a rub will be useful when trying to devise
novel theories on wear mechanisms, or when trying to understand the shortcomings of existing
theories. For example, the models created by Watson et al. (74) struggled to predict the
temperatures generated during a rub of Titanium blades on M601, where this was suggested to be
due to nonlinearities within the system. With these new tools it is now possible to observe the
nonlinear behaviour which may occur, such as the cycling temperature behaviour identified in this
study.

4.6 Conclusion

Research into the cutting behaviour of abradables has made significant jumps as new testing
techniques and measurement tools have allowed for more information to be gathered. From initial
rub tests which looked at how a blade changed before and after a rub, to more recent developments
inin-situ measurements which have provided an insight into how wear mechanisms develop during
the rub. The novel in-situ tools described in this chapter aim to take this further by allowing for the
simultaneous recording of visible, thermal and force data during a test.

The addition of the blade side and front cameras have been shown in previous research to provide
vital information when looking to characterise wear mechanics and when looking at how these
develop during a rub (76)(79). By adding the thermal camera, alongside the front and side cameras,
it is now possible to see how the temperature of the blade and abradable relates to adhesion
growth.

Initial testing with these new tools has highlighted their ability to not only align hot spots with
adhesions, but to also to observe how temperatures and adhesions develop over time. Results of
tests with Metco 601 at 0.2um/pass have shown clear, and repeatable, time phasing between the
wear mechanics and hotspots on the blade and abradable.

These initial results are of a limited run of tests and are therefore insufficient to draw any
conclusions on the general relationships between adhesions and temperatures. However, these
results do show how these tools could be applied to multiple different abradables at different test
conditions allowing for temperature-adhesion relationships to be extracted.

These tools can also be applied to provide evidence for existing theories, and to improve on
limitations identified in previous work.
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5 The Role of Thermal Properties in M601 Wear

5.1 Introduction

Metco 601 is an AlSi-Polyester abradable coating designed to be safe to use with Titanium Blades
(89) but, in reality, the rub conditions can lead to significant variability in the abradable cutting
performance.

The wear performance of M601 between 0.2 and 2um/pass is predictable and follows Archard’s wear
relationship (97). This is beneficial for engine manufacturers as the initial run-in of the engine is
completed in controlled conditions, allowing for some control over the incursion rates which will be
witnessed by the abradable liner. However, during operation, tip - liner contacts mostly occur due
to external factors such as turbulence. These conditions are more likely to produce incursion rates
which are in the order of 0.02um/pass. Testing has shown that at these incursion rates significant
amounts of blade damage and abradable scoring occurs (23,74). Within the engine the increased tip
clearance, and scored abradable profile, leads to efficiency loses as turbulent air can flow around
the blades. The uncertainty around the wear behaviour of AlSi-Polyester at lower incursion rates is
therefore a significant issue for engine manufacturers and hence has been a key area of focus for
abradable research.

At low incursion rates Watson et al. observed a periodic behaviour in the abradable temperature
during 0.02um/pass testing, a behaviour unique to the low incursion rate tests (74), highlighting a
potential relationship between temperature and the wear mechanisms. A further link between
temperature and adhesive wear was subsequently observed in Chapter 4, with adhesion events on
the blade aligning with hotspots on the abradable. However, this study did not provide a sufficient
range of data to determine the nature of the relationship.

Building on these studies, this chapter looked to apply the in-situ measurement techniques
developedin Chapter 4 to relate measured adhesion volumes with forces and rub lengths for a range
of different test conditions to identify any deviations from Archard’s relationship. The in-situ
thermal measurement techniques will then be applied to develop an understanding of why these
deviations occur.

5.2 Method

The data for this chapter is a combination of data collected on the Low-Speed spindle test rig,
applying the in-situ tools developed in Chapter 4, and data collected by Rahimov on the High-
Speed Spindle test rig which also included a front facing camera (82).

The data collected by Rahimov on the High-Speed Rig (Section 3.1.2) has been reprocessed with
the tools developed in this study and included to maximise the data set. Additionally, with this rig
being able to reach blade tip speeds of 280ms™(79), this data allows for the largest range of test
conditions when looking for patterns in wear behaviour. However, this rig does not include any
thermal measurement tools. To analyse the thermal behaviour, tests using in-situ thermal
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measurement techniques on the Low-Speed Rig (Section 3.1.1) have been completed. Both rigs
test the same grade 5 titanium blades and abradable samples but the Low-Speed rig makes use of
a smaller disk and less powerful motor, limiting blade tip speeds to 200ms™ (73).

Although these rigs make use of different sized disks both have been able to produce similar, engine
representative, wear results, with Rahimov comparing test results between the two rigs to show
that at any given test condition a similar output is obtained from each (82).

Both rigs can measure the forces acting on the abradable during the rub using Kistler tri-axial
piezoelectric force transducers fitted below the abradable sample. Both rigs are also fitted with a
camera aimed at the leading edge of the blade. Both camera systems use stroboscopic imaging
techniques as described in Chapter 4, with the captured blade images being aligned temporally with
the normal and tangential forces. From the images of the leading edge the profile of the blade can
be extracted, mapping how the blade profile changes for the duration of the test. Although it is not
possible with this test setup to measure the profile of the abradable during the rub, Rahimov et al.
(79) has shown that the profile of the abradable is the inverse of the highest points on the blade
during the test. Measurement of just the blade alone is therefore sufficient to get a good view of the
wear mechanisms occurring during the blade/abradable contact.

As this work is looking to relate back to the relationships put forward by Archard (97) the key
characteristics which must be extracted are the volume of adhesive wear which occurs during the
rub, the rub length during which adhesions formed, and the normal force during that process. As
adhesions form and break off for the duration of the rub this cannot be measured post-test, instead
is calculated from the in-situ blade profile measurements.

5.2.1 Calculating Blade Wear Volume

To calculate adhesion volume, in-situ images of the front of the blade are used. For each image the
blade edge is detected, and the total area enclosed by that edge is measured and multiplied by the
blade depth to calculate volume, the volume of the previous frame is then removed. This gives the
change in volume of the blade between each image.

-

Figure 5.1 - An example image from the High-Speed rig front camera showing uneven
illumination of blade.

This wear volume is over a blade with a width of 20mm, which is the standard size used within both
test rigs. However, as can be seen in Figure 5.1, lighting gradients for some tests produced dark
regions in the centre of the blade, reducing edge detection accuracy. To overcome this, tests with
uneven backgrounds had 3mm from the centre of the blade excluded from the analysis. To ensure
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that the wear volumes for all tests are directly comparable, volumes for tests with the centres

cropped have been multiplied by the width ratio of a full blade to a cropped blade. This means that
all wear volumes used in this work here are mm3 over a 20mm width.

To validate the accuracy and reliability of the blade profiles extracted from the stroboscopicimages,
the final blade profile extracted was compared with a profile map of the post-test blade captured
with a Bruker Alicona InfinteFocusSL. An example of the results of this are shown in Figure 5.2, with
Figure 5.2b showing the detected edge aligning with the profile from the Alicona. This process was

repeated for each test batch to ensure that no errors were introduced into the stroboscopic system
during setup.
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Figure 5.2 - Blade profile measurements from a test at 200m/s on a 77.5HR15y sample A - The
stroboscopic image of the blade. B - Comparison of edge detection to Alicona profile

measurements.

5.2.2 Calculating Rub Length

The rub length through the duration of the test does not vary linearly, this is due to the blade cutting
acurved pathinto a flat abradable sample. To calculate the rub length which has occurred between
two images the total rub length (L, m) at each image must be calculated from the current incursion
depth (i, m), incursion rate (r, m/pass) and the disk radius (R, m).

From the current incursion depth, the number of passes which have occurred (N) can be calculated
using N = i/r. Using this value Equation 5.1, derived by Rahimov et al. (79), can be used. The rub
length perimage is therefore the difference in total rub length calculated between two frames.

N
b= ) areost (S5
= CoS
R
n=1

Equation 5.1 - Calculation of total rub length.
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5.2.3 Sampling of Measured Normal Force Data

The capture rate from the load cell mounted beneath the abradable sample (100kHz) is much higher
than the frame rate of the camera (30Hz). To extract the normal force which was present for each
image the mean force is calculated between the current and previous frame.

When the wear volumes, rub lengths, and forces have been extracted for each image the frames
which include adhesive wear can be isolated by removing any frames with a wear volume change <
0 mmS3. The rub lengths and adhesion volumes can then be summed to give a total volume of
adhesion and total rub length, similarly the force values can then be averaged to calculate the
average normal force while adhesions were forming.

By running tests with AlSi-Polyester samples of varying hardness, at varying speeds and incursion
rates, it is known from previous work by Borel et al. (23) and Watson et al. (74) that the volume of
adhesions which will form on the blade will vary. With the additional information extracted from the
in-situ measurement techniques, the volume of adhesion can be measured and related back to the
relationship proposed by Archard (97). An overview of the tests completed for this study are detailed
in Table 5.1. This table breaks down the completed tests into a matrix showing, for every
combination of incursion rate and hardness, how many tests were completed at each tip speed (for
example ‘1x280’ =1 test at 280ms™). Tests performed on the Low-Speed rig with the addition of the
thermal camera as part of this study are also noted.

Table 5.1 - Test matrix for tests used to evaluate relationships between adhesion rates, normal

force and hardness

Hardness (HR15y)
Low Medium High
(53.5 - 55.0) (60.5 - 68.6) (70.0 - 77.5)
1x100 1x100 1x100
0.02 1x200 1x200 1x200
‘ 1x280 1x280 1x280
g 1x200* 1x200*
o 1x100 1x100 1x100
E 020 1x200 1x200 1x200
P ' 1x280 1x280 1x280
& 1x200*
S 1x100* 1x100* 1x100*
£ 1.00 1 x 200* 1x200* 1 x200*
= 1x 100 1x 100 1x 100
500 1x200 1x200 1x200
1x280 1x280 1x280
1x200*

* Data collected on the Low-Speed Rig

It is expected from work by Watson et al. (22) that the data collected at 0.02um/pass will follow a
different pattern to the data collected at higher incursion rates. To investigate the wear in more
detail the tests completed on the Low-Speed rig as part of this study will be processed further using
the in-situ thermal analysis techniques developed in Chapter 4 at a range of incursion rates.
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Using these tools, it is possible to look at individual points on the abradable and to observe how the
temperature varies during the test. It is also possible to identify individual adhesion events on the
blade and extract the temperature of the abradable and the blade at this location.

By applying these tools to tests completed at a range of different incursion rates it will be possible
to observe how the blade and abradable temperatures differ at different test conditions.

5.3 Results

Theinitial rub maps produced by testing samples of AlSi-Polyester of the same hardness and speed
but with different incursion rates align well with the results presented by Borel et al. (23). For
example, at a blade tip speed of 100m/s and an abradable hardness of 69HR15y, Figure 5.3 shows
high levels of adhesion at 2um/pass with the volume of adhesions reducing at lower incursion rates.
At 0.02um/pass there is a significant amount of blade damage.
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Figure 5.3 - Rub maps at different incursion rates for abradables of hardness 69HR15y at a tip
speed of 100m/s

Using the in-situ data analysis methods described above, each test has been analysed, and the
results have been plotted in Figure 5.4. The results have been plotted in a manner which relates to
Archard’s relationship (Equation 5.2). This relationship states that the ratio of adhesion volume (A)
to rub length (l) should be proportional to the ratio of normal force (F) to hardness (H).

A F
_m_
l H

Equation 5.2 - Archard’s Relationship
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Figure 5.4 - Adhesion Rates against Force/Hardness. The data collected on the Low-Speed Rig
is highlighted in red

Between 0.2 and 2pum/pass a line of best fit can be plotted with a Pearson correlation coefficient of
0.80, showing that there is a strong relationship between adhesion rate and the force to hardness
ratio, aligning with Archard’s relationship. This plot also shows how the spread of data increases
with increasing incursion rate, which is due to the reduced test time at higher incursion rates
limiting how much data can be collected. However, even with the increased spread at the higher
incursion rates the mean value for each incursion rate sits on the line.

If this relationship were to hold at 0.02um/pass the mean value of the 0.02um/pass data would also
siton the line. To test this a single sample T-Test has can be completed with the null hypothesis that
the mean of the residuals from the 0.02um/pass data about the linear relationship is zero. With a
sample mean of -0.140, a sample standard deviation of 0.031, and 10 degrees of freedom it is
possible to reject this null hypothesis at a confidence level of 99%. This shows that there is a
statistically significant difference between the mean at 0.02um/pass and the linear relationship.

While Figure 5.4 shows the deviation from the linear relationship at a global level, these differences
can also be seen when directly comparing data from individual tests. For example, Figure 5.5 shows
how adhesion formation varies between three 0.02um/pass tests at 100m/s with varying
hardnesses. The ratio of average normal force to hardness for each of these tests remained
consistent at 2.07+0.16 N/HR15y, and therefore from Archard’s relationship the adhesion rates are
also expected to remain consistent. However, it can be seen that as the hardness reduces adhesion
formation becomes more favourable.
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Figure 5.5 - Rub Maps for 0.02um/pass tests with decreasing hardness at a tip speed of 100m/s

These results show that, although existing relationships are able to make reliable predictions for
the volume of adhesions expected at high incursion rates, at low incursion rates there are additional
factors at play which influence adhesion formation with AlSi-Polyester.

To determine what these factors could be, differences between the different incursion rate tests can
be investigated from the in-situ data collected.

A significant difference between the different incursion rates is the duration of the tests, and the
rate at which the normal load increases. The time duration for each test is proportional to the
incursion rate. For 2 and 0.2um/pass a 2000um incursion at 200m/s lasts for 3s and 30s respectively
whereas a 0.02pum/pass incursion will last for 300s (5 minutes). With the increased test length, while
the peak and average forces experienced at 0.2 and 0.02um/pass may be similar, the rate of increase
in force is lower at the lower incursion rate. An example of this is shown in Figure 5.6, which shows
the first 3.5 seconds of 200m/s tests of abradable samples with a hardness of 77.5HR15y at varying
incursion rates.

Further differences are visible in the thermal camera footage showing how the abradable surface
heats up. For example, Figure 5.7 shows snapshots of the blade front and the abradable
temperature for two 200m/s tests on 77.5HR15y samples. Each snapshot is selected at a time when
there are hot spots visible on the abradable surface. Figure 5.7a, b shows how at 0.2um/pass
hotspots occur at isolated regions on the abradable at positions which align with adhesion
formations on the blade. At 0.02pum/pass Figure 5.7¢, d shows how the blade heats up more
uniformly with adhesions being distributed evenly along the blade edge.
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Figure 5.6 - Force application rate at varying incursion rates for samples of hardness
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1

Figure 5.7 - Snapshots showing hotspots from tests at 200m/s of 77.5HR15y samples. A - The
blade front at 0.2um/pass. B - The abradable temperature at 0.2um/pass. € - The blade front at
0.02um/pass. D - The abradable temperature at 0.02um/pass.
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Figure 5.8 - Blade and abradable temperatures alongside blade height at a single point on the

blade for a 0.02um/pass test at 200m/s, 65.8HR15y

This more even wear distribution leads to periodic drops in contact area as large-scale fracture
events occur. This explains the cyclic force behaviour observed by Watson et al. (74). The cyclic
behaviour is also observed in the blade and abradable temperatures, an example of this is shown in
Figure 5.8 for a 200m/s rub at 65.8HR15y. This figure shows the blade temperature, abradable
temperature and blade height at a single location on the blade for a 0.02um/pass test. From this
plot the temperature peaks can be seen to align with wear events, but what can also be observed is
the transition from adhesion formation and fracture events early in the rub, to blade wear as the rub
progresses.

A piece of work which helps to draw these observations together was completed by Watson et al.
(22) which showed how reducing the hardness of AlSi-Polyester also led to a reduction in its thermal
conductivity, highlighting a potential link between adhesion rate and thermal management within
the abradable.

Considering first the overall difference in heating seen between high and low incursion rates, it is
notable that at different incursion rates there is also a difference in the thermal input into the
abradable during the rub. Larger incursions lead to larger flash temperatures (114), and the more
gradual increase in normal force at 0.02um/pass leads to a gentler increase in the rate of frictional
heating (115). The combination of differing thermal input and the ability of the abradable to manage
that heat can explain the differences observed with the thermal camera.

At higher incursion rates with high rates of frictional heating the irregularity of the thermal
properties within a single abradable (as shown by Watson et al. (22)) lead to local hotspots, and
localised wear events. At 0.02um/pass the heat flow rate is lower allowing the heat to flow
throughout the surface, this makes the heating less dependent on irregularities within the
abradable and allows for an increase in the abradable bulk temperature. At these test conditions
the further differences between the wear behaviours observed at different abradable hardnesses
highlight the abradables ability to manage this heat as a potential factor determining its wear
performance.
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Moving to the transition from adhesion to blade wear seen at lower incursion rates, if the
temperature of the abradable is a significant factor in the formation of adhesions, with higher
temperatures being more favourable to adhesion formation, a reduction in surface temperature
would be expected as the rub progresses in order to explain the transition from adhesion formation
to blade wear shown in Figure 5.8. To better understand how the abradable manages heat, and how
that varies throughout a rub, a thermal model can be used.

5.4 Thermal Model of Heat Flow Through an Abradable

To go beyond the surface and investigate the heat flowing through the abradable a simplified
thermal model was created using the PDE Toolkit within MATLAB (116). This model took the form of
a 2D cross section of the abradable with a circular arc removed with a radius equal to the disk of the
low-speed spindle test rig used in this study. This was created within the PDE Toolkit using the
geometryFromEdges function. Thermal properties of the abradable were set to those measured by
Watson et al. (22) and assumed isotropic. This model is able to run steady state and transient
analysis using the createpde("thermal”,"steadystate”) and createpde("thermal”,"transient")
functions respectively. This allows for visibility of how heat flows through the abradable to the
backplate (Figure 5.9).

Figure 5.9 - An example output of the abradable thermal model

A transient analysis with this model highlights the importance of test duration to thermal
management within the abradable. Figure 5.10 shows how the temperature at the abradable
surface compares to the temperature at the backing plate of the sample. The analysis was
completed for a 3mm thick sample with an incursion depth of 500um, applying a constant heat flux
of 1W to the rub surface. Due to the poor thermal diffusivity of AlSi-Polyester (2670m?/s for 55HR15Y
(22)) the time required to reach a steady state thermal condition across the abradable is large
compared with the durations of the 2 and 0.2um/pass tests. These results align well with the
observations that show during the longer duration tests thermal energy was able to spread across
the surface, while for the shorter tests hotspots were more localised as there was insufficient time
for the heat to spread before wear occurred.
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Figure 5.10 - Transient analysis of temperature distribution across abradable for a 1W thermal

load at a 500um incursion

However, these results also point to a difference in the effectiveness of thermal conductivity as a
mechanism for thermal energy removal from the abradable via the back plate. At 0.02um/pass the
temperature distribution across the abradable will be near steady state and therefore heat flux
through the abradable will be at its maximum. For 0.2 and 2um/pass tests the temperature across
the abradable will be transient and therefore there will be a lower heat flux through the backplate
while more energy is being stored within the abradable.

For a test with a 200m/s blade speed, a 2um/pass test will produce a 0.66mm incursion in 1 second
and a 0.2um/pass test would produce a 0.066mm incursion. The abradable material removed will
either adhere to the blade or will come away as chips, taking with it any thermal energy stored
within it. Figure 5.11 shows the simulated heat distribution through the abradable after 1s of
applying a thermal load of 50°C to the rub surface with a 25°C starting temperature. The vertical
lines in this plot show how much material is removed in that same time period at each incursion
rate. At 2um/pass it can be seen that a significant amount of high temperature material is removed,
removing energy from the system, and revealing a layer of lower temperature abradable.
Conversely, at 0.2um/pass some high temperature material is removed, but the effect is not as
significant as volumes are more reserved. At 0.02um/pass only 0.0066mm of material is removed
per second, and at these rates the material revealed after the removal is of similar temperature to
the previous layer, and therefore thermal energy removed through material removal is far less
effective at these lower incursion rates.
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Figure 5.11 - Temperature distribution through abradable 1s after a 50°C thermal load is

applied

This analysis suggests that the primary mechanisms for removing thermal energy differ between
high and low incursion rate tests. At incursion rates higher than 0.2pm/pass the energy removal
through conduction is limited as the temperature distribution within the abradable is still transient.
However, there is a high rate of material removal from the abradable, taking heat away through
chips. At 0.02um/pass the rate of material removal is far lower and therefore less energy is removed
from the system through this mechanism. Instead, the large timescales for this test lead to a near
steady state temperature distribution through the abradable and therefore maximise conductive
heat transfer out of the backplate.

If conduction through the abradable is a leading mechanism for thermal energy removal during a
0.02um/pass test, it would be expected that the temperature of the abradable surface would reduce
as the test continues. This is because, as shown in Figure 5.12, the thickness of the abradable
reduces as the test progresses and the length of the rub track also increases. The increase in surface
area and reductionin thickness will lead to a reduction in thermal resistance through the abradable.
In Figure 5.12, r is the radius of the circular path taken by the test blade, d is the incursion depth,
and t is the initial thickness of the abradable sample.

lim
Figure 5.12 - Simplified abradable geometry used to generate the analytical solution for

thermal resistance
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The change in thermal resistance as the test progresses can be extracted from the thermal model
using a quasi-steady analysis with 1W of heat flux being applied to the rub surface. The temperature
difference between the rub surface and the backplate is the thermal resistance of the abradable. To
validate the model an analytical solution can be derived from the simplified geometry shown in
Figure 5.12. This geometry can be broken up into a series of vertical rectangles of width dx and
height equal to the thickness of the abradable at that location. By treating these rectangles as a
series of parallel thermal resistors, each with a thermal conductivity of k and a depth IW, it is possible
tointegrate along the rub length to find the total resistance of the abradable. The integral to do this

is shown in Equation 5.3, with limits (lim) being calculated as the width of the abradable under the
rub track.

lim 1
1R=ka dx
/ —timr—d+t—Vr2—x2

lim= +,/d(2r —d)

Equation 5.3 - Analytical solution for thermal resistance

The results of the simulation and analytical solution are shown in Figure 5.13. Both solutions predict
similar thermal resistances through the abradable, with the rate of change in resistance reducing as
the test goes on. This is expected as the rate of increase in rub length is not linear.

Finally, it should be noted that the analytical solution predicts a larger resistance than the model,
this is because the simplified geometry only includes the material directly below the rub whereas
the computational model includes the entire abradable at all rub depths. That said, this simplified

model is more than sufficient to validate the numerical model and establish the relationship
required for this work.
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Figure 5.13 - Predicted thermal resistance of the abradable at varying incursion depths
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5.5 Discussion

The experimental results can be combined with those from the thermal model to further
understand the wear mechanisms present.

Taking the temperature at a point on the abradable from the 0.02um/pass test shown in Figure 5.8
and extracting only the peak values of the blade and abradable temperature the trend in
temperature with rub depth can be seen (Figure 5.14). While the blade temperature remains fairly
constant throughout the rub, the abradable temperature reduces as the rub progresses, with a
pattern which mimics that predicted in the analysis in Figure 5.13.

These results align with the theory that at the lower incursion rates conduction is a leading
mechanism for thermal energy removal, and as the rub progresses the abradable becomes better
at conducting heat to the backplate, reducing the surface temperature.
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Figure 5.14 - Peak blade and abradable temperatures from the data shown in Figure 5.8
alongside blade height

Evidence in support of this conclusion can also be found by comparing individual heating cycles
from the beginning of a rub and from the end of the rub. Figure 5.15a shows an enlarged view of
three heating cycles taken early in the rub, during a period where adhesions were forming readily
onthe blade. Looking at the time phasing of the blade and the abradable heating it can be seen that
both bodies heat up at similar rates and times, and also that the adhesion formation on the blade
aligns with the peaks in the abradable temperature.

Figure 5.15b shows the same data but taken towards the end of the rub. For these thermal cycles
the rate of heating of the blade remains similar to what was observed early in the test. However, the
rate of heating of the abradable is noticeably less. At this stage in the test there are fewer adhesions
forming and instead the blade is wearing, with the wear events aligning with the peaks in blade
temperature.
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As the peaks in blade temperature do not show a significant reduction during the rub, but thereis a
clear transition from adhesions to blade wear, these results also show how the adhesions act as a
sacrificial layer during the early stages of the test. This is evident in Figure 5.15a where the blade
length is seen to increase at abradable hotspots before subsequently reducing again at blade
hotspots. As the test continues the abradable temperature does not increase as rapidly and the
blade wears before adhesions are able to form.
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Figure 5.15 - Plots from a 0.02um/pass test showing the abradable and blade temperatures
alongside blade height from three cycles extracting from A - early in the rub B - late in the rub

With the application of these results an explanation can now be put forward to answer why the wear
behaviour of AlSi-Polyester at 0.02um/pass differs from that of higher incursion rates, and why the
force response exhibits a unique cyclic profile.

At high incursion rates local hotspots due to the high frictional heating produce sporadic adhesion
events. At the lower incursion rates the lower force application rate produces a smaller heat flux
over a larger time period, allowing the heat to dissipate more uniformly across the surface. The
more uniform surface temperature leads to an even distribution of wear events over the surface,
and hence periodic large-scale adhesion and fracture events are established which lead to a
significant reduction in contact area, and hence load. These periods of reduced loading also allow
for the abradable to cool. This cooling, along with the improved thermal conductivity through the
abradable, allows for lower bulk temperatures and hence leads to a shift from a primarily adhesive
wear mechanism to one of blade wear. This agrees with work by Gaard et al. (98,99) which show that
adhesive wear is more prevalent at increased bulk temperatures. These theories are further
supported by a transition from adhesion formation to blade wear which aligns with a reduction in
abradable surface temperature.

These additional insights into how the bulk temperature of the abradable can impact the adhesion
rates of AlSi-Polyester provide an additional tool to engine manufactures when trying to produce
more predictable operational wear conditions. However, they also highlight a significant difference
between the tests completed here and the real-world applications.

In operation AlSi-Polyester will typically be found in the low-pressure compressor of the engine.
Although this is one of the cooler parts of the engine, temperatures can be in the region of 300°C.
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The impact on the abradable is elevated further by the fact that the casing can also be at similar
temperatures. With the high temperature of the abradable and casing the abradable will not be able
to dissipate heat from the rub as readily, in fact the abradable will be held at temperatures which
have been observed during adhesion formations in testing. This could make AlSi-Polyester applied
to a real engine far more susceptible to adhesive wear than when testing in an unheated test rig.
This deviation from a real-world application could be compensated for through the use of heating
plates fitted under the abradable. By applying heat to the abradable backing, it will be possible to
better control the heat flux through the abradable during a test. With this additional control it would
be possible to extract a more detailed relationship between temperature, force and adhesion rates,
providing engine designers with tools which will allow them to better predict the wear behaviour of
AlSi-Polyester within an engine.

5.6 Conclusion

At incursion rates higher than 0.2um/pass the wear performance of Metco 601 follows Archard’s
relationship (97). At 0.02um/pass wear mechanisms are harder to predict with fewer adhesions and
more blade wear being observed, even though forces measured are comparable with those
measured at 0.2um/pass.

This work makes use of in-situ measurement techniques to measure the adhesions during rubs of
differing test conditions to show that there is a statistically significant difference in wear behaviour
at lower incursion rates. The use of in-situ thermal measurement combined with thermal analysis
tools can then explain these differences by showing how the thermal energy added to the abradable
at lower incursion rates can be conducted more effectively through the abradable.

Further work could be done to address limitations between testing completed here and real
operation by investigating the impact of the elevated starting temperatures and backplate
temperatures found in an engine.
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6 Varying M601 Wear Mechanisms Through the
Control of Bulk Temperature

6.1 Introduction

The wear mechanisms which occur during a tip rub between a Titanium blade and a M601 abradable
liner have been shown to vary significantly with incursion rate and with abradable hardness (23). At
incursion rates above 0.2um/pass the wear behaviour is well understood and follows the well-
established wear law put forward by Archard (97). At rates below this, as discussed in Chapter 5,
these laws are no longer followed. Instead, the way that the abradable is able to manage the thermal
energy during a rub can have a significant impact on what wear mechanisms are observed.

When thermal energy is removed from the abradable through effective conduction out of the
backplate, the surface of the abradable will heat at a rate lower than that of the blade, this results
in the blade wearing before adhesions begin to form. However, if the abradable cannot dissipate
the energy its surface increases in temperature, leading to conditions more favourable to adhesion
formation (98,99). As adhesions form on the tip of the blade they can act as a sacrificial layer,
protecting the blade from wear.

Although these mechanisms have been observed during the tests completed in Chapter 5, they have
only been seen as a result of heat being generated by the rub itself. This differs to coatings within a
gas turbine which can operate in ambient, and backplate temperatures as high as 325°C (89).

This chapter aims to develop the understanding of the impact of bulk temperature on M601 wear
by testing M601 samples of varying hardnesses at a range of bulk temperatures. This will provide
further understanding of how the varying material properties and change in thermal energy
management within the sample impact the wear mechanisms seen during a rub.

6.2 Method

Testing for this chapter has been completed on the Low-Speed Spindle Test rig (LSR) described in
Section 3.1.1. Working with the LSR allows for large amounts of in-situ data to be collected using
the methods developed in Chapter 4.

6.2.1 Controlling Bulk Temperature during a Test

To allow for the control of abradable bulk temperature a heater block was produced which can be
installed on top of the LSR load cell, this heater was described in section 3.1.7 and has been utilized
to collect the data in this chapter.

To ensure the results for each test are comparable, each test was started when the surface of the
abradable reached a set temperature. This temperature was set at the point where the surface
temperature of the abradable was increasing at a rate of less than 1°C/minute for a soft (52HR15y)
sample. The soft samples were chosen to set the start temperature as they have the lowest thermal
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conductivity and therefore will take longer to heat than the harder samples (22). The starting
temperatures determined for each backplate temperature are shown in Table 6.1.

Table 6.1 - Surface temperature of sample before starting test using the abradable heater

block
Backplate Temperature (°C) Surface Temperature (°C)
100 80
200 150
300 210

6.2.2 Extracting Rates of Adhesion and Blade Wear

By leveraging the data from the front camera to measure the adhesion and wear rates of the blade
during a rub in Section 5.2.1 it was possible to quantify how the wear mechanisms vary between
tests. The method developed for this worked by measuring the total area of the blade and
calculating the change in area between successive frames, if the area increased the frame was
considered adhesive. This area-based approach was able to detect global trends in the wear
mechanisms which occur during a test. However, during an actual test both adhesion formation and
wear occur simultaneously, this results in some events being missed by an area-based approach.
Although this method can provide a global view of adhesion and wear formation, as changes in this
study are expected to be smaller than those seen in Chapter 5, a higher resolution approach is
required.

For this work a pixel-based approach has been developed (Figure 6.1). This approach looks at the
difference between the height of the blade for each individual pixel of the image, grouping pixels
into adhesive and abrasive pixels. By applying this approach more data can be collected per test,
which will allow any differences in wear rates to be more distinct. As differences in the wear at
different temperatures measured by Martinet et al. (60) were subtle a higher resolution approach in
this study is favourable.
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Figure 6.1 - Visualization of Area vs pixel-based wear measurement
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Although the pixel-based approach can provide higher data resolution, it also introduces additional
errors which must be accounted for. These errors are produced by vibrations in the rig leading to
camera shake. As the camera shakes the blade appears to move within the camera frame, this
results in false adhesions being measured.

During a test, the blade position in the images varies horizontally, because of this when measuring
the blade height at a single point neighbouring pixels will move in and out of the measurement
point. This pixel motion is measured as adhesion formation and wear, as visualised in Figure 6.2.

Figure 6.2 - Visualization of horizontal shake induced error

To correct for the horizontal shake, the blade images are centred during the post processing of the
data. The stabilization is completed by isolating a region on each side of the blade, as shown in
Figure 6.3. For each side image an edge detection algorithm is run, based on the methods applied
by Rahimov et al. (79), these edge positions are used to centre the blade in the image.

Figure 6.3 - Stabilizing blade images through side profile detection
The impact of stabilizing the blade horizontally can be seen in the cumulative sum of the adhesions

which have formed during a test. An example of this is shown in Figure 6.4 which shows the
cumulative adhesion formation for a trial test with and without blade stabilization. The reduction
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in the gradient of the line demonstrates how stabilization removes the gain error introduced by the
horizontal shake.
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Figure 6.4 - Impact of blade stabilization on measured wear rates

During a test the vibrations are not only limited to horizontal motion, but also in the vertical
direction. Vertical vibrations can also introduce errors into the wear measurement as the blade tip
moves up and down, appearing to be adhesions forming and fracturing along the entire blade width
(Figure 6.5). To correct for this error, it is not possible to stabilize the image as there are no visible
datum points in the vertical axis, instead this error has been quantified so that it can be removed
from the final data.

L |

Figure 6.5 - Visualization of vertical shake induced error

To measure the error introduced by vertical oscillations data was collected during a 10s window
before the blade contacted the sample, while the disk was spinning at test speeds. The profile of the
blade was then extracted for each frame; an example of how the apparent blade height varies from
atrial testis shown in Figure 6.6. The variations seen were in the order of +15um (~1 pixel), resulting
in erroneous measurements of adhesion formation and wear.
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Figure 6.6 - Measured blade height variation before contact

To help visualize how the vertical oscillation is recorded as false adhesions and wear, Figure 6.7
show a simplified case where the blade is oscillating vertically following a 331Hz sinusoidal wave,
with a magnitude of 15um. When the blade appears to move above its correct position, to the
processing code it appears that the blade is growing - adhesions are forming, quantified by the blue
area. As the blade then moves down it appears to get smaller - the blade is wearing, quantified by
the orange area. In reality the blade has not changed size but just moved relative to the camera. The
resulting adhesions and wear are thus false and must be removed.

Blade high Blade low
Correct blade position Appears as adhesion Appears as blade wear

0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8
Time (ms)

Measured Blade Height
Change (um)

Figure 6.7 - Simplified representation of how vertical oscillation of the blade is recorded as
false adhesions or blade wear

Applying the pixel-based wear measurement techniques to the extracted frames allows for the error

in wear and adhesion rates to be quantified, the rates extracted for the trial test are shown in Figure
6.8.
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The image shake is caused by the vibrations within the rig during a test. These vibrations are
primarily due to an unbalance within the disk of the spindle test rig, and therefore are consistent
during, and between, tests. The total error introduced by vertical shake is directly proportional to
time and can therefore be subtracted from the extracted wear rates.
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Figure 6.8 - Wear measurement error due to vertical shake

The false wear was measured for the period before blade contact for each test completed in this
chapter and line of best fit through the data plotted against time was extracted, with the gradient
of this line being the false wear rate.

Partway through this test campaign the spindle test rig underwent maintenance, and a new disk
was installed and balanced. The balance on the new disk was superior to that of the original disk;
this reduced the amount of vibration seen during a test and therefore reduced the blade shake
observed by the camera. Although it is possible to compensate for the changes in the shake through
the measurement of the separate false wear rates, in this study only tests completed with the new
disk have been used for wear rate measurement. This has been done to ensure the data is
consistent. The average false wear value for all tests completed on the new disk has been calculated
with the results shown in Table 6.2.

Table 6.2 - Magnitude of false wear volume due to vertical shake

Average false wear | Spread of false wear Number of tests
(mméd/s) (mmd/s) sampled
0.1115 +0.0208/-0.0229 20

For each test the false wear rate can be removed from the data, an example of this from the trail test
can be seen in Figure 6.9. The result of this is a drop in the total measured adhesion volume, and
adhesion rates which fall close to zero during the period of zero force which occur due to the
periodic nature of M601 wear at low incursion rates.
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Figure 6.9 - Wear measurements corrected for vertical shake

A further benefit of the pixel-based analysis is the ability to separate wear of the blade from wear of
adhesions. To process the adhesion and blade wear the height of adhesions at each pixel is
recorded. Stepping through each frame, any increases in height are added to the adhesion height
and reductions are removed. If a reduction in height is calculated at a point on the blade where the
adhesion height is zero this is recorded as blade wear.

By separating the adhesions from the blade, it allows for easier visualization of how the wear
develops during a test (Figure 6.10) and allows the wear rate of the blade to be separated from the
wear rate of adhesions.
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Figure 6.10 - Separation of adhesion wear and blade wear extracted from a front camera
image
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6.2.3 Test Matrix to Determine the Impact of Bulk Temperature on Wear
Mechanisms

To maximise the output of tests completed in this study, the test conditions have been targeted to
maximise the impact of controlling bulk temperature. In Chapter 5 it was shown that the thermal
properties of the abradable had the greatest impact on wear performance at low incursion rates
(0.02um/pass), with wear at higher incursion rates (0.2 - 2um/pass) following Archard’s wear law.
Testing has therefore been completed at 0.02um/pass.

The hardness and temperature range has been selected to cover the full operating limits of the
material within an engine. Three hardnesses have been selected: 52, 60, and 73HR15y, representing
a Soft, Medium and Hard abradable respectively.

Three temperatures have been selected: 100, 200, and 300°C, spanning the operational range of
M601. During these tests the heater block will be set to maintain the target temperature for the
duration of the rub. For this reason, a room temperature test has been omitted. To maintain the
backplate at room temperature a cooler block would be required to remove the energy generated
during the rub.

As M601 is designed to be used with Titanium blades, these tests have therefore been completed
using Ti-6Al-4V blades in the design detailed in Section 3.2. All abradable samples have been
manufactured as detailed in Section 3.2.

For each test, force data, thermal camera data and the front stroboscopic imaging data has been
collected. During some tests dust build up on the cameras and strobe prevented the extraction of
wear data. Table 6.3 details all the tests which have been completed, separating tests completed
on the old and new disks, and detailing how many tests allowed for wear rate measurement.

Table 6.3 - Test matrix for tests to determine the impact of bulk temperature on wear

mechanisms for M601

Backplate Incursion Tests with
. Hardness Number of
Disk (HR15y) Temperature Rate Tests Blade Wear
(°C) (um/pass) Data
52 - Soft 300 0.02 1 0
100 0.02 1 0
60 - Medium 200 0.02 1 0
Old Disk 300 0.02 1 0
100 0.02 1 0
73 - Hard 200 0.02 1 0
300 0.02 1 0
100 0.02 3 2
52 - Soft 200 0.02 3 2
300 0.02 2 2
100 0.02 2 2
New Disk 60 - Medium 200 0.02 2 2
300 0.02 2 2
100 0.02 2 2
73 - Hard 200 0.02 2 2
300 0.02 2 2
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6.3 Results

As work investigating the mechanical properties of M601 at differing bulk temperatures showed
small changes relative to the impact of changing hardness, the trends seen between hardnesses
should be dominated by the hardness rather than the bulk temperature (46,47,60). Therefore, by
plotting the average peak forces for each test against hardness, the data can be compared with
existing studies to ensure the additional mass of the heater block does not influence the recorded
force values (Figure 6.11). These results show peak normal forces in the range of 50-350N, aligning
with results seen in Chapter 4 and in work completed by Rahimov (82). These forces also follow the
trend observed by Rahimov of decreasing with hardness from soft to medium, before increasing at
higher hardnesses.

Although the global trend of forces follows existing research, there is a significant spread in the force
values as visualized by the error bars in Figure 6.11. This spread is introduced because of the varying
bulk temperature, generated by heating the backplate to temperatures of 100, 200, and 300°C. The
resulting error bars can be seen to vary depending on backplate temperatures. Additionally, the
wear seen in the post test sample images shown in Figure 6.14 shows variation between different
backplate temperatures, most notably for the hard abradable samples.

N 100°C m200°C m300°C ™ Rahimov Data
400
350
300
250
200

150

Normal Force (N)

100

50

Soft Medium Hard
(52-53 HR15y) (60 - 62 HR15y) (69 - 73 HR15y)

Hardness

Figure 6.11 - The influence of hardness on peak normal loads for M601 tests at 0.02um/pass.
Data has been separated by backplate temperature, alongside room temperature tests completed
by Rahimov (82)
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For all test conditions the resulting abradable wear surface shows significant grooving, caused by
wear and adhesion formation on the blade tips. For the soft and medium hardnesses there are clear
signs of multimodal wear on the blade tips, with areas of thermal damage and blade wear, alongside
adhesions (Figure 6.12). For the hard samples there is more blade wear, and due to the volume of
wear it is not clear if there are any adhesions present from visual inspection alone.

Adhesions Blade wear Thermal damage

P

e

Figure 6.12 - Image of a tested blade from a 0.02um/pass, 52HR15y M601 test showing

multimodal wear

To better visualize the development of adhesions and blade wear for each condition, rub maps - like
those used in Chapter 5 - have been created for each test displayed in Figure 6.14. These are shown
in Figure 6.15. These rub maps show how the blade profile varies during a rub, with the colour
indicating blade height (yellow indicating adhesions, blue indicating blade wear). The x-axis shows
the position along the blade front, and the y-axis is the increasing rub length as the test progresses.
From these rub maps both adhesion formation and blade wear can be seen to occur at all sample
hardnesses regardless of temperature, with the ratio of adhesion formation to blade wear
decreasing as hardness increases, aligning with the results shown in section 5.3.

Using the data presented in the wear tracks (Figure 6.14) and rub maps (Figure 6.15) examples of
the impact of bulk temperature on the wear mechanisms can be highlighted.

From the rub maps of the medium hardness samples there is a noticeable increase in the uniformity
of adhesion formation across the blade front with increasing backplate temperature, with a more
consistent adhesion height and fewer regions of blade wear. This is visible in the rub maps from the
more consistent colour on the map, with more, larger, yellow regions (adhesions) at 300°C
compared with the 100°C test which has fewer, smaller, yellow regions interspersed with the blue
and green areas (blade wear). The impact of this can also be seen on the post-test images which
have been enlarged in Figure 6.13. At 100°C there are many small adhesions visible on the blade tip,
aligning with the small yellow regions on the rub maps. There are also large areas of blade wear,
aligning with the blue on the rub map. At 300°C the blade front no longer shows the multiple small
adhesions, but instead has fewer, wider adhesions, aligning with the larger yellow regions on the
rub map. There is also less wear on the blade tip, relating back to the rub map showing less green
and blue that at the lower backplate temperatures.

From the blade images a tendency for wear to occur at the corners of the blade can be observed.
This behaviour relates back to observations made by Rahimov (82) who noted that blade wear
typically occurs first at the corners of the blade and works inwards as the test progresses. This is
due to the blade corners contacting the abradable on two faces, the tip and the side, leading to
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higher local temperatures and therefore more blade wear than at the centre where there is only
contact at the tip.

Small adhesions Large areas of blade wear

100°C

200°C

300°C

Figure 6.13 - Images of blades tested against 60HR15y M601 at 0.02um/pass with various
backplate temperatures

For the soft abradable samples there are also differences visible in the rub maps at different back
plate temperatures, but the trend does not follow that seen for the medium hardness samples.
Adhesions were most common at 100°C, with the large regions of orange and yellow on the rub map
highlighting adhesion growth, and very little blue showing blade wear. As temperatures increase to
200°C the regions of yellow become smaller, and there in an increase in green and blue areas
signifying a transition from adhesion formation to blade wear. The size and quantity of yellow
regions then increase again at 300°, showing more adhesion formation. At the higher temperatures
there was however an increase in the amount of blade wear, with large blue areas seen at the
corners of the blade at 300°C.

From the examples shown in Figure 6.14 and Figure 6.15 it appears that the hard samples follow the
same trend as the medium samples, with an increase in adhesion formation (increased yellow and
orange areas on the rub maps) and reduction in blade wear at increasing backplate temperatures
(reduced blue area). However, the actual performance of the abradable was more varied. The level
of blade wear observed between repeats varied significantly at 100°C and 300°C, meaning no clear
trend can be immediately observed.

Although it is possible to observe differences between tests completed on materials of the same
hardness but with different backplate temperatures, there were no step changes in the performance
of the abradable across its working temperature range. This means that while the bulk temperature
of the abradable does impact the wear mechanisms, testing completed at room temperature does
still produce results with are representative of an abradable being used at elevated temperatures.
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Figure 6.14 - Examples of the wear track and blade profile of M601 samples with varying
hardness and temperature
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Figure 6.15 - Examples of the rub maps from M601 samples with varying hardness and
temperatures
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6.3.1 Impact of Bulk Temperature on Forces

Visual inspection of the wear scars and rub maps allow for qualitative results to be drawn, but to
allow for a quantitative comparison between the tests at differing backplate temperatures the force
data can be used. Force data has been selected as it is a key parameter in both heating and wear
relationships.

The normal forces produced during the 0.02um/pass tests all showed periodic behaviour, as seen
in Figure 6.16. This periodic behaviour was observed in Chapter 5 and was seen to be due to large
scale wear events occurring across the blade front simultaneously. These events reduce the area of
contact between the blade and abradable and therefore lead to a reduction in force. As most of the
wear during a 0.02um/pass test occurs at the peaks in force, to allow for easier comparison between
tests, these peaks have been extracted. An example of this process is shown in Figure 6.16.
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Figure 6.16 - Example of peak force extraction from a 300°C, 73HR15y test

For each test the peaks in the force data have been extracted and an average value has been
calculated. These results have then been grouped by hardness and backplate temperature, with the
average of each group plotted in Figure 6.17.

The trend in peak force with changing backplate temperature differs between the different
hardness levels. The medium hardness samples follow a steady trend, with peak normal forces
increasing with backplate temperature - echoing the steady increase in adhesion uniformity with
temperature observed in Figure 6.15.
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Figure 6.17 - Impact of temperature and hardness on peak normal forces for soft (A), medium
(B), and hard (C) M601 tested at 0.02um/pass

The hard samples initially follow the same trend from 100 to 200°C but then forces reduce as the
temperature increases further to 300°C. Significant levels of variation in the peak forces are also
seen at 100 and 300°C, relating back to the variation in wear scars seen at these conditions.

The soft samples once again follow a different pattern, with peak forces at a minimum at 200°C,
increasing as temperatures increase and decrease from that point. However, this does further relate
back to the observations made using the rub maps, with adhesion prominence aligning with the
peak force values.

With the large variation in peak force values seen for the hard and soft samples there is insufficient
information from the force data alone to make any definitive statements on the impact of bulk
temperature on the wear behaviour. Instead, the in-situ data collected for each test individually
must be studied to identify the root cause of the variability and to gain a better understanding of
any behaviours and trends.

6.4 Discussion

The results produced in this study allow for trends in the force data and wear mechanisms to be
identified, these trends can then be used to bring together existing literature to provide a cohesive
understanding of the response of M601 to bulk temperature during blade tip - liner interactions. As
the force and wear response of M601 differs with hardness each hardness will be discussed
individually.
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6.4.1 The Impact of Bulk Temperature for Medium Hardness Abradables

With a hardness of 60HR15y, the medium hardness samples produced a consistent response with
temperature for both wear and peak normal forces. The increase in normal loads with temperature
initially seems at odds with the work completed by Martinet et al. (60), which showed that during a
single pass of an abradable at elevated temperatures there was an increase in wear depth for a given
temperature.

However, this work differs from that completed by Martinet et al. as, rather than a single pass, this
work was completed on a spindle test rig which completes multiple passes during a single test. Tests
completed on spindle test rigs by Zhang et al. (75) have demonstrated that over successive rubs an
AlSi abradable will compact, leading to a progressive increase in the normal load.

As the temperature increases the Aluminium phase within the abradable softens and its failure
mode becomes increasingly ductile, with an increase in its strain to failure (103). This allows for
further compaction to occur before the abradable factures, increasing the peak normal loads.

At these test conditions the force results at each backplate temperature have shown little variation
(Figure 6.17B), highlighting the stability of this relationship and leading to repeatable wear of the
blade and abradable.

6.4.2 The Impact of Bulk Temperature for Low Hardness Abradables

At a low hardness of 52HR15y the force trend differs significantly, with an initial peak force higher
than that of the 60HR15y samples at 100°C but then reducing as the temperature increases (Figure
6.17A). To understand this response, models of how stress flows within an abradable sample during
arub can be applied.

M601 is formed of an irregular structure of AlSi and Polyester, this results in some local regions of
thin AISi branches and struts. As the AlSi phase acts as the load bearer within the microstructure
this leads to stress hotspots at the thin struts within the AlSi, and material failure initiating with
failure of these struts (Figure 6.18) (54). As hardness reduces there is an increase in the ratio of
polyester to AlSi, leading to fewer AISi struts, and larger continuous regions of polyester.
Simulations of this completed by Cheng et al. (54) predict a significant increase in the ductility of
M601 at lower hardnesses, with the polyester phase bearing more of the stress within the
microstructure.

With fewer AISi struts and larger continuous polyester regions the polyester phase will begin to
dominate the material properties of soft M601. This accounts for the increase in peak normal loads
seen for soft hardness M601 compared with medium samples, as the polyester phase will allow for
more compaction and has fewer AlSi structs to act as fracture points. As the temperature increases
to 100°C this difference becomes more pronounced due the polyester being held close to its glass
transition temperature of 138°C, the point where the polyester phase transitions to an amorphous,
rubbery state (47). In this state the polyester is increasingly ductile, allowing for further compaction
and normal loads.
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Figure 6.18 - Modelled stress distribution within M601 under compression (54)

As the backplate temperature increases to 200°C the peak normal forces reduce. With the
mechanical properties of soft M601 being dominated by the polyester phase this reduction in force
can be explained using work completed by Lye et al. (47). Lye et al. investigated the crystallization
of the Polyester phase within a M601 sample and using differential scanning calorimetry was able
to measure the cold crystallization temperature of the polyester phase within a M601 sample (Figure
6.19). This temperature was measured at 194°C.
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Figure 6.19 - Heat flow plot for M601 (47)

In their work they showed that for M601 as sprayed the polyester phase is amorphous due to the
pronounced T, peak. After aging the sample at 200°C Nano-Hardness testing showed a measurable
increase of the mean reduced modulus of the polyester phase from 5.1 to 8.2 GPa. The impact of
this with a rub test is that as the polyester phase within the M601 crystallizes the material becomes
increasingly brittle, with an increased Youngs modulus and reduced strain to failure. With the
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material transitioning to a brittle failure mode the amount of compaction is reduced, therefore
reducing the peak normal force.

However, it can be seen from the error bars in Figure 6.17A that at this temperature there is a large
spread in the results. This spread is likely due to the time dependant nature of crystallization (117).
As the tests completed in this study were begun when a predefined abradable surface temperature
was reached, the time spent heating and heating rates were not controlled and vary between tests.

Finally, as the backplate temperature increases to 300°C the polyester phase is heated close to its
melting point. At this temperature, the material will return to an amorphous state, leading to an
increase in ductility and allowing for more abradable compaction.

6.4.3 The Impact of Bulk Temperature for High Hardness Abradables

The hard abradable samples (72HR15y) have a composition of more than 40% AlSi (22), and it is
therefore expected that the mechanical response of the material will be dominated by the AlSi
phase, as was seen for the medium hardness samples. This appears to hold true from 100 to 200°C,
but as the temperature increases further the peak normal forces fall (Figure 6.17C).

There is also a wide range of force and wear results which occur at both 100 and 300°C. To
investigate the variation at 100°C, the blade profiles measured in-situ have been used.

Figure 6.20 shows the rub maps and post-test sample images for two tests completed with a
backplate temperature of 100°C, one of which produced high peak normal forces and one with low
normal forces. The high normal force test shows initial adhesion formation across the entire blade,
these adhesions then fracture, but smaller scale adhesions continue to form and fracture at that
point, preventing blade wear from occurring. The low force test sees fewer adhesions early in the
test and as a result suffers more severe blade wear, limiting the potential abradable compaction
and the peak normal loads. The difference in wear behaviour of two tests of the same condition
highlights that there is variability in the wear mechanisms which can occur.

This variability was identified by Bounazef et al. and Fois in the creation of wear maps for different
abradables systems, where it was found that there was not a clean transition in wear mechanism as
test conditions change, instead there would be a region where either mechanism could occur
(87,94). Rahimov took this further by showing that transition of wear mechanism for abradable
systems is probabilistic (80), meaning that at boundaries between different wear conditions it is
only possible to predict the likelihood of each mechanism, rather than make a definitive statement
about which will occur. This behaviour was found to be due to subtle changes introduced into each
abradable sample due to the plasma spraying process.
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Figure 6.20 - Rub maps and sample images for hard M601 tests at 100°C with varying wear

performance

For samples of high hardness M601, previous testing at 0.02um/pass by Rahimov and Watson
showed high levels of blade wear with little adhesion formation (40,82). By increasing the
temperature of the abradable the material will become more ductile, leading to higher normal
forces, and at the elevated temperatures provide a favourable environment for adhesion formation
(Chapter 5). As these tests were completed with conditions known to lead to severe blade wear, the
probabilistic nature of the adhesion formation would lead to some tests forming adhesions early in
the test, providing a foundation for future protective adhesions to form, and some tests where
adhesions do not form early on and the blade is left unprotected from wear.

This probabilistic theory can be applied further when looking at the results of the tests completed
with a backplate temperature of 200°C. The peak normal forces seen during these tests were higher
than at 100°C, due to the increased ductility and compaction of the abradable, and were also a lot
more consistent with a smaller error bar (Figure 6.17C). The repeatability of the tests can also be
seenin the post testimages for each repeat at these test conditions shown in Figure 6.21. Each blade
shows similar levels of blade wear, leaving a consistent rub track on each abradable sample.

The tests completed at 100°C appear to be at a boundary pointin the backplate temperature, where
the increased ductility and temperature of the abradable makes adhesions more favourable, but
the variability in the abradables can result in each test producing different levels of wear.

Increasing the temperature to 200°C has further increased the normal load and abradable
temperature, creating a more favourable environment for adhesion formation. This has pushed the
conditions further from the boundary of severe wear and mixed modal, leading to more repeatable
results.
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Repeat 1

Figure 6.21 - Sample images for each test completed on 72HR15y (hard) M601 at 200°C

At 300°C it would be expected for this trend to continue, with the elevated temperatures leading to
higher forces and a more favourable environment for adhesion formation. However, the force and
wear results instead became highly variable. To investigate this variability a wear map has been
produced for one test which generated high normal loads, and one which generated low loads.
These rub maps have been plotted in Figure 6.22 alongside images of the post test samples. From
these plots there is a distinct difference in the wear mechanism from each test, with the high load
test generating more adhesions and showing less blade wear than the test which produced low
loads. Although it is typically expected that under lower normal loads the rate of wear would be less
(97), it was demonstrated in Chapter 5 that adhesions can form a protective layer on the blade,
protecting it from wear. This behaviour can be seen in Figure 6.23 where the rate of adhesion
formation has been plotted against the blade wear rate for each test. These plots show that the test
which produced higher normal forces also produced the higher adhesion rates, while its rate of
blade wear reduced. This demonstrates the ability of the adhesions to protect the blade, with the
adhesions forming on the blade surface and acting as a sacrificial layer to reduce blade wear. In the
case of the low force test there is a lower rate of adhesions, meaning there is not as much of a
protective layer and therefore more blade wear is recorded.

During a test which shows high levels of blade wear the total depth incurred into the abradable is
reduced, limiting the potential compaction and reducing the peak forces. If the blade is protected
it can compact the abradable to the point where abradable rupture can occur.

These tests demonstrate how the formation of adhesions on the blade surface can form a protective
layer which prevents blade wear, but from these plots alone it is not immediately clear why the
samples behaved differently.

119



Discussion

Rub Length (m)

High Normal Force

1500

1000

500

-1200

10 15 20

Low Normal Force

2000

1500

1000

500
0

Position on Blade (mm)

0 5 10 15 20

-1000 -800 -600 -400 -200 0

Blade Height (um)

200 400

Figure 6.22 - Rub maps and sample images for hard M601 tests at 300°C with varying wear
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Figure 6.23 - Comparison of adhesion formation and blade wear rates for two hard M601 tests

at300°C

Reviewing the footage from the front camera before the rub began reveals that the orientation of
the blade which experienced high wear rates was not square to the abradable surface (Figure 6.24).
This would result in the left corner of the blade contacting the abradable surface before the rest of
the blade.
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High Normal Force Low Normal Force

Figure 6.24 - Difference in blade orientation between two hard M601 tests at 300°C with

varying wear performance

The impact of the non-uniform contact can be seen in the thermal camera footage of the blade and
abradable. This data is shown in the form of rub maps for both the high and low force tests in Figure
6.25, with the data shown only for the first 500m of each rub.

For the sample which produced high normal loads there were short periods of high temperature
across the entire blade and abradable, interspersed with cooler periods. This is symbolic of the
periodic behaviour caused by large scale wear events seen in Chapter 6. In the low force test the
temperature distribution is less uniform, and the high temperature events are longer in duration.
This is most evident in the region A marked in Figure 6.25.

Region A highlights the corner of the blade which first contacts the abradable. The small area of
contact leads to localized heating of the blade, with a gradual increase in the contact area. The
gradual increase in contact area means there cannot be large scale simultaneous wear events as
seen in the high force case, resulting in a prolonged period of heating. During this time region B
highlights how the abradable can maintain a cooler temperature, likely due to the uncontacted
material around the rub where heat can be dissipated. This results in a blade which heats up at a
much higher rate than the abradable, and as described in section 5.5, will lead to blade wear.

With the blade wearing early in the test adhesions cannot form, this means that as the test
progresses adhesions are less likely to form, as Rahimov et al. showed that adhesions form more
readily on areas of the blade where an existing adhesion has broken off (79). This leaves the blade
unprotected and more susceptible to blade wear.

The identification of adhesions as protective features on the blade, with an adhesion present early
in the test having a lasting impact on the wear performance, presents the idea of pre-treating the
blade tips with a layer of M601 to act as a nucleation site for further adhesion formation. The
potential benefit of this was shown by Rahimov, who demonstrated that by running a 2um/pass rub
on a blade adhesion would form across the surface. Testing this blade again at 0.02um/pass would
then result in less blade wear than when testing with an untested blade (82).

121



Conclusion

High Normal Force Low Normal Force
(&)
S
>
)
©
-
Q
o
I
()
'—
£
0
]
©
©
E —
< £
S
=
el
[T}
- S
3 500
£2
S 450 H
[+ 4
- 400 1
—
2 350 H
[
GL) 300
Q
c 250
()
[t 200 1
[
k) 150
8
[an] 100
50
0
0 5 10 15 20 0 5 10 15 20

Position on Blade (mm)

[ ,
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 6.25 - Rub maps for Abradable and Blade temperatures, highlighting the impact of
changes in blade orientation

6.5 Conclusion

The importance of thermal properties in the wear of M601 has been shown through analysis of
thermal data collected during testing in Chapter 5, and the impact of bulk temperature on
mechanical and wear properties has been demonstrated in published works (47,60,101).

This work builds upon these findings by completing rub tests using a spindle test rig fitted with a
heater block below the abradable to control backplate temperature. These results show how at low
hardnesses the polyester phase dominates the mechanical properties of M601 and how it reacts to
changesin bulk temperature, with polyester glass transition and crystallization resulting in changes
in the wear response of M601.

At medium and high hardnesses the AlSi becomes the dominant contributor to the mechanical
properties, with the increased ductility at elevated temperatures leading to increasing levels of
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abradable compaction and therefore higher normal loads. For the hard samples the blade began to
wear faster than adhesions could form, leading to reduced abradable compaction and lower forces
at elevated temperatures. However, the wear behaviour at these conditions was not consistent and
varied significantly if adhesions formed early in the rub, providing a protective layer for the blade.
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7 Evaluating if M601 Adhesion Relationships Apply
to M320 and XPT268

7.1 Introduction

Through the application of novel in-situ measurement techniques, and the development of a
sample heater block, it has been possible to visualize the impact of temperature on adhesion
formation and blade wear in a manner that was not previously possible. This has allowed for the
development of a better understanding of how adhesions form on the blade, building upon existing
research to form a more detailed set of relationships to better predict adhesion behaviours. These
relationships are:

e The rate of adhesion formation increases with increasing normal loads (97).

e Adhesions form more readily at elevated temperatures (Chapter 5).

e Adhesions can provide a protective layer on the blade (Chapter 6).

e Ifthe blade heats up faster than the abradable it is likely to wear before adhesions can form
(Chapter 4).

e New adhesion formation is more likely at the site of a previously fractured adhesion (79).

These criteria have been developed and observed in testing completed on M601, an abradable
material made from AlSi and polyester, but this is not the only AlSi based abradable system.

At elevated temperatures, the polyester phase will begin to burn out, limiting the maximum
operating temperature of M601 to 325°C (89). In hotter regions of the engine a different AlSi
abradable, M320, is applied. This material replaces the polyester phase with hexagonal boron
nitride (hBN) which increases the material friability and acts as a solid lubricant, the resulting
materials exhibits a vastly different wear response than M601 (90).

During a rub test with M601 the key parameters which impact the wear response are incursion rate
and material hardness. At low incursion rates (0.02um/pass) the blade will wear, with some
adhesion formation, as incursion rates increase the amount of adhesion formation increases and
blade wear decreases, until at 2um/pass the wear is primarily adhesion formation. The volume of
adhesion formation is also impacted by the abradable hardness, with softer abradables producing
more adhesions (Chapter 5).

The wear response of M320 is also dependent on incursion rate, but unlike M601, adhesions do not
form at high incursion rates. Between 0.2 and 2um/pass M320 will produce an efficient cut, leading
to a smooth wear scar and minor wear on the blade, this behaviour is independent of material
hardness. The performance of the abradable begins to worsen at low incursion rates (0.02um/pass),
with highly variable wear, with the blade either wearing against soft abradables or adhesions
forming against hard abradables (76,78).
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The change in mechanism was shown by Fois et al. to be due to a change in the mechanism of
material removal, with a transition from cutting at high incursion rates to compaction of the
abradable at lower incursion rates (76). The evidence for this can be seen in Figure 7.1 which shows
how the pores and hBN under the rub surface of a 0.02um/pass test have become compacted. The

compaction leads to an increase in the normal force and introduces more heat to the contact area
due to frictional heating.

Figure 7.1 - Images of M320 microstructure after a 0.02um/pass test, with the region of

compaction highlighted in A, and magnified in B (78)

To understand how the thermal energy passes through the abradable thermal models have been
created by researchers such at Bolot et al. (51) and Watson et al. (22), allowing the heat flux through
abradables to be predicted from microstructure images. These techniques were then applied by
Fois et al. to M320 (76). They found that the hBN within the abradable was not uniformly distributed
but formed in clumps, and that there was a high thermal resistance across the boundary between
the hBN and the AlSi. The results of the thermal simulations (Figure 7.2) show that hBN clumps
under the surface of the abradable act to block the heat flow, creating hotspots on the surface.

Nodal temperature
+1,934e401
+2.8

Hot spot

Boundary

Figure 7.2 - Results of a thermal model showing the hotspots produced by clumps of hBN in
M320 of hardness 55HR15y (a) and 73HR15y (b) (76)
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The prevalence of these hBN clumps is influenced heavily by the hardness of the abradable. Figure
7.3 shows how the microstructure changes for each of the AISi based abradables with varying
hardness. As the hardness of M320 reduces the number and size of the hBN clumps increases, the
amount of porosity also increases leading to the AlSi branches being broken. As the heat primarily
flows through the AlSi, this leads to a global reduction in the thermal conductivity, as well as an
increasein hotspots due to hBN clumps. This was measured by Fois et al. for M320 of two hardnesses
across a range of temperatures (Figure 7.4) (76). They found that the average thermal conductivity
of M320 reduced from 21.79 W/(mK) at 72.37 HR15Y to 14.12 W/(mK) at 54.6 HR15Y.

Soft Medium Hard
(65 - 67.5HR15Y) (72 - 75.5HR15Y)

Figure 7.3 - Variation in the microstructure of M601, M320 and XPT268 for a range of

hardnesses. Samples prepared by Turbine Surface Technologies, Nottingham
Fois et al. proposed that the at low hardnesses the low thermal conductivity and hBN clumps would

produce hotspots on the abradable surface, causing the blade to undergo thermal damage and
wear. At higher incursion rates the heat would flow thought the abradable, protecting the blade.
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Figure 7.4 - Changes in thermal conductivity of M320 at varying temperatures for two

hardnesses (76)

A second, more recent addition to the AlSi abradable family, is XPT268. This material aims to add
the high incursion rate performance of M320 to M601 by adding both polyester and hBN to the AlSi
matrix. The hBN added to the material powder is smaller than that in M320, this results in hBN
platelets of reduced size within the microstructure rather than the clumps seen in M320. Although
there is no mention of changes to the size of the polyester powder from the manufacturer (89),
inspection of the microstructure (Figure 7.3) shows that the polyester phase is better distributed
and is in smaller chunks. This appears to have increased the ratio of AlSi to dislocator when
compared to M601 of the same hardness (Figure 7.5), although it should be noted that only a single
data point is currently available in published literature (44).
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Figure 7.5 - The volume fraction of AlSi in M601, M320 and XPT268 at different hardnesses
(22,44,94)
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The abradability of XPT268 is currently not well understood, with published data limited to a single
study completed by Bertuol et al. which included a back-to-back comparison between XPT268 and
M601 (44). This work included tests on a spindle test rig, incurring titanium test blades into the
abradable coatings at a 50m/s tip speed with an incursion rate of 50um/s (0.83um/pass), these tests
produced higher forces and temperatures for the XPT268 samples, as well as more adhesions
(Figure 7.6). However, these tests were completed with samples of different hardness, with XPT268
being harder than M601. It is therefore not possible to determine if the increase in force and
adhesion was due to the material or the hardness.
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Figure 7.6 - Blade profile images collected for M601 (A), XPT268 (B) after a 50m/s, 50um/s test
with force and temperature results provided in C (44)

This chapter looks to apply the adhesion criteria developed previously in this thesis to M320 and
XPT268, AlSi based abradables with wear performance which differs from that of M601. This will
demonstrate if these criteria are specific to M601, and to identify any knowledge gaps which require
further research to fully explain the adhesion performance of AlSi abradable systems in general.

7.2 Method

The abradability of M320 at high incursion rates (0.2 - 2um/pass) is well understood, with efficient
cutting leading to minimal adhesion formation. However, at low incursion rates (0.02um/pass) the
wear is more variable with both adhesions and wear occurring depending on the hardness. In this
chapter 0.02um/pass tests will be run on the Low-Speed spindle test rig with M320 of varying
hardnesses. The in-situ thermal and blade profile monitoring tools developed in Chapter 4 being

used to observe the wear, allowing the results to be compared back to the adhesion criteria
developed.

In Chapter 6 it was seen that the adhesion behaviour of M601 at low incursion rates (0.02um/pass)
was also impacted by the abradable bulk temperature using a heater block. This heater block was
also used in this study to produce a wider range of results.
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The hardnesses and backplate temperatures are selected to match those used with M601 in Chapter
6, this allows for direct comparison between results. Data was also collected for XPT268 at the same
conditions, allowing for comparison with M601.

Table 7.1 - Test matrix for tests to determine the impact of bulk temperature on the wear of

M320 and XPT268
. Hardness Backplate Number of Tests with Blade
Material ) o .
(HR15y) Temperature (°C) Tests Profile Monitoring
100 1 1
50.8 - Soft 200 2 1
300 1 1
100 1 1
M320 62 - Medium 200 1 1
300 1 1
100 1 1
74.3 - Hard 200 1 1
300 1 1
100 1 1
51.1- Soft 200 1 1
300 1 1
100 1 1
XPT268 63.2 - Medium 200 1 1
300 1 1
100 1 1
75.6 - Hard 200 2 1
300 1 1

Table 7.1 shows the test matrix completed in this study. For each condition, a single test has been
completed, with repeats only completed for tests which suffered hardware issues with the front
facing camera - resulting in force and temperature measurements, but no blade profile monitoring.

Repeats have not been included in this work, as this is a qualitative study taking a detailed look
within individual tests, identifying wear events, and applying the adhesion criteria developed in this
thesis. As this study is applying the in-situ measurement tools to investigate individual adhesion
events each single test contains multiple opportunities for data to be extracted.

Tests in this study have been completed with abradable samples made to the geometry, and in the
manner described in section 3.2 with grade 5 titanium blades. Similarly employed, the heater block
was operated as described in section 6.2.1, with the tests started when the abradable surface
reached the temperatures defined in Table 6.1. All tests were completed with a blade tip speed of
200m/s to a depth of 1500um to allow for direct comparison with the results from Chapter 6.

Data from these tests were extracted and processed into rub maps to allow for easy visualisation of
how the wear develops. Further tools produced during this thesis, such as the monitoring the time
phasing of the force, blade and abradable temperatures, as well as the monitoring of blade wear
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and adhesion formation were used to understand how the wear developed and related back to the
proposed adhesion criteria.

7.3 Results

The data collected in this study has been processed to extract the forces, temperatures, and blade
profiles. These have been used to create a set of rub maps for each material. The blade and
abradable post-test have also been imaged to observe any differences in the wear scars.

7.3.1 The Impact of Bulk Temperature on M320

While M601 exhibits a periodic force response, the force response of M320 is less uniform comprising
of periods of progressive and cyclic loading. An example of this is shown in Figure 7.7 where
examples of each loading type are highlighted.

The periodic behaviour of M601 is due to the uniform heat distribution across the surface, which
leads to large scale adhesion and wear events. The periods of progressive loading indicate that the
wear over that period is not uniform across the blade, relating to the findings of Fois et al. that the
hBN clumps lead to local hotspots (76).
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Figure 7.7 - Example of the force response for a Soft (50.8HR15y) M320 test with a 200°C
backplate

As the forces are not periodic, the average peak extraction methods applied to the force data for
M601 in Chapter 6 cannot be used. Instead, the maximum force value has been extracted, with the
results plotted in Figure 7.8. As the effect of backplate temperature is expected to be less than the
impact of hardness, the plot shows the trend of hardness on normal force, with the error bars
showing the impact of backplate temperature.

While the hard samples produced higher normal forces than the soft samples, the medium hardness
samples see a reduction in the normal load. The spread of data with temperature is also largest at
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the highest hardness, indicating that backplate temperature has the biggest contribution when the
abradable is in this state.

—e—Normal Force —e—Tangential Force

250

50 55 60 65 70 75
Hardness (HR15Y)

Figure 7.8 - Trend of maximum forces for M320 samples with varying hardnesses for all

backplate temperatures combined

From existing literature, it was expected that for a soft abradable sample the blade would have
worn, while for a hard sample adhesions would form. From the post-test images shown in Figure
7.13 the opposite behaviour has occurred for these tests with elevated bulk temperatures.

For the soft abradable samples, the blades all show evidence of adhesion formation, with limited
blade wear - even though there is significant decolouration on the tips, showing that they reached
elevated temperatures during the rub (Figure 7.9). From the rub maps shown in Figure 7.14 these
adhesions are seen to form throughout the test, with the higher temperature sample producing the
largest adhesions (brightest yellow on the rub maps). Pittingis also visible on the abradable surface,
evidence of pull out from the surface (Figure 7.10).

Thermal decolouration Adhesions

o
Figure 7.9 - Image of blade after a M320 50.8HR15y, 0.02um/pass test with a 100°C backplate

The post-test images of the medium hardness samples show rougher abradable surfaces, evidence
of mixed modal wear (Figure 7.11). The blade images also show localised regions of wear, but few
adhesions are visible on the post-test blades. The rub maps however show that large adhesions

formed on the tip for all backplate temperatures, but these adhesions all fractured before the end
of the test.
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Figure 7.10 - Section of M320 50.8HR15y rub track showing pitting after 0.02pum/pass test with
a 100°C backplate

Blade Wear Adhesions

Figure 7.11 - Image of mixed modal wear on a blade tested against M320 62HR15y,
0.02um/pass with 200°C backplate

The hard abradable samples show the largest variation with backplate temperature, with the tests
at 100°C and 200°C showing a mixture of adhesion formation and smearing (Figure 7.12), while the
300°C test produced significant blade damage with titanium transfer to the abradable surface.

Adhesions Smearing

Figure 7.12 - Image of blade and M320 74.3HR15y abradable after a 0.02um/pass test with a
200°C backplate

It should be noted that, although the target test depth was 1500um, the actual test depth can vary
by £200um due to the tolerance in the initial position zeroing process during setup. As this study is
looking primarily at data collected during the test, rather than just the post-test images, the
variations in rub depth do not impact these results. This variation can be seen in the rub maps as
variations in maximum rub length.
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Soft - 50.8HR15y

Medium - 62HR15y

Hard - 74.3HR15y

Figure 7.13 - Images of the wear track and blade profiles of M320 samples with varying
hardnesses and temperature
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Figure 7.14 - Rub maps from M320 samples with varying hardnesses and temperatures
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7.3.2 The Impact of Bulk Temperature on XPT268

As XPT268 is a new material there is no published work on how its abradability is impacted by its
hardness. However, from the microstructure images (Figure 7.3), XPT268 closely resembles M601,
with the additional hBN being well distributed throughout the abradable. With the uniform
microstructure it would be expected that the wear across the abradable surface would be more
consistent. This can be seen in the force response of the material which, like M601, shows a periodic
response (Figure 7.15), symbolic of large-scale wear events.
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Figure 7.15 - Example of the force response from a hard (75.6HR15y) XPT268 sample at 200°C

With a periodic force response the average peak extraction method applied in Chapter 6 can be
applied, with the results shown in Figure 7.16. From this data a linear relationship can be seen
between hardness and peak forces, with the impact of bulk temperature (the error bars) increasing

with hardness.
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Figure 7.16 - Trend of peak forces for XPT268 tests with varying hardnesses for all backplate
temperatures combined
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In general, XPT268 demonstrates good abradability at these test conditions, but the wear does show
a dependence on the hardness of the coating.

For the soft samples, the images in Figure 7.18 show minor damage to the blades, with the
abradable showing a scored surface. From the rub maps in Figure 7.19 this scoring can be seen to
be due to a cycle of adhesions growing (appearing as yellow on the rub map) and then fracturing
(returning to green) which occurs for the full test duration. As the backplate temperatures increase
there is not a notable change in the behaviour observed.

With the medium hardness samples there is evidence of more blade wear (appearing as blue on the
rub maps), primarily visible at the corners of the blades. The abradable does have less scoring, with
a more uniform profile and from the rub maps it can be seen that adhesions are forming more
uniformly across the blade (large regions of yellow). The increase in adhesions is accompanied by
visible pitting on the surface, highlighting potential pullout (Figure 7.17). The quantity of these
adhesions also increases with the backplate temperature (larger, brighter regions of yellow).

Adhesions over large - Shallow scoring on surface
proportion of the tip, SE e eSS
allasimilar height ~—__ = ==n

Figure 7.17 - Image of blade and XPT268 63.2HR15y abradable after a 0.02um/pass test with a
200°C backplate

Moving to the hard samples there is a notable transition away from primarily adhesion formation to
blade wear (large regions of blue on the rub maps). This behaviour is however highly dependent on
backplate temperature, with the higher temperature samples showing an increase in adhesion
formation (increasing amounts of green and yellow) on the rub maps and an equivalent reduction
in blade wear (less blue).

The wear observed for XPT268 shares many similarities with that seen for M601, with the grooved
abradable surface, and the transition to blade wear at high hardnesses. However, there are some
key differences between the responses of each material.

M601 sees a reduction in the peak normal force when the hardness increases from soft to medium
samples, this was explained as due to the transition from the polyester phase to the metal phase as
the key contributor to the mechanical properties. For XPT268 the force and adhesions quantities
increase linearly with hardness from soft to medium samples.

The wear response of M601 in a hard state was also highly variable, with changes in the test setup
at high backplate temperatures leading to significant changes in the wear rates. The XPT268 results
have produced a steadier trend, with increasing temperatures producing more adhesions and less
blade wear. These results are however limited to a single test in each condition.
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Backplate Temperature (°C)

100 200 300

Soft - 51.1HR15y

Medium - 63.2HR15y

Hard - 75.6HR15y

Figure 7.18 - Images of the wear track and blade profiles of XPT268 samples with varying
hardness and temperatures
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Figure 7.19 - Rub maps from XPT268 samples with varying hardness and temperatures
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7.4 Discussion

The results for both M320 and XPT268 demonstrate that the hardness and the backplate
temperature of the sample impacts the wear response during a test. Additionally, the wear response
of M320 at the elevated temperatures does not align with test results completed at room
temperature where blade wear was previously reported.

By further analysing the blade profile and temperature data collected during these tests the
adhesion criteria can be applied to explain the results observed.

7.4.1 Analysis of Results from M320 Bulk Temperature Testing

Fois et al. completed tests on M320 samples of 55HR15Y at 0.02um/pass and observed significant
blade wear, while samples with a hardness of 73HR15Y produced adhesions. They proposed that
this was due to the larger, more numerous hBN clumps in the soft samples leading to surface
hotspots.

While it must be taken into consideration that the samples sprayed within their testing, although of
the same hardness, may have had a different distribution of hBN, the conclusion that the hotspots
alone lead to blade wear does not align with the results seen in this work. In this study samples with
a hardness of 50.8HR15Y, held at elevated temperatures produced more adhesions and did not
wear, while the samples at higher hardnesses did. There is however evidence in this work that
hotspots caused by hBN do contribute to the wear mechanisms.

This discussion works though each material hardness, extracting the force, temperature, and blade
profile data at key wear events to explain what wear has occurred, and provides justification for why
these results differ from previous testing.

7.4.1.1 The Impact of Bulk Temperature on Low Hardness M320

To visualise the wear which has occurred during the rub the tools developed in Chapter 4 have been
applied, allowing the force data to be aligned with the blade temperature, abradable temperature
and blade height at a single point on the blade. From this data is possible to see the time phasing of
the data, getting a better idea of the causality of the wear events.

Figure 7.20 shows how the forces (B) vary during a test at 100°C with a soft abradable sample. The
temperatures and blade height have also been plotted (C), extracted along the red dashed line
shown on the rub map (A).

From this data three distinct regions within the rub can be identified, and have been marked on
Figure 7.20C.

After first contact with the abradable there is an initial period of adhesion formation. This is due to
the entire blade width contacting the abradable at once, producing large normal forces. There will
also be a contribution due to the roughness of the surface leading to local regions of high pressure,
aligning with work completed by Khan et al. who showed how wear rates are higher against rougher
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surfaces (118). Before this interaction, the blade is also cold, while the abradable is at an elevated
starting temperature meaning adhesion formation is more likely to occur than blade wear.

A Adhesion Height (um) B I
-500 0 500 1000

Normal Force Tangential Force]

300
Front Camera Failed 2200 ,\ '
| 3 ‘ | | I
S \ f -
| £ 100 /\ MN,M\.\M"’J&"" ~ l‘ 1‘,:1 “ f1 f]
PSSO S \ |
i 0 :\1 j‘?ﬁ" | | i Y e/ ‘f& b/ g D]
E’ | 0 200 400 600 800 1000 1200 1400 1600 1800
)
b3 l C l*Abradable Temperature Blade Temperature Blade Height]
-
= | __600 . ’ : :
(14 8 '
| < Wear Event ———»
1) Al
3 400 S,
o » el |
| E b et A
5 'm\ ¢ ol ‘ N} I \
: 2200 | - ‘ ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 0 200 400 600 800 1000 1200 1400 1600 1800
Position along Blade (mm) Rub Length (m)
< < r  —
Initial adhesion Gradual rise with Periodic cooling

compaction

Figure 7.20 - For a 51.1HR15Y M320 test at 100°C: B - The force plots. A - The rub map, with a
data line highlighted. C - The temperatures and blade height along the data line

These initial adhesions fracture from the surface, but as the adhesions did not grow uniformly the
abradable surface will be stepped. This produces a more gradual rise in the normal loads during the
second contact as the contacting area between the blade and abradable gradually rises. The
abradable surface will also compact, further increasing the normal load (as demonstrated by Fois
etal. (78) in Figure 7.1). With the gradual increase in the forces both the blade and abradable can be
seen to increase in temperature, with the rate of increase of blade temperature exceeding that of
the abradable. At a rub length of ~800m the elevated forces and blade temperatures result in the
adhesions present on the blade beginning to wear.

At a rub length of ~1200m a significant wear event occurred leading to a rapid drop in the blade
height. Although, it is not clear from this data the exact mechanism for this event the result was a
sudden drop in the normal load, allowing both the blade and abradable to cool. From the
temperature data recorded it can be seen that the rate of cooling of the blade exceeded that of the
abradable, meaning that during the next contact the abradable was at a higher base temperature
and alongside the high normal forces was able to form adhesion more readily, protecting the blade
from further wear.

If the reduced cooling rate of the abradable during the periodic cooling rate did in fact lead to the
formation of further adhesions, rather than blade wear, it would be expected that at elevated back
plate temperatures this effect would be more pronounced. To investigate this the force,
temperature, and blade profile data for point halfway along the blade have been extracted for a test
with a soft abradable a 300°C. This data is shown in Figure 7.21.
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Figure 7.21 - For a 51.1HR15Y M320 test at 300°C: B - The force plots. A - The rub map, with a
data line highlighted. C - The temperatures and blade height along the data line

For this test, the initial rate of force application was lower, potentially due to the increased ductility
of AlSi at elevated temperatures. The more gradual force application rate meant that the adhesions
did not form during the initial contact, but instead the abradable began to compact, as also seen by
Fois et al. (76) and Zhang et al. (75), leading to a gradual increase in force. Unlike the test at 100°C
the abradable and blade temperatures increased at the same rate, showing that the abradable was
unable to conduct heat away from the surface as well as it could previously. With the blade and the
abradable heating together, instead of blade wear occurring, adhesions began to form on the
surface - protecting the blade. This can be seen from the blade height change data in Figure 7.21C
which shows a steady increase in the blade height from 0 to 100pum over the first 1000m of rub.

At a rub length of ~1000m there is a further large-scale wear event. This event was visible on the
front camera and spark camera, with significant sparking and glowing of on the blade tip. The result
was a sudden drop in normal loads, allowing the blade and abradable to cool.

Region of wear

Figure 7.22 - Footage captured of the blade front (A) and sparks (B) during a sudden wear
event highlighted in Figure 7.21
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Once again, the blade was able to cool faster than the abradable meaning that in subsequent
contact the abradable, at elevated temperature and under sufficient loading was able to form
adhesions. In the case of this test the adhesions rapidly grew to a height of ~1.3mm, outpacing the
incursion rate.

From these results it becomes apparent that with the low hardness samples the rate of increase of
the normal loads due to compaction is sufficiently low that the abradable can efficiently dissipate
the thermal energy. With the addition of the heater block the abradable could not conduct as much
heat away from the surface, meaning adhesions formed more readily.

In the case of the testing by Fois et al. the abradable backplate was uncontrolled, allowing for heat
to conduct through. This meant that as the load increases the blade will heat faster than the
abradable and, as can be seen between 800 - 1200m in Figure 7.20C, the blade will wear.

7.4.1.2 The Impact of Bulk Temperature on Medium Hardness M320

Following the argument that the low loads created by the soft abradable generated heat at a rate
manageable by the abradable, it would be expected for a harder abradable to produce higher forces
and hence more heat.

Although the maximum test forces displayed in Figure 7.8 show a reduction in force going from soft
to medium hardness, the force plot in Figure 7.23B shows the initial forces for a 100°C medium
hardness test increasing at a high rate. With the high load application rate adhesions can be seen to
form rapidly, at a rate far exceeding the incursion rate.

The adhesion which formed during this test is shown in Figure 7.24A and was more than 2mm tall.
When this adhesion fractured the region of blade revealed never regained contact with the
abradable, reducing the contact area - and normal load - for the rest of the test.
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Figure 7.23 - For a 63.2HR15Y M320 test at 100°C: B - The force plots. A - The rub map, with the
adhesion fracture event highlighted
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5mm

Figure 7.24 - Blade front images captured just before (A) and after (B) the adhesion fracture

event highlighted in Figure 7.23

The rapid force application leads to an increase in the abradable temperature as the heat flux due
to conduction is not sufficient to remove the energy. With high loads and abradable temperatures,
the formation of adhesions is more likely. However, the size and robustness of the adhesions formed
with M320 far exceeds that seen with M601 under similar conditions. From the data collected in this
study it is not possible to determine why M320 adhesions are so much larger. To fully understand
this behaviour further research would be required.

7.4.1.3 The Impact of Bulk Temperature on High Hardness M320

With the increasing hardness of the abradable the maximum normal loads are seen to increase,
which should increase the possibility of adhesion formation. However, alongside the increase in
normal loads, the thermal conductivity of the abradable also increases, improving the ability of the
abradable to manage that excess heat and acting against adhesion formation. This results in a
mixed modal wear response, an example of this can be seen in the rub map for a test at 100°C with
a hard sample in Figure 7.25A..
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Figure 7.25 - For a 75.6HR15Y M320 test at 100°C: B - The force plots. A - The rub map, with
two data lines highlighted. C - The temperatures and blade height along the 12mm data line
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On this rub map two data lines have been highlighted, one at 2mm which shows large adhesion
growth and a second at 12mm, a point which underwent blade wear.

From the force plot in Figure 7.25B there is an initial high force peak, aligning with early adhesions
forming along the 12mm line. The temperatures and blade height at this point are shown in Figure
7.25C, and while adhesions can be seen to form early in the test, beyond this the rate of increase in
blade temperature outpaces the abradable temperature, leading to blade wear.

Along the 2mm line however the temperature and blade profiles (Figure 7.26) are very different, this
is mostly likely due to a hotspot caused by a hBN clump as modelled by Fois et al. (76). At this
position there is a high rate of temperature increase, leading to adhesion formation. Between 100 -
300m the temperature of both blade and abradable climb at the same rate, resulting in a constant
rate of adhesion growth (Rate 1). Between 300 - 1000m the blade temperature remains steady, but
the abradable begins to cool. This could be a result of the hBN clump being cleared and leads to the
temperature difference between the blade and abradable increasing. The reduction in abradable
temperature is accompanied by a reduction in the rate of adhesion growth (Rate 2), further
highlighting the relationship between abradable temperature and adhesion formation.

By 1000m the adhesion has grown to ~1.8mm, and the abradable has moved up by ~0.75mm
meaning that the abradable thickness at this point will be less than 0.5mm. The thermal resistance
to the backplate will therefore be much lower than at the start of the test, as shown in Chapter 5.
This results in a steady reduction in the temperature of the abradable, as more energy can be
conducted to the backplate. As the abradable begins to cool the adhesions begin to wear.
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Figure 7.26 - The temperatures and blade profile data extracted along the 2mm data line
highlighted in Figure 7.25A
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Whilst combining these results with those of Fois et al. suggests that at low backplate temperatures
the clumps of hBN result in local hotspots and create adhesion favourable conditions. At higher
backplate temperatures these conditions should be less reliant on hBN clumps, as conduction
through the abradable is no longer a viable method of cooling.

In the rub map created for a hard abradable tested at 300°C (Figure 7.27A), this is shown to be true,
with uniform wear performance across the entire surface. However, the uniform wear across the
surface also results in a periodic force response (Figure 7.27B).
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Figure 7.27 - For a 75.6HR15Y M320 test at 300°C: B - The force plots. A - The rub map, with a
data line highlighted. C - The temperatures and blade height along the data line

With the periodic forces, the temperatures of the blade and the abradable also enter a cyclic pattern,
leading to a steady state of blade wear and adhesion growth. In Figure 7.28 the temperatures and
blade profile extracted from the highlighted region in Figure 7.27C are shown. These plots show
how in the steady state region as the blade heats faster than the abradable blade wear occurs, but
as the temperatures decrease the blade stays hotter for longer, allowing for adhesions to form as
the blade has now cooled and resists the wear. During this time there is limited change in the blade
height.

At 400m the period between contacts reduces, meaning that the abradable is still hot from the
previous rub and adhesions form, rather than the wear seen during steady state. With the uniform
surface temperature these adhesions form across the entire blade width, and result in increased
contact time between the blade and abradable over a large contact area. The rapid increase in blade
temperature leads to a shift in the wear mechanism to steady blade wear, with a reduction in normal
loads as the abradable is no longer being compacted.
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Figure 7.28 - The temperature and blade profile data from the extracted region in Figure 7.27C

With a high backplate temperature the wear across the surface becomes increasingly uniform, as
without conduction as a mechanism for heat removal the clusters of hBN have less of an impact.
But for tests with an uncontrolled backplate temperature, such as those completed by Fois et al.,
the wear will become multimodal, with adhesions forming at local hotspots.

The tests completed with M320 as part of this study have shown that, although Fois et al. were
correct in predicting hotspots on the abradable surface, the theory that this would lead to blade
wear has not aligned with test data. Instead, by applying the adhesion criteria developed in the
previous chapters of this thesis the changes in wear with backplate temperature could be explained
- with surface hotspots leading to adhesion formation, and effective conduction through the
abradable leading to blade wear.

7.4.2 Analysis of Results from XPT268 Bulk Temperature Testing

Due to the lack of published work on XPT268 there are no wear studies or theories to compare to
the results collected here. However, as this material is designed to be applied in place of M601, a
direct comparison of abradability would provide a novel insight.

The peak normal forces observed during testing with XPT268 increased linearly with hardness, and
apart from for the soft abradable, were higher than those seen for M601 (Figure 7.29). This aligns
with observations from the microstructure that XPT268 has smaller sized polyester chunks, and
more AlSi branches. In M601 the soft sample’s mechanical properties are dominated by its polyester
phase, with this shifting to the AlSi for harder samples. With more AlSi branches in XPT268 at low
hardnesses the dependence on the polyester phase is reduced, explaining why there is not a
reduction in normal load between soft and medium abradables.

With higher normal loads more adhesions are also seen to form on the blade, with a comparison of
the adhesion volume during two tests of medium hardness XPT268 and M601 at 200°C shown in
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Figure 7.30. However, the adhesion rate for XPT268 is also greater than M601 at low hardnesses
when the normal loads are similar. This implies that the addition of hBN has aided in the formation
of adhesions, potentially leading to hotspots on the surface as seen in M320.
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Figure 7.29 - Comparison of the peak normal forces at varying hardnesses between M601 and
XPT268 for all backplate temperatures combined
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Figure 7.30 - The total volume of adhesions measured during test of 60HR15Y M601 and
63.2HR15Y XPT268 at 200°C

Although it appears that the added hBN has made XPT268 more adhesive than M601, unlike M320
the adhesions which form with XPT268 do not grow at a rate faster than the incursion rate. This
allows them to form a protective layer on the blade, without creating large scars in the abradable
surface. The potential benefit of this is shown in Table 7.2 which shows the blade wear rates for
XPT268 and M601, and the change when moving over to XPT268.
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For soft and medium hardness abradables there was a wear reduction across all back plate
temperatures. The harder samples did produce more wear at low backplate temperatures, but as
temperature increased to 300°C the rate of adhesion formation increased to a level greater than that
of the blade wear.

Table 7.2 - The extracted blade wear rates for M601 and XPT268 at varying hardnesses and

temperatures
Backplate Blade Wear Rate (mm?/m) Percentage
Hardness o
Temperature (°C) XPT268 M601 Change

100 0.00037 0.00126 T1%

Soft 200 0.00010 0.00158 94%
(51.1-52) : : ==
300 0.00094 0.00157 -40%
_ 100 0.00126 0.00386 67%
Medium 200 0.00115 0.00274 58%
(60 - 63.2) ' : il
300 0.00042 0.00280 -85%
100 0.01624 0.01183 37%

ke 200 0.00971 0.00939 3%
(72-75.6) : : ;
300 0.00366 0.01034 -65%

From these results it appears that XPT268 is an improvement over M601 at low incursion rates.
However, this goes against initial reports from engine manufacturers that the coating led to
significant blade wear against titanium blades. Further work is therefore required to fully
understand the behaviour of XPT268 across the full range of incursion rates, as well as further
studies to better quantify its fundamental properties such as thermal conductivity and composition
as a function of hardness.

Without an understanding of the thermal properties of XPT268 it is not possible to fully apply the
adhesion criteria developed in this thesis, but from the data collected during these tests the results
to appear to align. As the normal force increases with hardness, and as the backplate temperatures
increase the rate of adhesion increases highlighting the importance of both thermal properties and
normal force. There is also a cyclic adhesion wear and growth pattern as the blade and abradable
heat and cool at different rates, as has been observed with M601 and M320.

7.5 Conclusion

M320 at low incursion rates has previously been shown to cause blade wear at low hardnesses, and
mixed mode adhesion and wear at high hardnesses. Testing completed in this study produced
differing results.

With the application of the in-situ tools and analysis techniques created in this thesis, the criteria
for adhesion formation developed with M601 could be used to explain the differences. The
differences in wear were shown to be a function of heat flow rate into the sample and how well the
abradable can manage that heat. Increasing the backplate temperature, as with M601, reduced the
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abradables ability to manage that heat, varying the wear. Following the wear trends with increasing
backplate temperatures relate the wear seen in this study with that observed in previous work.

XPT268 when compared to M601 produced higher normal forces, and therefore more adhesions. It
was also apparent that the increased adhesion rate was not only a function of normal force, but also
as a consequence of adding hBN. The mechanisms behind this require further research.

The behaviour of M320 at low incursion differs significantly from its behaviour at high incursion
rates, the mechanisms behind this shift are not well understood. The results collected using the in-
situ tools developed here have provided a novel insight into this problem, and through the
application of theories developed for M601 the changes in wear with changing hardness and
backplate temperature could be explained. This provides confidence that the adhesion criteria can
be applied to AlSi abradable systems in general, not just to M601. However, further work to
determine the thermal properties of XPT268 should be completed to ensure that the data collected
for that coating aligns beyond what can currently be observed.
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With the addition of in-situ thermal-mechanical measurement tools to the Low-Speed rig it is now
possible to observe how temperatures and wear develop throughout a test, and how these
properties relate to each other.

When these tools were applied to M601 samples at 0.2um/pass it could be seen that the adhesions
aligned with hotspots on the abradable, highlighting a relationship between abradable
temperature and adhesion formation. Data analysis techniques were also developed for extracting
the time phasing between blade height, temperature and abradable temperature, providing tools
to further investigate the causality of adhesion and wear events. From these results it can be
observed that adhesion growth occurs alongside increases in abradable temperature, while in
instances where the blade heated first the blade would wear before adhesions could form.

These tools also provided better visualisation of the wear behaviour through the temporal and
spatial alignment of all data streams in the form of a video - an example frame is shown in Figure
8.1. Viewing data in this form allows for relationships between the different parameters to be
observed, for example that peaks in the periodic forces seen during 0.02um/pass tests align with
high blade and abradables temperatures. These tools also provided the insight that adhesion
growth and blade wear events occur simultaneously across the blade, contrary to the previous
belief that a single mechanism dominated at any one time.

Adhesion growth (blue) and blade wear
(red) occur simultaneously

Heat Flux 2.2 Test 5 | M601 - 300C 60HR15y | Ti | 0.02mipass 200mis 1500(1886)um
Contact Area: 04.73mm’ | Gop Area = 00.42mm? Rub Length: 0975.62m | Time: 169.10s

3001

St ‘ i}'

\H If
i W

Peaks in periodic force align with peaks
in blade and abradable temperature
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2x Speed | 30fps.

Figure 8.1 - An extracted video frame from a 60HR15y M601 test completed at 0.02um/pass
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A key gap in the understanding of the wear mechanism of M601 is why the wear mechanisms at low
incursion rates (0.02pum/pass) do not follow the same trends as those observed at higher incursion
rates (0.2 - 2um/pass). Through the application of the novel in-situ measurement this knowledge
gap could be further investigated.

By recording the blade profile and forces during tests at varying incursion rates, tip speeds and
hardnesses it was possible to plot the wear rates against the normal force to hardness ratio. From
this data it could be confirmed that for incursion rates between 0.2 - 2um/pass Archard’s wear law
was followed but at 0.02pum/pass this law could no longer be applied. To explain this deviation the
in-situ thermal monitoring tools were applied to observe how the blade and abradable
temperatures developed alongside the blade wear. It was observed that rate of heating of the
abradable relative to the blade has a significant impact on the wear mechanism, with the blade
wearing if the blade heats significantly faster than the abradable. At low incursion rates the heat flux
into the abradable was sufficiently low that the heat could be conducted to the backplate, leading
to blade wear. Further evidence for this could be proposed by applying thermal models to the test
data, demonstrating how as the test progresses the thermal resistance of the sample reduces. This
aligned with a reduction in the temperature at the surface of the abradable, and a transition from
adhesion formation to blade wear.

These results highlighted that the transition in wear mechanism from adhesion formation to blade
wear is highly dependent on the relationship between blade and abradable heating rate. The
change in wear mechanism at lower incursion rates can therefore be shown to be due to the change
in heat flux into the abradable and blade and how these components manage that energy.

With the importance of thermal management demonstrated further insight into the scale of the
impact could be extracted through control of the abradable bulk temperature during a test. This
had the additional benefit of better replicating the conditions within the engine, where these
samples will be held at elevated temperatures prior to any wear events occurring. A sample heater
capable of heating the abradable backplate to 300°C was therefore developed.

By changing the backplate temperature it was possible to vary the wear mechanisms, with changes
which could be explained by applying the findings of the previous chapters, that the adhesions are
a function of both temperature and normal force, and that the ability of the abradable to manage
the heat created during the rub relative to the blade will determine if the blade wears, or if adhesions
form. Changes were also seen due to the changes in the coatings mechanical properties at elevated
bulk temperatures, these results aligned with existing literature.

The results of these tests also demonstrated that adhesions could act as a sacrificial layer on the
blade, protecting it from wear. Adhesions were also seen to form more readily on existing adhesions,
or at the point of a previous adhesion fracture. This demonstrates that adhesion formation early in
the test can provide a long-lasting impact on the wear mechanisms, preventing blade wear by
encouraging adhesion formation.

Although these results have shown that bulk temperature does have an impact on wear, the impact
was smaller than the impact of changing incursion rates or material hardnesses. Results completed
at room temperature are still therefore valid for engine applications.
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The testing and analysis completed in this thesis has provided a deeper insight into the factors
which influence the formation of adhesions for blade-liner contacts with M601. These insights have
allowed for the wear behaviour at low incursion rates to be explained, building on the existing
understanding of adhesion formation at higher incursion rates.

The key novel findings from this work on M601 are a set of relationships between temperature,
normal loads and wear mechanism which, when combined with pre-existing relationships, can
explain the behaviour of M601 at low incursion rates. These relationships are:

e The rate of adhesion formation increases with increasing normal loads (97).

e Adhesions form more readily at elevated temperatures (Chapter 5).

e Adhesions can provide a protective layer on the blade (Chapter 6).

e Ifthe blade heats up faster than the abradable it is likely to wear before adhesions can form
(Chapter 4).

e New adhesion formation is more likely at the site of a previously fractured adhesion (79).

However, M601 is not the only AlSi based abradable which is applied within a jet engine. M320 is
another commonly applied coating and, as with M601, the wear response at low incursion rates is
not well understood. At low incursion rates the response is highly variable with either severe blade
wear, or mixed modal large-scale adhesion and blade wear. The response at 0.02um/pass was found
to be dependent on the material hardness and was proposed to be due to the thermal properties of
the material.

By applying the heater block and the in-situ tools developed to tests of M320 at 0.02pum/pass at
varying hardnesses the full spectrum of wear could be observed, varying with both backplate
temperature and abradable hardness.

The results of these tests showed that M320 follows the same relationships which were identified
with M601. For M320 the impact of thermal properties was a significant factor to the wear
mechanism as the addition of hBN was found to impact the thermal properties and hence wear of
the abradable.

Although it was possible to relate the wear mechanisms observed back to the thermal properties of
the material, the adhesions which were formed during a test with M320 were larger and more robust
that those observed during M601 tests. Figure 8.2 shows an example of such an adhesion, with the
adhesion height (~1.5mm) exceeding the depth of the rub. When these adhesions fracture a large
gap is left between the blade tip and the abradable, which would lead to significant efficiency losses
within the engine. From this work it was not possible to determine why the addition of hBN would
resultin larger adhesions.
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Figure 8.2 - The extracted blade profile (A) and front camera image (B) showing adhesion
formation during a 62HR15y M320 test at 0.02pum/pass

Further testing of XPT268 produced wear results which also aligned with the relationships observed

for M601, with the addition of hBN appearing to have a positive impact on the wear performance at

0.02pum/pass by promoting adhesions which protect the blade from wear.

Through this thesis novel in-situ measurement tools and analysis techniques have been applied to

identify, and explain, the adhesion mechanics at rub conditions which did not align with existing
adhesion theory. This work was developed with M601 but has been applied to both M320 and

XPT268, demonstrating that the findings can be applied to AlSi based abradables in general.
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9 Conclusion

9.1 Conclusions

The potential efficiency and environmental benefits of the use of abradables within jet engines has
prompted the development of bespoke abradability testing rigs, spread over many research groups.
These rigs have been able to test abradable coatings at a range of test conditions, producing engine
representative wear and allowing relationships to be formed between the wear mechanisms and
tip speed, incursion rate, and material hardness. This data is often presented in the form of wear
maps, allowing engine manufacturers to target more favourable regions. These maps were initially
formed through observations made post-test. More recent work has looked at applying in-situ
measurement tools to monitor the wear during a test, allowing information to be gathered not only
on what wear has occurred, but also how it formed.

Commonly within the low and intermediate pressure compressors of the engine AISi based
abradables are used. However, AlSi alone does not abrade well, leading to the addition of a
secondary dislocator phase. This has resulted in materials such as M601 (AlSi - Polyester), M320
(AlSi- hBN), and XPT268 (AlSi - Polyester - hBN). M601 and M320 have been shown produce results
which vary with incursion rate and hardness, these results align with fundamental tribological
relationships at high incursion rates (0.2 - 2um/pass), but at low incursion rates (0.02um/pass) the
behaviour is less well understood. XPT268 is a new material with little published work, but initial
studies have shown that it performs similarly to M601.

A key issue with the use of AlSi based abradables is the formation of adhesions on the blade tips.
These adhesions produce a scored abradable surface, increasing airflow around the blade tips and
introducing inefficiencies to the engines. This thesis aims to provide a better understanding of the
mechanisms behind the formation of adhesions, knowledge that engine and coating manufacturers
could apply to avoid adhesion formation and improve engine efficiency.

The objectives of this work were to develop a set of novel in-situ measurement tools and analysis
techniques to identify the key material and test parameters which affect adhesion behaviour, to
determine how modifying these impact wear behaviours, and then to further apply this to AlSi
abradable systems in general.

This work has met these objectives through the development and use of in-situ blade profile
monitoring, alongside blade and abradable thermal imaging to identify that the management of
thermal energy during a rub is a key driver on which wear mechanisms will occur. This improved
understanding can fill previous gaps in the understanding of why M601 behaves differently at low
incursion rates (0.02um/pass), to the more predicable behaviours at higher rates (0.2 - 2um/pass).
Testing with a bespoke sample heater has allowed for further understanding of how the bulk
temperature impacts the wear, building on research looking into how temperature can impact the
mechanical properties of the abradable, and applying it to abradability testing.

Further testing on M320 and XPT268 demonstrates that these findings are not unique to M601 but
can be applied to AlSi abradables systems in general. However, this work did highlight that the
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impact of hBN to the abradables goes beyond a purely thermal effect, and instead can produce
larger, more robust adhesions which cannot be explained in this work.

This work can be applied directly by engine manufacturers. The improved knowledge on the drivers
of different wear mechanism, especially at lower incursion rates, will allow for better understanding
of the root cause of wear observed within operational engines. This improved understanding will
allow for design improvements which can target different wear mechanisms - this could take the
form of coatings on the blades to improve the thermal resistance of the blade, or targeted cooling
to change the heating rates between blade tip and abradable.

9.2 Future Work

This work provides a qualitative explanation of the mechanisms behind adhesion formation and has
been used to explain the wear behaviour across the full range of incursion rates, hardnesses and
backplate temperatures. It does not however allow for qualitative predictions within the engine to
be made. Previous attempts to create statistical models for the wear of M601, such as that created
by Watson et al. (74), had difficulty in predicting the wear which occurs at low incursion rates. As a
result of work completed in this thesis the key parameters which influence the wear mechanism,
such as the relationship between blade heating and abradable heating rates, have been identified.
By including these parameters in the model, it should be possible to create better predictions at low
incursion rates.

While this work has identified the parameters which impact the wear rates and has discussed the
impact each of these has on adhesion rates, the actual tribo-chemical interaction which leads to the
adhesion formation has not been explored. This is most evident with the significant difference in
the properties of adhesions formed with M320 when compared to M601. Further work aimed at
understanding what initially causes adhesions to form, and what influences their material
properties would provide a better understanding of how they can be controlled.

This work has also demonstrated that XPT268 has the potential to outperform M601 at low incursion
rates, but the lack of knowledge on the material and its mechanical properties limited the
discussion. These findings also go against the reports by engine manufacturers that this material
leads to significant blade wear. Further testing at a range of incursion rates is therefore required.
Following additional work to develop an understanding of how the microstructure and thermal
properties vary with hardness, the in-situ tools and theories developed in this paper could be further
applied to this material to explain its wear performance.
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A. Record of Completed Tests

All tests completed as part of this work have been detailed in Table A.1. For each test the rub conditions and instrumentation used have been recorded.
Tests with a backplate temp of “RT” were completed at room temperature.

For each test batch the chapter where the results have been applied is recorded. The tests which have been assigned to “Chapter 0” were completed as
part of the design and development of the Low-Speed rig front camera and the in in-situ thermal camera monitoring tools. No data collected during this
stage has been presented in this thesis.

The raw data collected for all tests has been collated and stored in the physical data repository managed by the Abradable Research Group. Processed
data has been stored for the tests completed for Chapters 4-7. All data is organized by Chapter and Test Batch within the repository.

Table A.1 - Tests completed as part of this work

Ti .
Chapter Test Batch Number | Material I.(I:||:1n5ey§s (Lnni// E:::) S(:’ne/E;l '?:il:)h ::::(:l(fg Forces F(Zr:rl: (S:;dr: Scpaanr1k Pyro 1;::?1::11-2[ I::zir
1 M601 70.00 2.00 200 | 2000 RT - v v - - - -
2 M601 70.00 0.20 200 | 2000 RT - v v - - - -
5 M601 70.00 0.02 200 | 2000 RT - v v - - - -
601vs 320 6 M320 65.00 2.00 200 | 2000 RT - v v - - - -
0 7 M320 65.00 0.20 200 | 2000 RT - v v - - - -
8 M320 65.00 0.02 200 | 2000 RT - v v - - - -
9 M320 65.00 0.02 200 | 2000 RT - v v - - - -
10 M601 70.00 0.02 200 | 2000 RT - v v - - - -
601_320 1 M601 70.00 0.20 200 | 2000 RT - v v - - - -
Adhesion 2 M601 70.00 0.20 200 | 2000 RT - v v - - - -
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3 M601 70.00 0.20 200 | 2000 RT - v | v -

4 M601 70.00 2.00 200 | 2000 RT - v | v ;

6 M601 70.00 0.02 200 | 2000 RT - v | v -

7 M320 65.00 2.00 200 | 2000 RT - v | v ;

8 M320 65.00 0.20 200 | 2000 RT - v | v ;

9 M320 65.00 0.02 200 | 2000 RT - v | v i

10 M320 65.00 0.02 200 | 2000 RT - v | v ;

11 M601 70.00 0.02 200 | 2000 RT - v | v -

1 XPT268 | 73.00 0.20 200 | 1500 RT v v | v -

2 XPT268 | 73.00 0.20 200 | 1500 RT v v | v -

XPT 3 XPT268 | 73.00 0.20 200 | 1500 RT v v | v -

4 XPT268 | 73.00 0.02 200 | 1500 RT v v | v i

dualLightGate 1 M320 68.00 2.00 200 | 1500 RT v v | v v
2 M320 73.00 2.00 200 | 1500 RT v v | v v

1 M320 68.00 0.20 200 | 1500 RT v v | v v

2 XPT268 | 73.00 0.20 200 | 2000 RT v v | v v

Thi;n;filzual 3 M601 65.80 0.20 200 | 1500 RT v v v v
4 M601 65.80 0.20 200 | 1500 RT v v | v v

5 M601 65.80 0.02 200 | 2000 RT v v | v v

2 XPT268 | 73.00 0.20 200 | 2000 RT v v | v v

3 M601 65.80 0.20 200 | 1500 RT v v | v v

4 M601 65.80 0.20 200 | 1500 RT v v | v v

5 M601 65.80 0.02 200 | 1500 RT v v | v v

Thce;;zlrggal 6 XPT268 | 73.00 2.00 200 | 1500 RT v v v v
7 XPT268 | 73.00 0.20 200 | 1500 RT v v | v v

8 XPT268 | 73.00 0.02 200 | 1500 RT v v | v v

9 XPT268 | 73.00 2.00 200 | 1500 RT v v | v v

10 XPT268 | 73.00 0.20 200 | 1500 RT v v | v v

Comp 1 M320 68.00 2.00 200 | 1500 RT v v | v v
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2 M320 68.00 2.00 200 | 1500 RT v v v - v

3 M320 68.00 2.00 200 | 1500 RT v v v - v

4 M320 68.00 2.00 200 | 1500 RT v v v - v

5 M320 68.00 0.20 200 | 1500 RT v v v - v

10 M320 68.00 0.02 200 | 1500 RT v v v - v

11 M601 69.00 2.00 200 | 1500 RT v v v - v

12 M601 69.00 2.00 200 | 1500 RT v v v - v

13 M601 69.00 2.00 200 | 1500 RT v v4 v - v

14 XPT268 73.00 2.00 200 | 1500 RT v v v - v

15 XPT268 73.00 2.00 200 | 1500 RT v v4 v - v

16 XPT268 73.00 2.00 200 | 1500 RT v v4 v - v

17 XPT268 73.00 2.00 200 | 1500 RT v v v - v

18 XPT268 73.00 2.00 200 | 1500 RT v v4 v - v

19 XPT268 73.00 0.20 200 | 1500 RT v v v - V4

20 XPT268 73.00 0.20 200 | 1500 RT v v4 v - v

21 XPT268 73.00 0.02 200 | 1500 RT v v v - v

22 XPT268 73.00 0.02 200 | 1500 RT v v v - v

1 M320 65.00 0.20 200 | 2000 RT v v v - Y4

2 M320 65.00 0.20 200 | 2000 RT v v v - v

Thermal Testing 3 M601 60.00 0.20 200 | 2000 RT v v v - Y4
4 M320 65.00 0.20 200 | 2000 RT v v v - v

5 M601 60.00 0.20 200 | 1500 RT v v v - Y4

6 M320 65.00 0.20 200 | 1500 RT v v v - Y4

1 M601 68.60 0.20 200 | 1500 RT v v v Y4 v

2 M601 68.60 0.02 200 | 1500 RT v v v v v

Thermal 3 M601 68.60 2.00 200 | 1500 RT v v v Y4 v
Properties 4 M601 68.60 0.20 200 1500 RT v v v v v
5 M601 68.60 0.02 200 | 1500 RT v v v v v

6 M601 68.60 2.00 200 | 1500 RT v v v v v
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M601 68.60 0.20 200 | 1500 RT v v | v v v

M601 68.60 0.02 200 | 1500 RT v v | v v v

M601 68.60 2.00 200 | 1500 RT v v | v v v

10 M601 68.60 0.02 200 | 1500 RT v v | v v v

11 M601 68.60 0.02 200 | 1500 RT v v | v v v

12 M601 68.60 0.02 200 | 1500 RT v v | v v v

1 M601 65.80 0.20 200 | 1500 RT v v | v - v

2 M601 65.80 0.02 200 | 1500 RT v v v - v

3 M601 65.80 2.00 200 | 1500 RT v v | v - v

4 M601 65.80 0.20 200 | 1500 RT v v v - v

Confirmation 5 M601 65.80 0.20 200 | 1500 RT v v v - v
6 M601 65.80 0.02 200 | 1500 RT v v | v - v

7 M601 65.80 0.02 200 | 1500 RT v v v - v

8 M601 65.80 2.00 200 | 1500 RT v v | v - v

9 M601 65.80 2.00 200 | 1500 RT v v v - v

10 M601 65.80 2.00 200 | 1500 RT v v | v - v

1 M601 65.80 0.02 200 | 1500 RT v v | v - v

Confirmation 2 M601 65.80 2.00 200 | 1500 RT v v v - v
3 M601 65.80 2.00 200 | 1500 RT v v | v - v

4 M601 65.80 0.02 200 | 1500 RT v v v - v

1 M601 55.00 1.00 200 | 2000 RT v v | v v v

601_VaryingHard 2 M601 55.00 1.00 200 | 2000 RT v v v v v
lumpass 3 M601 77.00 1.00 200 | 1500 RT v v v v v

4 M601 68.60 1.00 200 | 1500 RT v v | v v v

1 M601 55.00 0.02 200 | 2000 RT v v | v v v

2 M601 77.50 0.02 200 | 2000 RT v v | v v v

The;g;ael:;per 3 M601 77.50 0.20 200 | 2000 RT v v v v v
4 M601 77.50 2.00 200 | 2000 RT v v | v v v

5 M601 53.50 1.00 200 | 1500 RT v v | v v v
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6 M601 68.60 1.00 200 1500 RT v v v - v v -

7 M601 77.50 1.00 200 1500 RT v v v - v v -

8 M601 53.50 1.00 100 1500 RT v v v - v v -

9 M601 68.60 1.00 100 1500 RT v v v - v v -

10 M601 77.50 1.00 100 1500 RT v v v - v v -

1 Me01 55.00 0.20 200 1500 RT v v v - v v v

2 M601 55.00 2.00 200 1500 RT v v v - v v v

HeaterBlock_T1 3 M601 55.00 0.02 200 1500 RT v v v - v v v
4 M601 55.00 0.20 200 1500 100 v v v - v v v

5 M601 55.00 0.02 200 1500 100 v v v - v v v

6 M601 55.00 0.02 200 1500 200 v v v - v v v

1 M601 55.00 0.02 200 2000 300 v v v - v v v

2 Me01 55.00 0.02 200 2000 300 v v v - v v v

3 M601 61.00 0.02 200 1500 RT v v v - v v v

4 Me01 61.00 0.02 200 1500 100 v v v - v v v

HeatFlux 5 M601 61.00 0.02 200 2000 200 v v v - v v v
6 M601 61.00 0.02 200 2000 300 v v v - v v v

7 Me01 75.00 0.02 200 2000 RT v v v - v v v

8 M601 75.00 0.02 200 2000 100 v v v - v v v

9 M601 75.00 0.02 200 2000 200 v v v - v v v

10 M601 75.00 0.02 200 2000 300 v v v - v v v

HeatFlux_2 1 Me01 52.00 0.02 200 1500 100 v v - v v v v
2 Me01 52.00 0.02 200 1500 200 v v - v v v v

1 M601 52.00 0.02 200 1500 200 v v - v v v v

2 Me01 52.00 0.02 200 1500 300 v v - v v v v

HeatFlux 2.2 3 M601 60.00 0.02 200 1500 100 v v - v v v v
4 Me01 60.00 0.02 200 1500 200 v v - v v v v

5 M601 60.00 0.02 200 1500 300 v v - v v v v

6 M601 73.40 0.02 200 1500 100 v v - v v v v
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7 Me01 73.40 0.02 200 1500 200 v v v v v v

8 M601 73.40 0.02 200 1500 300 v v v v v v

1 Me01 52.00 0.02 200 1500 150 v v v v v v

2 M601 52.00 0.02 200 1500 100 v v v v v v

HeatFlux 3 3 M601 52.00 0.02 200 1500 200 v v v v v v
4 Me01 52.00 0.02 200 1500 300 v v v v v v

5 M601 59.70 0.02 200 1500 100 v v v v v v

6 Me01 59.70 0.02 200 1500 200 v v v v v v

1 M601 59.70 0.02 200 1500 300 v v v v v v

2 Me01 73.40 0.02 200 1500 100 v v v v v v

HeatFlux_3_2 3 Me01 73.40 0.02 200 1500 200 v v v v v v
4 M601 73.40 0.02 200 1500 300 v v v v v v

5 Me01 52.00 0.02 200 1500 100 v v v v v v

9 M320 50.81 0.02 200 1500 100 v v v v v v

10 M320 50.81 0.02 200 1500 200 v v v v v v

11 M320 50.81 0.02 200 1500 300 v v v v v v

12 M320 50.81 0.02 200 1500 200 v v v v v v

HeatFlux 2.2 13 M320 50.81 0.02 200 1500 300 v v v v v v
14 M320 62.00 0.02 200 1500 100 v v v v v v

15 M320 62.00 0.02 200 1500 200 v v v v v v

16 M320 62.00 0.02 200 1500 300 v v v v v v

17 XPT268 75.60 0.02 200 1500 100 v v v v v v

18 XPT268 75.60 0.02 200 1500 200 v v v v v v

5 XPT268 75.60 0.02 200 1500 200 v v v v v v

6 M320 74.30 0.02 200 1500 100 v v v v v v

HeatFlux_3.2 7 M320 74.30 0.02 200 1500 200 v v v v v v
8 M320 74.30 0.02 200 1500 300 v v v v v v

9 XPT268 51.10 0.02 200 1500 100 v v v v v v

10 XPT268 51.10 0.02 200 1500 200 v v v v v v
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11 XPT268 51.10 0.02 200 1500 300 v v v v v v
12 XPT268 63.20 0.02 200 1500 100 v v v v v v
13 XPT268 63.20 0.02 200 1500 200 v v v v v v
14 XPT268 63.20 0.02 200 1500 300 v v v v v v
15 XPT268 75.60 0.02 200 1500 300 v v v v v v
16 XPT268 75.60 0.02 200 1500 200 v v v v v v
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  H R 15 Y = 100 −    h  0 . 001


  1 / R = k W   ∫  − l i m  l i m   1  r − d + t −    r 2 −   x 2 d x


  l i m =   ±  d ( 2 r − d )


  l i m =   ±  d ( 2 r − d )


      L 1  H =  16 167


      L 2  H =  16 169


      L 1    L 2 =  169 167 = 1 . 012


    m m 3


  N = i / r


  𝑳 =     ∑  𝒏 = 𝟏  𝑵  𝟐 𝑹     𝐜 𝐨 𝐬  − 𝟏 ⁡   (   𝑹 − 𝒊 𝒏  𝑹 )


    m m 3


    A  l ∝   F  H

